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Solution grown double heterostructure on a large hy-
brid halide perovskite crystal†

Chathuranga Hettiarachchi,ab Muhammad Danang Birowosuto,c Tien Hoa Nguyen,abc

Riyas Ahmad,b Kantisara Pita,a Nripan Mathewsb and Cuong Dang∗abc

Heterostructure is playing a crucial role in current optoelectronic applications. Realizing the het-
erostructure in a recently exciting semiconductor material: hybrid halide perovskite crystals, has
been a long-sought goal in the field. Here, we demonstrate modulation-doped layer growth on
large hybrid halide perovskite crystals. We show that the well known problem of halide ion inter-
diffusion can be controlled by (1) using low halide composition gradient and (2) adjusting solution
concentrations just above the critical supersaturation, in the solvo-thermal liquid-phase growth
process. In comparison to few seconds dipping time previously reported for ion exchange pro-
cesses, our layer growth time could be conveniently extended up to 80 minutes to grow a uniform
and controllable layer, with a very thin inter-diffusion region. The growth of CH3NH3PbBr3 layer
on top of CH3NH3Pb(Br0.85Cl0.15)3 bulk substrate is studied for different growth times to obtain
up to 30 µm layer thickness. Ion diffusion profile and layer thickness are verified respectively by
cross sectional characterization using Scanning Electron Microscopy (SEM), Energy Dispersive
Spectroscopy (EDS). Electron Back-Scattering Diffraction (EBSD) suggests the similar crystallo-
graphic orientation for both substrate and grown layers. Our diffusion model illustrates the halide
ion concentration at the interface, reflecting the EDS mapping results. Optical imaging and Pho-
toluminescence (PL) characterization confirm the quality and the bandgap of the grown layers.
Especially, the growth process is further extended for two consecutive layers to create a dou-
ble heterostructure for the first time with a large perovskite crystal. Our low cost process could
pave the way for many optoelectronic applications such as color tune-able light emitting diodes or
photodetectors to be developed with perovskite crystals.

Methylammonium Lead Halide Perovskites (CH3NH3PbX3 X=Cl,
Br, I) have recently gained much attention as an opto-electronic
semiconductor material, because of its highly desired opto-
electronic properties and economical processing techniques. It
is a versatile material system which can be processed in low-
thermal-budget solution based techniques, yet providing a high
quality semiconductor platform with a tune-able bandgap cov-
ering the entire visible spectrum. Research on spin-coated poly-
crystalline perovskites and their devices are very intensive around
the world today. However, recently introduced large perovskite
crystals and wafers1–5 could provide an ideal platform for high
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† Electronic Supplementary Information (ESI) available: [details of any supplemen-
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efficiency opto-electronic devices since the adverse effects from
grain boundaries are largely reduced in these crystals6. Grow-
ing layered stacks of materials with different bandgaps to build
hetero-structures is an important step toward developing such
opto-electronic devices. Abrupt hetero-structures or even mul-
tiple quantum-well structures are most desired, and widely used
in various opto-electronic devices such as Light Emitting Diodes
(LEDs), photo-diodes and lasers7–11. But, realizing abrupt inter-
faces in perovskites is considered difficult due to halide-ion inter-
diffusion, with little understanding the underlying physical mech-
anism12. Yet, a graded bandgap material with a quasi-electric
field or carrier funnels could also be useful, and has been real-
ized with perovskites13–17. Techniques to grow perovskite hetero-
structures are essential for future perovskite based devices, but
currently limited due to halide ion diffusion18,19.

Fabricating hybrid halide perovskite crystals have been rela-
tively easier compared to other semiconductor materials because
of recently discovered low cost solvo-thermal crystal growth pro-
cesses20–23. In this method, the solubility of perovskite in a se-
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lected solvent reduces with increasing temperature, allowing the
supersaturated perovsksite to precipitate as a crystal. This tech-
nology has been used to rapidly grow high quality crystals, but the
possibility of growing compositionally varying layers has not been
sufficiently explored. Growing a layer of different bandgap (i.e.
different halide composition) material on a perovskite substrate
could be possible in various methods ion exchange in solution or
chemical vapor deposition system24–28. The prospect of low-cost
solution fabrication process is desired, as well as preserving the
crystallinity through-out structures is important to reach the max-
imum device performance.

