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Epitaxial heterostructures based on oxide perovskites and IlI-V, [I-VI and transition
metal dichalcogenide semiconductors form the foundation of modern electronics
and optoelectronics'”. Halide perovskites—an emerging family of tunable
semiconductors with desirable properties—are attractive for applications such as
solution-processed solar cells, light-emitting diodes, detectors and lasers®™. Their
inherently soft crystal lattice allows greater tolerance to lattice mismatch, making
them promising for heterostructure formation and semiconductor integration'®".
Atomically sharp epitaxial interfaces are necessary to improve performance and

for device miniaturization. However, epitaxial growth of atomically sharp
heterostructures of halide perovskites has not yet been achieved, owing to their high
intrinsicion mobility, which leads to interdiffusion and large junction widths'® %, and
owing to their poor chemical stability, which leads to decomposition of prior layers
duringthe fabrication of subsequent layers. Therefore, understanding the origins of
thisinstability and identifying effective approaches to suppress ion diffusion are of
greatimportance?¢, Here we report an effective strategy to substantially inhibit
in-planeion diffusion in two-dimensional halide perovskites by incorporating rigid
Tt-conjugated organic ligands. We demonstrate highly stable and tunable lateral
epitaxial heterostructures, multiheterostructures and superlattices. Near-atomically
sharpinterfaces and epitaxial growth are revealed by low-dose aberration-corrected
high-resolution transmission electron microscopy. Molecular dynamics simulations
confirmthe reduced heterostructure disorder and larger vacancy formation energies

of the two-dimensional perovskites in the presence of conjugated ligands. These
findings provide insights into the immobilization and stabilization of halide
perovskite semiconductors and demonstrate a materials platform for complex and
molecularly thin superlattices, devices and integrated circuits.

Two-dimensional (2D) halide perovskites exhibit high photolumines-
cence 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
alongthe out-of-plane direction, providing further structure and prop-
erty tunability®?, In this work, the synthesis of 2D halide perovskite
lateral heterostructures is performed via a solution-phase sequential
growth approach, asshowninSupplementary Fig.1.Ingeneral, halide
perovskites are susceptible to damage after two or more sequential
growth steps, particularly when subsequent growth is performed in
more aggressive conditions than the prior step—for example, under
a higher temperature or using a more polar solvent. To eliminate the
possibility of damaging the existing crystals, subsequent growth is

performed under relatively milder growth conditions, such as lower-
ing the growth temperature or adding more antisolvent in the pre-
cursor solution. Thus, subsequent halide perovskites are nucleated
alongthe edges of the prior 2D crystals, thereafter forming concentric
square/rectangular 2D lateral heterostructures directly on the SiO,/Si
substrate. By controlling the solution concentration and the growth
temperature and time, the lateral size and vertical thickness of the 2D
crystal can be controlled (Supplementary Figs.2-4).

Lateral heterostructure formation

AsshowninFig.1a, b, we create two types of lateral 2D halide perovskite
heterostructures using different organic ligands: a conjugated ligand
based onbithiophenylethylammonium (2T*; Fig.1aand Supplementary
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Fig.1|2D halide perovskite lateral heterostructures stabilized by
conjugated ligands. a, b, Schematicillustrations and proposed band
alignments of (2T),Pbl,-(2T),PbBr, (a) and (BA),Pbl,-(BA),PbBr, (b) lateral
heterostructures. The pairs of blueand greenlinesin the band diagrams at
right represent the conduction band minimum and valence band maximum of
inorganic [PbBr,]> and [Pbl,]*> octahedrallayers, respectively. The broad,
semi-transparent pairs of grey and purplelines correspond to the highest
occupied molecular orbital and lowest unoccupied molecular orbital

levels of the 2T"and BA" organic layers, respectively. ¢,d, Optical (c) and
photoluminescence (d) images of a (2T),Pbl,-(2T),PbBr, lateral
heterostructure. e, f, Optical (e) and photoluminescence (f) images of a
(BA),Pbl,-(BA),PbBr, lateral heterostructure. g, Photoluminescence image of
the (2T),Pbl,~(2T),PbBr,lateral heterostructure after 1 h of heating at 100 °C.

Table1) and awidely studied alkylligand, butylammonium (BA*; Fig. 1b).
The heterostructures exhibit two concentric regions with slight
optical contrast and distinct photoluminescence emissions, including
the central square/rectangular bromide region and the peripheral
iodide region with a uniform width of about 1-2 um for the iodide
region (Fig. 1c-f). For (2T),Pbl,-(2T),PbBr, heterostructures, no
photoluminescence emission is detected from the central (2T),PbBr,
region, which is attributed to type-Il band alignment between the
inorganic [PbBr,]*” and organic ligand 2T" layers as shown in the
proposed band alignment (Fig. 1a)*. (2T),Pbl, has a green photolu-
minescence emission (Fig. 1d, i) that peaks at 515 nm from the type-I
band alignment between the [Pbl,]* and 2T layers (Fig.1a). The crea-
tion of the (BA),Pbl,—(BA),PbBr, heterostructure follows a similar
synthetic procedure (Fig.1e,f).Itisknown that the Br-Iheterostructure
is not thermally stable in three-dimensional 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, however, we found that when the conju-
gated 2T ligands are used, the interdiffusion between Br and I in the
(2T),Pbl,—(2T),PbBr, heterostructure is substantially inhibited. As
showninFig.1g, after heating at100 °Cfor1h, nodifferenceis observed
in the photoluminescence image, and the photoluminescence emis-
sionshiftis within1nm (Fig.1i, with extended temperatures and times
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h, Photoluminescenceimage of the (BA),Pbl,~(BA),PbBr,lateral
heterostructure after 1h of heating at 100 °C. All scalebarsare 3 um.
i, Corresponding photoluminescence spectraofthe heterostructures before
and after heating. j, k, Snapshots from the molecular dynamics simulations at
298K (j) and 800K (k) for (2T),Pbl,-(2T),PbBr, (left) and (BA),Pbl,-(BA),PbBr,
(right) showing the interface between each perovskite domain. For clarity, the
organicligands have been omitted. The colours correspond to: purple, iodine
atoms; orange, bromine atoms; grey, lead atoms. In (BA),Pbl,-(BA),PbBr,, the
iodine atomsthat have diffused across theinterface and into the bromine
domainareindicatedinred.l, Free energy for removingahalide atom froman
apical positiontovacuumto generate a halide vacancy. The orange plots
correspond to bromide perovskite and purple plots correspond toiodide
perovskites. a.u., arbitrary units.

