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Atomically sharp epitaxial heterostructures based on oxide perovskites, III-V, II-VI, and
transition metal dichalcogenides semiconductors form the foundation of modern electronics
and optoelectronics’”’. As an emerging family of tunable semiconductor materials with
exceptional optical and electronic properties, halide perovskites are attractive for
applications in next-generation solution-processed solar cells, LEDs, photo/radiation
detectors, lasers, etc®!5. The inherently soft crystal lattice allows for greater tolerance to
lattice mismatch, making them promising for heterostructure formation and semiconductor
integration!®!’. However, epitaxial growth of atomically sharp heterostructures of halide
perovskites has not yet been achieved so far owing to two critical challenges. First, the fast
intrinsic ion mobility in these materials leads to interdiffusion and large junction widths'3-2!,
Second, poor chemical stability in these materials leads to decomposition of prior layers
during the fabrication of the subsequent layers. Facile ion diffusion and poor stability are
currently limiting the commercialization of any halide perovskite-based electronic
devices?>?, Therefore, understanding the origins of the halide perovskite instability and
identifying effective approaches to suppress ion diffusion are of great significance and
urgency?+?, Here, we report an effective strategy to substantially inhibit in-plane ion
diffusion in two-dimensional (2D) halide perovskites via incorporation of rigid a-conjugated
organic ligands. For the first time, we demonstrate highly stable and widely tunable lateral
epitaxial heterostructures, multi-heterostructures, and superlattices of 2D halide perovskites
via a solution-phase synthetic strategy. Near atomically sharp interfaces and epitaxial growth
are revealed from low dose aberration-corrected high-resolution transmission electron
microscopy (AC-HRTEM) characterizations. Molecular dynamics (MD) simulations reveal
that the suppressed halide anion diffusivity is attributed to a combination of reduced
heterostructure disorder and larger vacancy formation energies for 2D perovskites with
conjugated ligands. These findings represent critical fundamental insights into the
immobilization and stabilization of halide perovskite semiconductor materials and provide
a new materials platform for complex and molecularly thin superlattices, devices, and
integrated circuits.

Two-dimensional (2D) halide perovskites exhibit high photoluminescence quantum yield, long
carrier lifetime and diffusion length, and remarkable optoelectronic tunability owing to their
structural and compositional flexibility?’-*. These 2D perovskites form quantum wells composed
of periodically repeating organic and inorganic layers along the out-of-plane direction, providing
further structure and property tunability®>>3. In this work, the synthesis of 2D halide perovskite
lateral heterostructures is performed via a solution-phase sequential growth approach, as shown in
Supplementary Fig. 1. In general, halide perovskites are susceptible to damage after two or more
sequential growth steps, particularly when the subsequent growth is performed in more aggressive
conditions (e.g. a higher temperature or a more polar solvent) than the prior step. To eliminate the
possibility of damaging the existing crystals, the subsequent growth is performed under a relatively



milder growth condition, i.e., lowering the growth temperature or adding more antisolvent in the
precursor’s solution. Thus, the subsequent halide perovskites are nucleated along the edges of the
prior 2D crystals, thereafter, forming concentric square/rectangular 2D lateral heterostructures
directly on the SiO2/Si substrate. By controlling the solution concentration, growth temperature
and growth time, the lateral size and vertical thickness of the 2D crystal can be controlled
(Supplementary Figs. 2-4).

As shown in Fig. la, b, two types of lateral 2D halide perovskite heterostructures are created
using different organic ligands: a conjugated ligand based on bithiophenylethylammonium (2T,
Fig. 1a and Supplementary Table 1) and a widely studied alkyl ligand butylammonium (BA", Fig.
1b). The heterostructures exhibit two concentric regions with slight optical contrast and distinct
PL emissions, including the central square/rectangular bromide region and the peripheral iodide
region with a uniform width of 1~2 um for the iodide region (Fig. 1c-f). For (2T)2Pbls-(2T)2PbBr4
heterostructures, no PL emission is detected from the central (2T)2PbBrs region, which is attributed
to type-1I band alignment between the inorganic [PbBrs]*and organic ligand 2T" layers as shown
in the proposed band alignment (Fig. 1a)*’. (2T)2Pbls has a green PL emission (Fig. 1d, i) peaking
at 515 nm because of the type-I band alignment between [Pbls]>and 2T" layers (Fig. 1a). The
creation of the (BA)2Pbls-(BA)2PbBr4 heterostructure follows a similar synthetic procedure (Fig.
le, f). It is known that the Br-I heterostructure is not thermally stable in 3D perovskites because
of the large solid-state diffusivity of Br~ and I'. Interdiffusion of halide anions across the
heterojunction can be triggered and accelerated upon mild heating®®?!. Here, surprisingly, we
found that when the conjugated 2T ligands are used, the interdiffusion between Br™ and I" in the
(2T)2Pbl4-(2T)2PbBr4 heterostructure is significantly inhibited. As shown in Fig. 1g, after heating
at 100 °C for 1 h, no difference is observed in the PL image, and the PL emission shift is within 1
nm (Fig. 11, with extended temperatures and times in Supplementary Fig. 5), suggesting negligible
halide interdiffusion across the (2T)2Pbl4-(2T)2PbBr4 interface. In contrast, halide interdiffusion is
fast in the reference heterostructure (BA)2Pbls-(BA)2PbBrs. As shown in Fig. 1h, i, after 1 h of
heating at 100 °C, the interface between the blue region associated with (BA)2PbBrs and the green
region associated with (BA)2Pbl4 becomes blurry and there is a drastic change in the PL emission
spectrum (extended temperatures and times are presented in Supplementary Fig. 6). The green
peak which was initially located at 515 nm blueshifts to 496 nm, while the blue peak redshifts
from 411 to 415 nm. Meanwhile, the peaks become significantly broader, indicating pronounced
I/Br interdiffusion and alloying. It is estimated that the diffusion is slowed down by two to three
orders of magnitude in the 2T heterostructures compared with the BA based heterostructures
(Supplementary Fig. 7).

MD simulations were used to investigate the suppression of halide interdiffusion in the
(2T)2Pbls-(2T)2PbBrs4 heterostructure. MD simulations on heterostructures of (2T)2Pbls-
(2T)2PbBrsand (BA)2Pbls-(BA)2PbBr4 at both room and elevated temperatures are consistent with
the experimental observations: for (2T)2Pbls-(2T)2PbBrs, no diffusion is observed at either



temperature, while halide diffusion across the interface is observed in (BA)2Pbls-(BA)2PbBr4 at
elevated temperatures. As shown visually in Fig. 1j, k, the amount of disorder at the interface is
strongly impacted by the choice of organic ligand. In (2T)2Pbls-(2T)2PbBr4, the interface remains
pristine and well-ordered at elevated temperature. In contrast, interdiffusion and increased disorder
are observed in the (BA)2Pbls-(BA)2PbBrs heterojunction at elevated temperature. As comparative
measures of the disorder, both the displacements of the lead atoms from the 2D perovskite plane
and octahedral tilt angles were summarized from the simulations (Supplementary Fig. 8). The
displacements for (2T)2Pbls-(2T)2PbBr4 are less than ~2 A at both room and elevated temperatures;
in contrast, (BA)2Pbls-(BA)2PbBrs shows displacements >3A and >4A at room temperature and
elevated temperatures, respectively. Consistent trends are observed in the tilt angle results, with
broader distributions occurring in proximity to the heterojunction (Supplementary Fig. 9). The
increased disorder at room temperature is also consistent with the reduced resolution observed for
BA based compounds in the PL experiments (Supplementary Fig. 6). The larger and more rigid
conjugated organic ligands are thus able to stabilize the interface and inorganic framework more
effectively, while the smaller organic ligand leads to softer inorganic lattice that can accommodate
the mismatch in halide sizes and facilitate halide interdiffusion.

Vacancy generation at high temperatures could also influence the interdiffusion process. For a
vacancy-mediated diffusion process, the diffusion constant D can be expressed as*®
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where Ny is the fraction of vacancies in solid; a is a geometric constant; a is the elementary jump
distance; o is the jump frequency; kg is the Boltzmann constant; T is the absolute temperature;
AH,AS and AG are enthalpy change, entropy change and Gibbs free energy change for the
formation of a vacancy; respectively. The vacancy concentration N, is usually treated as a constant
for most oxide materials and o is the only temperature-dependent factor. However, for halide
materials, the vacancy formation energy is normally much lower and therefore both N,, and o are
Arrhenius activated. Taking this into consideration, Multistate Bennett Acceptance Ratio (MBAR)
calculations on pure 2D perovskite systems were used to investigate halide and ligand vacancy
formation as-afunetion-ofthe igand (Fig. 11). With the BA ligand the activation barrier to generate
halide vacancies is much lower compared to the 2T ligand. Meanwhile, the free energy for creating
a ligand vacancy by removing a ligand molecule from the surface is similar for both BA and 2T
for a given halide species (Supplementary Fig. 10), indicating BA and 2T ligand vacancy
concentrations are similar and may not play a dominant role. From these calculations, the number
of ligand vacancies is expected to be similar upon heating the crystals, while a greater
concentration of halide vacancies is to be expected in (BA)2Pbls-(BA)2PbBrs heterojunctions,



which also promotes faster anion interdiffusion. Therefore, it is suggested that both the lower
interfacial disorder and the lower halide vacancy concentration in 2T based perovskites likely
contribute to the inhibition of the halide interdiffusion in the (2T)2Pbls-(2T)2PbBr4 heterojunctions.
As suggested by the differences between the free energy calculations for ligand and halide vacancy
generation, the differences in the interfacial stability is largely attributed to the identity of the
ligands and not to the identity of the individual halides.