In this work, we assess the liquid phase growth technique24,25

as a low-cost alternative to grow layers on perovskite substrates.
In previously reported attempts to put perovskite crystals in
contact with a growth solution of a different halide composi-
tion, halide ion inter-diffusion has been identified as the domi-
nant mechanism, hindering the expected continuous growth pro-
cess15,26,27. This approach could make a hetero-structure, but
the quality is low and could not be controlled since it is primarily
assisted by crystal defects29,30. A typical diffusion model could
attest to the idea that diffusion process is driven by large halide
composition gradient between substrate and layer growth solu-
tion. Yet, it is still unclear the contribution of co-existing contin-
ued growth process in heterojunction formation while the diffu-
sion is happening. In this context, it is essential to gain control
over the diffusion process and to make the growth process dom-
inant and establish a controlled growth rate. Based on the dif-
fusion model and considering the crystalline nature of the mate-
rial, minimizing interface defects and maintaining reduced halide
composition gradient can be identified as a straightforward ap-
proach to support both requirements. Halide composition gra-
dient should be selected according to the desired bandgap dif-
ference between two materials (∆Eg). Higher ∆Eg is usually de-
sired, but it is associated with higher lattice mismatch which re-
sults in higher interfacial defect densities31. To address these
concerns, we carefully choose the halide compositions for sub-
strate and layer, to ensure the lattice mismatch is acceptable,
which also ensure the halide composition gradient at the inter-
face to be low while ∆Eg is enough to have heterostructure ef-
fects at room temperature. We show that dominant continued
growth process could be attained while suppressing diffusion pro-
cess and in fact yield a better quality CH3NH3PbBr3 layer on top
of CH3NH3Pb(Br0.85Cl0.15)3 substrate.

Methods

Sample Preparation.

For substrate growth, PbBr2, CH3NH3Br and CH3NH3Cl (Sigma
Aldrich) were mixed in 1:1-y:y molar ratio to obtain overall Br:Cl
as 3-y:y and dissolved completely in N,N – Dimethylformamide
(DMF) with rigorous stirring at room temperature to prepare a
1.0M solution of CH3NH3PbBr3−yCly (y=0.25)20. Note that the
solution composition is different from the resulting crystal compo-
sition due to imbalanced solubility of the halides, and we use pre-
established recipe to obtain desired crystal composition. Once the
precipitates completely dissolved, the solution was filtered with

0.2 µm PTFE filter and distributed in to several vials, few milli
litres each. Then the solution was heated up to 75 ◦C in an oil
bath, and kept still for several hours until the crystals grow. Sev-
eral suitable crystals were selected as substrates for layer growth.
For other halide compositions, formulae are summarized in ESI
Table S1†.

For layer growth, PbBr2 and CH3NH3Br (Sigma Aldrich) were
mixed 1:1 molar ratio and dissolved in N,N – Dimethylformamide
(DMF) to prepare a 1.0M stock solution of CH3NH3PbBr3, and
then diluted to 0.65M concentration (or 0.5M, 0.6M, 0.7M) as
necessary. 5 ml of the solution at selected concentration is heated
up to 75 ◦C in an oil bath. Several sufficiently large crystals (as
substrates) were taken directly from the first (substrate growth)
solution, rinsed with heated Gamma-Butyrolactone (GBA), and
transferred to the layer growth solution. After certain time inter-
vals, crystals were extracted one by one, rinsed in heated GBA,
and dried on hot plate top at the same temperature.

Photoluminescence (PL) measurements.

405 nm CW laser beam was focused on to the crystal surface at
45◦ angle, and the emission was coupled to a fibre though a lens
which was placed in a perpendicular plane to the crystal surface.
The collected emission was directed though the fibre to a spec-
trometer (Andor Shamrock with iDus CCD). It is worth to note
that the PL spectrum would show red-shifted emission and sharp
cut off at the blue side of emission if the PL signal was not col-
lected from the exact excitation point. The further it is from
excitation point, the redder the peak position is because of the
re-absorption effects. Hence, the measurements have been con-
ducted carefully with fine-tune of PL collection point to the ex-
citation spot to avoid this re-absorption effect and achieving the
highest PL intensity. For all the spectra, intensity was normalized
to [0, 1] arbitrary unit (a.u.) scale and applied Laplacian correc-
tion, after wavelength (nm) to energy (eV) conversion for x-axis.