in Supplementary Fig. 5), suggesting negligible halide interdiffusion
acrossthe (2T),Pbl,-(2T),PbBr, interface. By contrast, halide interdif-
fusionis fastinthereference heterostructure (BA),Pbl,—(BA),PbBr,. As
showninFig.1h, i, after 1h of heating at 100 °C, the interface between
theblueregion associated with (BA),PbBr, and the green region associ-
ated with (BA),Pbl,becomesblurry, and thereis adrastic changeinthe
photoluminescence emission spectrum (extended temperatures and
times are presented in Supplementary Fig. 6). The green peak initially
located at 515 nm blueshifts to 496 nm, whereas the blue peak redshifts
from 411 nm to 415 nm. Meanwhile, the peaks become much broader,
indicating pronounced I/Brinterdiffusionand alloying. Itis estimated
that the diffusionis slowed down by two to three orders of magnitude
inthe 2T heterostructures compared to the BA-based heterostructures
(Supplementary Fig. 7).

Stabilization mechanism

Molecular dynamics simulations were used to investigate the suppres-
sion of halide interdiffusionin the (2T),Pbl,-(2T),PbBr, heterostruc-
ture. The simulations on heterostructures of (2T),Pbl,-(2T),PbBr,
and (BA),Pbl,-(BA),PbBr, at both room and elevated temperatures
(298 Kand 800K, respectively) are consistent with the experimental
observations: for (2T),Pbl,-(2T),PbBr,, no diffusion is observed at
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Fig.2| TEM characterization of the (2T),Pbl,-(2T),PbBr, heterostructure.
a, Low-magnification TEM image (left), followed by EDS elemental mappings of
one (2T),Pbl,-(2T),PbBr, heterostructure, for (left toright): I, Br,I+ Brand Pb.
Thescalebarsarelpm.b, SAED pattern of the (2T),Pbl,~(2T),PbBr, interface.
Inset, enlarged view of one pair of splitting diffraction spots, which correspond
tothe (262)plane. The zone axis is [114]. The (041) and (401) planes are
highlighted by yellow circles.c, AC-HRTEM and Fourier analysis. Top left, a
selected AC-HRTEMimage. Top right, Fourier transform pattern of the
AC-HRTEMimage. One pair of splitting spotsis enlarged and shownintheinset,
corresponding to the (401) plane inb. The outer spot at the top right is

either temperature, whereas halide diffusion across the interface
is observed in (BA),Pbl,-(BA),PbBr, at elevated temperatures. As
shown visually in Fig. 1j, k, the amount of disorder at the interface is
affected by the choice of organicligand. In (2T),Pbl,-(2T),PbBr,, the
interface remains pristine and well ordered at elevated temperature.
By contrast, interdiffusion and increased disorder are observed at
the (BA),Pbl,-(BA),PbBr, heterojunction at elevated temperature.
As comparative measures of the disorder, 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),Pbl,-(2T),PbBr, are less than
around 2 A at both room and elevated temperatures; by contrast,
(BA),Pbl,-(BA),PbBr, shows displacements >3 A and >4 A at room
temperature and elevated temperatures, respectively. Consistent
trends are observed in the tilt angle results, with broader distribu-
tions occurringin proximity to the heterojunction (Supplementary
Fig.9).Theincreased disorder atroom temperatureis also consistent
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highlighted by ayellow circle; the corresponding lattice distance is 2 A. Bottom
left, false-colour Fourier masks for two sets of spots. One pair of masks for
splitting spotsisenlarged and shownintheinset. Bottomright, corresponding
overlap (in false colour) of two sets of lattice fringes from (2T),Pbl, (green) and
(2T),PbBr, (red). d, Fourier filtered and magnified AC-HRTEM images of the
yellowrectangular areain c (top left) showing the epitaxial interface. Left, the
two solid white lines denote the (401) planes, and the two dashed white boxes
highlight edge dislocations. Right, enlarged image of the rightmost highlighted
edge dislocation; the bold white arrow denotes the Burgers vectorb.

with the reduced resolution observed for BA-based compounds in
the photoluminescence experiments (Supplementary Fig. 6). The
larger and more rigid conjugated organic ligands are thus able to
stabilize the interface and inorganic framework more effectively,
whereas 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 avacancy-mediated diffusion process, the
diffusion constant D can be expressed as®

