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Film morphology and the corresponding structural configuration can profoundly affect the optical
performance, especially the random lasing action in organic—inorganic metal-halide perovskite thin films.
They can be controlled in both micro- and nano-scale by manipulating different processing parameters
such as the ratios of engineered solvent mixtures, spin-coating speed and backplane temperature. With
the optimized parameters, the synthesized bare perovskite thin films can achieve room-temperature
random lasing action with the energy pumping threshold down to 0.9 mJ cm™2 and the corresponding
@ factor is estimated to be about 0.14. The bare films also show a long-time lasing reliability, maintaining
lasing intensity after an optical pumping of 12 x 10° pulses. Meanwhile, in the lifetime test under ambient
conditions, the bare films can sustain up to 7 days without any sealing package. Moreover, the perovskite
thin films can also be synthesized on flexible substrates with the total area up to 100 cm? paving
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1. Introduction

Organic-inorganic metal-halide perovskite composites exhibit
significant properties such as a long carrier diffusion length'*
and a high tolerance of structural defects.>® With these advan-
tageous properties, organic-inorganic perovskite composites
provide captivating prospects in photovoltaic devices”™ with
a certified photoelectric conversion efficiency (PCE) up to
25.2%.' Furthermore, with the perovskite-based tandem tech-
nology, monolithic perovskite/silicon tandem solar cells can
have noteworthy improvement on the PCE and the recently
certified record PCE can even achieve 29.1%." In addition to
their remarkable success in photovoltaic devices, organic-
inorganic perovskite composites are also rapidly developed as
the emerging light sources, such as light-emitting diodes**®
and lasers.”™ Moreover, organic-inorganic perovskite
composites can be easily and chemically substituted during the
solution-processable fabrication due to their tunable elemental
composition, realizing a broad wavelength tunability across the
entire visible spectrum."”** Solution-processed fabrication and
the extensive wavelength tunability make organic-inorganic
perovskites quite suited for manufacturing cost-effective and
large-area optoelectronic devices.

However, the material quality and even the reliability in the
ambient environment are challenges facing the urgent need to
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solve. Several strategies have been adopted, such as fast laser
crystallization for achieving highly crystalline structures and
uniform film morphology,* covering an additional graphene
layer on the top for improving the air-stability,”® adding caffeine
as an extra additive for improving the performance and the
thermal stability** and changing all organic components to
inorganic components for preventing the degradation by
ultraviolet light.*® These strategies are often incompatible with
the currently existing process or need additional steps and extra
optimization for fabricating appropriate devices.

Among these strategies and fabrication methods for
synthesizing high-quality perovskite thin films, the spin-coating
process is a promising solution-processing method for fabri-
cating low-cost and large-area thin-film optoelectronic devices.
Therefore, several fabrication processes based on spin-coating
strategies have been proposed and demonstrated. Sequentially
deposited perovskite thin films in the conventional two-step
spin-coating process are composed of large polycrystalline
grains and the surface morphology is inhomogeneous with lots
of air-voids.*® The poor surface morphology and roughness are
due to the high boiling point, up to 153 °C, of N,N-dime-
thylformamide (DMF) and will give rise to slow crystallization
during the spin-coating process, which may suppress the
performance of fabricated devices.

Consequently, to regulate the perovskite crystallization
process, in 2014, Xiao et al. first introduced the one-step fast
deposition-crystallization method to achieve highly uniform
perovskite thin films with full surface convergence.”” By
adopting an anti-solvent dripping technique during the spin-
coating process, the material crystallization can be controlled
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and the solvent-induced aggregation of perovskites can inter-
nally generate numerous polycrystalline grains, forming
a smooth surface morphology.