Powder X-Ray Diffraction Measurement.

The samples for PXRD analysis were prepared by crushing the
crystals to an even sized fine powder and dispersing on a dou-
ble sided tape, supported by a glass substrate. Burker D8 Dis-
cover HRXRD setup has been used with 0.6mm absorber slit. For
each sample, an unlocked coupled 2θ scan has been performed
in 2θ range from 10◦ to 60◦ with 0.005◦ angle resolution, at 0.05
sec/step, after optimizing the z axis.

SEM/EDS Elemental Mapping.

Cross sections of the freshly prepared samples have been cleaved
using a sharp edge from the back side of the sample, without dam-
aging the layer. Cleaved surface was used as is, without polishing
or applying conductive coating. SEM micro-graphs were taken
under 6 kV accelerating voltage in secondary electron mode. EDS
quantitative analysis was performed to show the contrast of com-
position between two regions, given in ESI Table S3†.The EDS
elemental map of a selected region was collected until it achieves
sufficient contrast (∼ 30 minutes), especially visible in Chlorine
elemental map (Cl Kα1). The concentration profile with the depth
from the surface was obtained by integrating the elemental map
parallel to the surface. This profile is fitted with the Grube’s so-
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lution for Fick’s diffusion equation for individual materials: Chlo-
rine and Bromine.

EBSD Measurements.

Sample with a buried layer was cleaved to obtain a smooth cross
section, and coated with a ∼10 nm thick carbon layer. Sample was
placed in JSM-7600F Field Emission Scanning Electron Micro-
scope (FESEM) at 70◦ angle tilt, with working distance ∼ 17 mm.
Acceleration voltage of 30kV was used to obtain the EBSD pat-
tern. Area covering all three areas(i.e. substrate, layer and the
capping layer) was selected to perform an automated indexing
scan, and the pole figure was generated using the collected data.
To verify the electron beam damage is insignificant during the
period of scan, SEM images were taken before and after the scan-
ning procedure. Pole figure was plotted using the orientation in-
formation taken from the indexed points using Matlab toolbox
for analysing crystallographic textures (MTEX)32, after manually
selecting and color coding the data from different regions.

Results and Discussion

Material Selection.

The bandgap of perovskites is determined by the halide compo-
sition, which is related to the lattice constant of the crystalline
structure10,33. The bandgap can be engineered throughout entire
visible spectrum just by adjusting the precursor halide composi-
tion. Figure 1a shows few millimeter size perovskite crystals with
different halide compositions grown by solvo-thermal method, as
explained in the methods section below, and ESI Table S1†. Band-
gap of these crystals can be derived from photo-luminescence
(PL) spectra (Figure 1b-c) or absorbance spectra (ESI Fig. S1†).
Lattice constants for CH3NH3PbBr3, CH3NH3Pb(Br0.85Cl0.15)3,
CH3NH3Pb(Br0.75Cl0.25)3 and CH3NH3PbCl3 are calculated based
on PXRD data to be 5.93(1), 5.90(2),5.87(2) and 5.69(2) Å re-
spectively. The data agree with the results previously reported by
other groups10,20.

The composition of the mixed halide perovskite crystals can be
empirically estimated according to the Vegard’s law (See ESI Ta-
ble S2†). However, it is noteworthy that the composition of the
mixed halide perovskite crystals could deviate from the compo-
sition in growth solution due to differences in solubility. In our
hetero-structure growth experiments, we select two compositions
CH3NH3Pb(Br0.85Cl0.15)3 and CH3NH3PbBr3 for substrate and the
layer respectively. They have cubic lattice structures with same
crystallographic phase and space group Pm3m20 at room temper-
ature and atmospheric pressure. Further, small lattice mismatch
∼ 2.5%, with significant ∆Eg ∼88 meV (∆λ ≈ 20 nm) bandgap
difference at room temperature are desirable to ensure the misfit
dislocation density is kept to a minimum. Further, the bandgap
difference ∆Eg is more than three times the thermal energy at
room temperature (kT ) which is acceptable for heterostructure
features in opto-electronic applications14.

