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Abstract

Considering that the periodic photonic nanostructures are commonly realized by expensive
nanofabrication processes and the tunability of structure parameters is limited and complicated,
we demonstrate a solution-processed upside-down molding method to fabricate photonic
resonators on perovskites with a pattern geometry controllable to a certain extent. This upside-
down approach not only reveals the effect of capillary force during the imprinting but also can

control the waveguide layer thickness due to the inversion of the perovskite membranes.



Introduction

The precisely designed photonic crystal structure has been proved to improve the optical
properties of semiconductors such as 111-VV compound semiconductors for device applications,
including enhancing light absorption in solar cells (1,2) and photodetectors, (3) improving light
emission in light-emitting diodes (LEDSs), (4,5) and providing feedback in distributed feedback
(DFB) laser devices. (6—8) However, conventional nonsolution nanoimprint lithography (NIL)
including hot embossing, thermoplastic, or UV-based nanoimprint involves time-consuming and
cumbersome processes under extreme conditions such as high temperature and pressure. (9) For
instance, in typical thermoplastic NIL, the imprint resist polymer should be heated above the
glass transition temperature (up to 200 °C) and the pattern is pressed into the soft polymer under
a pressure of 13 MPa. (10) Therefore, it is highly desirable to realize the high-performance
optical nanoresonators by a simple room-temperature solution process and to address the ever-

demanding low-cost and efficient optoelectronic devices.

The lead halide perovskite has attracted extensive attention from worldwide researchers owing to
its advantages of high quantum efficiency, (11) band gap tunability, (12) large absorption
coefficient, (13,14) and solution processability. (15,16) Compared with fast progress on the
planar perovskite thin film in optoelectronic devices, (17—19) the periodically structured
perovskites are less reported because of the complicated fabrication procedures and poor
controllability. It is a potential alternative to boost the performance of devices by endowing the
planar perovskite film with a specific photonic nanostructure. One method is directly imprinting
patterns on solid perovskite films or gels through rigid or soft stamps, respectively. Nevertheless,
for rigid stamps used in hot embossing, (20—22) such as silicon chips patterned by electron-beam

lithography or photolithography, there are concerns about the risk of damaging the costly and
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fragile molds under such high pressure up to 100 bar. On the other hand, applying soft stamps
such as the polydimethylsiloxane (PDMS) membrane (23,24) on the top of the perovskite gel
with direct compression would easily lead to nanostripes, with the substrate exposed at some
parts. Besides, the direct pattern on perovskites by electron-beam lithography (25) or laser
beams (26) instead of utilizing the as-prepared stamps would give rise to unexpected adverse
effects on the crystallization quality and homogeneity because of the poor tolerance of the
perovskites to heat and high-energy particles. The other indirect approach is to deposit perovskite
polycrystalline films on patterned substrates such as quartz glass, (27) silicon wafers, (28) and
SizNg4, (29) or even biomaterials (30) by evaporation or spin-coating methods. However, the
patterned substrates, which are fabricated with complicated and expensive processes, serve as the
component of the device and thus are one-off, leading to high cost of perovskite-based devices
and limitation of the substrates. Recently, periodical perovskite nanostripes based on the reusable
and low-cost PDMS membrane by feasible phase transition with the assistance of methylamine
(MA) gas and annealing treatment have been reported. (31) However, these kind of nanostripes
can hardly serve as the integrated optical resonators due to high energy loss in the active layer in
photovoltaic or light-emitting devices the as exposed-substrate part could lead to severe current
leakage. (32—34) Moreover, the annealing treatment is not adaptable for some temperature-
sensitive flexible substrates and electronic components. Consequently, realizing an integrated
perovskite nanoresonator fabricated by a facile room-temperature solution process is still a
challenge. Further developments on perovskite nanostripe-integrated waveguide structures with
facile processing methods are of significance for extending the applications in optoelectronic

