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ABSTRACT: Semiconductor surface patterning at the nanometre scale is
crucial for high-performance optical, electronic and photovoltaic devices. To
date, surface nanostructures on organic-inorganic single-crystal perovskites
have been achieved mainly through destructive methods such as electron-beam
lithography and focused ion beam milling. Here, we present a solution-based
epitaxial-growth method for creating nanopatterns on the surface of perovskite
monocrystalline thin films. We show that high-quality monocrystalline arbitrary
nanopatterns can form in solution with a low-cost simple setup. We also
demonstrate controllable photoluminescence from nanopatterned perovskite
surfaces by adjusting the nanopattern parameters. A seven-fold enhancement in
photoluminescence intensity and a three-time reduction of the surface radiative
recombination lifetime are observed at room temperature for nanopatterned
MAPDbBr3 monocrystalline thin films. Our findings are promising for the cost-
effective fabrication of monocrystalline perovskite on-chip electronic and
photonic circuits down to the nanometre scale with finely tuneable
optoelectronic properties.
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Hybrid organometal halide perovskites MAPbXs (where MA= CH3NHz", X =T,
Br- or CI) have emerged as a promising candidate for high-performance
photovoltaic and optoelectronic devices, exhibiting a range of excellent
properties including strong light absorption, direct bandgaps, long carrier
lifetime, high balanced hole and electron mobilities, 2 and long electron-hole
diffusion lengths.> Hybrid perovskites have been demonstrated in solar cells,*
photodetectors,® lasers® and light emitting diodes (LEDs).’

Patterning semiconductor surfaces is important for various applications in
nanoelectronics and nanophotonics.®*® Patterning using moulds made on
polydimethylsiloxane (PDMS) and silicon etc. has been proposed to form
periodic structures on the surface of perovskites, with the aims of improving the
power conversion efficiency for solar cells’* and enhancing photodetector
performances.’® as well as applications in photonic crystals!® and distributed
feedback lasers.'” Polycrystalline perovskite thin-film nanopatterns are
relatively easy to make, usually through spin coating and solution
nanoimprinting or patterning.t® 1% 18 However, there is no suitable method for
developing high-quality single-crystal arbitrary surface nanopatterns on
monocrystalline perovskite thin films, due to the following main limiting factors.
Firstly, conventional one-step nanoimprinting and patterning methods are
limited to making polycrystalline perovskite nanopatterns,**1" nanowires!®2?
and microplates.?> 2* Secondly, it is difficult to apply widely-used lithography-
based methods, as a result of the sensitivity of metalorganic perovskites to high
temperature? and polar solvents?® such as water, acetone and methanol. For
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example, direct patterning of perovskites through electron-beam lithography
(EBL) usually leads to unexpected phase transformations or defects due to the
local heating induced by high-energy electrons.?” Focused ion beam (FIB)
milling?® 2 is likely to degrade the optical properties of perovskites. Hence,
methods for making high-quality single-crystal perovskite surface patterns are
needed.

Interestingly, in our MAPDBr3 single crystal growing experiment using the
inverse temperature method,3%-32 the surface morphology at the bottom of the
beaker was transferred to the contact surface of the single crystal (Supporting
Information S1 and S2). A space-confined method?! 3% was also recently
proposed to synthesise single-crystalline perovskite thin films, where ultra-
smooth single-crystal perovskite thin films were obtained with a controllable
thickness. Furthermore, Gao et al.*® reported the space-confined one-step
growth of single-crystal pillar arrays. However, such one-step space-confined
methods are only limited to the growth of nanostructures of certain shapes, but
not for arbitrary nanopatterns. Alternatively, one may propose the use of a
nanostructured template for the epitaxial growth of arbitrary single-crystalline
perovskite thin-film surface nanopatterns using the space-confined method. This,
however, is likely to fail, because the interface between the nanostructured
template and the solution functions as a crystallisation-friendly site and this
leads undesirably to many seed-crystal formations in one small area. These
multiple seed crystals eventually grow into a polycrystalline thin film
(Supporting Information S3).