Apart from the anti-solvent dripping technique, the perov-
skite crystallization process can also be controlled by the
selection of the precursor solution. In 2014, Jeon et al. revealed
the formation of an intermediate phase, a Lewis acid-base
adduct, in the as-prepared perovskite thin film while using
a solvent mixture of dimethyl sulfoxide (DMSO) and vy-butyr-
olactone (GBL) for preparing the precursor solution.?®** It was
found that the intermediate phase formed in the solution-
processed synthesis of perovskite thin films can deeply
promote the quality of film morphology. Therefore, from then
on, the anti-solvent dripping technique along with the
precursor solution dissolved in different solvent mixtures, so-
called solvent engineering, has been extensively adopted as
a simple and promising strategy to fabricate compact and high-
quality perovskite thin films for high-performance photovoltaic
devices.?**

Despite the fact that the selection of solvent mixtures has
infinite combinations, previous studies suggested that this
specific intermediate phase is quite crucial for synthesizing
a desirable film morphology. In 2016, Rong et al. investigated
non-stoichiometric intermediate phase transitions during the
thermal annealing process.*** Later on, in 2017, Bai et al.
showed a pure intermediate phase by conducting a systematic
study on the different volume ratios of DMSO and DMEF.*
Additionally, the decomposition of the perovskite intermediate
phase during the annealing process can overall facilitate and
substantially increase perovskite crystalline domains.*” There-
fore, by strictly manipulating the volume ratio of DMSO in the
solvent mixture, the desirable film morphology can be obtained
and improved optical performance can be achieved. The anti-
solvent dripping technique along with solvent engineering
combines the flexibility of the solution-processed spin-coating
method with the controllability of the intermediate phase,
and thus provides a promising way for low-cost and large-area
manufacturing with high-commercial prospects.

For perovskite lasers, miscellaneous strategies and methods
had been demonstrated for lasing. Intrinsically, cavities can be
accomplished by different polygon shapes, such as whispering
gallery modes of polygon-shaped crystalline platelets,*® and
Fabry-Perot oscillation of nanowires and pyramid cavities.***"
Well-controlled and single-crystal configurations with appro-
priate crystal facets can serve as reflecting mirrors, like the
mirrors in a conventional laser cavity. Furthermore, these
configurations set records in low pumping thresholds with
a high-quality factor of light-emitting performance. On the
other hand, perovskite thin films with designed patterns, i.e.,
integrated with extrinsic cavities are also acceptable. Patterned
perovskite thin films, such as a metal-clad distributed feedback
Bragg (DFB) resonator using an interference lithography,** can
be utilized for lasing. Nevertheless, the pumping threshold is
unfavorable, attributed to the high loss of a substandard surface
roughness. Additionally, for a more flattened cavity, perovskite
thin films with a thermal nanoimprinting photonic crystal had
also been demonstrated, realizing the scalability of thin film
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lasers to a two-dimensional
microlasers.*

However, the mentioned laser resonators for achieving
a lasing action need additional steps or different fabrications,
such as carefully engineered nanostructures, additional adhe-
sive layer configurations or well-controlled crystal growth.
Therefore, they are not cost-effective in mass-production
because well-designed cavities are in demand, restricting their
practical application. Moreover, they still cannot achieve large-
area lasing and sacrifice the flexibility of the solution-processed
spin-coating method. In our work, we keep the advantages of
the solution process in metal-halide perovskite fabrication and
make good use of the inherent scattering in the gain medium
without a proposed laser cavity to achieve a random lasing
action.

Notwithstanding that amplified spontaneous emission (ASE)
from a 2D perovskite thin film was observed by Kondo et al. as
early as 1998, the requirements of cryogenic conditions are
stumbling blocks for further applications.** Later on, in 2004,
Kondo et al. reported ASE in all-inorganic cesium lead chloride
perovskite (CsPbCl;) polycrystalline thin films prepared by
amorphous-to-crystalline transformation at low temperature,
up to about 180 K.**** Forthwith, the same group demonstrated
room-temperature ASE in cesium lead chloride and bromide
perovskite (CsPbCl; and CsPbBr;) polycrystalline thin films, in
2005 and 2007, respectively.***” However, the complex proce-
dure for fabricating perovskite thin films has severe restrictions.
Not until 2014, Xing et al. revealed ASE from organic-inorganic
hybrid perovskite thin films in a cavity-free configuration which
could provide promising optical gain with great wavelength
tunability."”