devices.
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Here, we demonstrate a solution-processed upside-down approach to fabricate photonic
resonators with a certain range of controllable pattern geometry and waveguide thickness. We
propose an approach of upside-down molding method by simply attaching desired nanopattern
templates onto the flipped-over perovskite film to avoid possible template—substrate direct
contact due to the weight of templates when the perovskite membranes are placed upward. This
approach not only reveals the effect of the capillary force to make the gel penetrate into the
nanoscale troughs of the template pattern but also can control the thickness of the waveguide
layer because of the inversion of the perovskite membranes. Besides, we take full advantage of
MA-induced phase transition and antisolvent-vapor-assisted method to optimize the crystal
quality of our perovskite resonators. Finally, after simply optimizing the crystal quality and
geometrical parameters of our perovskite resonators, we demonstrate that the patterned
perovskites can achieve remarkable lasing emission with a threshold of 15.3 wJ/cm?and line
width of 0.52 nm at 782.9 nm. This work contributes an approach to realize controllable periodic

perovskite nanostructures for emerging optoelectronic applications.

Results and Discussion

Controllable Periodic Nanostructures

Our upside-down molding method is suitable for general perovskite gels and precursors
according to the mechanism. Here, considering the gels prepared by MA treatment exhibit
excellent high-quality-film-forming ability, (35,36) we take the MA-induced gels as an example
to show the whole process. The schematic procedures are shown in Figure 1 A soft PDMS stamp
with the periodic pattern was covered on top of the as-prepared MAPbI; perovskite film
(Figure 1a,b). Different from the conventional imprinting method in which the perovskite

membranes are placed upward, we performed an upside-down process by reversing the substrate
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and keeping the PDMS-covered area suspended in midair (Figure 1c). Then, we adopted a
volatile amine gas, MA, to transform the raw perovskite film from the solid state to liquid-phase

perovskite gel (MAPDI;-xCH3NHy) at ultrafast speed (Figure 1d). (37) The proposed upside-

down approach resorts to the capillary force to make the perovskite gel permeated into the
narrow grooves of the soft stamp in dozens of seconds (Figure 1e). Besides, we can tune the
thickness of the waveguide layer by changing the precursor concentration accordingly. This
merit is unique to our method as no pressure is imposed. During the whole imprinting process,
only a downward pulling force (stretching force) from the template’s weight is exerted on the
perovskite gel, which, however, is balanced by the physical adhesion force between the
perovskite gel and the template. The amount of gel is well retained to form the waveguide layer
with different thicknesses instead of being squeezed away by the external force (downward
extrusion force) in the conventional imprint method. Typically, after removing the organic amine
gases, the transparent gel would return to dark-brown solid perovskites at ultrafast speed without
further treatment. However, when the soft stamp covers the perovskite gel, the release of the
gases would be hindered and may lead to a transition in the crystal structure as the
recrystallization process will be prolonged to around 1 h. The transparent perovskite gels
attached by stamps turn light brown rather than pristine dark brown after such a long
recrystallization time. The prolonged recrystallization will lead to worse surface morphology and
decrease in photoluminescence (PL). More details would be discussed later in the sections below.
Here, we propose to introduce dichloromethane (DCM) vapor treatment to accelerate the

recrystallization under room temperature (Figure 1f).

DCM is a kind of volatile nonpolar solvent and often used as an antisolvent vapor for the growth

of bulk perovskite crystals (38,39) and single-crystal membranes. (40) Here, liquid antisolvent
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such as chlorobenzene cannot work due to the soft membrane blocking. Therefore, the volatile
DCM was chosen to act as a gaseous antisolvent. After the perovskite gel permeated into the
groove of the soft stamp, we introduced DCM vapor into the container, as shown in Figure S1.
The PDMS-covered perovskite gels were rapidly saturated and crystallized along with the
diffusion of gaseous DCM. The transparent perovskite gel then turned dark brown from the edge
to the middle of the stamp along with the DCM vapor’s diffusion. The recrystallization process
would decrease from around 1 h (room-temperature volatilization) to 10-20 min. It is of great
significance to optimize the fabrication process to be conducted in a mild environment for
various application scenarios. Besides, the room-temperature solution-based fabrication approach
would offer low energy consumption and low-cost processes. Finally, after removing the
hydrophobic soft stamp (Figure 1g), a waveguide-integrated nanostructure without any exposed
part was achieved for functioning optoelectronic devices such as the representative device of

photonic resonators. Figure S2 shows the optical image of patterned and pristine perovskite films.