In this paper, combining the surface morphology transferrable property and
the space-confined method, we present a cost-effective, simple, non-destructive
and solution-processed epitaxial growth method to form arbitrary single-crystal
nanopatterns on monocrystalline thin films. We employ a two-step approach,
first to use the space-confined method to grow a monocrystalline thin film, and
then transfer patterns to the thin film surface in the second step. Figure 1
summarises the procedure. In the first step, the perovskite solution drops are
made on the substrate and fills in the gap between the two substrates (such as Si,
SiO2/Si, ITO, FTO etc.) as a result of capillary action. The substrates are then
heated to reach an oversaturated temperature point, at which the perovskite
single crystals start to nucleate and grow. The gap distance between the two
substrates, controlled by spacers, determines the thickness of the perovskite
monocrystalline thin film. In the second step, the prepared monocrystalline thin
film is used as a seed layer. Thicker spacers are used to allow additional growth,
and the upper substrate is replaced by a nanopatterned PDMS template. The

same concentration of perovskite solution as that used in Step 1 is used here,
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while the solution temperature is maintained at a lower point to avoid the
formation of new seed crystals. As shown in the final stage of the experiment,
the growth space is confined by the nanopatterned PDMS template and the
substrate, and the epitaxial growth of single-crystal perovskite nanopatterns is
subsequently achieved.

- Step 1 N
) Monocrystalline thin film |
Thin spacer ]

[~

Figure 1. Schematic illustration of the two-step patterning approach for the fabrication of
surface nano-structures on monocrystalline perovskites. Step 1: MAPbBTr3 solution drops are
made on the substrate and fills the gap between two substrates. Afterwards, monocrystalline
thin film forms at the high temperature heating process. Step 2: The same MAPbBr3 solution
drops are made on the substrate on which the monocrystalline thin film forms in the Step 1.
Then thicker spacers are used together with a patterned PDMS template as the top substrate.
Finally, a perovskite monocrystalline thin film with the same surface nanopatterns as the
PDMS template is formed through epitaxial growth.

RESULTS

Scanning electron microscopy (SEM) was conducted on patterned
monocrystalline thin films with surface periodic gratings fabricated using the
method described above. These nano-grating structures were first transferred to
PDMS templates from Si masks with different patterns (see EXPERIMENTAL
for details). Patterns 1-4 had different stripe and trench widths as follows:
Patternl (stripe 600 nm and trench 1500 nm), Pattern 2 (stripe 740 nm and
trench 1500 nm), Pattern 3 (strip 1500 nm and trench 740 nm) and Pattern 4
(strip 3000 nm and trench 1500 nm). The SEM images in Supporting
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Information S4a-d revealed ultra-smooth surfaces of patterned MAPbBTr;
monocrystalline thin films with these four patterns. The crystal edges of the
patterned monocrystalline thin films were given in Figure 2a and b, where clear
and sharp edges of nanopatterns were seen. It was clear from the cross-sectional
SEM images of Figures 2c and d, that the depth information from the mask was
transferred to the perovskite surface pattern successfully. Here, the pattern depth
in Si mask was designed to be 600 nm, and the depths of the nanopatterns on
monocrystalline thin films were approximately 600 nm with the thin-film
thickness at approximately 5 um and 10 pum for films produced with the patterns
shown in Figures 2c and d, respectively. Smaller nanopatterns were also made
on MAPbDBTr3 thin films using PDMS templates copied from a DVD. Figures 2e
and f are the top-view SEM images of a DVD metal surface and the same DVD-
surface patterned perovskite monocrystalline thin film, respectively.
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Figure 2. SEM images of and MAPbBrs monocrystalline thin films with different patterns
and a DVD metal surface as a nanopattern template. (a) and (b) Clear and sharp edges of
patterns on monocrystalline thin films surfaces. Cross-sectional SEM images of patterned
monocrystalline thin films with different thicknesses (c) Pattern 4: 5 um thickness (d) Pattern
4:10 um thickness. (€) DVD metal surface used as the template. (f) Monocrystalline thin film
with the same pattern as that on the DVD metal surface in (e). Scale bars: (a-b) 20 um, (c-f) 5

pm.