Energy dispersive X-ray spectroscopy (EDS) and selected area electron diffraction (SAED)
were used to provide structural insights in the ultrathin (2T)2Pbls-(2T)2PbBra heterostructures.
Because the heterostructures are directly grown on SiO2/Si substrates, it is challenging to transfer
the heterostructures to the TEM grids. To address this issue, we ereatively—used a sacrificial
polymethyl methacrylate (PMMA) layer on the growth substrate prior to the growth of
heterostructures. The growth substrate with PMMA layer was then soaked in chlorobenzene (see
Methods) to release the 2D crystals facilitating easy transfer of 2D crystals to the TEM grid. The
low-magnification TEM image and EDS elemental mappings of a (2T)2Pbls-(2T)2PbBr4
heterostructure (Fig. 2ai-as) show that Pb is distributed uniformly throughout the heterostructure
while I and Br are concentrated at peripheral and central regions, respectively. This is consistent
with PL, X-ray diffraction (XRD), and scanning electron microscopy (SEM) characterizations (Fig.
1 and Supplementary Fig. 11). Hybrid perovskites are known to undergo rapid degradation under
the electron beam irradiation. To avoid structural damage from the electron beams, the SAED
patterns were obtained with a reduced electron dose-rate (.., less than 0.1 e"/A2s™!). By comparing
the experimental diffraction patterns with the kinematical selected area diffraction patterns, the
zone axis for electron diffraction is determined to be [114] (see Supplementary Fig. 12 and related
discussion). As shown in Supplementary Figs. 12 and 13, the slight difference in diffraction
patterns between pure (2T)2Pbls and (2T)PbBrs sheets is attributed to their lattice mismatch
(5~6%, Supplementary Table 2 and Table 3). For the (2T)2Pbls-(2T).PbBr4 interface, the SAED
pattern (Fig. 2b) is composed of two sets of patterns with identical orientation from (2T)2Pbls and
(2T)2PbBr4, respectively, suggesting the epitaxial growth of (2T)2Pbls from the (2T)2PbBrs sheet.

To achieve a higher spatial resolution of the heterostructure interface witheut-damagingthe
sample while minimizing the radiation damage, low dose AC-HRTEM was performed at an
accelerating voltage of 80 kV (Fig. 2c, d, and Supplementary Fig. 14). In our early work, atomic
resolution imaging was achieved on all inorganic halide perovskites taking the advantage of low
dose AC-HRTEM?¥. Here, further incorporated with minimum dose strategy (Supplementary Fig.
14), the lattice information of radiation-sensitive hybrid organic-inorganic halide perovskites
could be successfully revealed. The continuous lattice fringes can be imaged at the (2T)2Pbls-
(2T)2PbBr4 interface (Fig. 2c1) and its corresponding fast Fourier transform (EFT) information
(Fig. 2c2) is consistent with the SAED pattern (Fig. 2b), further confirming the epitaxial growth
between (2T)2PbBrs and (2T)2Pbls at a nanometer scale. Moreover, a Fourier filtering technique
was utilized to further resolve the interface. Due to the different lattice constants between the two



segments across the interface, the real-space lattice information is obtained by applying well-tuned
masks in Fourier transform space. The masked green and red areas in Fig. 2c3 correspond to the
lattice information from (2T)2Pbls (Supplementary Fig. 15b) and (2T)2PbBrs (Supplementary Fig.
15¢), respectively. By superimposing the two inverse EFT images, the near atomically sharp
interface can be better distinguished (Fig. 2c4). The clear interface is also observed in the strain
mapping in Supplementary Fig. 16. Fhe Phase images also demonstrate the relatively uniform
lattice of the (2T)2PbBrs layer and periodic lattice deformation of the epitaxial (2T):Pbl4 layer
(Supplementary Fig. 16h). In order to relax the accumulated interfacial strain and stabilize the
heteroepitaxy, periodic interfacial misfit dislocations are expected*’. This is evidenced by our
direct observations from the Fourier filtered AC-HRTEM images (Fig. 2d and Supplementary Fig.
17). Figure 2d clearly demonstrates a misfit edge dislocation at an atomic level. In addition to the
continuous lattice fringe along the (401) plane on both sides of the interface, the edge dislocations
appear at around 15 nm intervals (Supplementary Fig. 17c). Furthermore, by analyzing multiple
samples, it was found that the (2T)2Pbl4 preferentially grew along two certain directions ([100]
and [010]) (Supplementary Fig. 18). These observations suggest that the stable heteroepitaxy
(Supplementary Fig. 19) between two similar perovskite structures is in-plane connected along the
[100] and [010] directions with interfacial strain relaxed by misfit dislocations. The out-of-plane
strain is likely relaxed through organic cations rearrangement.

In addition to forming misfit dislocations, strain can also be relaxed through ripple formation’.
Here, we show that such ripples can be observed in the halide perovskite heterostructures. By
simply mixing the precursors of (2T)2Pbls and (2T)2PbBrs together, one-pot synthesis of (2T)2Pbl4
-(2T)2PbBrs lateral heterostructures occurs with a slightly less sharp interface (Fig. 3). The
spontaneous formation of (2T)2Pbls-(2T)2PbBrs lateral heterostructures via the one-pot route is
attributed to the large solubility difference between these two compounds (which leads to
sequential precipitation from the solution during the solvent evaporation process) and the reduced
nucleation energy of (2T)2Pbls along the edge of (2T)2PbBr4 (see Supplementary Figs. 20, 21 and
related discussions). Intriguingly, periodic ripples formed in the (2T)2Pbls regions in these
heterostructures, which is an indication of coherent interface free of dislocations. From the atomic
force microscopy (AFM) image of the heterostructure, the height of the ripples was found to be
around 40~50 nm and the inter-distance between adjacent ripples is ~1.6 um, which agree perfectly
with the 5~6% lattice strain. Interestingly, these ripple structures are significantly larger and less
dense than those observed in WS2-WSe: heterostructures (1 ~ 2 nm high, every ~30 nm)’. It is
indeed surprising that the weak and soft halide perovskite lattice is able to preserve the coherency
at the hetero-interface so well. Lateral interface engineering, including the interfacial dislocations
and ripples discovered in 2D halide perovskite heterostructures, provides new insights and more
opportunities to better control the interface integrity and associated electronic and optoelectronic
properties.

We further demonstrate the general synthesis of a variety of lateral heterostructures (between
different halides, metal cations, and organic ligands) and even superlattices of 2D halide
perovskites following the solution-phase epitaxial growth strategy. Additional m-conjugated



organic ligands, including phenylethylammonium (PEA™), quaterthiophenylethylammonium
(4Tm") and  7-(thiophen-2-yl)benzothiadiazol-4-yl)-[2,2'-bithiophen]-5-yl)ethylammonium
(BTm") were used. The chemical structures of all ligands in this study are listed in Supplementary
Fig. 22a. Corresponding optical and PL images of each type of 2D sheet are shown in
Supplementary Fig. 22b-S22k. The XRD patterns and PL spectra of these 2D sheets are
summarized in Supplementary Fig. 23. Based on these, we synthesized (BTm)2Pbls-(4Tm)2Pbls
heterostructure between different organic ligands, (2T)2Snls-(2T):Pbls and (4Tm)2Snls-
(4Tm)2Pbls heterostructures between different metal cations, (PEA)Pbls-(PEA)2PbBr4
heterostructure between different halides, (PEA)2Snls-(PEA):PbBrs heterostructure between
different halides and metals, ((2T)2Pbls-(2T)2PbBrs xn, (n=2, 3, 4) superlattices, 21)2Pbls-

2TRPbBr-2T1Pbl-(2TizPbBr-2T12PblLi-(2T):PbBry superlattices ((2T1PbLi-(2T)2PbBiy »<3).
and (2T)2Snl4-(2T)2Pbls-(2T)2PbBrs multi-heterostructures (Fig. 4).

As shown in Fig. 4a, the lateral heterostructures can be created between two segments with
distinct organic ligands (note, the sizes for two different organic ligands should be similar to reduce
strain), 4Tm" and BTm". (4Tm)2Pbls region shows no PL emission due to the type-II band
alignment between 4Tm" ligand and [Pbl4]* layers (Supplementary Figs. 22f and 23)*'. The broad
red PL emission from the peripheral region of the heterostructure originates from (BTm)2Pbla,
which is attributed to the type-I band alignment between the [Pbl4]*" layer and the BTm" layer
(Supplementary Figs. 22i and 23). In addition, the bandgap and optoelectronic properties of the
halide perovskite materials can be effectively modulated by altering the metal atoms centering the
[MX4]* octahedrons. By substituting Pb with Sn, 2D halide perovskite sheets were successfully
synthesized with 2T* and 4Tm" ligands, including (2T)2Snl4 and (4Tm)2Snls (Supplementary Figs.
22h and 22i). In combination with the Pb-based perovskites, both (2T)2Snls-(2T)2Pbls and
(4Tm)2Snl4-(4Tm)2Pbls lateral heterostructures were created (Fig. 4b, c¢). Two distinct PL
emission peaks from the (2T)2Snl4-(2T)2Pbls4 heterostructure correspond to pure (2T)2Snls4 and
(2T)2Pbls, and the gap in the PL image between the Pb and Sn perovskite segments is probably
induced by exciton dissociation at the interface. Similarly, Pb and Sn perovskite segments in
(4Tm)2Pbls-(4Tm)2Snl4 heterostructure exhibit a slight contrast in the optical image and distinct
emission colors in the PL image (Fig. 4c). The peripheral region exhibits identical PL spectrum
with the reference (4Tm)2Snl4 crystal (Supplementary Fig. 23). Another smaller conjugated ligand
PEA" was used to construct a lateral heterostructure between Br and I components. As shown in
Fig. 4d, the PL image and spectrum of the (PEA):Pbls-(PEA)2PbBr4 heterostructure are close to
those of (BA):Pbls-(BA)2PbBrs, showing purple-blue color in the center and green in the
peripheral region. In addition, we have also created (PEA):Snls-(PEA)PbBrs lateral
heterostructures based on different halides and different metals at the same time, where the
inorganic backbone is [PbBrs4]* in the interior region and [Snl4]*" in the peripheral region (Fig. 4¢).
Apart from the two-segment concentric heterostructures, more complex heterostructures have also
been demonstrated. As shown in Fig. 4f, the (2T)2Pbls-(2T)2PbBrs x3n (n=2, 3, 4) superlattices



are synthesized through multiple repeated growth steps. As indicated in the schematic illustration
and the PL image,64-8 concentric rectangles are formed, with green emission regions representing
(2T)2Pbls and quenched regions representing (2T)2PbBra. Additionally, multi-heterostructures are
realized by the 3™ growth of (2T):Snls layer with red emission along (2T)2Pbls-(2T)2PbBr4
heterostructure (Fig. 4g). Additionally, the synthetic yields of the above-mentioned
heterostructures are very high, as illustrated in the lower magnification optical and PL images
(Supplementary Fig. 24). The thickness of the heterostructures eanbe-econtroHed ranges from a
single to a few unit cells as demonstrated by the AFM study (Supplementary Fig. 25).

