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Metal halide perovskites have shown a great performance in a broad range of optoelectronic devices.
The variety of preparation methods makes perovskites especially attractive, yet preparation of complex
nanostructures based on these materials remains challenging. Here we present a template assisted
method allowing to achieve any pre-designed arrangement of methylammonium lead triiodide (MAPblIs)
polycrystalline patterns with the spatial resolution defined by the template. We utilized a Si/SiO, wafer
with circular 180 nm deep recesses with diameters ranging from 200 to 1600 nm as a template. A
polycrystalline perovskite powder was obtained by scratching off a thin perovskite film and mechanically
introduced into the patterned template as a pigment. Scanning electron microscopy revealed that the
recesses are filled with tightly packed sub-20 nm crystallites. Considering that the spin-coated film used
as a source of MAPbIs consisted of grains up to 2000 nm in diameter suggests that the initially prepared
grains were crashed by rubbing to much smaller crystallites. In spite of this harsh mechanical treatment,
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the filled recesses showed a strong photoluminescence signal, demonstrating the applicability of this
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1 Introduction

Metal halide perovskites (MHPs) have shown an excellent perfor-
mance in solar cells and other optoelectronic applications.'™ One
of the key advantages of MHPs as compared with other semicon-
ductors is that they can be processed from solution,* which offers
a great flexibility in designing the morphology of the material at
nano-scale.” For example, one can fabricate polycrystalline MHP
films via spin-coating and inkjet printing,® and prepare MHP
materials such as nanocrystals (quantum dots)* and nanowires.”
Recently, significant research efforts have been dedicated to
the fabrication of patterned perovskite structures which is
extremely important for many applications.” The currently
existing methods can be roughly divided to template patterning,
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approach for the fabrication of diverse nanophotonic structures.

inkjet printing, and laser patterning.” Template patterning uses
complex multistep protocols based on lithography and other
traditional techniques of semiconductors industry to grow (or
transfer) the MHP material or precursors to the desired
locations.>® MHPs nanowire array devices can be prepared by
controlling the template-assisted crystallization growth of MHPs
on a substrate.”* ™" Local laser ablation and multiplexed canti-
lever assisted methods were also applied to the preparation of
individual MHPs crystal array devices with variable sizes from
1 to 50 um.">" All these methods are rather complicated, often
not easily upscaled and usually possessing a limited spatial
resolution for the resulting structures.

In this study, we present a very simple template-assisted method
allowing to create any pre-desired pattern with accuracy on the
level of tens of nanometres filled with methylammonium lead
triiodide (MAPbL;) polycrystalline material. Here we use the ancient
technology of colouring by mechanical rubbing of a dry pigment
into the surface of the material which contains nano/microcavities
allowing for the mechanical adsorption of the pigment. Surpris-
ingly, MAPbI; semiconductor survives such a rough mechanical
treatment and not only can be rubbed into any nanostructured
surface as a dry pigment, but also, due to defect tolerance and
possibly self-healing, does not lose (or quickly recovers) its electronic
properties'*™® as revealed by strong photoluminescence (PL).
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To demonstrate the method, we prepared Si/SiO, substrates
with different circular recesses (which will be called holes
hereafter) with diameters 200, 400, 800 and 1600 nm and depth
of approximately 140 nm. The patterning of the structure was
made using electron beam lithography (EBL) and reactive ion
etching (RIE) of the top SiO, layer. As a substrate for EBL we
used a thermally oxidized Si wafer with the spin-coated electron
beam sensitive resist AR-6200-09. The EBL exposure was per-
formed in Voyager lithography system (Raith GmbH, Germany)
with a 50 keV electron beam. After the exposure and resist
development, we etched ~140 nm of the top SiO, layer (the
total thickness of the SiO, layer was 180 nm) in a table top RIE
tool (Sirus T2, Trion Technology, USA). The remaining resist
served as an etch mask during the 480 s long RIE CHF; process
at the pressure of 20 mTorr. To remove the resist after etching
and clean the substrate surface, the wafer was washed in
Remover 1165 (Shipley, USA) and isopropanol and blown dry
in nitrogen.