Atomic force microscopy (AFM) was conducted on the DVD metal surfaces,
PDMS templates and patterned monocrystalline perovskite thin films, by
randomly selecting a 10 um <10 pm area. As shown in Supporting Information
S5, the DVD had a smooth metal surface with a fine grating structure and a
depth of approximately 80 nm. Supporting Information S5d-f were AFM
images for the PDMS templates copied directly from the DVD surfaces,
revealing a smooth surface and a similar depth to that of the DVD (a few
nanometre difference at the bottom might be due to the resolution limit of
standard PDMS template made from Sylgard 184%"). Figures 3a-c were the
AFM images of the patterned monocrystalline thin films copied from the PDMS
templates, displaying a smooth surface. The results presented in Supporting
Information S5 and Figure 3 showed that, by using our epitaxial growth method,
nanopatterns were accurately transferred from the template. Additional SEM
and AFM images of patterned monocrystalline thin films were provided in
Supporting Information S4e and f and S5 to demonstrate the effectiveness of
our method.



T T T T
0 2 4 6 8
Distance(um)

Figure 3. AFM images of the monocrystalline perovskite surface nanopattern copied
from the DVD template: (a) 2D AFM image; (b) height profile; and (c) 3D AFM image of
the nanopatterned single crystal surface.

The crystal structure of the MAPbBrz bulk crystal and nanopatterned
monocrystalline thin films were characterised using both single crystal and
powder X-ray diffraction methods. As illustrated in Figure 4a, the X-ray powder
diffraction patterns of MAPDbBrs powder exhibits sharp peaks at 14.90°, 21.11°,
30.07°, 33.86°, 37.20°, 43.05°, and 45.77°, corresponding to the (100), (110),
(200), (210), (211), (220), and (300) planes. A diffraction pattern taken from the
largest crystal face of a MAPDLBr3 single crystal shows only (100), (200), (300)
and (400) diffraction peaks, suggesting predominantly well-structured
MAPDBr3 single-crystal material. The patterned thick and thin films all exhibit
the (100) crystallographic planes. Restricted by the thickness, for the patterned
thin film, only (100) and (200) planes are found to match with the Bragg
diffraction equation 2nd = kA (k = 1,2,3...), where n, d, and A are the refractive
index, the thin-film thickness, and light wavelength, respectively. The
diffraction data suggest that the MAPDbBrs bulk single crystal, nanopatterned
films exhibit a cubic crystal structure in space group Pm-3m,?® 3 with a
calculated lattice constant of 5.93 A at room temperature. The patterned nano-
structures exhibit the same crystallography as that of the non-patterned thin film,
which implies that the patterned nanostructures are formed by the epitaxial
growth of the monocrystalline thin film.
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Figure 4. (a) X-ray powder diffraction patterns of MAPbBr3 powder, the largest crystal face
of a large MAPDBTr3 bulk single crystal, patterned thick and thin films. (b) Reciprocal lattice
image of a single crystal fragment from a perovskite surface patterned thin film prepared by
the two-step process using a line-patterned mould consisting of strip 1500 nm and trench 740
nm. (c, d) TEM image, HRTEM image and selected area electron diffraction pattern (inset) of
a single-crystal perovskite patterned thin film, with the d-spacing measured assigned to the
(111) lattice plane. (e) An SEM image of the top view of a monocrystalline thin film with
surface nanopatterns. Dashed red rectangular region was selected for EBSD measurement.
Scale bar: 20 um. (f) The corresponding Kikuchi pattern of the selected area from Figure 4e.
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To study the single-crystal structure of the surface patterned perovskite thin
film, single crystal X-ray diffractometry, transmission electron microscopy
(TEM), and electron backscatter diffraction (EBSD) measurements were
performed. Figure 4b showed a reciprocal lattice image taken from a surface
patterned single crystal fragment of an MAPbBrs film where the sharp and
strong isolated reflection spots without the presence of powder arcs indicated
that the patterned film was single crystal. The structure was confirmed as being
cubic in space group Pm-3m with a = 5.9277(9) A at 100 K. Additional 2D-
XRD measurements were performed on a nanopatterned single crystal sample
(~5 mm in size), and the sharp and strong isolated reflection spots were
observed in both 2-theta scan (Supporting Information S6) and chi () scan
results (Supporting Information S7). There was no evidence of twinning in the
single-crystal data and the heavy atom positions were well resolved and agreed
well with published data. In addition, the sample was characterised by TEM
(see Figure 4c), where the inset was the corresponding selective area electron
diffraction (SAED) pattern image from the red rectangular region marked on the
picture, exhibiting only reflections related to the cubic structure with viewing
direction along the [ 1 2 1] zone axis. This confirmed the single-crystal nature
of the perovskite film. The patterned perovskite film was further investigated
using high-resolution (HR) TEM. Figure 4d showed the crystal lattice image
with a lattice spacing of 3.92 A, corresponding to the perovskite (111) plane.