Heterostructure Growth Process.

Here, we propose to extend the existing large crystal growth
method for the purpose of layer growth. A perovskite crystal sub-
strate (seed) placed in a supersaturated solution will continue to

grow, precipitating the excess solutes as a layer20. Even when
the solution composition is changed, this process could continue
unless the resulting lattice structure is severely incompatible with
the substrate. However at the same time, halide-ions will inter-
diffuse along the composition gradient, which is a known be-
havior for the perovskites. Nevertheless, growth process could
dominate given the optimum composition gradient to limit the
inter-diffusion process. The complete layer growth procedure is
depicted in Figure 1e and explained in the Methods section. The
layer growth process is designed and fine-tuned carefully to al-
leviate the drawbacks of similar procedures used previously26,27.
Since the ion diffusion is driven by composition gradient, less dif-
fusion is expected in the selected material combination34. Also,
to gain control over the rate of dominant growth process, pa-
rameters such as growth temperature, concentration and growth
time have been probed using the knowledge of liquid phase epi-
taxy in other material systems found in literature24. To obtain a
uniformly thick layer covering entire substrate surface, control-
ling the growth mode and growth rate is crucial. Layer-by layer
or step mode/Frank–van der Merwe (FM) growth is possible in
liquid phase growth conditions by maintaining lowest supersat-
uration in growth solution24,34. In turn, the layer thickness can
be controlled and determined by carefully controlling the process
parameters.

Note that both concentration and growth temperature con-
tribute to determine the growth mode and growth rate. Here,
we used the solution concentration to control the supersaturation
condition while fixing the growth temperature. For the tempera-
ture selection at 75◦C, we performed preliminary tests to see if we
can grow all CH3NH3PbX3 (X = Br, Cl, and mix) crystals with dif-
ferent temperatures from 55 to 85◦C. In case of the CH3NH3PbBr3

layer growth on the top of CH3NH3(PbBr0.85Cl0.15)3 substrate, the
layer can grow smoothly at 75◦C without undesired nucleation as
this secondary process may happen at higher temperatures.

A qualitative idea about the growth rate at different concentra-
tions can be obtained by observing the photoluminescence (PL)
spectra at different growth time intervals (Figure 2a-c)34. At each
concentration considered in Figure 2a-c, 0.5M, 0.6M and 0.7M,
the PL spectrum shows a shift from substrate emission spectrum
to layer material emission spectrum, with increasing growth time.
This change in rate of PL peak shift can be understood using the
solubility behavior of the crystallization process as presented in
Figure 2e, which is sketched for an illustration purpose10. When
the concentration is above the solubility curve (i.e. highly su-
persaturated), the growth rate is higher. Hence, the peak shift
is more prominent when the concentration is high, implying the
thicker layer or the higher growth rate. Oppose to this condi-
tion, at low concentration as represented by 0.5 M concentra-
tion, the layer growth may not be optimized significantly. Espe-
cially, when the concentration is critically reached the solubility
curve, the growth process can be disturbed by other two pro-
cesses namely dissolving and inter-diffusion/recrystallization35.
Another explanation for the unoptimized layer growth process
at low concentration can be due to the temperature fluctuations
caused by the hotplate PID control or environmental conditions.
The temperature fluctuation problem has severe effect for low
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Fig. 1 Perovskite crystals and proposed layer growth process. (a) Photograph of ∼3x3x2 - 5x5x3mm3 sized Cl-Br mixed halide perovskite crystals
(CH3NH3Pb(Br1−xClx)3) grown using solvo-thermal method. (b) Photoluminescence (PL) spectra and (c) Powder X-Ray Diffraction (PXRD) pattern.
(d) Proposed perovskite hetero-structure, and (e) the liquid phase growth process is given in the right side.