E,
D= DOexp(— kB—"Tj = aa’oN,

N,=ex —E =ex gex —M
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Fig.3|Periodicripplesin (2T),Pbl,-(2T),PbBr,lateral heterostructures.
a, b, Opticaland photoluminescence images of aone-pot (2T),Pbl,-(2T),PbBr,
lateral heterostructure; ripplesinthe (2T),Pbl, region can be distinguished.
Thescalebarsare5pm.c, AFMimage of the one-pot (2T),Pbl,-(2T),PbBr,
lateral heterostructure with clear ripples. The height profile along the grey
dashedlineindicates thatthe height of theripplesisaround 40-50 nm.

where D, is the pre-exponential factor in the Arrhenius equation, £, is
the activation energy for the vacancy-assisted ion migration, N, is the
fraction of vacancies in the solid, a is a geometric constant, ais the
elementary jump distance, w is the jump frequency, k; is the Boltz-
mann constant, 7is the absolute temperature and AH, ASand AG are,
respectively, the enthalpy change, the entropy change and the change
in the Gibbs free energy for the formation of a vacancy. The vacancy
concentration N, is usually treated as a constant for most oxide mate-
rials and w is the only temperature-dependent factor. However, for
halide materials, the vacancy formation energy is normally much lower
and therefore both N, and w are Arrhenius activated. Taking this into
consideration, multistate Bennett acceptance ratio calculations on
pure 2D perovskite systems were used to investigate halide and ligand
vacancy formation (Fig.1l). Using the BAligand, the activation barrier
to generate halide vacancies is much lower than that of the 2T ligand.
Meanwhile, the free energy for creating a ligand vacancy by remov-
ing a ligand molecule from the surface is similar for both BA and 2T
for a given halide species (Supplementary Fig. 10), indicating that
the vacancy concentrations for the BA and 2T ligands are similar and
may not play adominantrole. From these calculations, the number of
ligand vacancies is expected to be similar upon heating the crystals,
whereas a greater concentration of halide vacancies is to be expected
in (BA),Pbl,—(BA),PbBr, 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 probably contribute to the inhibition of the
halide interdiffusion in the (2T),Pbl,-(2T),PbBr, heterojunctions. As
suggested by the differences between the free energy calculations for
ligand and halide vacancy generation, the differencesin the interfacial
stability are largely attributed to the identity of the ligands and not to
the identity of the individual halides.

Interfaceimaging and analysis

Energy dispersive X-ray spectroscopy (EDS) and selected area electron
diffraction (SAED) were used to provide structural insights into the
ultrathin (2T),Pbl,-(2T),PbBr, heterostructures. Because the hetero-
structures are directly grown on SiO,/Sisubstrates, it is challenging to
transfer the heterostructures to the TEM grids. To address this issue,
we used a sacrificial polymethyl methacrylate (PMMA) layer on the
growth substrate before the growth of heterostructures. The growth
substrate with the PMMA layer was then soaked in chlorobenzene
(see Methods) to release the 2D crystals, facilitating easy transfer of
the 2D crystals to the TEM grid. The low-magnification TEM image
and EDS elemental mappings of a (2T),Pbl,-(2T),PbBr, heterostruc-
ture (Fig. 2a) show that Pb is distributed uniformly throughout the
heterostructure, whereas I and Br are concentrated in the peripheral

and central regions, respectively. Thisis consistent with photolumines-
cence, X-ray diffraction (XRD) and scanning electron microscopy (SEM)
characterizations (Fig.1and Supplementary Fig.11). Hybrid perovskites
areknownto undergo rapid degradation under electron-beamirradia-
tion. To avoid structural damage from the electron beams, the SAED
patterns were obtained withareduced electron dose rate (that s, less
than 0.1eA2s™; ¢, electron). By comparing the experimental diffrac-
tion patterns with the kinematical simulated patterns, the zone axis
for electron diffraction is determined to be [114] (see Supplementary
Fig.12 and related discussion). As shownin Supplementary Figs. 12,13,
theslight difference in diffraction patterns between pure (2T),Pbl, and
(2T),PbBr, sheets is attributed to their lattice mismatch (about 5-6%,
Supplementary Tables 2, 3). For the (2T),Pbl,-(2T),PbBr, interface, the
SAED pattern (Fig. 2b) is composed of two sets of patterns withidentical
orientation from (2T),Pbl, and (2T),PbBr,, respectively, suggesting the
epitaxial growth of (2T),Pbl, from the (2T),PbBr, sheet.