In our EBSD measurements, we noted that the single-crystalline perovskite
sample was sensitive to long-time high-energy electron beam irradiation. This
was because, when we collected a Kikuchi pattern from a small high-intensity
spot, the Kikuchi pattern was firstly seen very clearly for a brief period of time
but then faded and disappeared as the sample was melt under the intense current
at that high-intensity spot. Therefore, standard EBSD mappings using a high-
intensity small spot were not conducted and the striped nanostructure was not
studied individually. Instead, we studied a larger area of approximately 50 pum
by 50 um with many striped nanostructures as a whole, by scanning the beam
across this area to obtain an average Kikuchi pattern. Figure 4e was an example
SEM image of a selected 50 um by 50 pm area, and Figure 4f was its
corresponding Kikuchi pattern, which suggested that the whole nanostructured
area was coherent monocrystalline. This was because if there were multiple
grains, the Kikuchi map obtained would be composed of multiple overlapping
Kikuchi maps or blurred. The effect of the electron beam on this sample for the
large area EBSD measurements was investigated too. We noted that there were
only some images contrast difference (marked as ellipses) and the Kikuchi



pattern remained unchanged after 30-second 10 kV electron beam irradiation
under the scanning approach (Supporting Information S8).

To prove the whole perovskite sample was the same coherent
monocrystalline structure, we conducted translation-independent regional
mappings of Kikuchi patterns. Firstly, EBSD images were taken on a partially
patterned sample. As shown in Figure 5, in a small region, seven different spots
from the patterned area, non-patterned area, and the junction revealed identical
Kikuchi patterns indicating these regions were in the same crystal orientations.
Secondly, EBSD patterns were taken from a relatively large nanopatterned
single crystal sample (approximately 5 mm in size) from different locations
(Supporting Information S9), where identical crystallographic orientations of
the single crystal were also seen clearly.

Figure 5. (a) A top-view SEM image of a partially patterned MAPDbBr3 plate. (1-7) EBSD
data captured from this plate revealing identical Kikuchi patterns at seven different locations
corresponding to the marked areas in (a), suggesting that the sample was monocrystalline.
Scale bar: 100 um.

The above experimental evidences proved the epitaxial growth of the
surface single-crystal patterns using our method. The largest patterned single
crystal thin film achieved in our experiment was several millimeters in size, and
we believed that the size of the sample film could be further increased with a
carefully tailored engineering approach, for example, by continuously supplying
fresh sample solutions during the crystal growth and by controlling the
experimental conditions such as the temperature and pressure more accurately.®2

Energy-dispersive X-ray spectroscopy (EDX) element mapping of the
patterned monocrystalline thin film was given in Figure 6, confirming the
presence of lead (Pb), bromine (Br) and nitrogen (N). The element mapping



spectrum (Supporting Information S10) demonstrated an atomic ratio of 1:3:1,
close to the theoretical stoichiometry of Pb, Br and N in CH3sNHsPbBrs.

Figure 6. (a) Top-view SEM image of patterned MAPDbBrz monocrystalline film and
corresponding EDX elements mapping images of (b) Pb, (c) Br and (d) N component. Scale
bar: 20 pm.