These novel 2D heterostructures exhibit unique optical and electronic properties. For instance,
as summarized in Fig. 5a-g*'**, the band alignments of these heterostructures can be modulated
by either varying the inorganic composition in the lateral in-plane direction or modifying the
molecular structure in the out-of-plane direction. To the best of our knowledge, such multicomplex
integrated systems have not been realized in other nanoscale heterostructures. We have fabricated
a proof-of-concept thin film electrical diode based on the (4Tm)2Snls-(4Tm)2Pbls heterostructure
with a type-II band alignment (Fig. 5h). Stable electrical rectifying behavior with a rectification
ratio of ~10%> was observed without hysteresis. Furthermore, we observed an enhanced exciton
lifetime at the interface of (2T)2PbBrs-(2T)2Pbls heterostructure and (4Tm)2Snls-(4Tm)2Pbls
heterostructure from the fluorescence lifetime imaging measurements, which shed light upon the
possibility of tuning the optoelectronic properties via lattice strain engineering at the interfaces of
the heterostructures and superlattices (Supplementary Fig. 26 and Supplementary Table 4).

We have shown that the ion interdiffusion across 2D halide perovskite heterojunctions can be
effectively inhibited by utilizing rigid conjugated ligands in the 2D perovskite structure. This
suppression of ion migration enables stable and near atomically sharp interfaces to be obtained via
sequential epitaxial growth. The generic synthesis of a wide range of 2D lateral halide perovskite
heterostructures, superlattices, and multi-heterostructures not only presents a powerful platform
for advancing the fundamental crystal chemistry of halide perovskites, but also opens up the
possibility of further exploring their optoelectronic properties and their applications in diodes,
lasers, transistors and photovoltaic devices. Particularly, the role of the conjugated organic ligands
on the electronic properties of the heterostructures are worthy of further investigation. More
importantly, these findings and methodologies may be extended to other classes of solution-
processed 2D nanomaterials.
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Methods

Solution-phase synthesis of pure 2D halide perovskite sheets

In this study, ten types of pure 2D halide perovskite sheets were synthesized via a quaternary
solvent method.

Chemicals and reagents: Organic solvents, including anhydrous chlorobenzene (CB),
dimethylformide (DMF), acetonitrile (AN) and dichlorobenzene (DCB), and solid chemicals,
including lead bromide (PbBr2), lead iodide (Pbl2) and tin iodide (Snl2), were directly purchased
from Sigma Aldrich. n-butylammonium bromide (BA-HBr), n-butylammonium iodide (BA-HI),
phenethylammonium bromide (PEA-HBr) and phenethylammonium iodide (PEA-HI) were
purchased from Greatcell Solar Ltd. All above chemicals were used as received. Other ammonium
salt ligands, including 2T-HI, 2T-HBr, 4Tm-HI and BTm-HI were synthesized in our lab*!.
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Synthesis of 2D halide perovskite sheets: 10 pumol of MX2 (M=Pb or Sn; X=Br or I) and 20 pmol
of L-HX (L= BA, PEA, 2T, 4Tm or BTm; X=Br or I) were dissolved in 2 mL of DMF/CB co-
solvent (1:1 volume ratio) to prepare 5 mM of stock solution. The stock solution was then diluted
120 times by CB/AN/DCB co-solvent (2.5: 1: 0.01 volume ratio). 5-10 puL of diluted solution was
added onto the growth substrate SiO2 (300 nm)/Si, which was placed at the bottom of a 4 mL glass
vial. Then the 4 mL vial was transferred into a secondary glass vial (20 mL) containing 3 mL of
CB. After that, the secondary vial was capped and moved onto 70 °C hot plate. The antisolvent
(CB) inside the secondary vial will slow down the solvent evaporation from the substrate and
facilitate the formation of large 2D halide perovskite sheets. The growth typically takes 10-30 min.
Solution preparation and sheets growth were carried out in Nz-filled glovebox. The growth
substrate was cleaned in piranha acid for 2 h prior to use.

The growth steps for all the halide perovskite sheets in Supplementary Fig. 22 are the same.
However, the growth parameters for some sheets are slightly different. Above recipe applies to the
growth of (2T)2PbBrs4, (BA)2PbBrs4, (BA)2Pbls and (PEA)2PbBra. For (2T)2Pbls, (2T)2Snls4 and
(PEA)2Pbl4, the stock solution was diluted 120 times by CB/AN/DCB co-solvent (9.5: 1: 0.01
volume ratio). For (4Tm):Pbls and (4Tm)2Snls, the stock solution is diluted 240 times by
CB/AN/DCB co-solvent (3.9: 1: 0.01 volume ratio) and the growth temperature was 90 °C. For
(BTm)2Pbl4, the stock solution was diluted 1440 times by CB/AN/DCB co-solvent (7.4: 1: 0.01
volume ratio) and the growth temperature was 90 °C.

For the quaternary solvent method for crystal growth, CB helps reduce the solubility of 2D
perovskite in DMF and promotes the sheet crystallization. AN has a lower boiling point compared
to CB, and 2D perovskite has a limited solubility in AN. In this case, AN evaporates more quickly
and initiates the 2D perovskite nucleation at a relatively low concentration, thus decreasing the
thickness of sheets. Moreover, compared to CB, DCB has a higher boiling point. The addition of
DCB will avoid the gradually increasing concentration of perovskite solution with the evaporation
of AN and CB, thus ensuring the uniform distribution of sheets throughout the growth substrate.

Epitaxial synthesis of 2D lateral halide perovskite heterostructures

The epitaxial growth of 2D lateral halide perovskite heterostructures was based on the above
quaternary solvent method. The growth of 1% sheet is identical to above method. To eliminate the
possibility of crystal damage, the subsequent growth was performed under milder growth
conditions in our study, i.e. by lowering the growth temperature or adding more antisolvent in the
solution.

(2T)2Pbls-(2T)2PbBr4_heterostructures and superlattices: The sequence of the two steps for
heterostructure formation (bromide followed by iodide vs. iodide followed by bromide) is dictated
by the solubility difference of the two halide perovskites in the solvent system. Since (2T)2PbBra
has a lower solubility in the quaternary solvent, it is synthesized prior to (2T)2Pbls. The (2T)2Pbl4
stock solution was diluted 480 times by CB/AN/DCB co-solvent (6: 1: 0.01 volume ratio) for the
growth of heterostructures. After the growth of (2T)2PbBr4 sheets, the hot plate was cooled down
to 50 °C. Then 10 pL of the diluted (2T)2Pbls solution is added on the growth substrate. The
epitaxial growth of (2T)2Pbls along (2T)2PbBr4 sheets typically takes about 30 min. The (2T)2Pbls-
(2T)2PbBrs xn superlattices were realized by n repeated growth of (2T)2Pbls-(2T)2PbBr4
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heterostructures. (BA)2Pbls-(BA)>PbBrs4 heterostructures: The (BA)2Pbls stock solution was
diluted 240 times by CB/AN/DCB co-solvent (6: 1: 0.01 volume ratio) for the growth of
heterostructures. After the growth of (BA)2PbBr4 sheets, the hot plate was cooled down to 50 °C.
Then 10 pL of the diluted (BA)2Pbls solution was added on the growth substrate. The epitaxial
growth of (BA):Pbls along (BA):PbBrs sheets typically takes about 30 min. (BTm)Pbls-
(4Tm)oPbls heterostructures: The (BTm)2Pbls stock solution was diluted 1440 times by
CB/AN/DCB co-solvent (3.2: 1: 0.01 volume ratio) for the growth of heterostructures. After the
growth of (4Tm)2Pbl4 sheets, the hot plate was cooled down to 50 °C. Then 10 pL of the diluted
(BTm)2Pbl4 solution was added on the growth substrate. The epitaxial growth of (BTm)2Pbl4 along
(4Tm)2Pbls sheets typically takes about 30 min. (2T)>Snl4-(2T)2Pbls heterostructures: The
(2T)2Snl4 stock solution was diluted 120 times by CB/AN/DCB co-solvent (9.5: 1: 0.01 volume
ratio) for the growth of heterostructures. After the growth of (2T)2Pbls sheets, the hot plate was
cooled down to 50 °C. Then 10 pL of the diluted (2T)2Snls solution was added on the growth
substrate. The epitaxial growth of (2T)2Snl4 along (2T)2Pbls sheets typically takes about 30 min.
(4Tm)2Snl4-(4Tm)2Pbl4 heterostructures: The (4Tm)2Snl4 stock solution was diluted 240 times by
CB/AN/DCB co-solvent (1.8: 1: 0.01 volume ratio) for the growth of heterostructures. After the
growth of (4Tm)2Pbl4 sheets, the hot plate was cooled down to 80 °C. Then 10 pL of the diluted
(4Tm)2Snl4 solution was added on the growth substrate. The epitaxial growth of (4Tm)2Snl4 along
(4Tm)2Pbl4 sheets typically takes about 10 min. (PEA)>Pbls-(PEA)>PbBra heterostructures: The
(PEA)2Pbl4 stock solution was diluted 240 times by CB/AN/DCB co-solvent (9.5: 1: 0.01 volume
ratio) for the growth of heterostructures. After the growth of (PEA)2PbBr4 sheets, the hot plate was
cooled down to 50 °C. Then 10 pL of the diluted (PEA)2Pbl4 solution was added on the growth
substrate. The epitaxial growth of (PEA)2Pbl4 along (PEA)2PbBr4 sheets typically takes about 30
min. (PEA)>Snls-(PEA)PbBr4 heterostructures: The (PEA)2Snls stock solution was diluted 580
times by CB/AN/DCB co-solvent (35: 2: 0.01 volume ratio) for the growth of heterostructures.
After the growth of (PEA)2PbBr4 sheets, the hot plate was cooled down to 50 °C. Then 10 pL of
the diluted (PEA)2Snls solution was added on the growth substrate. The epitaxial growth of
(PEA):Pbls along (PEA):PbBrs sheets typically takes about 30 min._(2T)2Snl4-(2T)2Pbls-
(2T)2PbBrsa multi-heterostructures: (2T)2Snls stock solution was diluted 480 times by
CB/AN/DCB co-solvent (9.5: 1: 0.01 volume ratio) for the growth of multi-heterostructures.
Following the growth of (2T)2Pbls-(2T)2PbBr4 heterostructures, 10 uL. of the diluted (2T)2Snl4
solution was added on the growth substrate. The epitaxial growth of (2T)2Snl4 along (2T)2Pbl4
sheets typically takes about 30 min.