MAPDI; perovskite thin film was fabricated by spin-coating
technique in a dry box (RH < 1%) according to the procedure
described in detail elsewhere."” In brief, the perovskite solution
(40% wt) was prepared with 1:3 molar ratio of lead acetate trihydrate
and methylammonium iodide dissolved in dimethylformamide.

Scratch off MAPbI,
from the parent film

to the template

MAPbDlI,
powder

Transfer the powder
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8%o amount of hypophosphorous were also added into the perovskite
precursor. The film was prepared by spin-coating the precursor
solution at 2000 rpm for 60 s on glass substrates, followed by
25 s dry air blowing, 5 min room temperature drying and 10 min
annealing at 100 °C.

The procedure of filling the patterned template with the
MAPDI; pigment is described in detail in Fig. 1. The perovskite
material was manually scratched off a glass substrate (step 1)
and the resulting powder was collected on the templated
substrate (step 2). Then, an ordinary printing paper was used
to rub in the perovskite pigment into the template (step 3). This
procedure allowed for filling most of the holes etched on the
surface with MAPbI;, however, the space between the holes was
also contaminated by the material. To remove the unwanted
material and further improve the hole filling another piece of
clean paper of the same type was used to wipe the substrate
(step 5). The whole procedure was carried out in ambient air
with RH of about 40%. We note that the procedure might
generate small Pb-containing particles, however from our
experience these strongly adhere to the paper, thus not gen-
erating obvious dust or contamination. Nonetheless, standard
precautions such as wearing gloves and safety googles are
advised.

Press and rub

Al

/«—. M/Z‘

==

Final result

Wipe off the excess of the

5

MAPbI; is spread over the

materials with a new clean paper. surface. Holes are already

This also improves the template

filling.

partially filled. An excess of the
material is laying between the
holes

Fig. 1 Schematic illustration of the rubbing method of MAPbI3 deposition on a pre-structured substrate. The initial scratching off the material can be
done with any sharp object, e.g. a metal knife, edge of a microscope cover glass etc. For rubbing in the template and for its wiping an ordinary printing

paper is used.
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There are several advantages to this method, as compared to
attempting to directly form perovskite crystals in the pre-patterned
templates. First of all, in the case of the latter, it is unlikely that the
perovskite precursor solution would fill the small recesses of the
template, thus leading to a formation of a film above them, rather
than their filling. Secondly, a direct fabrication would make it
necessary to anneal the perovskite, making it incompatible with
temperature sensitive substrates. On the other hand, the method
proposed here can be easily applied to a range of different
substrates with different patterns and structures, very similar to
traditional coloring techniques using solid pigments.

Considering that PL is an excellent probe for the optoelec-
tronic properties of perovskite samples,*®*2° we studied their PL
using a wide-field fluorescence microscope. It is based on
Olympus IX71 with a 40x objective lens (Olympus LUCPlanFL,
NA = 0.6) where Argon-ion (514 nm, CW) laser is used as an
excitation source and ProEM 512B CCD camera (Princeton
Instruments) as a detector. One pixel on the CCD chip corre-
sponds to 200 nm in the sample plane while the diffraction
limit of the image resolution for the wavelength of MAPbI;
emission is around 800 nm (4 pixels). The excitation power
density at the sample plane was approximately 0.2 W cm ™2, The
microscope also allows measuring PL spectra using a transmis-
sion diffraction grating. We also used a Hitachi SU8100 scan-
ning electron microscope (SEM) to characterize the sample.

Fig. 2 shows the PL and SEM images of the samples
prepared by the rubbing method. For PL imaging the samples
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Paper

were placed in a nitrogen atmosphere. Orderly arranged indi-
vidual bright spots are observed under laser illumination as
shown in Fig. 2(b-e). Bright PL was observed from most of the
holes meaning that most of them were successfully filled with
MAPDI;. Moreover, the spectrum of PL from all holes (Fig. 3) -
independent on their size - has its maximum at 750 nm which
is very close to 760 nm expected from a bulk perovskite film
confirming that the holes are indeed filled with MAPbI; despite
these harsh mechanical manipulations.