Toachieve ahigher spatial resolution of the heterostructure interface
while minimizing the radiation damage, low-dose aberration-corrected
high-resolution transmission electron microscopy (AC-HRTEM) was
performedatanaccelerating voltage of 8OkV (Fig. 2c,d and Supplemen-
tary Fig. 14). In our early work, atomic-resolution imaging was achieved
on all inorganic halide perovskites, taking advantage of low-dose
AC-HRTEM¥. Here, furtherincorporated with a minimum-dose strategy
(Supplementary Fig. 14), the lattice information of radiation-sensitive
hybrid organic-inorganic halide perovskites was successfully revealed.
The continuous lattice fringes canbeimaged at the (2T),Pbl,-(2T),PbBr,
interface (Fig.2c, top left), and its corresponding Fourier transforminfor-
mation (Fig. 2c, top right) is consistent with the SAED pattern (Fig. 2b),
further confirming the epitaxial growthbetween (2T),PbBr,and (2T),Pbl,
at the nanometre scale. A Fourier filtering technique was also used to
further resolve the interface. Owing 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 space.
The masked green and red areas in Fig. 2c (bottom left) correspond to
the lattice information from (2T),Pbl, (Supplementary Fig. 15b) and
(2T),PbBr, (Supplementary Fig.15c), respectively. By superimposing the
twoinverse Fourier transformimages, the near-atomically sharpinterface
canbe better distinguished (Fig. 2c, bottomright). The clearinterfaceis
alsoobservedinthe strainmappingin Supplementary Fig.16. Geometric
phase images demonstrate the near-uniform lattice of the (2T),PbBr,
layer and periodic lattice deformation of the epitaxial (2T),Pbl, layer
(SupplementaryFig.16h). Torelax the accumulatedinterfacial strain and
stabilize the heteroepitaxy, periodic interfacial misfit dislocations are
expected*. Thisis evidenced by our direct observations from the Fourier
filtered AC-HRTEM images (Fig.2d and Supplementary Fig.17). Figure 2d
clearly shows a misfit edge dislocation at the atomic level. Inaddition to
the continuous lattice fringe along the (401) plane on both sides of the
interface, the edge dislocations appear at around 15 nm intervals (Sup-
plementary Fig.17c). Furthermore, by analysing multiple samples, it was
found that the (2T),Pbl, preferentially grew along two directions: [100]
and [010] (Supplementary Fig.18). These observations suggest that the
stable heteroepitaxy (Supplementary Fig. 19) between two similar per-
ovskite structuresisin-plane connected along the[100]and [010] direc-
tionswithinterfacial strainrelaxed by misfit dislocations. The out-of-plane
strainis probably relaxed through rearrangement of the organic cations.

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),Pbl, and (2T),PbBr,, one-pot synthesis
of (2T),Pbl,-(2T),PbBr, lateral heterostructures is achieved with a
slightly less sharp interface (Fig. 3). The spontaneous formation of
(2T),Pbl,—(2T),PbBr, lateral heterostructures via the one-pot route is
attributed to the large solubility difference between these two com-
pounds (which leads to sequential precipitation from the solution
during the solvent evaporation process) and the reduced nucleation
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Fig.4|Thelibrary of 2D halide perovskite lateral heterostructures,
multiheterostructures and superlattices. a-e, Lateral heterostructures
of (BTm),Pbl,-(4Tm),Pbl, (a), (2T),Snl,-(2T),Pbl, (b), (4Tm),Snl,-(4Tm),Pbl,
(c), (PEA),Pbl,~(PEA),PbBr, (d) and (PEA),Snl,-(PEA),PbBr, (e). Top, optical
images; middle, photoluminescence images; bottom, photoluminescence

energy of (2T),Pbl, along the edge of (2T),PbBr, (see Supplementary
Figs. 20, 21 and related discussions). In the (2T),Pbl, regions in these
heterostructures, periodic ripples formed—anindication of acoherent
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
about 1.6 pm, which agrees with the 5-6% lattice strain. These ripple
structures are larger and less dense than those observed in WS,-WSe,
heterostructures (about 1-2 nm high, approximately every 30 nm)’;
itissurprising that the weak and soft halide perovskite lattice is able to
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spectra.f,g, Schematicillustrations of the (2T),Pbl,-(2T),PbBr, x nlateral
superlattice (f; left toright,n=2,n=3,n=4) and (2T),Snl,-(2T),Pbl,-(2T),PbBr,
lateral multiheterostructure (g). Topimages are optical and bottomimages are
photoluminescence.Scale bars foraand gare 3 um, all other scale barsare
Spm.

preserve the coherency at the heterointerface so well. Lateral interface
engineering—including the interfacial dislocations and ripples dis-
covered in 2D halide perovskite heterostructures—provides insights
into and opportunities to better control the interface integrity and
associated electronic and optoelectronic properties.

Multicomplex heterostructure formation

We further demonstrate the general synthesis of various lateral
heterostructures (between different halides, metal cations and
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Fig.5|Proposed band alignments and electrical characteristics of
theheterostructures. a-g, Proposed band alignments for (BTm),Pbl,-
(4Tm),Pbl, (@), (2T),Snl,-(2T),Pbl, (b), (4Tm),Snl,-(4Tm),Pbl, (c), (PEA),Pbl,~
(PEA),PbBr, (d), (PEA),Snl,~(PEA),PbBr, (€), (2T),Pbl,~(2T),PbBr, x 3
superlattice (f) and (2T),Snl,-(2T),Pbl,-(2T),PbBr, (g). The pairs of blue, green
andredlinesrepresent the conduction band minimums and valence band
maximums ofinorganic [PbBr,]*", [Pbl,]* and [Snl,]*> octahedral layers,
respectively. The pairs of broad, semi-transparent grey, red, yellow and blue