One-pot synthesis of (2T)Pbls-(2T)2PbBra heterostructures: The (2T)2Pbls and (2T)2PbBra stock
solutions were mixed with 1:1 ratio and diluted 480 times by CB/AN/DCB co-solvent (6: 1: 0.01
volume ratio) for the one-pot growth of heterostructures. 10 pL of the diluted solution was added
on the growth substrate at a temperature of 70 °C. Bromide and iodide components phase separated
spontaneously during the evaporation of the solvents. The coherent epitaxial growth of (2T)2Pbl4
along (2T)2PbBr4 sheets typically takes about 10 min.

(4Tm)2Snl4-(4Tm)oPbla thin film lateral heterostructure devices: (4Tm)2Pbls (0.1 mol/L) was spin-
coated on insulating substrates (quartz or SiO2/Si1), followed by 180 °C annealing on hot plate for
5 min. Then, half of the (4Tm)2Pbl4 film was removed by razor blade, and the rest of the film was
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covered by a Kapton® tape. The sample was then treated by UV ozone for 30-60 min to make the
exposed area hydrophilic. The Kapton® tape was removed and (4Tm)2Snl4 (0.1 mol/L) was spin-
coated on the the UV ozone-treated sample, followed by 175 °C annealing for 5 min. Finally, silver
wire (diameter-120 um) was placed at the interface region, serving as the shadow mask for Au
evaporation. 50 nm Au was evaporated as the electrodes.

Characterizations

Optical imaging: The bright-field optical images were collected by a custom Olympus BX53

microscope.

PL imaging and spectra collection: Samples were excited with a light source (012-63000; X-CITE
120 REPL LAMP). The filter cube contains a bandpass filter (330-385 nm) for excitation, and a
dichroic mirror (cutoff wavelength: 400 nm) for light splitting and a filter (Long pass 420 nm) for
emission. The PL spectra were collected by SpectraPro HRS-300 spectrometer.

Interdiffusion calculation: We utilize a simplified one-dimensional diffusion model of Fick’s
second law to describe the transient concentration profile across the lateral heterostructures. The

) aoC . . . .
5 (D(c) a_x)' Here, C is concentration of bromide, t is
heating time, x is length and D is the inter-diffusion coefficient of halides. Diffusion coefficient is
calculated by using the classical Boltzmann-Matano method. The evolution of concentration

profile for BA and 2T lateral heterostructures are fitted by a normal cumulative distribution

model is mathematically expressed as x

(t=x¢)?

L_¢™ 2w? dt. The fitted curves along with the experimental bromide

V2nw
concentration obtained from PL emission peaks are shown in Supplementary Fig. 7. It is to be

noted that the concentration profile obtained using the edge widths and PL emissions can only be
used for a rough estimation of the diffusion coefficients since no gradient is assumed across the
overlaid edge widths of the lateral heterostructures. It is estimated that the diffusion coefficient of
(BA)2Pbls-(BA)2PbBrs and (2T)2Pbls-(2T)2PbBr4 lateral heterostructures are in the order of ~ 10
13102 cm?/s and ~ 1071 — 10°'5 cm?/s, respectively.

function, y = yo + A [

SEM imaging: The back-scattering SEM images were collected by a FEI TeneoVS scanning
electron microscope. The acceleration voltage was 1 kV, and the acceleration current was 0.1 nA.

Powder XRD measurements: Powder XRD was measured using Panalytical Empyrean powder X-
ray diffractometer with a Cu Ka source.

Atomic force microscopy (AFM): AFM images were recorded in tapping mode using a Bruker
MultiMode 8 atomic force microscope.

Fluorescent lifetime imaging microscopy (FLIM) measurements: The samples with PMMA (950
PMMA A4, MICROCHEM) coating were measured with a 50x 0.55 N.A. air objective in an LSM
510 NLO AxioVert200M Confocal Laser Scanning Microscope equipped with a Mai-Tai HP
tunable laser. The excitation wavelength is 405 nm, which is from the second harmonic of 8§10 nm
(<100 fs, 80 MHZ). Lifetime measurements were performed using Becker-Hickl SPC-150 Time-
Correlated Single Photon Counting. The lifetime decay was collected and analyzed using Becker-
Hickl SPCM software.
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Single-crystal XRD measurement: Single crystals of (2T)2PbBrs were analyzed by a Bruker Quest
diffractometer with kappa geometry, an I-u-S microsource X-ray tube, laterally graded multilayer
(Goebel) mirror single crystal for monochromatization, a Photon2 CMOS area detector and an
Oxford Cryosystems low temperature device. Examination and data collection were performed
with Cu Ko radiation (A = 1.54178 A) at 150 K.

Electric measurement: Current-voltage (I-V) characteristics were acquired by sweeping bias
voltages from -10 V to 10 V and then from 10 V to -10 V based on a PS100 Lakeshore probe
station with a Keithley 2400 source meter.

TEM characterizations

TEM sample preparation of pure (2T):Pbls, (2T)PbBrs_sheets, and (2T):Pbls-(2T)2PbBra4
heterostructure: To transfer Pure (2T)2Pbls, (2T)2PbBrs sheets, or (2T):Pbls-(2T)2PbBr4
heterostructures to TEM girds, a layer of PMMA was spin-coated on the growth Si02/Si substrates
prior to perovskite growth. The spin-coating speed was 3000 rpm and duration time was 1 min.
Then Si substrates were placed on 70 °C hot plate for 10 min to condense the PMMA and remove
the residue solvent. After that, the perovskites were grown on the PMMA-coated Si.

The transfer process of perovskites from the growth PMMA/Si substrates was performed in the
glove box. First, the growth substrates were dipped into CB to dissolve the sacrificial layer PMMA,
which facilitates the detachment of samples from the growth substrates. Then, vortex mixing or
ultrasonication was used to further detach the samples from Si substrates. Afterwards, the
suspension was dropped onto the TEM grids. TEM grids were rinsed with clean CB a few times
to remove the residue PMMA. Note: The TEM grids (Lacey/ carbon grids on 200 mesh copper,
Ted Pella) are covered by one layer of carbon nanotube film and mono-layer graphene hybrids to
mitigate electron beam damage.

TEM imaging and spectrum acquisition: The diffraction patterns were obtained on a 200 kV JEOL
JEM-2100plus with a TIVPS CCD camera (TEMCam-XF416). The AC-HRTEM and EDS
mapping was taken on an 80 kV aberration-corrected JEOL GrandARM equipped with a fast
camera (OneView IS, Gatan). The EDS map is an intensity map based on the counts, which is
proportional to the content of the element. Low accelerating voltage was utilized to enhance the
contrast at low magnifications when searching for samples and locating the interface positions.
The low dose-rate imaging was achieved by increasing electron beam spot size (decreasing the
beam current) and reducing brightness of the electron beam (spreading the beam illumination). To
avoid unnecessary electron beam damage, Minimum Dose System (MDS) was used to reduce the
damage during searching for the samples and focusing.

Owing to the mechanical vibration of specimen holder and the effect of electron irradiation, there
are generally minor displacements between continuously captured images, which will lower the
spatial resolution of HETEM image if we simply superpose them. To correct these drifts, we use
a digital micrograph script developed by D.R.G. Mitchell
(http://www.dmscripting.com/stack alignment.html). The core of the script is to measure the drift
by cross correlation, thus applying measured drift to each image. Each drift measurement will
produce a cross correlation value, which is a guide to whether it is working well (“1” is good, “0.5”
is OK). In our case, the cross correlation values are 0.644, 0.645 and 0.647 when processing the 4
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raw images. After accurate drift alignment, the images can be superposed to acquire a HRTEM
image with improved signal-to-noise ratio.

TEM simulation and structural model: The kinematical SAED patterns were simulated with
MacTempasX*. The structural models were constructed with VESTA®.