The upside-down method is the unique technique used to form continuous optical waveguide
structures and various patterns simultaneously. As shown in Figure S3, we also imprinted the
perovskite film using the conventional downward method (the membranes are placed upward
during imprinting) as a comparison. For the formation of the waveguide layer, when the soft
stamp is on top of the perovskite gel in the conventional downward imprint
process, (23,24,31) the weight of the soft stamp or the extrinsic press through mechanical
extrusion is the major contributor of imprinting patterns. However, these forces imposed on the
liquid gel would easily lead to template—substrate direct contact, which is the main cause of the
exposed substrate part, especially when the pristine film is thin. In contrast, the template-covered

perovskite film is inverted in our method. The van der Waals force between the perovskite and
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the template is the downward pulling force to the solution perovskite in the process. Such weak
but sufficient pulling force allows the formation of the nanopattern and the waveguide layer
simultaneously. As a result, the gap between the substrate and template can always be filled with
perovskite gel and turn into the integrated waveguide structure after recrystallization. The
comparison between the mode propagation profiles of the samples with (upside-down molding
approach) and without (conventional approach) waveguiding layer are also detailed in Figure
S4 and discussed in the Supporting Information Note 1. Regarding the pattern formation, the
nano-to micron-sized grooves on the soft mold are sufficiently small. The liquid gel is propelled
to enter the narrow spaces due to the capillary phenomenon, that is, the combined effect of

surface tension and adhesive forces between the liquid and template.

Our approach applies to various photonic patterns in one- or two-dimensional structures. The
morphologies of the pristine and patterned perovskite films are shown in Figure 2. The atomic
force microscopy (AFM) image in Figure 2 shows the pristine perovskite film exhibiting a
polycrystalline morphology with a roughness of 28.60 nm [root-mean-square (rms)]. In
representative line scans along the direction of perovskite gratings (Figure 2b, horizontal solid
line c,d), the rms roughness greatly decreases from 28.60 nm to merely 3.9 nm after the
imprinting process. In most of the optoelectronic devices such as DFB laser, the ultrasmooth
semiconductor surface can significantly reduce the lasing threshold, resulting from the minimal
light scattering and loss in the waveguide. (22) Besides, the rms deviation of altitude across the
grating peaks was only 1.75 nm (Figure 2b, vertical dashed line a,b). This indicates that the
periodic change of the effective refractive index across the grating is extremely regular, and thus,
the DFB structure can be precisely favored to a particular emission mode. Therefore, the DFB

laser based on the regular geometric construction pattern with an ultrasmooth surface would
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exhibit the properties of threshold and excellent monochromaticity. Figure 2c displays a two-
dimensional dot-matrix perovskite pattern. This kind of pattern allows periodic modulation of the
refractive index along two directions. (41) Overall, both patterns show excellent regularity that

confirms that our method would be broadly applicable to different nanopatterns.

Organic amine gases not only can dissolve the solid perovskites such as other high-boiling-point
polar solvents but also can reduce defects in the raw perovskite films through the reversible gas—
solid interaction. (37)Figure 2d shows the scanning electron microscopy (SEM) image of the
pristine film. The grain boundary is highly obvious. After the imprinting, a dense, smooth-
surface perovskite grating emerged (Figure 2e). From the cross-sectional SEM images of the
patterned perovskites (Figure 2f), we confirm that the liquid perovskite gel is always in close
contact with the soft template when the substrate was inverted; no cracks or holes are observed

from the cross-sectional image.