concentration around the solubility curve (Fig. 2e). In any case,
the low-concentration layer-growth process is not recommended
for growing the layer. One of indicator for the unoptimized layer
growth process can be seen in the PL shift anomaly for 3-min-
growth sample of 0.5 M. The PL spectrum of this sample is ap-
parently shifted to the lowest energy on the contrary of those of
5- and 7-min growth samples. However, the trend for 1-, 5-, and
7-min growth samples still follow those at higher concentrations.
The data was used to identify a controlled, slow rate of growth
over a longer time span. We have selected 0.65M at 75 ◦C as a rea-
sonable concentration to prepare our samples (Figure 2d), given
the extended growth time span and easily observable change in
PL spectra with growth time.

The PL spectrum from the samples with layer growth time
of 20 minutes almost resembles that of CH3NH3PbBr3. The
layer thickness is presumably large enough so that the emission
from CH3NH3Pb(Br0.85Cl0.15)3 substrate almost becomes negligi-
ble. The PL spectrum of the sample could consist of the emis-
sion components from the substrate, layered material and also
from interface defects or inter-diffused regions. The PL was mea-
sured with front excitation and collection. The excitation beam
is attenuated significantly when reaching the substrate, because
of the large absorption coefficient (at excitation wavelength) of
the thick CH3NH3PbBr3 layer36,37. The emission from substrate
and interface is also re-absorbed by the low band gap layer before
being captured by our PL measurement system. With 20 minutes
of growing time, the CH3NH3PbBr3 layer is thick enough to elim-

inate all the PL contribution from substrate and interface. The
growth can be continued further, and direct measurement of layer
thickness is described later in this paper.

After the growing procedure, the surface quality can be verified
by optical imaging technique (see ESI Fig. S2†). Since we use as-
grown crystal as a substrate without any polishing or lapping, it is
important to keep the surface clean. Solvent residues, secondary
nucleations or other poly-crystalline precipitates which might re-
main after extracting the substrate from growth solution, could
have adverse effects on the layer quality. To ensure the surface
quality, the substrate is immediately rinsed after extraction, as of
the details given in Methods section. The image of crystal sur-
face can be found in the ESI Fig. S3†, which shows good surface
quality after rinsing process.

Layer Thickness Characterization

The growth rate could be within few tens of nanometres per sec-
ond, considering the fast PL peak transition and the absorbance
depth which are in the same order38. Hence, we expand the
growth time to obtain a better estimation of the growth rate by
cross section imaging technique.

We should note here that the solution for layer growth is
enough to grow a large crystal of few mm size as a substrate.
Therefore, given an excess volume of the solution, the growth
rate should be constant during growing few tens of µm on sub-
strate surface. Samples with a thicker layer have been prepared
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Fig. 2 PL spectra with different layer growth time, at various concentrations. (a) 0.5M, (b) 0.6M and (c) 0.7M (d) 0.65M at 75 ◦C. Peak position is
shifting from high energy of substrate emission to pure CH3NH3PbBr3 emission (lower energy) when increasing the growth time. (e) Sketch of the
retrograde solubility curve of perovskites for crystallization upon heating, with the working temperature and concentration. We use (d) 0.65M as the
reference for our further growth process, as it is the optimal concentration.

using up to 80 minute growth time, and observed using cross
sectional images as presented in Figure 3a. Interface between
substrate and layer can be recognized in cross section scanning
electron microscopy (SEM) images.

In many regions, substrate and layer are indistinguishable in
SEM image due to seamless growth process. Figure 4 presents the
layer thickness as a linear function of growing time, where we can
deduce the growing rate of ∼ 500nmmin−1 or 8.3nms−1 which is
within the expected range.This uniform layer is also verified by
cross-sectional optical images within few millimeter range (see
ESI Fig. S4†).

Along with the SEM images, Energy Dispersive x-ray Spec-
troscopy (EDS) elemental x-ray map of Cl and Br across the in-
terface has been collected (Figure 3b-c). Despite the low concen-
tration gradient, the material interface is clearly identified by the
contrast in EDS elemental map for Chlorine (Figure 3b). Unlike
Chlorine element contrast in these 2 regions (∼15% vs. 0%),
Bromine elemental map contrast is not significant (Figure 3c)
since the Bromine concentration is relatively high in both regions
(∼85% vs. 100%). However, the layer and substrate composition
difference observed in EDS spectra (see ESI FIg. S5† and quanti-

tative analysis in ESI Table S3†) of two regions also support this
observation.