Molecular Dynamics Simulations

For the molecular dynamics simulation of the heterojunction between Pb-Br and Pb-I organic-
inorganic perovskites, the MYP model for hybrid perovskites was used*®*® The MYP model was
originally developed for Pb-I perovskites and was extended to Pb-Br perovskites, and it treats the
organic-organic interactions by the standard AMBER force field, the inorganic-inorganic
interactions between Pb, I, and Br by Buckingham potentials, and the organic-inorganic
interactions as the sum of Buckingham, electrostatic, and Lennard-Jones 12-6 terms. As developed
and reported, the charges on the metal, halide, and cation are non-integer. For our simulations, we
employed integer values for these charges; the MYP non-bonded parameters were appropriately
rescaled to reproduce the cohesive energy density of the unscaled simulation.

The surface cation geometries were optimized using ORCA?* at the ®B97X-D*%/def2-TVZP3!
Density Functional Theory level. The standard GAFF parameterization was used for the organic
cations, with the cation point charges being fit against the electrostatic DFT potential (0B97X-
D/def2-TVZP) of the isolated cation with a +1 charge. LAMMPS was used for the molecular
simulations®*. All simulations used a 1 fs integration timestep and periodic boundary conditions.
The particle-particle-particle-mesh (PPPM) algorithm was used for the long-range electrostatics,
and L] interactions were truncated at 15 A. Following the MYP model, the 1-4 pairwise LIJ
interactions were scaled by 0.5, and the 1-4 electrostatics interactions were scaled by 0.8333.

The initial perovskite heterojunction geometry was generated by constructing an ideal perovskite
monolayer composed of two domains: a 6 x 0 x 12 Pb-I domain and a 6 < 0 % 12 Pb-Br domain,
for a total system sized of 12% 0 x 12 of A2BX4 unit cells. Halide vacancies were introduced by
randomly removing 2 halide atoms. The simulation was first relaxed under the NVE ensemble for
50 ps with restrained atomic displacements of 0.01 A per timestep. The system was then simulated
for 20 ns with the Nose-Hoover thermostat and barostat, with the barostat applied only the x and
z directions in order to allow the surface cations to displace from the perovskite layer, at both 298
K and 800 K. To calculate the free energy required to remove a surface cation and halide, a 6 X 0
x 6 unit cell simulation on pristine (i.e. no vacancies) Pb-Br and Pb-I perovskites was run, with a
surface cation and halide displaced from their initial positions out to vacuum in 0.5 A intervals.
The system was equilibrated for 0.5 ns and then simulated for 10 ns under the NVT ensemble at
298 K for each displacement. The pymbar package, developed by the Chodera group, was used to
calculate the free energies®”.
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Fig. 1 | Two-dimensional halide perovskite lateral heterostructures stabilized by conjugated
ligands. Schematic illustrations and proposed band alignments of a, (2T)2Pbls-(2T)2PbBrs and b,
(BA)2Pbls-(BA)2PbBr4 lateral heterostructures. The blue and green lines represent the conduction
band minimum (CBM) and valence band maximum (VBM) of inorganic [PbBrs]*" and [Pbl4]*
octahedral layers, respectively. The broad and semi-transparent grey and purple lines correspond
to the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels of 2T and BA organic layers, respectively. ¢, d, Optical and PL images of a
(2T)2Pbls-(2T)2PbBrs lateral heterostructure. e, f, Optical and PL images of a (BA)2Pbls-
(BA)2PbBry4 lateral heterostructure. g, PL image of the (2T)2Pbls-(2T)2PbBr4 lateral heterostructure
after 1 h of heating at 100 °C. h, PL image of the (BA)2Pbls-(BA)2PbBr4 lateral heterostructure
after 1 h of heating at 100 °C. All scale bars are 3 pum. i, Corresponding PL spectra of the
heterostructures before and after heating. Snapshots from the molecular dynamics simulations at
298 K (j) and 800 K (k) for (BA)2Pbls-(BA)2PbBr4(right) and (2T)2Pbls-(2T)2PbBr4 (left) showing
the interface between each perovskite domain. For clarity, the organic ligands have been omitted.
The colors correspond to: purple for iodine atoms, orange for bromine atoms, and gray for lead
atoms. The iodine atoms that have diffused across the interface in (BA)2Pbls-(BA)2PbBrs and into
the bromine domain are indicated by the color red. 1, Free energy of removing a halide atom from
an apical position to vacuum to generate a halide vacancy. Orange plots correspond to bromide
perovskite and purple plots correspond to iodide perovskites.
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Fig. 2 | TEM characterization of the (2T):Pbls+-(2T).PbBrs heterostructure. a, Low-
magnification TEM image (ai) and EDS elemental mappings of one (2T)2Pbls-(2T)2PbBra4
heterostructure, where (az, a3, a4 and as) represent the elemental mapping of I, Br, I + Br, and Pb,
respectively. The scale bars are 1 pm. b, SAED pattern of the (2T)2Pbls4-(2T)2PbBr4 interface. Inset
is the enlarged view of one pair of splitting diffraction spots. The zone axis is [114]; ¢, AC-
HRTEM and Fourier analysis. ¢1, A selected AC-HRTEM image. ¢z, EFT pattern. One pair of
splitting spots is enlarged. ¢3, False-colored Fourier masks for two sets of spots. One pair of masks
for splitting spots is enlarged. c4, Corresponding overlap of two sets of lattice fringes from
(2T)2Pbls and (2T)2PbBr4, respectively. False color is used to clearly distinguish (2T)2Pbl4 from
(2T)2PbBra4. di, Fourier filtered and magnified AC-HRTEM image showing the epitaxial interface.

d2, Enlarged image of an edge dislocation. The white arrow denotes the Burger vector b.
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Fig. 3 | Periodic ripples in (2T)Pbl4+-(2T).PbBr4 lateral heterostructures. a, b, Optical and PL
images of a one-pot (2T)2Pbls-(2T)2PbBr4 lateral heterostructure, where ripples in the (2T)2Pbl4
region can be distinguished. The scale bars are 5 um. ¢, AFM image of the one-pot (2T)2Pbls-
(2T)2PbBr4 lateral heterostructure with clear ripples. The height profile along the dashed line
indicates the height of the ripples is around 40~50 nm.
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Fig. 4 | The library of 2D halide perovskite lateral heterostructures, multi-heterostructures
and superlattices. a, (BTm)2Pbls-(4Tm)2Pbls lateral heterostructure. b, (2T)2Snl4-(2T)2Pbl4
lateral heterostructure. ¢, (4Tm)2Snl4-(4Tm)2Pbls lateral heterostructure. d, (PEA)2Pbls-
(PEA)2PbBrs lateral heterostructure. e, (PEA)2Snls-(PEA)2PbBrs lateral heterostructure. f,
(2T)2Pbls-(2T)2PbBr4 xn (n=2, 3, 4) lateral superlattice. g, (2T)2Snl4-(2T)2Pbls-(2T)2PbBra4 lateral
multi-heterostructure. ai, b1, ¢1, di, €1, f2, fs, fs, g2 are optical images; az, ba, 2, d2, €2, f3, fs, f7, g3
are PL images; a3, b3, ¢3, d3, e3 are PL spectra; fi, g1 are schematic illustrations. Scale bars for (a)
and (g) are 3 pm. All other scale bars are 5 um.
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Fig. 5 | Proposed band alignments and electrical characteristics of the heterostructures. a-g,
(BTm)2Pbls-(4Tm)2Pbls (a), (2T)2Snls-(2T)2Pbls (b), (4Tm)2Snls-(4Tm)2Pbls (¢), (PEA)2PbI4s-
(PEA)2PbBrs (d), (PEA)2Snls-(PEA)2PbBrs (e), (2T)2Pbls-(2T)2PbBrsa x 3 superlattices (f),
(2T)2Snl4-(2T)2Pbls-(2T)2PbBr4 (g). The blue, green and red lines represent the CBM and VBM
of inorganic [PbBrs]*, [Pbl4]*, and [Snls]*" octahedral layers, respectively. The broad and semi-
transparent grey, red, yellow and blue lines correspond to the HOMO and LUMO of 2T, BTm",
4Tm" and PEA" organic layers; respectively. Band bending and fermi level matching is not
considered as these values have not yet been reliably measured and reported. h, Rectification
behavior of a (4Tm)2Snl4-(4Tm)2Pbls heterostructure diode device. Inset, schematic illustration
and optical image of the thin-film (4Tm)2Snl4-(4Tm)2Pbl4 heterostructure. The scale bar is 2 mm.
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Supplementary Text and Figures
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Supplementary Fig. 1 | Epitaxial growth of (2T),Pbl4-(2T).PbBr4 lateral heterostructures. a-
e, Flow diagram showing the epitaxial growth of (2T)2Pbls-(2T)2PbBr4 heterostructures. a, Adding
10 pL of (2T)2PbBr4 precursor solution to grow (2T)2PbBra sheets. b, Nucleation of (2T)2PbBra4
sheets with the evaporation of the co-solvents. ¢, Formation of (2T)2PbBr4 sheets on the substrate
after all co-solvents evaporate. d, Adding 10 pL of diluted (2T)2Pbls precursor solution for the
epitaxial growth of (2T):Pbls from the existing (2T):PbBrs sheets. e, After the co-solvents
evaporate, (2T)2Pbls- (2T)2PbBr4 heterostructures are formed on the substrate. The growth of other
types of 2D lateral halide perovskite heterostructures follows the same procedures. For clarity, the
organic ligands have been omitted. f, Optical image of two (2T)2PbBrs sheets grown on Si02/Si
substrates. g, Optical image of (2T)2PbBrs -(2T)2Pbls heterostructures after epitaxial growth of
(2T)2Pbls from the existing (2T)2PbBr4 sheets. The dashed yellow and red frames indicate the
outline of (2T)2PbBr4 sheets. The separation between these two square sheets was 4.7 pm initially
and narrowed down to 3.9 pum after heterostructure formation. Meanwhile, the lateral length of
right sheet was 3.3 um and increased to 4.1 pm after the heterostructure formation. Above results
rule out the possibility of ion exchange mechanism and further validates the epitaxial growth
mechanism for 2D halide perovskite lateral heterostructures. h, i, Corresponding PL images of
(2T)2PbBr4 sheets and (2T)2PbBr4 -(2T)2Pbl4 heterostructures. The scale bars are 5 um.
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Supplementary Fig. 2 | Lateral size control of (2T):PbBr, sheets. a-c, Statistics of lateral size
of (2T)2PbBra4 sheets grown at 50, 70 and 90 °C, respectively. The precursor solution concentration
is 84 pmol/L, and the CB: AN ratio is 2.53:1. d, Dependence of (2T)2PbBr4 lateral size on the
growth temperature. e, Statistics of lateral size of (2T)2PbBrs sheets grown from 21 pmol/L of
precursor solution. The growth temperature is 70 °C, and the CB: AN ratio is 2.53:1. f, Statistics
of lateral size of (2T)2PbBr4 sheets grown from precursor solution with CB:AN ratio of 2.6:1. The
growth temperature is 70 °C, and the precursor solution concentration is 21 pumol/L. Insets:

representative optical images of (2T)2PbBrs sheets grown under corresponding conditions. The
scale bars are 50 pum.
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Supplementary Fig. 3 | Lateral size control of (2T),Pbls domain in (2T);Pbl4-(2T).PbBr4
lateral heterostructures. a, The lateral size of (2T)2Pbls domains with respect to the growth time.
Inset PL images indicate the evolution of heterostructures with the increase of growth time. The
scale bars are 10 pm. b, One (2T)2Pbls-(2T):PbBrs lateral heterostructure with 4 pm wide
(2T)2Pbls domain. ¢, (2T)2Pbls-(2T)2PbBr4 lateral heterostructures with optimized lateral sizes.
Both (2T)2Pbls and (2T)2PbBrs domains have a lateral size of ~ 1 um.
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Supplementary Fig. 4 | Thickness control of (2T),PbBr4 sheets and (2T),Pbl4+-(2T).PbBr4
lateral heterostructures. a, Precursor solution concentration dependence of (2T).PbBr4 sheets
thickness. Inset: representative AFM images of (2T)2PbBr4 sheets grown from 21, 42 and 84
umol/L of solution. The growth temperature is 70 °C, and the CB: AN ratio is 2.53:1. b, Growth
temperature dependence of (2T):PbBra sheets thickness. Inset: representative AFM images of
(2T)2PbBr4 sheets grown under 50, 70 and 90 °C respectively. The solution concentration is 84
umol/L, and the CB: AN ratio is 2.53:1. ¢, AFM images of (2T)2PbBr4 sheets grown from precursor
solution with CB: AN of 2.6: 1. The growth temperature is 70 °C, and the solution concentration
is 21 pumol/L. d, The AFM image and height profile of (2T)2Pbls-(2T)2PbBrs lateral

heterostructure.
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Supplementary Fig. 5 | Dynamic tracking of PL emission of (2T):Pbls+-(2T).PbBry
heterostructures. a, PL images of one (2T)2Pbls-(2T)2PbBrs heterostructure at pristine state, after
0.5 h, 1 h and 2h of heating under 75 °C, respectively. b, PL images of another (2T):Pbls-
(2T)2PbBrs4 heterostructure at pristine state, after 0.5 h, 1 h and 2h of heating under 100 °C,
respectively. ¢, Corresponding PL spectra of the (2T)2Pbls-(2T)2PbBr4 heterostructure in (a). d,
Corresponding PL spectra of the (2T)2Pbls-(2T)2PbBrs heterostructure in (b). The stable PL
emission indicates the high stability of (2T)2Pbls-(2T)2PbBr4 heterostructure under 75 and 100 °C
heating and the effective inhibition of halide anion interdiffusion. All scale bars are 3 pm.
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Supplementary Fig. 6 | Dynamic tracking of PL emission of (BA);Pbls-(BA):PbBry
heterostructures. a, PL images of one (BA):Pbls-(BA)2PbBr4 heterostructure at pristine state,
after 0.5 h, 1 h and 2h of heating under 75 °C, respectively. b, PL images of another (BA)2Pbls-
(BA)2PbBr4 heterostructure at pristine state, after 0.5 h, 1 h and 2h of heating under 100 °C,
respectively. ¢, Corresponding PL spectra of the (BA)2Pbls-(BA)2PbBrs heterostructure in (a). d,
Corresponding PL spectra of the (BA)2Pbls-(BA)2PbBr4 heterostructure in (b). The significant
shift of the PL emission indicates the halide interdiffusion under 75 and 100 °C heating. All scale
bars are 3 pum.
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Supplementary Fig. 7 | Diffusion Coefficient calculation for BA and 2T lateral
heterostructures. a, b, Optical and PL images of a (2T)2Pbls4-(2T)2PbBr4 lateral heterostructure.
¢, d, Optical and PL images of a (BA)2Pbls-(BA)2PbBr4 lateral heterostructure. e, PL image of the
(2T)2Pbls-(2T)2PbBr4 lateral heterostructure after 1 h of heating at 100 °C. f, PL image of the
(BA)2Pbls-(BA)2PbBr4 lateral heterostructure after 1 h of heating at 100 °C. g, Corresponding PL
spectra of the heterostructures before and after heating. All scale bars are 3 um. This figure is part
of Fig. 1 in the main text. Experimental data and corresponding normal cumulative distribution
function (CDF) fit for concentration profiles before and after heating across BA (h) and 2T (i)
lateral heterostructures. j, Calculated inter-diffusion coefficient values for halide diffusion across
for BA and 2T lateral heterostructures using Boltzmann-Matano method.
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Supplementary Fig. 8 | Summary of lead atom displacements from initial ideal positions for
(BA)2Pbl4-(BA):PbBrs (“BA”) and (2T)2PbI4-(2T)2PbBr4 (“2T”). The larger organic ligand
(2T) leads to decreased elasticity in the inorganic framework as evidenced by the tight cluster of
small displacements, both at room and elevated temperatures. The smaller organic ligand (BA)
leads to a more elastic framework, which is exaggerated at the elevated temperature.
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Supplementary Fig. 9 | Lead octahedron disorder as a function of location within the
perovskite, quantifying the increase in disorder at the interface. a, The lead atoms were
identified as belonging either to the interface or the interior, and their disorder tracked accordingly.
b-g, Axial tilt as defined by a vector between the apical halides relative to the lead plane; for both
ligands at both room and elevated temperatures, the interior lead octahedrons remain ideally
perpendicular to the lead plane. Although the interface is disordered with both ligands at room
temperature, BA is less capable in stabilizing the interface, leading to an increase in interfacial
disorder at elevated temperatures. For the equatorial tilt, the tilt out of the lead plane was
partitioned into the x and z components, with the x direction perpendicular to the interface and the
z direction parallel to the interface. In both directions, the interface with the smaller ligand shows
an increased disorder, particularly at elevated temperature. x direction shows increased disorder in
case of BA ligand due to the strain induced by lattice mismatch.
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Supplementary Fig. 10 | Free energy of organic ligand vacancy formation. For a given
perovskite framework, the free energy required to form a ligand vacancy is similar for BA and 2T.
The number of ligand vacancies for a given perovskite framework is therefore expected to be
similar for both ligands.
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Supplementary Fig. 11 | XRD profile and SEM images of (2T):Pbls+-(2T).PbBr4
heterostructures. a, XRD profiles of (2T)2Pbls-(2T)2PbBr4 heterostructures, pure (2T)2Pbls and
(2T)2PbBrs sheets. Compared with the pure sheets, XRD profiles of (2T):Pbls-(2T)2PbBr4
heterostructures have two sets of diffraction peaks, confirming that (2T)2Pbls-(2T)2PbBra
heterostructures is composed of (2T):Pbls and (2T).PbBrs phases structurally. b, ¢, Back-
scattering SEM images of (2T)2Pbls-(2T)2PbBrs heterostructures. The elements at brighter
peripheral regions (I) are heavier than those at the interior regions (Br), which is consistent with
the PL and TEM characterizations.
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Supplementary Fig. 12 | Determination of the zone axis. a, Crystal structure of (2T)2Pbls in
[220] projection. b, Schematic diagram of triclinic (2T)2Pbl4 cut by (401) plane. ¢, Experimental
diffraction patterns of the (2T)2Pbl4-(2T)2PbBr4 heterostructure. d, e, Kinematical SAD patterns
corresponding to uvw=[114] and uvw=[001], respectively.

By comparing the experimental diffraction patterns with kinematical SAD patterns, the simulated
pattern corresponding to uvw=[114] (Supplementary Fig. 12d) is more consistent with the
experimental diffraction pattern (Supplementary Fig. 12c¢). Since the diffraction spots of epitaxial
(2T)2Pbls4 and (2T)2PbBr4 come in pairs, we assume they possess similar structure and therefore
we index the diffraction spots following the CIF file of (2T)2Pbls. The scale bars are 2 nm''.
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Supplementary Fig. 13 | SAED analysis of pure (2T),Pbly, pure (2T).PbBr4 sheets, and
(2T):Pbl4-(2T)2PbBrs heterostructure. Morphology (a) and SAED patterns (b) of a pure
(2T)2Pbl4 sheet. Morphology (¢) and SAED patterns (d) of a pure (2T)2PbBrs sheet. Morphology
(e) and SAED patterns (f) of a (2T)2Pbls-(2T)2PbBrs heterostructure. g, h, SAED patterns
corresponding to epitaxial (2T)2Pbl4 region (green circled area in E) and (2T)2PbBr4 (blue circled
area in E) region, respectively.