Accordingly, to attain room-temperature and large-area
lasing action, in 2014, Dhanker et al. first reported optically
pumped random lasing action in methylammonium lead iodide
(MAPDI;) perovskite microcrystal networks using the spin-
coating technique.” In our previous study, we found that
random lasing action can be generated from multiple random
scattering provided by embedded crystalline nanostructures
and random lasing behaviours may be altered upon a tempera-
ture-induced phase transition.” In 2016, Shi et al. performed
a comprehensive study on the optical properties of solution-
processed MAPDI; perovskite thin films via temperature-
dependent and  excitation  power-dependent  photo-
luminescence measurements.*® The relationship between light
emission properties and phase states at different temperatures
was also investigated along with the estimation of exciton
binding energy and optical phonon energy. In the same year, we
demonstrated a feasible tunability of perovskite morphology
with different nanocrystal sizes by manipulating the precursor
solution concentration in a two-step sequential deposition
process.* The corresponding excitonic properties and lasing
performance indicated a high correlation with the formed
morphology of the perovskite nanocrystals. In 2017, Duan et al.
revealed that miscellaneous lasing actions in perovskite thin
films can also be generated from internal resonances.*® Exper-
imental and numerical verifications provide a further under-
standing of the lasing action and the -corresponding
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mechanism in such a complex lead halide perovskite system. In
2018, Weng et al. went a step further and demonstrated
a frequency-upconverted random lasing from organometallic
halide (CH3NH;PbBr3) perovskite thin films via a three-photon
absorption process.” Although these studies take advantage of
the solution-processed spin-coating method as a low-cost fab-
riction method and can achieve large-area random lasing
action, the surface morphology of synthesized perovskite thin
films is still inhomogeneous with lots of air-voids, which will
quickly degrade due to their large surface area without any
sealing package.

2. Experimental
2.1 Perovskite thin film fabrication

In this work, we investigate and exploit an optimized fabrication
via a solvent engineering process with an anti-solvent dripping
technique. We take lasing performance as the first concern for
further optimization. In this process, we take GBL and DMSO as
the precursors in solution-processed perovskite fabrications.
Different volume ratios of solvent mixtures are used to control
not only the crystallization rate, but also the structural
morphology of grain boundaries in perovskite thin films. First,
powdered lead(n) bromide (PbBr,) and methylammonium
bromide (MABr) were included in the engineered GBL/DMSO
solvent mixture and kept stirring at 60 °C until completely
dissolved, turning into a transparent precursor solution of 1
molar concentration (M). Next, the as-prepared precursor
solution was deposited onto UV-O; treated glass substrates by
a consecutive spin-coating process at 1000 and 5000 rpm for 10
and 50 seconds, respectively. During the second spin-coating
step, anti-solvent toluene along with a delay time of 25
seconds was dripped onto the glass substrates. Finally, the
resulting thin films were annealed at 100 °C for 30 minutes to
remove the residual solvents and transit the intermediate
solvate phase into the perovskites, generating orange and bright
lead bromide perovskite thin films. All of the fabrications were
conducted in a nitrogen-filled glove box at room temperature.

2.2 Film morphology

To investigate the surface morphology and estimate the grain
boundary size, scanning electron microscopy (SEM) is con-
ducted for MAPbBr; perovskite thin films at different volume
ratios of GBL and DMSO solvents. From the SEM images and
graphic processing, we may estimate the occupation ratios of
the existing perovskite nanocrystals. As shown in the extracted
results in Fig. 1(a), we may observe more air-voids generated in
the synthesized MAPbBr; perovskite thin films with a higher
GBL volume ratio. The synthesized perovskite samples at
a higher GBL volume ratio of precursor solution will have
a rugged film surface, generating inhomogeneous films and
dreadful surface convergence. This is due to the fact that the
solubility of powdered PbBr, and MABr in GBL is low, leading to
the low concentration of precursor solution and sparse perov-
skite thin films. As the volume ratio of DMSO increases, higher
surface convergence of thin films can be achieved. The highest
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Fig.1 The estimation of top-view and cross-section filling factors for
synthesized MAPbBrs perovskite thin films with precursor mixtures
prepared at different volume ratios. (a) The estimation of top-view
filling factors from SEM images in the micro-scale. Insets: (i) the top-
view OM images of synthesized MAPbBr3z perovskite thin films at the
volume ratio of 7: 3. (i) The top-view SEM images of synthesized
MAPDbBr3 perovskite thin films. The corresponding AFM measurement
indicates the root mean square of roughness (R,ns) and average
roughness (R,,g) of about 2.06 nm and 1.53 nm, respectively. (b) The
estimation of cross-section filling factors from TEM images in the
nano-scale. Insets: (i) the cross-sectional TEM images of synthesized
MAPbBr3 perovskite thin films at the volume ratio of 7 : 3. (ii) and (iii)
The crystalline structure formation and the corresponding crystal
orientation direction.