The impressive performance of hybrid perovskite optoelectronics and
photovoltaics is attributed to their long carrier lifetimes and high
photoluminescence (PL) efficiencies. The PL intensities and lifetimes vary at
different grain sizes in the same polycrystalline thin film.%® Even for single
crystals, the surface quality at different areas can affect the PL and decay
dynamics.® As shown in Figure 7, interesting PL properties of the single-crystal
perovskite thin films with nanopatterns are observed in our experiment. Figure 7
a shows the PL emission spectra for nanopatterned perovskite monocrystalline
thin films made using our solution-based method under the same experimental
conditions. The stripe widths of these patterns range from 600 nm to 3000 nm.
A drastic reduction in the PL intensity is seen as the increase of the stripe width
(the same trench width). PL intensity from the patterned monocrystalline
perovskite thin film Pattern 1 is approximately 2 times higher than that from the
patterned monocrystalline perovskite thin film Pattern 4, and is about 7 times

higher than the PL intensity from the non-patterned monocrystalline thin film.
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Figure 7b shows the time-resolved PL spectra for Pattern 1, Pattern 2, Pattern 4
and flat monocrystalline thin films of the same thickness (10 pm).
Biexponential fitting®® was conducted to determine the fast (t1) and slow (t2)
dynamics. Our results show that unpatterned monocrystalline thin film has a fast
decay lifetime of 25 ns and a slow decay lifetime of 311 ns, in accordance with
the reported figures for MAPbBI3 bulk single crystal.* Interestingly, these four
Patterns have different surface components (t1) but similar bulk components (t2).
Compared with unpatterned thin films, the fast decay lifetime of Pattern 1 is
shortened by a factor of =3. This suggests that the surface nanopattern
influences the behaviour of surface carrier recombination, whilst it has a
negligible effect on the carrier diffusion and recombination deep inside the
material.

To gain an insight into the origin of the enhanced PL emission with surface
nanopatterns, we analysed the thin films under a confocal fluorescence
microscope. Confocal fluorescence images and their corresponding reflection
Images are presented in Figure 7c-f. We found that for both monocrystalline
perovskite thin-film patterns, (Pattern 1, 600nm-wide nanostripe and Pattern 4,
3000nm-wide nanostripe), the PL emission mostly occurs on the nanostripe
surfaces, while the surface nanotrenches are nearly nonluminous. The PL
emission intensity integral curves of confocal fluorescence microphotographs
are given in Supporting Information S11, where the patterned thin-film samples
with narrower nanostripes display higher PL emission intensity. This agrees
with the results in Figure 7a.
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Figure 7. Photoluminescence characterizations of samples with different surface pattern
parameters. Steady-state PL spectra (a) and Time-resolved PL spectra (b) for Pattern 1,
Pattern 4 and flat MAPDbBrs monocrystalline thin films. Confocal fluorescence microscope
images for Pattern 1 (c) and Pattern 4 (e) MAPDbBrz monocrystalline thin films. And the
corresponding optical white light reflective images for Pattern 1(d) and Pattern 4 (f),
respectively. Scale bars: 10 um.

In this section, we attempt to interpret the observed interesting PL phenomenon
via several possible effects. We attribute the enhanced PL to the combination of
two effects, namely increased optical absorption as a result of light coupling™*
41-44 and Mie resonances induced local-field enhancement on the patterned
nanostructure surface.** 4

We first consider the surface nanostructures as subwavelength gratings,
which trap photons and enhance their chance of being absorbed. We quantify its
effect using rigorous-coupled wave analysis (RCWA).?® Figure 8a shows the
calculated absorption spectra for the perovskite surface nanostructure. The
perovskite surface nanostructure Pattern 1 demonstrates the highest absorption (>
86%) and a broadband spectrum for both transverse electric (TE) and transverse

magnetic (TM) fields. For comparison, we compute the absorption spectrum for
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a planar perovskite in Figure 8a, showing an optical absorption of around 71%.
Thus, a 15% enhancement of optical absorption is achieved with the perovskite
surface nanostructure of Pattern 1. The photon induced electrons and holes are
then recombined radiatively to release photons at a different wavelength (PL
wavelength) compared to that of the original excitation photon. Restricted by
photolithography conditions in our lab, the smallest grating period fabricated is
2100 nm (Pattern 1).

Mie resonance induced local-field enhancement may be another explanation
to the PL enhancement as a result of the surface nanopattern.*® Figure 8b is the
numerical simulation result of the near field at 615 THz (PL excitation
frequency, corresponding to a wavelength of 488 nm) for Pattern 1, revealing a
resonance electrical field within the nanostructure. A 1.8-fold field
enhancement is achieved within the nanostructure, as suggested by our
simulation. This resonance field leads to the enhanced radiative recombination
of electrons and holes.