organic ligands) and even superlattices of 2D halide perovskites
following the solution-phase epitaxial growth strategy. Additional
T-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 pho-
toluminescence images of each type of 2D sheet are shown in Sup-
plementary Fig. 22b-k. The XRD patterns and photoluminescence
spectra of these 2D sheets are summarized in Supplementary Fig. 23.
Using these ligands, we synthesized a (BTm),Pbl,-(4Tm),Pbl, hetero-
structure between different organic ligands, (2T),Snl,-(2T),Pbl, and
(4Tm),Snl,-(4Tm),Pbl, heterostructures between different metal
cations, a (PEA),Pbl,-(PEA),PbBr, heterostructure between different
halides, a (PEA),Snl,—(PEA),PbBr, heterostructure between different
halides and metals, (2T),Pbl,-(2T),PbBr, x n (n=2, 3, 4) superlattices
and (2T),Snl,-(2T),Pbl,-(2T),PbBr, multiheterostructures (Fig. 4).
AsshowninFig. 4a, lateral heterostructures can be created between
two segments with the distinct organic ligands 4Tm" and BTm* (we
note that the sizes for two different organic ligands should be similar
toreducestrain). The (4Tm),Pbl, region shows no photoluminescence
emission, owing to the type-llband alignment between the 4Tm’ligand
and the [Pbl,]* layers (Supplementary Figs. 22f, 23)*.. The broad red
photoluminescence emission fromthe peripheral region of the hetero-
structure originates from (BTm),Pbl,, whichis attributed to the type-I
band alignment between the [Pbl,]* layer and the BTm" layer (Supple-
mentary Figs. 22g, 23). In addition, the bandgap and optoelectronic
properties of the halide perovskite materials can be modulated by alter-
ing the metal atoms centring the [MX,]> octahedrons. By substituting

lines correspond to the highest occupied molecular orbitals and lowest
unoccupied molecular orbitals of the 2T", BTm*,4Tm" and PEA" organic layers,
respectively. Band bending and Fermilevel matchingis not considered as these
values have not yet beenreliably measured and reported. h, Rectification
behaviour of a (4Tm),Snl,-(4Tm),Pbl, heterostructure diode device. The
labels1,2,and 3 denote the current-voltage scan direction and order. Inset,
schematicillustration and optical image of the thin-film (4Tm),Snl,~-(4Tm),Pbl,
heterostructure.

PbwithSn, 2D halide perovskite sheets were successfully synthesized
with 2T" and 4Tm" ligands, including (2T),Snl, and (4Tm),Snl, (Sup-
plementary Figs. 22h, i). In combination with the Pb-based perovs-
kites, both (2T),Snl,—-(2T),Pbl, and (4Tm),Snl,—(4Tm),Pbl, lateral
heterostructures were created (Fig. 4b, ¢). Two distinct photolumi-
nescence emission peaks fromthe (2T),Snl,-(2T),Pbl, heterostructure
correspond to pure (2T),Snl, and (2T),Pbl,, and the gap in the photo-
luminescence image between the Pb and Sn perovskite segments is
probably induced by exciton dissociation at the interface. Similarly,
Pb and Sn perovskite segments in the (4Tm),Pbl,-(4Tm),Snl, hetero-
structure exhibit a slight contrast in the optical image and distinct
emission coloursin the photoluminescenceimage (Fig.4c). The periph-
eral region exhibits an identical photoluminescence spectrum with
the reference (4Tm),Snl, crystal (Supplementary Fig. 23). Another,
smaller, conjugated ligand, PEA", was used to construct a lateral
heterostructure between Brand I components. As showninFig. 4d, the
photoluminescence image and spectrum of the (PEA),Pbl,~(PEA),PbBr,
heterostructure are close to those of (BA),Pbl,-(BA),PbBr,, showing a
purple-blue colourinthe centre and greenin the peripheral region. In
addition, we have created (PEA),Snl,~(PEA),PbBr, lateral heterostruc-
tures based on different halides and different metals at the same time,
where the inorganic backbone is [PbBr,]*" in the interior region and
[Snl,)* 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),Pbl,—-(2T),PbBr, x n (n=2, 3, 4) superlattices are
synthesized through multiple repeated growthsteps. Asindicated inthe
schematicillustrationandthe photoluminescenceimage,4-8concentric
rectangles are formed, with green emission regions representing
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(2T),Pbl, and quenched regions representing (2T),PbBr,. Additionally,
multiheterostructures are realized by a third growth of the (2T),Snl,
layer with a red emission along the (2T),Pbl,~(2T),PbBr, heterostruc-
ture (Fig.4g). Additionally, the syntheticyields of the above-mentioned
heterostructures are very high, asillustrated in the lower magnification
optical and photoluminescence images (Supplementary Fig.24). The
thickness of the heterostructures ranges from a single cell to a few
unitcells, as demonstrated by the AFM study (Supplementary Fig. 25).

Discussion

These 2D heterostructures exhibit useful optical and electronic proper-
ties. Forinstance, as summarized in Fig. 5a-g***, the band alignments
ofthese heterostructures can be modulated either by varying theinor-
ganic compositionin the lateralin-plane direction or by modifying the
molecular structure in the out-of-plane direction. To the best of our
knowledge, such multicomplexintegrated systems have not previously
beenrealized in other nanoscale heterostructures. To investigate the
electronic properties and demonstrate potential device applications of
the heterostructures, we have fabricated a proof-of-concept thin-film
electrical diode based on a (4Tm),Snl,—-(4Tm),Pbl, heterostructure
with a type-Il band alignment (Fig. 5h). Stable electrical rectifying
behaviour with a rectification ratio of around 10? was observed with-
out hysteresis. Furthermore, we observed anenhanced exciton lifetime
at the interface of the (2T),PbBr,—(2T),Pbl, heterostructure and the
(4Tm),Snl,-(4Tm),Pbl, heterostructure from the fluorescence-lifetime
imaging measurements, which shed light upon the possibility of
tuning the optoelectronic properties via lattice-strain engineering at
theinterfaces of the heterostructures andsuperlattices (Supplementary
Fig.26 and Supplementary Table 4).