The lattice misfits calculated from SAED patterns of pure (2T):Pbls and (2T):PbBr4
(Supplementary Fig. 13b, d) are:

__[a(film)—a(substrate)] 0
[010]f = a(substrate) =5.9%

__[a(fitm)—a(substrate)] _ 0
[100]f = a(substrate) =57%

The actual lattice misfits calculated from SAED pattern of the heterostructure (Supplementary Fig.
13f) are:

_ L
[Olo]f - a(substrate)
__[a(film)—a(substrate)] 0
[100]f = a(substrate) =5.0%
The experimental lattice misfits calculated from EFT pattern of AC-HRTEM (Fig. 2b) are:

a(film)—a(substrate)

1 — 489

__[a(fitm)—a(substrate)] _ 0
[010]f = _a(substrate) =54%
[100]f _ [a(film)—a(substrate)] = 5.99

a(substrate)

The slight difference in lattice misfit may be related with the lattice relaxation of 2D sheets
compared to the theoretical bulk values and small amounts of Br atoms mixed in the epitaxial
(2T)2Pbla.

14



b c d
0.04-0.08 s 0.08-0.12 s 0.12-0.16s
2.5eA? 26 eA? 2.6 eA2

Align the raw images and sum
.= =

|

. RichmnBr

~ Richin b e

Supplementary Fig. 14 | AC-HRTEM image acquisition and processing. a-d, First four images
from a series of AC-HRTEM images (40 ms of exposure time for each) acquired at low dose-rate
of ~65 e’A%s!. By comparing the first four images and their FT patterns, there is no apparent
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damage under electron beam irradiation so they can be summed up to achieve higher signal-to-
noise ratio. e, Final AC-HRTEM images summed up from above four images (a-d) after drift
alignment. The drift is corrected by cross correlation. The total electron dose is about 9.2 e"A2.

The organic-inorganic halide perovskites are extremely sensitive to electrons, and more vulnerable
than other well-known covalently bonded 2D materials such as graphene and transition metal
dichalcogenides, as the inorganic layers and the organic layers are bonded by weak van der Waals
force. Therefore, it is very challenging to acquire completely intact structure, and the experiments
show that the sample will be damaged within 1 s even though the dose rate is reduced to ~65 e-A-
257!, In order to obtain nearly intact structure information, the electron exposure dose before
acquisition need to be reduced as low as possible. However, based on our experiences of imaging
beam-sensitive perovskites'™, it is not enough to just simply reduce the electron beam while
imaging extremely sensitive materials, as any casual pre-exposure might be detrimental to the
crystal structure. Here, we use a minimum dose system (MDS) to decrease the electron dose during
searching and focusing the sample. Specifically, the dose rate is below 0.1 e-A2s! when searching
for the region of interest (ROI), and the damage of the ROI by electron exposure is minimized
because the defocus adjustment for HRTEM is done by imaging on the adjacent area, not directly
on the ROI. In this case, the ROI only receives effective doses for HRTEM imaging. This is the
key point of MDS. Thus, we could acquire a series of continuous exposure images when the nearly
intact ROI is exposed by the relatively high dose-rate electron beam. Since the perovskites are
extremely sensitive to electrons and the ROI will gradually be damaged, we only select and process
the images acquired before the (041) spots disappearing. Up to then, the whole structure has not
been collapsed by electron beam irradiation. Among these selected images, there might be minor
displacements which will decrease the spatial resolution of the image if we simply superpose them.
Ultimately, with the help of DM scripts, the drift-corrected images can be superposed to obtain a
HRTEM image with improved signal-to-noise ratio, as shown above.
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Supplementary Fig. 15 | AC-HRTEM analysis by Fourier filtering. a, AC-HRTEM image of
one (2T)2Pbls-(2T)2PbBr4 heterostructure. The yellow rectangular box denotes the Fig. 2¢1 in the
main text. b, ¢, Inverse EFTs of (f) and (g) reveal the distinct lattice information in real space
respectively. d, Superposition of (b) and (c¢) shows the continuous and sharp interface. False color
was used for a clear view of the interface. The yellow rectangular box denotes the Fig. 2c4 in the
main text. e, EFT pattern of (a). f, g, Two masks are placed on the diffractogram (e) to filter out
two different phases, respectively. h, Superposition of (f) and (g) shows the splitting diffraction
spots. False color is used for differentiating two sets of spots.
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Supplementary Flg 16 | Geometrlc phase analys1s of the (2T)2PbI4-(2T)2PbBr4
heterostructure. a, AC-HRTEM image of the interface. b, EFT pattern. G1 and G2 represents two
Bragg reflections. ¢, Maximum normal strain. d, Minimum normal strain. e, f, g, Strain mappings
at different directions. exx, &xy and &yy represent the strain are parallel to the direction of Bragg
reflections Gi1, G1+Ga2, G2, respectively; These strain mappings indicate the clear interface between
the substrate and epitaxy. h, Phase image with G1=[221]. The scale bars are 40 nm. Relatively
even color area shows the lattice spacing of (2T)2PbBrs area are uniform and uneven color shows
the lattice spacing of (2T)2Pbl4 changes with positions regularly>®. This reveals the lattice
mismatch directly and implies that interfacial dislocations may exist at a certain interval to relax
the lattice strain.
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Supplementary Fig. 17 | Analysis of interfacial dislocations in the (2T)Pbls-(2T):PbBr4
heterostructure. a, The AC-HRTEM image. b, Fourier mask for two (200) spots. ¢, Magnified
inverse EFT image of (b) (false-colored). d, Magnified image shows the extra (200) plane in one
of the edge dislocations. e, EFT of (a). f, Fourier mask for all Bragg spots. g, Magnified inverse
EFT image of (f) (false-colored). h, Magnified image highlighting one of the edge dislocations.

The heteroepitaxial growth in 2D heterostructures can be maintained in 2 ways: the elastic strain
is ultralow (lattice mismatch is generally within 5%, and thin epitaxial layer); the strain can be
reasonably released”®. To release the strain, one way is through elastic deformation of the film,
which will cause a corrugated surface morphology. The other way is to form dislocation because
of accumulated strain’. In our study, it can be directly observed that edge dislocations at the
interface release strain and the epitaxial film returns to its original lattice structure periodically.
The scale bars in b, e and f are 2 nm™'.
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Supplementary Fig. 18 | Analysis of the epitaxial growth. a;, b1, ¢1, Low-magnification TEM
images of 2T)2Pbls-(2T).PbBr4 heterostructures. az, bz, ¢2, AC-HRTEM images. a3, b3, ¢3, EFT
patterns. a4, by, ¢4, Inverse EFT images highlighting (2T)2Pbls and (2T)2PbBr4 lattices. These
results show that the (2T)2Pbls preferentially grew along two certain directions ([010] and [100]).
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Supplementary Fig. 19 | The heteroepitaxy structure of (2T):Pbls+-(2T).PbBr4
heterostructure. a, The structural model of (2T)2Pbls in [114] projection. b, Schematic illustration
of lattices of pure (2T)2Pbl4 and pure (2T)2PbBra. The lattice misfit in (001) plane is about 5%. ¢,
The schematic diagram of edge dislocation in (001) plane. d, The structural model of (2T)2Pbl4 in
[010] projection. e, The schematic diagram of pure (2T)2Pbls with shorter ¢ axis. f, Our proposed
structure of the interface. g, The schematic diagram of pure (2T)2Pbls with longer ¢ axis. The
lattice misfit is about 3.4% in the [001] direction. The misfit along [001] direction is mainly from
the organic ligands and the interfacial stress along this direction is believed to be easier to release
because of the softness of the organic layers.
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Supplementary Fig. 20 | One-pot synthesis of (2T)Pbl4-(2T)PbBr4 lateral heterostructures.
a, b, Photo images of (2T):Pbls and(2T)2PbBr4 stock solution before and after adding extra
chlorobenzene (CB). ¢-e, Tracking of crystal nucleation process of (2T)2Pbls4-(2T)2PbBr4 lateral
heterostructures using one-pot synthesis strategy. ¢, Nucleated crystals after 30 seconds’ growth;
d, Nucleated crystals after 2 min’s growth; e, Nucleated crystals after 4 min’s growth. ¢1, di and
e1, are schematics after different growth time; ¢z, da, €2, and ¢3, ds, e3 are the corresponding bright-
field and PL images, respectively. To characterize the intermediate products, the residue solvent
left on the substrate was blown away by nitrogen. The scale bars are 10 pm.
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Supplementary Fig. 21 | Qualitative analysis of the ripples in one-pot (2T),Pbl4-(2T).PbBr4
lateral heterostructures. Optical and PL images of 4 sets of one-pot (2T)2Pbl4-(2T)2PbBr4 lateral
heterostructures. Despite the big difference in width of (2T)2Pbls domains, periodic ripples have
been successfully formed, indicating the formation of ripples is among the primary strain
relaxation mechanisms in all these heterostructures. The high tolerance of ripple formation to the
lateral size and thickness in one-pot (2T)2Pbls-(2T)2PbBrs heterostructures may arise from the soft
lattice and high defect tolerance nature in 2D halide perovskites.
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Supplementary Fig. 22 | Optical and PL images of 10 types of pure 2D halide perovskite
sheets. a, Organic ligands involved in the 2D perovskites and heterostructures synthesis in our
study, including BA*, PEA", 2T, 4Tm" and BTm" ligands. b, Optical and PL images of
(2T)2PbBrs4 sheets. The PL emission is quenched due to type-II band alignment between the
inorganic [PbBr4]*and organic ligand 2T" layers. ¢, Optical and PL images of (2T)2Pbls sheets. d,
Optical and PL images of (BA):PbBr4 sheets. e, Optical and PL images of (BA):Pbls sheets. f,
Optical and PL images of (4Tm)2Pbl4 sheets. The PL emission is quenched due to type-II band
alignment between the inorganic [Pbls]*and organic ligand 4Tm" layers. g, Optical and PL images
of (BTm)2Pbls sheets. The red emission comes from organic ligand BTm" layer as [Pbl4]* and
4Tm" layers form type-I band alignment and BTm" layer possesses lower bandgap. h, Optical and
PL images of (2T)2Snls sheets. i, Optical and PL images of (4Tm)2Snl4 sheets. j, Optical and PL
images of (PEA)2PbBr4 sheets. k, Optical and PL images of (PEA)2Pbl4 sheets.
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Supplementary Fig. 23 | XRD profiles (a) and PL spectra (b) of 10 types of pure 2D halide
perovskite sheets. The periodic XRD peaks of these 2D halide perovskite sheets are indications
of layered structures, and the interlayer spacings can be calculated from these peaks. All the sheets
except (2T).PbBrs and (4Tm):Pbls, have strong PL emission, which is consistent with
corresponding PL images in Supplementary Fig. 22.
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Supplementary Fig. 24 | Low- magnification optical and PL images of 8 types of lateral 2D
halide perovskite heterostructures. a, (2T):Pbls-(2T)2PbBrs. b, (BA)2Pbls-(BA):PbBrs. c,
(BTm)2Pbls-(4Tm)2Pbls. d, (2T)2Snls-(2T)2Pbls. e, (4Tm)2Snls-(4Tm)2Pbls. f, (PEA)2PbIs-
(PEA)2PbBra. g, (2T)2Pbl4-(2T)2PbBra-(2T)2Pbl4-(2T)2PbBra-(2T)2Pbl4-(2T)2PbBra. h, (2T)2Snls-
(2T)2Pbls-(2T)2PbBr4. These images indicate that the yields of various 2D lateral halide perovskite
heterostructures synthesis are quite high.
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Supplementary Fig. 25 | AFM characterizations of 2D lateral halide perovskite
heterostructures. AFM images and height profiles of: a, (2T)2Pbls-(2T)2PbBr4; b, (BTm)2Pbls-
(4Tm)2Pbl4; ¢, (4Tm)2Snl4-(4Tm)2Pbl4; d, (PEA)2Pbls-(PEA)2PbBr4; e, (2T)2Pbls-(2T)2PbBra x3;
f, (2T)2Snls-(2T)2Pbls-(2T)2PbBra heterostructures. Insets are the corresponding PL images. The
scale bars are 5 um. The height difference between (PEA):Pbls and (PEA)2PbBr4 is induced by
the poor stability of thin (PEA)2Pbls sheets in ambient environment.
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Supplementary Fig. 26 | FLIM characterization of (2T),Pbl4-(2T):PbBr4 (a) and (4Tm),Snls-
(4Tm),Pbls; (b) heterostructures. The longer exciton lifetime at the interface of the
heterostructures observed in fluorescence lifetime imaging measurements shed light on the
possibility of tuning the optoelectronic properties via strain engineering at the interfaces. Insets
are the corresponding PL images. The corresponding lattice parameters are summarized in
Supplementary Table 1 and 4. ¢, d, Schematic illustrations of the tensile and compressive strains
at the interface of (2T)2Pbl4-(2T)2PbBr4 (¢) and (4Tm)2Snls-(4Tm)2Pbls (d) heterostructures. For
clarity, the organic ligands have been omitted.
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Supplementary Tables