According to the analysis above, the observed PL intensity enhancement may
be a result of the combination of the increased overall optical absorption caused
by the surface subwavelength gratings and Mie resonance induced local
electrical-field enhancement in nano-stripes. In addition, as schematically
shown in Figures 8c and d, when light strikes the surface of the MAPbBTr3 single
crystal, a higher concentration of charge carriers is yielded within the
nanostripes. This is because the nanostripe widths 600 nm-3000 nm is smaller
than the carrier diffusion length of MAPbBr3; single crystal®® 4° and therefore
provides a more effective PL region with more radiative charge carriers. This
also explains our observation in the confocal microscopy results given in Figure
7c¢ and e, where nanostripes are much brighter compared to nanotrench regions.
Furthermore, the PL decay time, especially the fast decay time (t1), decreases
considerably for nanopatterned thin films in comparison with that for the
smooth thin film. This phenomenon may originate from Purcell effect, which
suggests that in a resonant cavity, spontaneous emission rate is accelerated by
the nanostructure.*> 47

The analysis carried out above only aims to provide an approximate
explanation to the PL enhancement effect observed in our samples. To
understand quantitatively the physics behind the observed PL enhancement,
further theoretical analysis must be conducted.

14
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Figure 8. Patterned perovskite absorber showing (a) high absorption and a broadband
spectrum for both TE- and TM-polarizations. (b) Structure of near-field electric distribution
of the grating absorber under normal plane-wave incidence for Pattern 1. Dynamic schematic
of charge carrier diffusion and recombination in nanopatterned MAPbBrs; monocrystalline
thin films. (c) Light absorption on the surface and charge carrier generation upon excitation.
(d) Charge carriers move inside the crystal and then recombine to release photons to form PL
emission.

CONCLUSIONS

In summary, we demonstrate solution-processed surface-nanopatterning of
hybrid perovskite monocrystalline thin films. Based on epitaxial growth in
solution, our method ensures top-quality nanopatterns with ultra-smooth
surfaces and high material purity. Patterning of arbitrarily shaped micro- and
nano-structures has been achieved with accuracy down to a few nanometres.
Our method is universal and can be extended to other semiconductor single-
crystal nanopatterns. In addition, the demonstrated various PL emission strength
and decay times on different surface nanopatterned thin films suggest that
carrier properties can be tailored by surface-nanopattern parameters. These
results are promising for the realization of nanometre-scale high-performance
optoelectronic devices on perovskite single-crystal thin films.
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EXPERIMENTAL

Chemicals and reagents: MABr (99%), PbBr> (= 98%), lead iodide (99%),
DMF (anhydrous, 99.8%), trichloro (1H,1H,2H,2H-perfluorooctyl) silane (97%)
were purchased from Sigma Aldrich. Dow Corning Sylgard 184 kit was
purchased from Ellsworth Adhesives Europe Ltd. All chemicals were used as
received without any further purification.

Preparation of PDMS templates: A variety of 2 x 2 cm? PDMS
(polydimethylsiloxane) templates (around 3 mm thick) were fabricated by
curing the silicone elastomer and its curing agent (Sylgard 184, Dow Corning)
in a 10:1 weight ratio on DVD and pre-patterned Si masters and cutting 2 x 2
cm? fully patterned sections out of the elastomer. The Si master used in this
work contains line patterns with stripe widths ranging between 600 nm and
3000 nm and a depth of 600 nm. The Si master was cleaned with a CO2 snowjet,
oxygen plasma for 30 minutes and silanized before pouring PDMS over its
patterned surface.”® The DVDs were cut into rectangular-shaped pieces. The
protective polycarbonate coating was then removed to expose the metallic
surface. The DVD master was rinsed with ethanol and water in order to
eliminate dye, dust and polycarbonate remains and finally dried with a flux of
nitrogen.*® To silanize the master, we used a vacuum process inspired by the
work of Xia et. al.®® Here, 10 pL of trichloro (1H,1H,2H,2H-perfluorooctyl)
silane was added to a desiccator containing the Si master, in an argon-filled
glove box. Once brought under vacuum, silanization took place overnight and
the Si master was stored thereafter. The elastomer was degassed to remove all
air bubbles, cured at 80 °C for 1h, and then peeled gently off the master.