We have shown that the ioninterdiffusion across 2D halide perovskite
heterojunctions can be substantially inhibited by using rigid conjugated
ligandsinthe 2D perovskite structure. This suppression ofion migration
enables stable and near-atomically sharp interfaces to be obtained via
sequential epitaxial growth. The generic synthesis of awide range of 2D
lateral halide perovskite heterostructures, superlattices and multihet-
erostructures 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 heterostructuresis worthy of further inves-
tigation. Moreimportantly, 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
(PbBr,), lead iodide (Pbl,) and tin iodide (Snl,), were purchased com-
mercially (Sigma Aldrich). n-butylammonium bromide (BA-HBr),
n-butylammonium iodide (BA-HI), phenethylammonium bromide
(PEA-HBr) and phenethylammonium iodide (PEA-HI) were purchased
commercially (Greatcell Solar). All above chemicals were used as
received. Other ammonium salt ligands, including 2T-HI, 2T-HBr,
4Tm-Hland BTm-HI were synthesized in our lab*.

Synthesis of 2D halide perovskite sheets. 10 umol of MX, (M=Pbor
Sn, X=Brorl)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 volumeratio). 5-10 pl of
diluted solution was added onto the growth substrate SiO, (300 nm)/
Si, whichwas placed at the bottom of a4 ml glass vial. The 4 ml vial was
then transferred into a secondary glass vial (20 ml) containing 3 ml of
CB. After that, the secondary vial was capped and moved onto a 70 °C
hot plate. The antisolvent (CB) inside the secondary vial slows down
the solvent evaporation from the substrate and facilitates the forma-
tion of large 2D halide perovskite sheets. The growth typically took
10-30 min. Solution preparation and sheets growth were carried out
in a N,-filled glovebox. The growth substrate was cleaned in piranha
acid for2 hbefore use.

The growth steps for all the halide perovskite sheets in Supplemen-
tary Fig. 22 were the same. However, the growth parameters for some
sheets were slightly different. The above recipe applies to the growth
of (2T),PbBr,, (BA),PbBr,, (BA),Pbl, and (PEA),PbBr,. For (2T),Pbl,,
(2T),Snl, and (PEA),Pbl,, the stock solution was diluted 120 times by
CB/AN/DCB co-solvent (9.5:1:0.01 volume ratio). For (4Tm),Pbl, and
(4Tm),Snl,, the stock solution was 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),Pbl,, the stock solution was diluted 1,440 times by
CB/AN/DCB co-solvent (7.4:1:0.01 volume ratio) and the growth tem-
perature 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 arelatively
low concentration, thus decreasing the thickness of sheets. Moreover,
compared to CB, DCB has a higher boiling point. The addition of DCB
avoids the gradually increasing concentration of perovskite solution
with the evaporation of AN and CB, thus ensuring the uniformdistribu-
tion of sheets throughout the growth substrate.

Epitaxial synthesis of 2D lateral halide perovskite
heterostructures

The epitaxial growth of 2D lateral halide perovskite heterostructures
wasbased onthe above quaternary solvent method. The growth of the
first sheet is identical to above method. To eliminate the possibility
of crystal damage, subsequent growth was performed under milder
growth conditions in our study—that is, by lowering the growth tem-
perature or adding more antisolventin the solution.

(27T),Pbl,-(2T),PbBr, heterostructures and superlattices. The
sequence of the two steps for heterostructure formation (Br followed

by I versus I followed by Br) is dictated by the solubility difference of
the two halide perovskites in the solvent system. As (2T),PbBr, has
alower solubility in the quaternary solvent, it is synthesized before
(2T),Pbl,. The (2T),Pbl, stock solution was diluted 480 times by CB/
AN/DCB co-solvent (6:1:0.01 volume ratio) for the growth of hetero-
structures. After the growth of (2T),PbBr, sheets, the hot plate was
cooled down to 50 °C. Then 10 pl of the diluted (2T),Pbl, solution was
added onto the growth substrate. The epitaxial growth of (2T),Pbl,
alongthe (2T),PbBr, sheets typically took about 30 min. The (2T),Pbl,~-
(2T),PbBr, x n superlattices were realized by n repeated growths of
(2T),Pbl,-(2T),PbBr, heterostructures.

(BA),Pbl,-(BA),PbBr, heterostructures. The (BA),Pbl, stock solution
was diluted 240 times by CB/AN/DCB co-solvent (6:1:0.01 volumeratio)
for the growth of heterostructures. After the growth of the (BA),PbBr,
sheets, the hot plate was cooled down to 50 °C. Then 10 pl of the di-
luted (BA),Pbl, solution was added onto the growth substrate. The
epitaxial growth of (BA),Pbl, along (BA),PbBr, sheets typically took
about30 min.

(BTm),Pbl,-(4Tm),Pbl, heterostructures. The (BTm),Pbl, stock so-
lution was diluted 1,440 times by CB/AN/DCB co-solvent (3.2:1:0.01
volume ratio) for the growth of heterostructures. After the growth of
the (4Tm),Pbl, sheets, the hot plate was cooled down to 50 °C. Then
10 pl of the diluted (BTm),Pbl, solution was added onto the growth
substrate. The epitaxial growth of (BTm),Pbl, along (4Tm),Pbl, sheets
typically took about 30 min.

(2T),Snl,-(2T),Pbl, heterostructures. The (2T),Snl, 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 the (2T),Pbl,
sheets, the hot plate was cooled down to 50 °C. Then 10 pl of the di-
luted (2T),Snl, solution was added onto the growth substrate. The
epitaxial growth of (2T),Snl, along the (2T),Pbl, sheets typically took
about30 min.