surface filling factor is reached at the volume ratio of 6 : 4 and
the highest surface convergence can be accomplished. The
insets of Fig. 1(a) show the optical microscopy (OM) image and
the corresponding SEM image of the synthesized MAPbBr;
perovskite thin film at the volume ratio of 7 : 3. From the OM
image, some large micro-scale fractal edges on the film surface
can be observed while the overall surface morphology is dense
without air-voids. Furthermore, different revolutions per
minute (rpm) should also be considered, as shown in
Fig. S2(b).t While the rpm is too low, the centrifugal force is not
enough to evenly spread the precursor solution, and inhomo-
geneous films will be generated with lots of air-voids. Mean-
while, if the rpm is too high, the precursor solution will
volatilize too fast, and a rugged film surface will be generated
with lots of blocky aggregates.

From the SEM image, tightly arranged perovskite micro-
crystalline grains on the surface can be observed and the
synthesized thin film consists of compact and interconnected
grain boundaries. The surface morphology in the micro-scale
and the estimation of top-view filling factors provide a direct
way to evaluate the film quality of surface convergence. More-
over, through the measurement by atomic force microscopy, the
root mean square of roughness (R.,s) and the average of
roughness (R,s) are found to be about 2.06 nm and 1.53 nm,
respectively, confirming that the surface morphology is smooth
and homogeneous.

2.3 Structural configurations

To further investigate the crystalline structure configuration of
the MAPDbBr; perovskite thin films synthesized at different
volume ratios, a transmission electron microscope (TEM) is
then employed. As shown in Fig. S3,7 the cross-sectional images
pf the nano-scale of MAPbBr; perovskite thin films synthesized
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at three distinct volume ratios can be observed. Again, with the
higher volume ratio of DMSO, denser synthesized MAPbBr;
perovskite thin films can be obtained. The estimated cross-
section filling factors at three distinct volume ratios are
shown in Fig. 1(b). The cross-section filling factor increases as
the volume ratio of DMSO increases. And the cross-section
filling factor reaches 89% at the volume ratio of 6:4. The
insets of Fig. 1(b) show the cross-sectional TEM image and the
corresponding crystalline structure formation of the synthe-
sized MAPDbBr; perovskite thin film at the volume ratio of 7 : 3.
Abundant nanocrystalline grains in the synthesized MAPbBr;
perovskite can be observed from the cross-sectional TEM view.
The inclusions of dark black aggregates and the white hollows
represent the nanocrystalline grains and the un-crystallized air-
holes, respectively. By taking fast Fourier transform, the
diffraction pattern with clear and sharp peaks indicates that the
nanocrystalline structures grew in the orientation direction of
(111) and indeed confirms the existence of single nanocrystal-
line structures in the synthesized perovskites. The cross-
sectional TEM images and the estimation of cross-section
filling factors in the nano-scale provide a deep insight into
the crystalline structure formation of MAPbBr; perovskite thin
films synthesized at different volume ratios, and therefore we
can estimate the crystallinity of the synthesized perovskites.

3. Results and discussion
3.1 Random lasing performance

The light emission performance of various MAPbBr; perovskite
samples synthesized at different volume ratios of the engi-
neered solvent is examined by a series of power-dependent
photoluminescence (PL) measurements at room temperature.
The power-dependent PL emission spectra of synthesized
MAPDBr; perovskite samples are obtained using a 355 nm third-
harmonic generation (THG) Nd:YVO, pulsed laser as an optical
pumping source with the pulse duration and the repetition rate
of 0.5 ns and 1 kHz, respectively.

In this work, we aim to obtain the optimized random lasing
action in perovskite thin films. The random lasing behaviour in
solution-processed perovskite thin films results from the effi-
cient random scattering in the composed perovskite nano-
crystals. Therefore, the filling ratio of the synthesized perovskite
nanocrystals and grain boundaries may be one of the key factors
to obtain the optimized random lasing action in perovskite thin
films. In the fabrication process, we considered and controlled
several synthesis parameters such as the ratios of engineered
solvent mixtures and spin-coating speed, to acquire the perov-
skite thin film with the optimized lasing performance. In our
results, we found that the MAPbBr; perovskite thin films
synthesized at the engineered solvent volume ratio of 7:3
exhibit a lowest lasing threshold and the highest light-emitting
intensity in the lasing mode.

