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Abstract: We report fabrication of large-scale homogeneous crystallization of CH3NH3PbBrs (MAPbBr3)
in the patterned substrate by a two-dimensional (2D) grating. This achieves high-quality optot-
electronic structures on local sites in the micron scales and a homogeneous thin-film device in a
centimeter scale, proposing a convenient technique to overcome the challenge for producing large-
area thin-film devices with high quality by spin-coating. Through matching the concentration of
the MAPbBr3 /DMEF solutions with the periods of the patterning structures, we found an optimized
size of the patterning channels for a specified solution concentration (e.g., channel width of 5 um
for a concentration of 0.14 mg/mL). Such a design is also an excellent scheme for random lasing,
since the crystalline periodic networks of MAPbBr3 grids are multi-crystalline constructions, and
supply strong light-scattering interfaces. Using the random lasing performance, we can also justify
the crystallization qualities and reveal the responsible mechanisms. This is important for the design
of large-scale optoelectronic devices based on thin-film hybrid halide perovskites.

Keywords: two-dimensional patterning; periodical grids; hybrid halide perovskites; random lasing;
large-scale thin-film networks

1. Introduction

Organic-inorganic hybrid halide perovskites are a group of promising semiconduc-
tor materials for high-efficiency optoelectronic devices [1-6]. Light-emitting [7-9] and
photovoltaic [10-12] diodes, as well as lasing devices [13-17], have been reported on ex-
tensively. Although single- or multi-crystals have been synthesized in large scales at high
quality [18-22] and have been applied for various purposes, thin-film devices [23-26] are
more attractive in the construction of devices that are integratable into micro- or nano-scale
systems. However, the conventional spin-coating method may encounter problems with
the homogeneity of the produced film, in particular for large-scale fabrication. This is not
only because of the dewetting of the solution on the conventional substrates, but also due
to the quick crystallization of the molecules in random scales and random distributions.

Patterning the substrate with designed micro- or nano-structures and optimized
microscopic dimensions may not only modify its surface-energy properties, but also
control the molecular crystallization process by dividing the large-area surface into pe-
riodic/nonperiodic localized sites. This is an ideal strategy to achieve large-area thin
films with high qualities precisely controllable on each local site. Such a strategy ap-
plies not only to hybrid halide perovskites [27] but also to any other organic/inorganic
semiconductors [28,29] or even biomolecules [30] with strong aggregation performance.
The corresponding designs also simultaneously facilitate new functions, including micro-
/nano-cavity effects, local-field confinement, output coupling control, optical waveguides,
and interface structural optimization or metasurface incorporation [31]. We have recently
reported controllable crystallization of the hybrid halide perovskites into grating lines with
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continuous distribution over a large length scale [27], which provides an effective approach
to overcome the above-mentioned challenge for producing high-quality MAPbBr3 crystal
stripe gratings with controllable performance.

In this work, we report fabrication of large-area thin films into two dimensions,
which enabled strong confinement of the molecules into more localized sites, and thus
higher-quality crystallization. An optimized matching was found between the solution
concentration and the patterning periods, with a duty cycle of about 50%. The random
lasing performance was investigated to characterize the fabricated 2D structures and to
verify the responsible mechanisms. Thus, we achieved thin-film CH3NH3PbBr; (MAPbBr3)
with a homogeneous area in the scale of cm? and locally high-quality crystalline structures
in sizes of microns.