To understand the thickness of the waveguide on the effect of the nanopatterned structure, we
fabricated a series of perovskite films with different precursor concentrations (1.0, 1.2, and 1.4
M). As can be seen from the cross-sectional SEM images (Figure S5), the teeth of the gratings
almost have the same height, while the thickness of the waveguide layer increased with the
precursor concentration. The waveguide thicknesses of the gratings made by 1.0 M (Figure S5a)
and 1.2 M (Figure S5b) precursors are around 100 and 220 nm, respectively, while the
waveguide thickness of 1.4 M counterparts is around 500 nm (Figure S5c). This is because the
amount of liquid gel into the mold grooves is constant under given conditions; hence, the thicker

pristine film results from the more perovskite gel between the substrate and the soft membrane.
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To obtain a deeper understanding of the capillary phenomenon in groove formation, we
conducted hydrophilic treatment on the soft molds. To be specific, the patterned soft molds were
immersed in an aqueous solution of sodium dodecyl benzenesulfonate and then dried in an oven.
The increase in surface energy is demonstrated in the smaller contact angle of water droplets on
the treated PDMS molds when compared to the pristine membrane, as shown in Figure S6. The
contact angle decreased from 121.5 to 114.2°, which implies the enhancement of the interaction
between the molds and the gel after the treatment. The height profiles from the AFM of relevant
perovskite gratings are shown in Figure 3a (made from pristine PDMS) and Figure 3b (made
from treated PDMS). Interestingly, the groove depth increased from 80 to 100 nm after treatment.

According to Young’s equation (eg 1)

y =y 4+ ylcosd (1)

There are three kinds of interfacial energy on the three-phase intersection, including solid—vapor
), solid-liquid (y*), and liquid—vapor (v interfacial energy, as shown in Figure 3c. The
hydrophilic treatment increases the solid—vapor (y°) interfacial energy and may lead to better
wettability. Therefore, the three-phase intersection would drop, and thus, we can achieve
perovskite grating with increased grating height. Although the contact angle only decreased by
7.3° after hydrophilic treatment, the perovskite gel fills the entire grooves as the depth of the soft

stamp is just around 100 nm.
Material Optimization

To better analyze the effect of this gas solvent-assisted imprinting process on the structure and
quality of the perovskites, we conducted measurement on the PL spectrum and time-resolved PL

(TRPL). Note that a planar soft stamp is used in the imprinting process here to eliminate the
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effects from the grating structure onto the material crystal quality. Figure 3d shows that the PL
intensities are significantly improved for the samples with amine treatment, no matter if it was
covered with the soft stamp or not. Typically, the grain boundary and pin holes mean more
defects/trap states in the perovskite membranes, which would lead to an increase in the
nonradiative recombination and weak PL intensity. After the MA-induced solid—liquid
conversion, the cured perovskite membranes show a smooth and dense morphology and the
defects/trap states are effectively suppressed. Approximately 4-fold intensity enhancement can
be observed from the MA-healed film and 2.5-fold improvement from the healed film covered
by the PDMS membrane. It also shows that if amine gases were delayed when discharging from
the perovskite gel because of soft membrane blocking, not only the surface morphology would
become worse (31) but also lead to a decrease in PL intensity due to the pin holes, as shown
in Figure S7. This is why we need DCM treatment to accelerate recrystallization. Unlike the
SEM images with obvious pin holes as shown in Figure S7b, the DCM-induced perovskite
patterns show smooth and dense surface morphology. Furthermore, the improvement in charge
carrier properties was studied through the TRPL (Figure 3e). The carrier decay lifetimes of the
pristine and imprinted perovskites are 5.47 ns (t1 = 4.35 ns, 81.74%; 1, = 10.47 ns, 18.26%) and
12.75 ns (t1= 7.98 ns, 23.14%; 1, = 14.18 ns, 76.86%) respectively, from the biexponential
fitting. The two components represent the defect states located at the surface and bulk,
respectively. (39) The doubling in the lifetime from the imprinted film indicates the
improvement of crystal quality through the stamping process. Additionally, the even prolonged
lifetime of 17.49 ns (t1 = 10.55 ns, 46.30%; 1, = 23.48 ns, 53.70%) from the film just after MA

post-treatment suggested the great reduction of traps and defects in the perovskite. Although the
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delay of the release in MA during post-treatment in the imprinting process would affect the

crystal quality, its film quality still shows apparent improvement compared to the pristine film.