The PL emission spectra of synthesized MAPbBr; perovskite
thin films at the volume ratio of 7 : 3 are shown in Fig. 2(a). As
the optical pumping energy density increases, the emission
intensity increases. When the optical pumping energy density
exceeds 0.9 mJ cm ™2, the lasing action occurs with dramatically
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Fig. 2 Lasing characteristics of MAPbBrs; organic—inorganic metal-
halide perovskites. (a) Room-temperature power-dependent PL
emission spectra of MAPbBrs perovskite thin films at the volume ratio
of 7: 3. Inset: the synthesized MAPbBrz perovskite thin films at the
volume ratio of 7: 3 can be easily excited by a commercial contin-
uous-wave laser pointer with the center wavelength of 405 + 10 nm
and the max output power less than 100 mW. (b) The light-light curves
extracted from the experimental results synthesized at different
volume ratios.

increased light-emitting intensity and the suddenly reduced full
width at half maximum (FWHM). Unlike conventional laser
devices with well- and pre-defined cavities, the FWHM acquired
in the lasing action of perovskite thin films originates from the
whole spikes in the random lasing mode. In fact, as shown in
Fig. 3(b), the bandwidth of each individual peak in the random
lasing mode is less than 1 nm. This may result from the
different scattering routes occurred simultaneously in the
lasing action.

At the optical pumping energy density of 2 mJ cm™>, the
corresponding lasing mode has a spectacularly narrow FWHM
down to 2 nm at the centre wavelength of about 548 nm.
Besides, as shown in the inset of Fig. 2(a), the synthesized
MAPDBr; perovskite thin film at the volume ratio of 7 : 3 can be
easily excited by a commercial continuous-wave laser pointer
with the centre wavelength of 405 &+ 10 nm and the maximum
output power less than 100 mW. It is worth noting that multiple
peaks in the lasing mode occur while the optical pumping
energy density is at about 2.5 mJ ecm ™. Unlike conventional
lasers, there are no specifically defined laser cavities in the
synthesized perovskite samples, and the multi-peak lasing
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Fig. 3 Characterization of perovskite random lasers. (a) Lasing
performance controlled by varying different optical pumping areas
with fixed optical pumping energy density at 2.5 mJ cm™2. Inset: lasing
threshold variation with different optical pumping areas. (b) The ARPL
measurements of synthesized MAPbBrz perovskite thin films at the
volume ratio of 7 : 3.
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action may originate from the random scattering caused by the
micro-crystalline grain boundaries or the nanocrystalline grains
as the scattering centres in the perovskite thin films.

A comparison of two distinct synthesized MAPbBr; perovskite
samples at different volume ratios that can also achieve room-
temperature lasing action is shown in Fig. 2(b). Since the
synthesized MAPDbBr; perovskite samples at the volume ratio of
7 : 3 have the strongest light-emission intensity and the lowest
lasing threshold which is down to 0.9 mJ cm ™2, fabrication under
these conditions is chosen as the optimized solvent-engineered
method. Although the synthesized perovskite thin films at the
volume ratio of 6 : 4 can also achieve room-temperature lasing
action, it has a higher lasing threshold of about 1.8 mJ cm 2.
Meanwhile, the light-light curve of the MAPDbBr; perovskite
samples synthesized at the volume ratio of 7 : 3 shows a clear S-
shape, indicating the transition from PL to the lasing regime.

Besides, the ( factor is indispensable for a quantitative
understanding of gain dynamics and the interaction between
lasing action and optical pumping irradiation.> For a random
laser, the lack of directional feedback will restrict the geometric
parameters for estimating the 8 factor, such as the acceptance
solid angle of the lasing modes, the mode volume and the
frequency in a conventional laser. Thus, the only selection
criterion is the spectral dependence of the gain. We calculated
the g factor for such a perovskite random laser based on the
spectral overlapping of below-threshold spontaneous and
above-threshold lasing spectra.” The corresponding numerical
value can be acquired from the experimental PL emission
spectra and the corresponding § factor can be estimated to be
about 0.14, which is sizeable compared to the conventional
semiconductor lasers (8 < 10~°). This result is due to the non-
directional diffusive feedback of a random laser.