2. The Network of Squarely Gridded Thin Film of MAPbBr;

The preparation method is illustrated in Figure 1 for the gridding network of the
MAPDBr; thin film. First, a two-dimensional (2D) grating was produced by photolithog-
raphy, where a positive photoresist 51805 was employed, so that the grating consists of
periodically distributed square cylinders on a glass substrate, as shown in Figure 1a. Using
different masks, we have fabricated gratings with different periods of 10, 20, and 50 pm.
Then, the solution of MAPbBr; in DMF with different concentrations was spin-coated onto
the top surface of the grating. In the last stage, the sample was heated to 90 °C for about
60 s. Figure 1c,d shows the microscopic characterization of the template photoresist grating
by 3D profiler and the finalized MAPbBr3 grating by a fluorescence optical microscope,
respectively. They illustrate clearly high-quality 2D gratings of square cylinders with
steep edges and homogeneous 2D grids of crystallized MAPbBrs. Since Figure 1 is used
to interpret the preparation procedures, we did not present detailed parameters of the
structures in Figure 1c,d. We have also found that for a concentration of 0.14 mg/mL, the
gridding network surrounding the cylinders can be filled completely and homogeneously,
as illustrated in Figure 1b. Higher concentrations led to inhomogeneity and connection
between neighboring locations, while concentrations that were too low led to incomplete
fill of the grating grooves.

a Spin-coating MAPbBr,/DMF b
D-PR grating & 2D Crystalline Grid

)
N
“

3 =
AR A
An R

a‘ﬂ

333
Jf)jj
2ayp

Figure 1. (a,b): Schematic illustration of the fabrication of gridded MAPbBr; crystalline film by
filling the void space in the 2D PR grating through spin-coating the MAPbBr3 /DMEF solution. (c) 3D
topological image of the template PR grating prepared by photolithography. (d) Optical microscopic
image of the fabricated 2D crystalline grid of MAPbBr3 under illumination by UV light.
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Figure 2 shows the microscopic measurements on the practically fabricated structures.
Figure 2a—c show the 3D topological mapping of the photoresist grating structures for
a period of 50, 20, and 10 um by a 3D profiler, which verify excellent distribution and
homogeneity performance of these grating structures. Although it is not specified in the
figures for the clarity of the demonstration, according to the 3D topological measurements,
the modulation depth of the gratings or the square cylinder height is about 1 um for all of
the samples. We have also carried out fabrication experiments for a larger grating period of
100 pm and smaller periods than 2 um to optimize the structural parameters. However, we
did not find much difference between the fabrication using 50 and 100 pm. In contrast, for
grating periods smaller than 2 um we did not achieve satisfying crystalline structures of
MAPDBr3; on the patterned substrates. Therefore, we include in this work our fabrication
and investigation of the patterned MAPbBrj3 thin film by three typical periods of 10, 20,
and 50 pm.

.
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Figure 2. 3D topological images (a-c) and optical microscope images (d—f) of the template PR grating
and the finished crystalline MAPbBr3 grid for periods of 50 pm, 20 um, and 10 um, respectively. The
scale bars denote a same length scale of 80 um.

Figure 2d—f show the fluorescence microscope images of the fabricated MAPbBr;
thin film on patterned substrates with photoresist gratings of different periods. For a
grating period of 50 pm, due to the large width and large volume of the grating grooves,
there are two opposite effects during the crystallization processes. On one hand, a large
amount of MAPbBr; was confined completely into the grating grooves, which favors good
crystallization performance inside the large volumes. On the other hand, due to the low
concentration of the solution, the materials confined in the grating groove during the
spin-coating process are limited; the large volume inside the grating grooves allows more
freedom and more time for MAPbBrj3 to get crystallized; these factors reduce the quality
and homogeneity of the crystals, as can be confirmed by Figure 2d. We can observe that all
of the MAPDbBr3 are confined to the grooves with very clear edges, however, defects are
distributed randomly and extensively in the crystal networks, which can be identified by
the dark textures on the bright green background.