Since the ion diffusion is known to play a major role in
perovskite hetero-structure formation as discussed in the liter-
ature15,26,27, it is important to inspect the interface in details.
Hence, the EDS line profile has been prepared by integrating the
the elemental maps both Cl and Br (Figure 3d). Despite the low
composition gradient of the material and the noise of the sig-
nal, the elemental line-profile shows clear separation between
two layers. These data can be used to fit a mathematical solu-
tion for the diffusion process. For simplicity, we assume a sharp
interface between substrate and freshly grown layer initially, then
the diffusion process happens. Further, we assume the Cl and Br
ions behave independently. Nevertheless, we acknowledge that
the actual process is more complicated due to bi-directional inter-
diffusion and the diffusion during growth. The integrated EDS
data line profile now can be fitted with the Grube’s solution for
Fick’s second law (equation 1 and 2) in order to find out the in-
terface’s position39.

∂C
∂ t

= D
∂ 2C
∂x2 (1)
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Fig. 3 Cross section image of a substrate-layer sample with EDS
elemental mapping data.(a) SEM image of cross section with a layer of
CH3NH3PbBr3 on a crystal of mixed halide CH3NH3Pb(Br0.85Cl0.15)3.
Layer and substrate areas are indicated, respectively. The left side is the
surface side edge of the cross section. Few features from imperfect
cleaving of the cross section is also visible in SEM image. Elemental
maps for (b) Chlorine and (c) Bromine within the selected region (Pink
rectangle). Gradient in Chlorine map can be clearly identified. (d)
presents the concentration in element map integrated along the surface
(dots) and diffusion equation fitting (lines). Black and red colors
correspond to Chlorine and Bromine, respectively. Samples for different
growth time are given in ESI†.

The solution:

C (x, t) =Cs +Ci ∗ erf
(

x− x0

ld

)
(2)

C is the concentration (Br or Cl) along the x direction across the
interface, and the parameter a is the position of the interface and
ld is the diffusion length. Cs is the concentration (counts) at sur-
face and Ci is concentration at the interface (detailed explanation
is given in the ESI†).

The fitting results for 80-minute sample are shown in Fig-
ure 3d where the Cl and Br concentration changes smoothly
across the interface. For different growth times, please see ESI
Fig.S6†.The position of the median composition is the interface
of the heterostructure which is consistent with the physical po-
sition identified in corresponding SEM image (ESI Fig.S6†). The
results confirm the actual growth process of low bandgap mate-
rial CH3NH3PbBr3 on top of CH3NH3Pb(Br0.85Cl0.15)3 substrate
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Fig. 4 Thickness of the CH3NH3PbBr3 layer with growth time.

as opposed to ion exchange process recently reported26. And the
diffusion process is clearly limited to few micrometers near inter-
face region, resulting in the expected heterostructure. We note
that to make a heterostructure with sharper interface, we need
even better control of the growth and diffusion process.

As a major advantage of limiting the halide ion diffusion region,
the technique allows to grow multi layers as well. To demon-
strate the possibility, we prepare sample with an extra capping
layer from the material same as the substrate, to create a double
heterostructure.

Alternatively to the SEM, the cross section can be examined by
an optical tool as well. Figure 5a is an optical microscope image
of a cross section of a sample with smoother cleaved surface, and
the differences in growth can be clearly observed under diascopic
illumination conditions (Figure 5b) due to the transmission of
white light through two materials with different bandgaps. Figure
5c and d are taken from a cleaved surface of a sample with a
capping layer, and the difference in color is evident.