(4Tm),Snl,-(4Tm),Pbl, heterostructures. The (4Tm),Snl, 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
the (4Tm),Pbl, sheets, the hot plate was cooled down to 80 °C. Then
10 pl of the diluted (4Tm),Snl, solution was added onto the growth
substrate. The epitaxial growth of (4Tm),Snl, along the (4Tm),Pbl,
sheets typically took about 10 min.

(PEA),Pbl,-(PEA),PbBr, heterostructures. The (PEA),Pbl, 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
the (PEA),PbBr, sheets, the hot plate was cooled down to 50 °C. Then
10 pl of the diluted (PEA),Pbl, solution was added onto the growth
substrate. The epitaxial growth of (PEA),Pbl, along the (PEA),PbBr,
sheets typically took about 30 min.

(PEA),Snl,—(PEA),PbBr, heterostructures. The (PEA),Snl, 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
the (PEA),PbBr, sheets, the hot plate was cooled down to 50 °C. Then
10 pl of the diluted (PEA),Snl, solution was added onto the growth
substrate. The epitaxial growth of (PEA),Pbl, along (PEA),PbBr,sheets
typically took about 30 min.

(2T),Snl,-(2T),Pbl,-(2T),PbBr, multiheterostructures. (2T),Snl, stock
solution was diluted 480 times by CB/AN/DCB co-solvent (9.5:1:0.01
volume ratio) for the growth of multiheterostructures. Following the
growth ofthe (2T),Pbl,-(2T),PbBr, heterostructures, 10 pl of the diluted
(2T),Snl, solution was added onto the growth substrate. The epitaxial
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growth of (2T),Snl, along the (2T),Pbl, sheets typically took about
30 min. The growth temperature was set at 50 °C.

One-pot synthesis of (2T),Pbl,-(2T),PbBr, heterostructures. The
(2T),Pbl, and (2T),PbBr, stock solutions were mixed in a1:1 ratio and
diluted 480 times by CB/AN/DCB co-solvent (6:1:0.01 volumeratio) for
the one-pot growth of heterostructures. 10 pl of the diluted solution was
added onto the growth substrate atatemperature of 70 °C. The Brand
Icomponents phase-separated spontaneously during the evaporation
of the solvents. The coherent epitaxial growth of (2T),Pbl, along the
(2T),PbBr, sheets typically took about 10 min.

(4Tm),Snl,-(4Tm),Pbl, thin film lateral heterostructure devices.
(4Tm),Pbl, (0.1 mol I!) was spin-coated on insulating substrates
(quartz or SiO,/Si), followed by 180 °C annealing on a hot plate for
5min. Then, half of the (4Tm),Pbl, film was removed by razor blade,
andtherest of the film was covered by aKaptontape. The sample was
thentreated by ultraviolet ozone for 30-60 min to make the exposed
area hydrophilic. The Kapton tape was removed and (4Tm),Snl,
(0.1 mol I") was spin-coated on the ultraviolet 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 microscope (Olympus BX53).

Photoluminescence imaging and spectra collection. Samples were
excited with a light source (012-63000; X-CITE 120 REPL LAMP). The
filter cube contains abandpass filter (330-385 nm) for excitation, and
adichroic mirror (cutoff wavelength, 400 nm) for light splittingand a
filter (long pass 420 nm) for emission. The photoluminescence spectra
were collected by aspectrometer (SpectraPro HRS-300).

Interdiffusion calculation. We used a simplified one-dimensional
diffusion model of Fick’s second law to describe the transient concen-
tration profile across the lateral heterostructures. The model is math-
ematically expressed as aa—f = % D(c)g—g). Here, Cis the concentration
of Br, tis the heating time, x is the length and D is the inter-diffusion
coefficient of halides. The diffusion coefficient is calculated
using the classical Boltzmann-Matano method. The evolution
of the concentration profile for the BA and 2T lateral hetero-
structures is fitted by a normal cumulative distribution function,

_ 2
Y=Y, +,4J'fm ! ~{EX)% ¢ . The fitted curves, along with the

2nw exp[ 2w?
experimental Br concentration obtained from the photoluminescence
emission peaks, are shown in Supplementary Fig. 7. We note that the
concentration profile obtained using the edge widths and photolumi-
nescence emissions can only be used for a rough estimation of the
diffusion coefficients because no gradientis assumed across the over-
laid edge widths of the lateral heterostructures. Itis estimated that the
diffusion coefficient of the (BA),Pbl,—(BA),PbBr, and (2T),Pbl,-
(2T),PbBr, lateral heterostructures are of the order of approximately
102 cm?s?to10™? cm?s ™ and approximately 10 cm?s ™ to 10 cm?s ™,
respectively.

SEM imaging. The backscattering SEM images were collected by a
scanning electron microscope (FEI TeneoVS). The acceleration voltage
was 1kV and the acceleration current was 0.1 nA.

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

AFM. AFM images were recorded in tapping mode using an atomic
force microscope (Bruker MultiMode 8).

Fluorescence-lifetime imaging microscopy measurements. The
samples with PMMA (950 PMMA A4, Microchem) coating were meas-
ured with a 50 x 0.55 numerical aperture air objective ina confocal laser
scanning microscope (LSM 510 NLO AxioVert200M) equipped with a
tunable laser (Mai-Tai HP). The excitation wavelength was 405 nm, from
the second harmonic of 810 nm (<100 fs, 80 MHz). Lifetime measure-
ments were performed using time-correlated single photon counting
(Becker-Hickl SPC-150). The lifetime decay was collected and analysed
using Becker-Hickl SPCM software.