We further studied the X-ray diffraction (XRD) patterns of the perovskite gratings that were
recrystallized under different recrystallization conditions. Since the method of annealing the
patterned perovskite gel has proven to be an alternative way for recrystallization, (31) we put the
annealing recrystallization samples here as a comparison to confirm the gaseous DCM’s ability
to accelerate the recrystallization. As shown in Figure 3f, the peaks of the pristine perovskites
located at 14.20 and 28.67° represent (110) and (220) planes, respectively. (42) For the patterned
samples, the imprinting process alters the crystal orientation, where the dominating signals in
XRD appear at 14.20 and 24.60°, corresponding to the (110) and (202) planes of the tetragonal
perovskite structure of MAPDI;. (42) Besides, using the annealing method to accelerate the
recrystallization can contribute to much better crystal quality compared to room-temperature
volatilization, as shown at around 10-fold higher intensity of characteristic peaks at 24.60° [(202)
plane]. This claim is further attested by the significant narrowing of peak line widths from
0.2399° before treatment to 0.1216° after annealing. The antisolvent vapor-induced perovskite
gratings also have characteristic peaks at 14.20 and 24.60°, which are the same as their annealing
counterparts. Interestingly, the vapor-induced characteristic peak at 24.60° has about double
intensity of the annealing-assisted samples, which implies that the antisolvent vapor-induced
perovskite gratings have higher crystallinity in this lattice phase due to more efficient gas

extraction.
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Optical Properties

The light polarization absorption spectra of perovskite planar film and grating are shown
in Figure S8. For the pristine film, the absorption curves of transverse electric (TE) polarized
light (electric field parallel to gratings) coincide with transverse magnetic (TM) polarized light
(electric field perpendicular to gratings). Differently, the absorption of TE polarized light in
perovskite grating is slightly higher at the short-wavelength region when compared to the
pristine planar film, while the TM polarized light remains unchanged. This shows the
polarization-dependent absorption properties induced from the perovskite gratings with the
nanoimprinted periodical nanostructures. According to the theory of effective medium
approximation, (43,44) the extinction coefficients (imaginary part of the effective refractive
index) of the TE-polarized and TM-polarized lights are separated in the grating structures. The
absorption of light is, therefore, more desirable for TE polarization, resulting in a significant

enhancement in TE-polarized light absorption, especially in the blue to green regions.

Furthermore, we studied the angle-resolved PL spectrum of the samples. There is a significant
light emission enhancement at the angles of around +7.5 and +25° for the 320 nm gratings while
no enhancement at any angles for the planar film, as shown in Figure 4a. The peak features
originate from light coupling in the grating structures according to the grating
equation. (45) Additionally, the overall enhancement of the PL intensity of grating is due to the
combination of crystal quality improvement and optical resonance. The angle-independent
emission curve from the pristine film conforms to the Lambertian radiation pattern as expected.
To better analyze the angular distribution of the PL intensity, we conducted a full-wave
simulation through the finite-difference time-domain (FDTD) method. The simulation results

in Figure 4b show a similar angular distribution compared to experimental data. In the theoretical
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results, the PL intensity of perovskite grating is weaker than that of the planar film at certain
angles. However, from the experimental data, the perovskite grating always shows higher PL
intensity than the film at all angles. This difference can be explained by the improved
crystallinity of the perovskite, as discussed earlier. Moreover, the simulated angle-resolved PL
spectrum of the pristine perovskite also coincides with the Lambertian radiation pattern
(Figure 4c). Regarding the 320 nm period grating, four significant peaks exist in the radiation
pattern (Figure 4d). The peaks were located at two emission angles of around +7.5 and +20° at
the wavelength of around 780 nm. These simulation results are in good agreement with the
experimental data. Combining with the PL emission results, our patterned perovskites show
enhancement in both absorption and light-extraction efficiency, which is consistent with previous
reports of enhanced performance for optoelectronics incorporated with photonic
nanostructures. (1-5,37) The enhanced optical properties through our imprinting method could
contribute to the optimization of performance in various optoelectronics, including solar cells,

photodetectors, and light-emitting devices.