3.2 Random lasing properties

Several characteristics of the random lasing action in the
synthesized MAPbBr; perovskite thin films can be observed.
First, while under a high optical pumping energy density,
multiple peaks in lasing modes will occur, which is a particular
feature different from conventional lasers and may be specu-
lated to be due to the random scattering provided by different
sizes of crystalline grains in the synthesized MAPDbBr; perov-
skite thin films. Second, while the optical pumping energy
density increases, the emission spectrum of lasing mode in the
synthesized MAPbBr; thin films will go redder, as shown in
Fig. S4f. The emission spectrum of lasing modes at higher
optical pumping energy density may originate from the scat-
tering re-absorption of the blue part of the spectrum, and thus
the light emission of lasing modes, on average, is redder than
the reabsorbed light. Concurrently, the red-shift emission
spectrum of lasing mode in the synthesized MAPbBr; perovskite
thin films is also observed compared to the PL mode. The red-
shift emission spectrum of lasing mode in the MAPbBr; thin
films comes from the lower absorption loss at the energy tail of
spectra.>*

To get insight into the feasible mechanism and the proper-
ties of random lasing action, we first examine the relationship
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between the lasing threshold and the pumping area. For
a random laser, the lasing threshold can be regulated by the
optical pumping area. The spreading and the penetration of
optical pumping irradiation into such a system will affect the
spatial distribution of gain, thus determining the total gain
volume. Consequently, the corresponding path length through
the gain volume will involve the amplification process.
Assuming that the synthesized perovskite thin films are
homogeneously scattered samples with even thickness, it was
found that the cylindrical gain volume is proportional to the
optical pumping area. The larger the pumping area, the larger
the corresponding gain volume, and vice versa. In other words,
photons can travel in a relatively long path inside the gain
volume with a large pumping area. Hence, forming a closed-
loop path is effortless and the probability of returning back to
the pumping region while reaching the un-pumped edge is
larger, resulting in a lower lasing threshold.>

By varying different optical pumping areas, the correspond-
ing changes of the lasing threshold and the numbers of the
lasing peak can be controlled. While the optical pumping area
increases, the lasing threshold will first decrease and then flat
saturate, as shown in the inset of Fig. 3(a). On the other hand,
the lasing threshold will increase as the optical pumping area
becomes smaller and smaller. The rapid increment of the lasing
threshold is because the scattering room provided by the
random scattering effect gets smaller, therefore decreasing the
closed-loop path in the synthesized MAPbBr; perovskite thin
films. When the optical pumping area is down to 1 x 10~° cm?
the random lasing action will no longer happen no matter how
large the optical pumping energy density applied. Since the
scattering room is not enough for photons to form a closed-loop
path, the lasing phenomena will not occur. When the optical
pumping area is expanded to 5 x 10> cm?, the flat saturation
will happen. After the flat saturation happened, the lasing
threshold may be almost independent of the optical pumping
area. In this pumping situation, the pumping area may be larger
than the effective length of the scattering closed-loop path and
the relationship between the lasing threshold and the pumping
area is unapparent.

In addition to the pumping-area-related lasing threshold,
manipulating different sizes of pumping areas with a fixed
optical pumping energy density of 2.5 mJ cm > may also control
the numbers of the lasing peak, as shown in Fig. 3(a). When the
optical pumping energy density is fixed at 2.5 mJ cm > with an
optical pumping area larger than 2 x 10> c¢cm?, the optical
pumping energy density is above the lasing threshold and
random lasing action indeed occurs. The random lasing action
appears with multiple peaks at the optical pumping area of
about 2.46 x 10> cm”. While the optical pumping area is down
to about 2.12 x 107> em?, quasi-single lasing action happens.
Different sizes of optical pumping areas can control the scat-
tering room for photons to form a closed-loop path. With
a larger optical pumping area, the effective length of the scat-
tering closed-loop path is much longer and multiple peaks in
lasing modes will occur. While the optical pumping area gets
smaller, the effective length of the scattering closed-loop path
decreases, and as a result, quasi-single lasing action happens.
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Finally, if the optical pumping area is eventually down to 2 x
10~ cm®, there is not enough room for photons to form
a closed-loop path and no random lasing action will happen.