SEM analysis of the samples shows that most of the holes
are at least partially filled with the perovskite material. The
least efficient filling is observed for the smallest holes, which is
to be expected considering the large surface roughness of the
paper used for rubbing the perovskite material into the ordered
arrays of holes. It is obvious that using industry-standard
rubbing methodologies, which are known for coloring and
other purposes for hundreds of years, should be able to
improve the filling up to perfection.

The SEM image Fig. 2(b3) shows that the MAPI; material
pasted into the holes consists of very small grains, which are
better resolved in the SEM images in Fig. 4. It is evident that
most of the grains are smaller than 20 nm. This observation
allows us to suggest that the observed 10 nm blue shift of the
PL spectrum in comparison with the bulk MAPbI; film origi-
nates from a partial quantum confinement of charge carriers in
such small nanocrystals."> Another possible reason for the
spectral shift is a difference in the level of the crystal strain®

ﬁ)L Parent film Hole diameter: 1.6 um
15k 1k
1) |
10k | ‘
I 0.5k
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e 4
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Scale:

Scale: mmm 500 nm

Fig. 2 PL (row 1) and SEM (rows 2 and 3) images of the parent MAPbIs film (a) and the samples prepared by the rubbing method (b—e) using the
templates with different hole sizes (indicated above each column). All PL images were taken at the same conditions. From the PL intensity scale bars
shown in (al) and (bl) one can see that the PL of the film is about 10 times stronger than the PL from the 1.6 um recesses. The excitation power density
was 0.2 W cm™2 for all images. Note that due to the light diffraction limit the spot sizes in PL images (d1) and (e1) do not correspond to the real physical
Size.
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Fig. 3 PL spectra of MAPbIz crystals pasted to recesses of different sizes
in comparison with PL spectra of the MAPbIs film.
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between MAPDI; film and mechanically prepared MAPbI; small
nanocrystals.

It is known that MAPbI; perovskite is a relatively soft and
deformable material with Young’s modulus value 14 GPa and
rather low hardness (resistance of the material to plastic
deformation) around 0.6 GPa.>* Therefore, it is not a surprise
that when transferring MAPDbI; from the film into Si/SiO,
substrates, a hard paper can break the large grains into small
crystals. Note that the procedure did not lead to scratching of
the SiO, surface. However, it is still surprising that the large
MAPDI; grain with the sizes of 500-2000 nm (Fig. 2a1 and a2) of
the parent film can be broken into 10-30 nm size crystals using
such a simple method. It means that MAPDI; crystals are brittle
and have a tendency to break to a large number of small
crystallites. A possible reason for this might be related to the
presence of strain inside the MAPbI; crystals. When an external
mechanical force is locally applied to a material with a high
local internal stress, it breaks to many small pieces. A well-
known example of such a material is tempered or hardened
glass, which is used in cars and houses for safety reasons. A key
aspect in the production of tempered glass is the fast-cooling
stage which makes the surface hard, but creates stress between
the surface and the bulk material, which in turn, leads to this
specific breaking pattern. So, in analogy to this, we propose
that MAPbI; crystals collapse into small tens of nanometres
sized crystallites due to the high local internal strain created
during its fabrication.
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The most important results our study is the demonstration
that the PL of the perovskite semiconductor was not completely
quenched after its crystals were treated in a harsh mechanical
way. We can estimate the difference in PL quantum yield
(PLQY) between the parent thin film and the perovskite pig-
ment in the holes. The intensity level we see in the PL images is
the counts per pixel of the CCD camera. Images of the holes
that are much larger than the resolution of the microscope (the
resolution limit is 800 nm) can be directly compared with the
PL image of the film. However, if the emitter is smaller than
the diffraction limit of the optical resolution, the PL intensity
per pixel goes down with the object size decrease. This is
because regardless of the actual size of the object, it always
appears on the CCD as a diffraction-limited spot of the same
size. That is why the samples with 800, 400 and 200 nm holes
show a gradual decrease of the PL intensity; yet this observation
does not at all mean that their PLQY decreases. To quantitively
verify this, we plotted the overall PL intensity measured on
individual holes as a function of hole diameter (Fig. 5a). The
dependence is close to the one expected for the case of constant
PLQY and constant thickness of the perovskite layers. The
small deviation observed for large hole diameters is mostly
associated with an incomplete hole filling, as is illustrated in
Fig. 5b. On the other hand, the large scatter of the data for the
small holes (200 nm) is strongly impacted by the PL fluctua-
tions due to PL blinking (Fig. 5c)."®** We note that the
difference in light outcoupling may also impact the results,
since it is expected to be more efficient for small holes.**