Perovskite Photonic Resonator-Based Lasers

Among the patterned semiconductors optoelectronics, DFB lasers require the dedicated design
on the geometry parameters of the linear gratings. More importantly, the light scattering of
guiding modes is highly sensitive to the surface roughness and homogeneity of the grating
structure, which is the major cause of the deterioration of device lasing quality. Taking the
advantage of excellently high gain from the perovskite material, (46) together with the improved
crystal quality and uniform gratings from our stamping method, it is possible to realize the highly

controllable DFB laser after parameter optimizations.
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In demonstrating the lasing phenomenon from perovskite DFB laser, the grating parameters are

2ngh

designed through the Bragg e_q_2)" T Tm (2)where Ar, Ness, A, and mare the resonant
wavelength, effective refractive index, grating periodicity, and order of mode, respectively. In
the following discussion, the DFB lasers with second-order mode (m = 2) are designed because
of their close-to-normal out-coupling from the grating structure, also for the ease of fabrication.

This is beneficial to both device quality and allows easier lasing characterizations.

We fabricated and examined the lasing characteristics of one-dimensional perovskite gratings
with a periodicity (A) of 320 nm, whose resonance wavelength roughly matches with the PL
emission range of the perovskite materials. The details of lasing characterization are described

in Materials and Methods. As shown in Figure 5a,b, strong lasing at the wavelength of 782.9 nm

is observed from our perovskite grating under the reasonable threshold of 15.3 ],LJ/cmz. The
effective refractive index of the laser mode of ness = 2.446 is obtained according to the Bragg
equation. This value is also close to the simulated fundamental TM mode effective index (nes =
2.388) from the 320 nm perovskite waveguide using the finite-different eigenmode method. It
shows that the feedback from the grating structure has amplified the fundamental TM mode and
allows it to lase in our device. Additionally, the emission linewidth, as displayed in Figure 5c, is
significantly reduced from around 40 nm down to less than 5 nm, which demonstrates the
property of emission narrowing in the laser oscillation. It shall be noted that the linewidths of the
laser peaks as shown in Figure 5a,c were limited by the system resolution of the spectrometer
(~5 nm). The higher-resolution grating (1200 Ipmm) was used to resolve the lasing peak. The
linewidth of AL = 0.52 nm at the fluence of just above the threshold was obtained; see Figure 5d.
The high Q-factor of over 1500 indicates the excellent cavity qualities from the sample

fabricated using the upside-down molding method.
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Although the lasing linewidth we demonstrated here is relatively larger than some other photonic
crystal perovskite DFB lasers, (22,47) it is the limitations that come from the large pumping area
(5 mm x 0.3 mm). With the longer stripe excitation, stronger feedback can be provided from
more periods of DFB gratings. Hence, the threshold can be greatly reduced with large-area
excitation. However, obtaining lasing from a large area easily suffers from the inhomogeneity of
the sample, especially in our spin-coated solution-based devices. The little unevenness of the
layer thickness and periodicity usually can result in the broadening of laser linewidth, together
with the slight increase in the lasing threshold. Undoubtedly, it is possible to narrow the emission
linewidth by using microscopic excitations on only a few tens of the micron-sized region
(see Figure S9, where laser linewidth of 0.38 nm was achieved). However, the threshold and
linewidth demonstrated here have already been comparable to the previously reported perovskite
DFB lasers; see the comparison table in Table S1. This demonstrates the possibilities of making

high-quality laser devices over a large imprinted area using this approach.