Single-crystal XRD measurement. Single crystals of (2T),PbBr,
were analysed using a diffractometer (Bruker Quest) with kappa ge-
ometry, anl-pu-S microsource X-ray tube, alaterally graded multilayer
Gobel mirror single crystal for monochromatization, an area detector
(Photon2 CMOS) and alow-temperature device (Oxford Cryosystems).
Examination and data collection were performed with CuKa radiation
(1=1.54178 A) at 150 K.

Electric measurement. Current-voltage characteristics were acquired
by sweeping the bias voltages from -10 Vto 10 Vand then from 10 Vto
-10Vbased onaprobe station (PS100 Lakeshore) with asource meter
(Keithley 2400).

TEM characterizations

TEM sample preparation of pure (2T),Pbl,, (2T),PbBr, sheets and
(2T),Pbl,-(2T),PbBr, heterostructure. To transfer pure (2T),Pbl,,
(2T),PbBr, sheets or (2T),Pbl,—(2T),PbBr, heterostructures to the
TEM grids, a layer of PMMA was spin-coated on the growth SiO,/Si
substrates before perovskite growth. The spin-coating speed was
3,000 rpm and the duration time was 1 min. Then the Si substrates
were placed ona70 °C hot plate for 10 min to condense the PMMA and
remove theresidue solvent. After that, the perovskites were grown on
the PMMA-coated Si.

The transfer process of perovskites from the growth PMMA/Si sub-
strates 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. The TEM grids (Lacey/carbon grids on
200-mesh Cu, Ted Pella) were 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 transmission electron microscope (JEOL
JEM-2100plus) with a camera (TEMCam-XF416, TVIPS). The AC-HRTEM
and EDS mapping was taken onan 80-kV aberration-corrected transmis-
sionelectronmicroscope (JEOL GrandARM) equipped with afast camera
(OneView IS, Gatan). The EDS map is an intensity map based on X-ray
counts, which are proportional to the content of the element. A low
accelerating voltage was used to enhance the contrast at low magnifica-
tions when searching for samples and locating the interface positions.
Thelow-dose-rateimaging was achieved by increasing electron-beam
spot size (decreasing the beam current) and reducing the brightness
of the electron beam (spreading the beam illumination). To avoid un-
necessary electron-beam damage, the minimum-dose system was used
toreduce damage while searching for the samples and during focusing.

There are usually minor displacements between continuously cap-
tured images due to the mechanical vibration of the specimen holder



and the effect of electron irradiation; if we were to simply superpose
these images, it would lower the spatial resolution of the HRTEM
image. To correct these displacement drifts, we use a digital micro-
graph 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 eachimage.
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 four raw images. After accurate drift alignment, the
images canbe superposed to produce a HRTEM image with animproved
signal-to-noise ratio.

TEM simulation and structural model. The kinematical SAED pat-
terns were simulated with the MacTempasX** software. The structural
models were constructed with the VESTA 3D visualization program*®.

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 devel-
oped for Pb-1perovskites and has been extended to Pb-Br perovskites.
It treats the organic-organic interactions by the standard assisted
model building with energy refinement (AMBER) force fields, theinor-
ganic-inorganic interactions between Pb,  and Br by Buckingham
potentials, and the organic-inorganicinteractions as the sum of Buck-
ingham, electrostatic and Lennard-Jones12-6 terms. As developed and
reported, the charges onthe metal, halide and cationare 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 the program
ORCA* with the wB97X-D*°/def2-TVZP**? density functional theory
(DFT) potentials. The standard general AMBER force field (GAFF)
parameterization was used for the organic cations®, and the cation
point charges were fit against the electrostatic DFT potential (wB97X-D/
def2-TVZP) of the isolated cation with a +1 charge. The molecular
dynamics software LAMMPS was used for the molecular simulations®.
Allsimulations used alfsintegration timestep and periodic boundary
conditions. The particle-particle-particle-mesh (PPPM) algorithm was
used for the long-range electrostatics, and Lennard-Jonesinteractions
were truncated at 15 A. Following the MYP model, the 1-4 pairwise
Lennard-Jonesinteractions were scaled by 0.5and the 1-4 electrostatics
interactions were scaled by 0.8333. A sample LAMMPS input file with
all force-field parameters is supplied in Supplementary Data.

The initial perovskite heterojunction geometry was generated by
constructing anideal perovskite monolayer composed of two domains:
a6x1x12Pb-ldomainanda 6 x1x12 Pb-Brdomain, for atotal system
size 0f 12 x1x12 of A,BX, unit cells. Halide vacancies were introduced by
randomly removing two halide atoms. The simulation was first relaxed
under the NVE ensemble for 50 ps with restrained atomic displacements
of 0.01A per timestep. The system was then simulated for 20 ns with the
Nosé-Hoover thermostat and barostat, with the barostat applied only
to the xand zdirections (which define the plane of the perovskite), to
allow the surface cations and halides to be displaced from the perovs-
kite layer,atboth298 Kand 800 K. To calculate the free energy required
to remove a surface cation and halide, a 6 x 1 x 6-unit-cell simulation

onpristine (thatis, no vacancies) Pb-Brand Pb-Iperovskiteswas run,
with asurface cationand a halide atom displaced from their initial posi-
tions out to vacuumin 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 was used to calculate the
free energies™.

Data availability

All data related to this study are available from the corresponding
author on reasonable request.
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