Similar effects can still be observed in Figure 2e, where the grating period was reduced
to 20 um. More continuous crystals may be observed in Figure 2e than in Figure 2d, in
particular in the space surrounding the photoresist square cylinders, as highlighted by
dashed red squares. In contrast, when the grating period is reduced to 10 um, the continuity
and homogeneity of the crystal grid becomes much improved, as can be seen in Figure 2f.
The whole network can be observed as a whole crystalline MAPbBr3 film with “black
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holes” punched by the photoresist square cylinders. The significantly reduced space in the
grooves of the grating with a period of 10 um enables complete filling by MAPbBr; and
high-quality crystallization with continuous connection over the whole grating structure.
It is also understandable that breaks may be observed over the large-scale solid structure,
as can be verified by the dark defects in Figure 2f. It is thus an indication that for a given
solution concentration there exists an optimized channel width for the crystallization of
MAPDbBr3 in the 2D-distributed grating grooves. For a concentration of 0.14 mg/mL of
MAPDbBr3 in DME, the grating period of 10 um with a rough 50% duty cycle is found to be
the best design for producing continuous crystalline structures.

Figure 3a—c show the scanning electron microscope (SEM) images for the samples
patterned with a period of 10, 20, and 50 um, respectively. Figure 3d shows the X-ray
diffraction (XRD) spectra for these three samples. According to the SEM images, the sample
patterned by the 10-um grating exhibits the best surface quality among the three samples.
Looking at the XRD spectra in Figure 3d at 20 = 15° in the inset of Figure 3d, we can find
that the sample with a 10-um has the strongest diffraction, the narrowest spectrum, and
the smallest diffraction angle. This also implies the best crystalline quality among these
three samples. Therefore, the experimental results in Figure 3 again confirmed our analysis
above (Figure 2).
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Figure 3. (a) SEM image for the patterned structure with a period of 10 um and an enlarged view of a
local area. (b,c) SEM images for the structures with a patterning period of 20 and 50 um, respectively.
(d) XRD spectra measured on the three kinds of structures patterned at different periods. Inset: an
enlarged view of the spectra.
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3. Optical Spectroscopic Performance of the Gridded Crystalline Film
3.1. Absorption and Photoluminescence

Figure 4a,b show the absorption and emission spectra of the fabricated grating structures,
respectively, where the three measured spectra correspond to the samples in Figure 2d—f.
According to Figure 4a, the absorption spectra of the patterned structures with different
periods are peaked nearly the same at about 525 nm with a bandwidth of about 20 nm
at FWHM. However, the three spectra have different contrasts, or they have different
background intensity for wavelengths longer than 550 nm. Such background results
mainly from the scattering of light by the patterned MAPbBrj3. It is understandable by
looking at the microscopic images in Figure 2, where the structures have 50 and 20 um
patterning, that they also have more inhomogeneity or defect structures than with 10 um
patterning. Meanwhile, the absorption by the 50 um grating patterned structures has a
broader absorption spectrum due to more defects or inhomogeneity than those with 20-
and 10-um patterning.
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Figure 4. Absorption (a) and PL (b) spectra of the crystalline MAPbBrj film gridded at different
periods. In (b), the bandwidth of each PL spectrum at FWHM is listed.

The PL spectra in Figure 4b are all peaked at about 533 nm, which have nearly the
same spectral shape. Nevertheless, they still have slight differences in the bandwidth at
FWHM, which is 20.39, 22.47, and 20.75 nm for the grating periods of 10, 20, and 50 pm.
Although we did not observe a monotonic variation of the bandwidth when increasing
the grating period, we can still identify a narrow emission spectrum at a grating period
of 10 um, implying more homogeneous crystallization of MAPbBr3, which can be further
confirmed by the random lasing properties.