Perovskite Patterned Monocrystalline Thin-Film Preparation: The
perovskite solution was prepared by dissolving a 1:1 molar ratio of PbBr2 and
MABTr in DMF solvent mixture in a N2 glovebox. The resulting concentration
was 0.7g/ml.>! The solution was stirred for 12 h and filtered using PTFE filter
with 0.2 um pore size. The solution was then filled into the gap between two
substrates and heated at 80 °C for 2-4 h, then the temperature was decreased to
60 °C slowly, the upper substrate was changed into a patterned PDMS or Si
master, and repeat the capillary action process, the solution was preheated at
60 °C. After another 2-4 h, the patterned monocrystalline thin films with several
millimeters in width were harvested.

Photoluminescence measurements: Steady state photoluminescence spectra
were collected by using a fluorescence spectrometer (FLS920, Edinburgh
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Instruments). The samples were excited using 488 nm light at room temperature.
The time-resolved photoluminescence was dispersed in a Triax 550
spectrometer and detected using a Hamamatsu R5509-72 IR-PMT. A
picosecond 488 nm pulse laser (Panther OPO ND: YAG) with a pulse width of
5 ns and a repetition rate of 10 Hz was used to excite the perovskite.

Fluorescence microscopy: Images were recorded using a confocal microscope
(Leica TCS SP2) with a 488 nm laser as the light source.

Morphological and structural characterization: The SEM images of
MAPDbBrz monocrystalline thin films were obtained using JEOL JEM7600F,
FEI Nova NanoSEM 650, operating in low-vacuum mode with an accelerating
voltage of 5 kV. The chemical composition of the thin films was determined by
means of EDX (attached to FEI Tecnai F20) at voltage of 10 kV. The EBSD
analysis was performed at a voltage of 10 kV. All the AFM, experiments were
performed in tapping mode under ambient conditions (Dimension ICON SPM
system, Bruker, USA). Commercial silicon tips with a nominal spring constant
of 40 N m? and resonant frequency of 300 kHz were used in all the
experiments. X-ray powder diffraction data were collected using a Bruker D8
Advance diffractometer in Bragg-Brentano geometry and operating with Ni
filtered Cu Ka radiation (A = 1.5418 A) over the 20 range from 5° to 70°. Single
crystal X-ray diffraction data were collected using a Bruker Apex Il Duo
diffractometer using Mo Ka radiation (0.7107 A) at 100 K. Measurements were
performed on a small fragment (0.067 mm X 0.273 mm X 0.315 mm) cut from
a large surface patterned single crystal plate of MAPbBrs. A total of 156 frames
were collected with a total exposure time of 1.73 h. The frames were integrated
with the Bruker SAINT software package using a narrow-frame algorithm.5?
The integration of the data using a cubic unit cell yielded a total of 2148
reflections to a maximum 0 angle of 45.42° (0.50 A resolution). The final cell
constants of a = 5.9277(9) A, volume = 208.29(9) A3, were based upon the
refinement of the XYZ-centroids of 1205 reflections above 20 o(I) with 6.873°
< 20 < 90.36°. Data were corrected for absorption effects using the multi-scan
method (SADABS).> The ratio of minimum to maximum apparent transmission
was 0.055. The structure was solved by intrinsic phasing using SHELXTL>* and
refinement was carried out using SHELXL.>® The crystallinity analysis of the
patterned thin films was determined via a transmission electron microscope
(TEM, JEM 2100F, JEOL..) at an accelerating voltage of 200 kV with a camera
length of 40 cm. The TEM samples of the surface patterned perovskite plate
were firstly scratched from substrate using a razor blade and then made into
powder. Further confirmation of the single crystal nature of films was obtained

using 2D X-ray diffraction images on a Bruker Apex Il Duo diffractometer
17



using Mo Ka radiation (0.7107 A). Images were collected on a nanopatterned
single crystal plate (~5 mm in size) mounted on a glass subtrate at selected

values of y (with ¢ fixed at 80° and 26 at °) and 26 (with ¢ fixed at 80° and y at
0°).
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