Additionally, the emission dependence on the excitation stripe orientation is also tested and
illustrated in Figure 5d. The lasing phenomenon can only be observed when the pumping stripe
is in the perpendicular orientation with respect to the grating lines, while only weak PL is
emitted in the case of parallel orientation. This result further attested that the feedback from DFB
structures is the major contribution to the lasing emission from our perovskite devices. It shows
that with our new molding method, it is possible to engineer large-area devices with controllable
periodic nanostructures for a variety of use. The second-order laser emission that we demonstrate
here shows the head-on direction of the grating, which also promotes the potential of applying

into the surface-emitting laser at the near-infrared region for different applications.
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Conclusions

In summary, we have demonstrated an upside-down molding approach to fabricate perovskite
photonic resonators with a certain range of controllable geometry and waveguide layer. We
demonstrate that the alteration of the templates’ surface tension could change the depth of the
patterns. Meanwhile, the photonic structure with different waveguide layer thicknesses can be
well achieved through the adjustment of the pristine membrane thickness. Besides, we reveal that
the permeation of MA-induced perovskite gel into the narrow grooves of the mold is driven by
the capillary force under inversion circumstances. We further optimized the membranes’
morphology by simply using the volatile DCM vapor treatment to accelerate the crystallization

during imprinting.

After imprinting and morphology optimization, the perovskites with high-quality resonators
integrated with an optical waveguide layer were achieved. We identify the enhancement in the
absorption and emission properties from the patterned perovskite film. Finally, we utilize the
imprinted linear grating structure as a demonstration and obtained a remarkable threshold of 15.3
wl/em? and linewidth of around 0.52 nm under pulsed excitations. Our work provides a strategy
to fabricate geometrical parameter-controllable perovskite photonic resonators at room
temperature. It suggests the promising applications of solution-based perovskites on different
substrates including rigid and flexible ones. We believe that this new approach can inspire the
industry in commercializing high-quality perovskite-based devices, such as solar cells, LEDs,

and lasers.



Materials and Methods

Materials

Lead iodide (Pbly, 99.99%) and MA iodide (MAI) were purchased from TCl and Dyesol,
separately. MA chloride (99.5%, MACI) was purchased from Xi’an Polymer Light Technology
Corp. Dimethylformamide (DMF, 99%), dimethyl sulfoxide (DMSO, 99%), and chlorobenzene
were (CB, 99.80%) bought from Acros Organics. MA (33 wt % in absolute ethanol) was
purchased from Aldrich. Sodium dodecyl benzenesulfonate was purchased from J&K Chemical.
SYLGARD 184 silicone elastomer kit including the base and curing agent was brought from

Dow Corning. All the chemicals and solutions were used as received without further purification.

Pristine Perovskite Fabrication

Glass substrates were consecutively cleaned by ultrasonic treatment using detergent, deionized
(DI) water, acetone, and ethanol and then dried in the oven. The substrates were exposed under
ultraviolet ozone (UVO) for 20 min before use. For the perovskite precursor, stoichiometric Pbl,,
MAI, and MACI (molar ratio = 1:1:0.15) were dissolved in 1 mL of the DMF and DMSO
mixture (volume ratio 4:1). The precursors were stirred at room temperature for 2 h and then
filtered by 0.22 um PTFE syringe filters. The perovskite precursor was spin-coated onto the
substrate at 5000 rpm for 20 s, and 500 pL of CB was added dropwise to it at 15 s with uniform
velocity. After the spin coating process, the substrate was annealed at 100 °C for 10 min. Spin
coating and annealing were carried out in a nitrogen glovebox. Note that other room
temperature-fabricated pristine films can also be appropriate for the following imprinting

procedure. (48)
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Nanostructure Fabrication