3.2. Random Lasing

Figure 5 shows the random lasing performance of the 2D patterned structures at
different periods, where Figure 5a,a’, Figure 5b,b” and Figure 5c,c’ correspond to the grating
periods of 50, 20, and 10 um. In the measurements, a femtosecond laser with a pulse
length of 150 fs, a repetition rate of 1 kHz, and a center wavelength of about 400 nm
was used as the pump. A spectrometer with a sub-1 nm resolution was positioned in
front of the sample and used to measure the emission spectrum. Figure 5a shows the
emission spectrum measured at different pump fluence for the sample with a grating
period of 50 pm. An obvious random lasing peak occurs as the pump fluence exceeds
48 1J /cm?, which increases dramatically with the increasing of the pump fluence. The
peak intensity as a function of pump fluence is plotted in Figure 5a’, where two stages can
be observed, implying a clear threshold effect of the random lasing performance. Using
linear fitting to the measurement data to these two stages, we can resolve a threshold pump
fluence lower than 50 J/cm?. Similar measurements and analysis are made for the sample
with a patterning period of 20 um, as shown in Figure 5b,b’. However, a higher pump-
fluence threshold can be justified for A = 20 um, which is roughly 60 pJ/ cm?. This can be
understood by considering the lower density of defects or higher crystallization quality,
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as compared with A = 50 um, where the light-scattering strength has been reduced and
consequently the optical gain mechanisms were weakened. Similar effects apply further
to the case of A =10 um, as shown in Figure 5c,c’, where random lasing spectrum can be
clearly observed when the pump fluence is increased to about 70 uJ/cm?. This aligns well
with the observation of the most homogeneous crystallization structures for A = 10 um. All
of the experimental results in Figure 5 have shown clear threshold effects and two-stage
variations of the emission intensity with pump fluence, indicating excellent random-lasing
performance for all of the samples. In particular, the random lasing performance supplies
a further verification of the crystallization qualities at different pattering periods.
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Figure 5. Random lasing performance (emission spectra and lasing threshold) of the MAPbBr3

crystalline gridding at different periods: (a) A =50 um; (b) A =20 um; (¢) A =10 um. (a’—¢’) Emission
intensity at about 550 nm as a function of the pump fluence, corresponding to (a—c), respectively.
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A more convincing analysis is the comparison of the lasing bandwidth. To make
this comparison more objective, we need to isolate the random lasing spectrum from the
emission spectrum. This can be done using the mathematics below:

Igc(A) = I(A) — Ip(A) x I(535nm)/Iy(535 nm)

where IRp (A) is the pure random lasing spectrum, I(A) is the directly measured emission
spectrum, Ip(A) is the background fluorescence spectrum at the lowest pump fluence below
the threshold for random lasing, and I(535 nm) and I5(535 nm) are the intensities of the
corresponding spectra at 535 nm, which is outside the spectral range of random lasing.

Figure 6 shows the extracted pure random lasing spectra for patterning periods of 50,
20, and 10 pm. There is observed a slight redshift of the peak wavelength (Ag) of the lasing
spectrum with increasing the pattering period. However, we did not observe a monotonic
variation of the lasing bandwidth, where we have a full bandwidth at half maximum of
6.42,7.07, and 4.98 nm for the patterning periods of A =50, 20, and 10 pm, respectively.
Nevertheless, for A = 10 um, we achieved the narrowest lasing emission spectrum. This
verifies again that the structures with a period of 10 pm have the best crystallization quality
and the highest homogeneity, so that the lasing spectrum has a narrowest bandwidth of
4.98 nm.
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Figure 6. Comparison between the bandwidth of the random lasing spectra measured on the
patterned MAPDbBr; crystalline film at different gridding periods.

4. Conclusions

We achieved locally high-quality and large-scale homogeneous crystalline networks
of MAPbBr3. This overcomes the challenge of producing large-area thin film devices of
hybrid halide perovskites with high quality by spin-coating. At a specific concentration of
MAPDbBr3 in DMF, the optimized crystal networks were produced in a 2D grating with a
period of 10 um. Random lasing was achieved for all of the two-dimensionally gridded
MAPDbBr3 crystals with a period of A = 10, 20, and 50 um. However, the lowest lasing
threshold was measured for A =50 pm and the narrowest lasing bandwidth was obtained at
A =10 pum. The underlying mechanism is that the strong scattering of light by high density
of defects with rough interfaces enables the lowest lasing threshold at A = 50 um, while the
most homogeneous crystal structures allow random lasing with the narrowest bandwidth
at A = 10 um. These discoveries are important for the design of optoelectronic devices
based on large-scale MAPbBrj crystalline films with high quality and high homogeneity.
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