By examining the signal of the 1.6 um holes which are larger
than the microscope resolution, we are able to truly estimate
the impact of the material processing on its PLQY. Intensity per
pixel for the 1.6 um holes is about 10 times lower than that for
the parent film (compare images al and b1 in Fig. 2 and the
corresponding intensity scales). It means that the PLQY of the
MAPbI; rubbed into the template is decreased by approximately
a factor of 10 in comparison with the parent high-quality film.
In this simple comparison we do not account for the difference
between the film thickness (~260 nm) and the depth of the
holes (140 nm) since the absorption length (100 nm at 514 nm)
is smaller than both these values, so at first approximation all
light is absorbed in both cases. The decrease of PLQY is most
likely associated with the formation of crystal defects during
the mechanical treatment, considering that via this process the

Fig. 4 SEM images of a 1.6 um recess partially filled with MAPbIls. (a) An overview, the recess is partially filled with the perovskite material,
(b) 2x magnification of the rectangular area shown in (a) and (c) further zoom in the rectangular region marked in (b) where small particles with sizes

around 10-30 nm are clearly observed.
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Fig. 5 PL intensity of individual holes filled with MAPbI3 as a function of hole diameter, intensity of 10 holes of each diameter (200, 400, 800, 1600 nm)
are shown. The dashed line shows the expected proportionality of PL versus the area of the hole (the thickness is fixed). One of the reasons for lower-
than-expected PL intensity for the large hole diameters is incomplete hole filling, as is illustrated by the PL image of 1600 nm hole sample in (b). Data
points for 200 nm are broadly distributed due to temporal PL fluctuations (PL blinking) which is shown in (c) for three individual 200 nm holes.

surface to bulk ratio was increased by a factor of 50 (decreasing
the size from 1000 nm to approximately 20 nm). However,
despite this harsh mechanical treatment, the preservation of
the PL suggests perovskites are rather tolerant to such pro-
cesses either as part of their defect tolerance or due to their
ability to recover, at least partially, its properties in a short
timespan due to self-healing.'*'® A detailed spectroscopic
investigation will be carried out in the future. Note that all
manipulations with the perovskite were carried out in ambient
air, therefore, it is not excluded that our method realized in an
inert atmosphere can give a better result in terms of higher PL
quantum yield of the resulted samples.

2. Conclusion

We introduce a simple rubbing method that allows to deposit a
polycrystalline metal-halide perovskite into any structured sur-
face of an object of any geometry. This method is the same as
traditional mechanical surface colouring with dry pigments.
During the deposition initially prepared micrometre-sized per-
ovskite crystals are effortlessly mechanically broken down to
small 10-30 nm nanocrystals. We propose that it is due to built-
in internal mechanical stress in as synthesised MAPI; crystals -
a property that resembles that of tempered glass. Despite the
harsh mechanical treatment, the semiconductor does not lose
its electronic properties, exhibiting spectrally similar photolu-
minescence to that of a high-quality polycrystalline MAPbI;
film. We assign the bright PL signal from crushed crystals to be
a result of defect tolerance of MAPbI;. We observe a slight blue-
shift of PL, which is attributed to a partial quantum confine-
ment effect in small perovskite grains and a difference in the
crystal strain between the film and the grains.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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