We then investigate the lattice relationship among multiple lay-
ers by using the electron back-scatter diffraction (EBSD) tech-
nique. This technique can analyze the diffraction pattern of elec-
trons backscattered from a crystalline sample surface placed un-
der SEM electron beam, (known as Kikuchi pattern) to establish
its crystallographic phase and orientation information. By scan-
ning through various positions of the surface, it can be used to
specify any grain boundaries, twinned crystals or any orientation
distortions across a crystalline surface32,40,41. The complete pro-
cedure is explained in methods section. Figure 5e shows the SEM
image of a double heterostructure sample cross section with an
embedded layer of CH3NH3PbBr3 on the (100) plane of the sub-
strate and a capping layer of CH3NH3Pb(Br0.85Cl0.15)3, which we
selected to perform an EBSD analysis. EBSD pattern could be
clearly observed from the sample (see ESI Fig.S7†) at any ran-
dom position, confirming the roughness of the cleaved surface is
sufficiently low, which is crucial to the study. While collecting
the EBSD pattern from each position at the surface by scanning
the sample cross section surface in a grid, the software proce-
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Fig. 5 Cross section optical imaging and relationship among crystallographic orientations of the layers. Optical image of a cross section of single
layer sample with episcopic illumination (a) and diascopic illumination (b). Optical image of an embedded layer of CH3NH3PbBr3 within the substrate
and a capping layer of CH3NH3Pb(Br0.85Cl0.15)3 with episcopic (c) and diascopic (d) illumination. (e) SEM image of a section of a similar embedded
layer with EBSD indexed regions from substrate, layer and capping. The orientations determined by indexing EBSD patterns are plotted in the pole
figures in (f), where all the data points overlap. The pole figure is from the upper hemisphere with equal area projection for the Perovskite (m3m)
phase. (g) The Eular angle representation of orientation data, with respect to the SEM image reference, and (h) a representative EBSD pattern

dure was able to automatically index the pattern at a significant
number of points. These indexed points are in all three regions:
substrate, embedded layer and capping layer. Indexing the EBSD
pattern provides the orientation and the crystallographic phase,
where the phase is the same throughout the sample in our case.
Resulted indexing data are best represented in an inverse pole fig-
ure, which maps the orientation indexed at each position of the
surface. The poles are color coded based on the position, whether
they are from substrate, layer or the capping layer. All the indexed
points overlap clearly at Eular angles 172(1)◦, 359(3)◦,246(3)◦

(i.e. within 3◦ deviation) in the pole figure representation given in
Figure 5f. The orientation of the three crystallographic plane sur-
face normal vector projections agree well with the physical layer
and surface orientation observed via the SEM image. Hence, the
EBSD study provides definitive evidence of the similar crystal ori-
entation among the three layers.To further examine the interface
and grown material quality, we characterized the time resolved
photoluminescence (TRPL) at different growth thickness as pre-
sented in Fig.S8† and Table S4† in ESI22,23,31.

It has been observed that the contribution of interface defects
in PL signals is significant especially for the sample with thin layer.
These defects do not involve in PL for thick-layer sample because
of limited excitation depth. These localized recombination cen-
ters can be due to the surface defect of the substrate before layer

growth or carrier flows caused by graded bandgap carrier funnel
made by halide inter-diffusion region42–46.

Conclusions

We have shown that adapted liquid phase growth technique can
be used to grow layers of hybrid organic inorganic perovskite
materials for heterostructures. Unlike early attempts, the over-
growth has become dominant over the halide ion diffusion pro-
cess by reducing the concentration gradient, and maintaining
low super-saturation concentrations at minimum growth temper-
ature. By this approach, perovskite layers from several to few tens
of micrometers could be grown by controlling only the growing
time. The material interface and layer quality have been assessed
using SEM, EDS and EBSD methods. The results show multi-
ple evidences for the layer growth with limited diffusion region
of ∼5 µm. We optimized the growth conditions for the growth
of perovskite heterostructure in large size, with well-controlled
growth rate, minimized lattice mismatch and limited halide ion
inter-diffusion. Further, for the first time, we report an embed-
ded layer for a double heterostructures by utilizing the newly es-
tablished growth condition, without adverse effects of the ion-
diffusion process. Further optimization need to be investigated to
reduce the interface defects, create a sharper interface transition
and thinner layers. Our approach for epitaxial-like growth could
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be a significant step toward integrating perovskite substrate based
heterostructures in various optoelectronic devices in future.
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