The soft PDMS stamps were prepared by adding SYLGARD 184 silicone elastomer base and
curing agent (v/v = 10:1) on the patterned or flat silicon wafer. After the elimination of the
bubbles in the mixture in the vacuum state for 20 min, the covered silicon wafer was annealed at
65 °C overnight to form the solid-state PDMS molds. The PDMS mold was stuck on a pristine
perovskite thin film, and then, the substrate was inverted and placed in a Petri dish. The Petri
dish was filled with gaseous MA drop by drop into 20 uL of MA solution of ethanol. The
uncovered perovskites turned transparent immediately, while the PDMS-covered part completed
this transition, taking several minutes. After all the brown perovskites turn to transparent
perovskite gel, dozens of seconds were necessary for the liquid perovskite gel to permeate into
the narrow slit of the soft molds. The recrystallization of the perovskite gel was performed using
either room-temperature volatilization, 120 °C annealing, or DCM vapor treatment. The DCM
vapor treatment means transferring the patterned perovskite gel into another Petri dish filled with
gaseous DCM for 10-20 min. After finishing the recrystallization, the PDMS mold was torn
away, leading to the formation of imprinted perovskites. All the processes completed in the
nitrogen glovebox. For the hydrophilic treatment on the patterned soft molds, we dissolved 1 mol
sodium dodecyl benzenesulfonate in 40 mL of DI water and then immersed the molds in the
aqueous solution for 10 min. Finally, the molds were transferred to an oven and dried at 100 °C

for 6 h before use.

Characterization of Materials

The morphology of the pristine and patterned perovskites was characterized by SEM (Hitachi S-

4800 FEG) and AFM (NT-MDT NTEGRA Prima). The XRD spectrum was achieved using a



Bruker D2 Phaser, which was collected in the angular range of 5-50° (20) with a step size of
0.02. The optical absorption spectrum and angle-resolved PL spectrum were collected by an
angle-resolved spectrum system (R1, Ideaoptics, China) equipped with a highly sensitive
spectrometer (NOVA, Ideaoptics, China). Polarized light was achieved after placing a polarizing

prism between the light source and the sample.

Characterization of Laser Devices

The perovskite DFB samples were optically pumped by a Ti-Sapphire regenerative amplifier-
seeded optical parametric amplifier system with a wavelength of 610 nm, a repetition rate of 1
kHz, and a pulse width of 100 fs. The excitation spot was elongated through a cylindrical lens
and then focused down to a laser stripe with an area of 5 mm x 0.3 mm on the sample. The laser
emission from the perovskite sample was filtered by a dichroic beam splitter (632.8 nm 45°
RazorEdge Dichroic, Semrock), collected by a fiber-coupled Acton SpectraPro 500i
spectrometer (150 and 1200 Ipmm gratings), and the spectra were measured by a detector

(Newton EMCCD Camera, Andor, Oxford Instruments).
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Figure 1. Schematic illustration of the upside-down nanoimprinting approach for the fabrication
of perovskite periodic nanostructures: (a) as-prepared MAPDI; film; (b) cover the soft template
on the top of perovskite film; (c) invert the sample in the container; (d) introduce MA in the
container; (e) MA permeate into the molds; (f) DCM vapor treatment to eliminate excess MA; (g)

remove the soft template.
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Figure 2. Atomic force micrograph of (a) pristine perovskite film; (b) one-dimensional linear
perovskite grating (320 nm in period); and (c) two-dimensional photonic perovskite pattern. The
SEM images of (d) top-view pristine perovskite film; (e) top view and (f) cross section of
perovskite grating with the periodicity of 320 nm. The inset scale bar represents 1 um.
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Figure 3. Height profiles of perovskite gratings: imprinting by (a) pristine PDMS molds; (b)
PDMS molds with hydrophilic treatment; (c) schematic illustration of capillary force during the
imprinting; (d) PL spectrum and (e) time-resolved PL of the perovskites; (f) XRD spectrum of
pristine and patterned perovskites through different recrystallization methods.
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Figure 4. Angle-resolved PL spectra of perovskites through (a) experiment; (b) simulation.
Angular- and wavelength-dependent radiation power of (c) planar perovskite film; (d) 320 nm in
period perovskite grating.
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Figure 5. Emission spectra of DCM vapor-induced 320 nm period gratings: (a) evolution of the
emission spectrum with pump laser under A, = 610 nm excitation; (b) laser output power as a
function of pump laser intensity; (c) evolution of the emission full width at half-maximum from
the 320 nm period perovskite grating; (d) laser emission spectrum measured at different
excitation orientations. A low-resolution spectrometer grating was used in subfigures (a—c), and a
high-resolution grating in subfigure (d).
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