Supplementary Table 1| Single crystal X-ray diffraction data of (2T)2Pbls4 and (2T)2PbBr4

[(2T),Pbl, |(2T),PbBr,

Crystal data

Chemical formula Pbl4-2(C1oH12NS») BrgPby-4(C190H12NS»)

M 1135.44 1894.96

Crystal system, space group | Triclinic, P1 Triclinic, P1

Temperature (K) 150 150

a, b, c(A) 12.0933(7), 12.2631(7), 11.3032 (13), 11.6338 (13), 21.602 (2)
20.8347(12)

a, B,y (°) 98.415(2), 98.940(2), 90.003(2) 82.260 (4), 86.069 (5), 89.888 (5)

V(A% 3018.6(3) 2808.0 (5)

Y4 4 2

Radiation type Cu Ka Cu Ka

u (mm™) 45.67 21.23

Crystal size (mm)

0.12 x0.10 x 0.02

0.21 x0.15 x 0.01

Data collection

Diffractometer

Bruker AXS D8 Quest CMOS
diffractometer

Bruker AXS D8 Quest CMOS
diffractometer

Absorption correction

Multi-scan

SADABS 2016/2: Krause, L.,
Herbst-Irmer, R., Sheldrick G.M. &
Stalke D., J. Appl. Cryst. 48 (2015)
3-10

Multi-scan

TWINABS 2012/1: Krause, L., Herbst-
Irmer, R., Sheldrick G.M. & Stalke D.
(2015). J. Appl. Cryst. 48 3-10.

Tmin, Tmax 0.065, 0.233 0.039, 0.174
No. of measured, independent (29414, 16616, 14142 81449, 11565, 9366
and observed [/ > 26(/)]
reflections
Rint 0.095 0.218
(sin 0/Mmax (A 0.639 0.631
Refinement
R[F? > 20 (F?)], wR(F?), S 0.080, 0.226, 1.03 0.123,0.332,1.04
No. of reflections 16616 11565
No. of parameters 1605 571
No. of restraints 4055

H-atom treatment

H-atom parameters constrained

H-atom parameters constrained

ApmaX7 Apmin (e A_3)

4.73,-3.86

4.69, -2.60

Absolute structure

Twinning involves inversion, so
Flack parameter cannot be
determined

Absolute structure parameter

0.25(2)

Computer programs: Apex3 v2017.3-0 (Bruker, 2016), SAINT V8.37A (Bruker, 2016),
SHELXS97 (Sheldrick, 2008), SHELXL2018/3 (Sheldrick, 2015, 2018), SHELXLE Rev924
(Hiibschle et al., 2011).
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Supplementary Table 2| Crystal lattice constant comparison of (BA)2PbBrs, (BA)2Pbla,

(2T)2PbBr4 and (2T)2Pbl4

Average Pb-Pb distance in x-y

2D Perovskite c(A) plane ( A) Temperature (K)
(BA),PbBry4 27.6 5.85 298
(BA),Pbl4 26.2 6.60 223
(2T),PbBr4 21.6 5.85 150
(2T).Pbl4 20.8 6.06 150
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Supplementary Table 3| Lattice misfit in (001) plane between (2T)2PbBr4 and (2T)2Pbl4

obtained via different methods

Methods Description Misfit
(%)
SAED patterns: Calculated from SAED patterns of pure (2T),Pbls and (2T),PbBry 5.9
between 2 pure phases (Supplementary Fig. 13b, d), along [010] direction
Calculated from SAED patterns of pure (2T),Pbl4 and (2T),PbBr4 5.7
(Supplementary Fig. 13b, d), along [100] direction
SAED patterns: Calculated from SAED pattern of the heterostructure 4.8
Between 2 segments in (Supplementary Fig. 13f), along [010] direction
heterostructure Calculated from SAED pattern of the heterostructure 5.0
(Supplementary Fig. 13f), along [100] direction
EFT patterns: Between Calculated from EFT pattern of AC-HRTEM (Fig. 2b), along 5.4
2 segments in [010] direction
heterostructure Calculated from EFT pattern of AC-HRTEM (Fig. 2b), along 5.9
[100] direction
MD simulation: Calculated from molecular dynamic simulation 5.7
Between 2 pure phases
MD simulation: Calculated from molecular dynamic simulation 3.6

Between 2 segments in
heterostructure
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Supplementary Table 4| Single crystal X-ray diffraction data of (4Tm)2Pbls and (4Tm)2Snl4

|(4Tm),Pbl4 |(4Tm)>Snl4
Crystal data
Chemical formula 2(CooH20NS4)-13Pb-1 16504 8(Ca0H20NS4)
M, 1520.01 1431.51
Crystal system, space group |Monoclinic, C2/c Triclinic, P1
Temperature (K) 150 150
a, b, c(A) 64.191 (6), 6.0936 (5), 12.2111 (9) (1125.())929 (5), 12.1407 (6), 32.4960
o B,y (°) 97.773 (4) ?145.§775 (16), 82.8330 (15), 89.9763
V(A% 4732.5 (7) 4713.0 (4)
Z 4 4
Radiation type Cu Ka Cu Ka
p (mm™) 30.96 28.44
Crystal size (mm) 0.13 x 0.09 x 0.02 0.45%0.35%0.04

Data collection

Diffractometer

Bruker AXS D8 Quest CMOS
diffractometer

Bruker AXS D8 Quest CMOS
diffractometer

Absorption correction

Multi-scan SADABS 2016/2:
Krause, L., Herbst-Irmer, R.,

Sheldrick G.M. & Stalke D. (2015).

J. Appl. Cryst. 48 3-10.

Multi-scan SADABS 2016/2: Krause,
L., Herbst-Irmer, R., Sheldrick G.M. &
Stalke D. (2015). J. Appl. Cryst. 48 3-
10.

Tmin, Trmax 0.079, 0.576 0.036, 0.169
No. of measured, independent
and observed [/ > 26(/)] 19108, 19108, 10800 39643, 24865, 19004
reflections
Rint 0.089 0.092
(sin 0/M)max (A 0.641 0.61
Refinement
R[F? >2: (F?)], wR(F?), S 0.118,0.377,1.10 0.138,0.413, 1.10
No. of reflections 19108 24865
No. of parameters 294 1974
No. of restraints 81 3976

H-atom treatment

H-atom parameters constrained

H-atom parameters constrained

Apmax, Apmin (e A_3)

3.54, -2.30

5.43,-3.95

Absolute structure

Twinning involves inversion, so
Flack parameter cannot be
determined

Computer programs: Apex3 v2016.9-0 (Bruker, 2016), SAINT V8.37A (Bruker, 2016),
SHELXS97 (Sheldrick, 2008), SHELXL2018/1 (Sheldrick, 2015, 2018), SHELXLE Rev882
(Hiibschle et al., 2011), SHELXL.2018/3 (Sheldrick, 2015, 2018), SHELXLE Rev937 (Hiibschle

etal., 2011).
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