Another specific feature of a random laser, which is quite
different from conventional lasers, is that lasing light irradia-
tion can be detected regardless of detection angles. The angle-
resolved PL (ARPL) measurement is then carried out with the
same 355 nm THG Nd:YVO, pulse laser in PL measurements.
The detection angle of ARPL is 0 to 40° wide and herein 0° is
defined as the normal direction to the sample surface. The
synthesized MAPbBr; perovskite samples are irradiated under
the optical pumping energy density of 2.5 mJ cm ™2 which is
above the lasing threshold. As shown in Fig. 3(b), multiple
peaks in lasing modes maintain almost the same spectral
profiles and light-emission intensity 0 to 40° wide. The wide-
angle detectability of lasing modes in the synthesized
MAPDbBr; perovskite samples may imply the contribution of
random scattering rather than the predefined cavity in
conventional lasers.

3.3 Generalization

After a large number of investigations and optimizations, we try
to generalize the same method of solvent engineering along
with an anti-solvent dripping technique to synthesize MAPDbI;
perovskites. As shown in Fig. 4(a), a series of power-dependent
PL emission spectra of synthesized MAPbI; perovskite thin
films is recorded at room temperature. With the higher and
higher optical pumping energy density, the intensity of broad
spontaneous emission modes increases. While the optical
pumping energy density exceeds 0.9 mJ cm 2, the random
lasing action indeed occurs at 782 nm with a dramatically
increased light-emitting intensity. The corresponding L-L
curves extracted from the experimental results of PL measure-
ments are shown in Fig. 4(b). At low optical pumping energy
density, the broad spontaneous emission modes have a FWHM
of about 35 nm. After the optical pumping energy density
exceeds the lasing threshold, which is 0.9 m] cm ™2, the FWHM
eventually shrinks down to 7 nm. The results show that the
synthesized MAPbI; perovskite thin films can also achieve
room-temperature random lasing action via the identical

&
o
g
w
=]
o

L
>

P
\
\

Normalized intensity (a.u.)
o o
o L
e
umping energy dens
(mJlcm?)
(nm)
- N
o =3
‘ °
5 /
Integrated intensity
(a.u.; log scale)

o
N
o m—

063 >\
- =
680 720 760 800 840 0.3 1.0 20 3.0 40
Wavelength (nm) Pumping energy density
(mJ/cm?; log scale)

Fig.4 Lasing characteristics of solvent-engineered MAPbIz perovskite
thin films. (a) Power-dependent PL emission spectra of synthesized
MAPbIs perovskite thin films at room temperature. Inset: the MAPbIs
perovskite thin films can be deposited on a PET flexible substrate in
a large area of up to 100 cm?. (b) The light-light curves extracted from
the experimental results of synthesized MAPbIz perovskite thin films.
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fabrication of solvent engineering with a clearly S-shaped curve
and the corresponding § factor is estimated to be about 0.14.

Meanwhile, as shown in the inset of Fig. 4(a), to further
extend this solution-processed spin-coating method to large-
area and flexible light-emitting devices, we deposited and
synthesized MAPDbI; perovskite thin films on a polyethylene
terephthalate (PET) flexible substrate with an area up to 100
em”. Via solvent engineering along with an anti-solvent drip-
ping technique, both synthesized MAPbI; and MAP-bBr;
perovskite thin films on PET substrates exhibit room-
temperature random lasing action providing a practicable way
for cost-effective and large-scale manufacturing of flexible
random lasers.

3.4 Reliability and lifetime testing

At the same time, the lasing reliability test under a series of
pulsed pumping and the lifetime test under ambient conditions
without any sealing package are both conducted for practical
consideration. For the lasing reliability test, the synthesized
MAPDBr; perovskite bare films are excited at a fixed optical
pumping energy density of 1.5 mJ cm™ >, which is above the
lasing threshold. As a result, the synthesized MAPbBr; bare
films can maintain about 50% of lasing intensity after an optical
pumping of 12 x 10> pulses, as shown in Fig. S5(a).f The
decrement of lasing intensity may originate from the surface
damage caused by the heat accumulation of pumping fluence as
shown in the inset of Fig. S5(a).f

On the other hand, for the lifetime test, due to the compact
and homogenous morphology, the synthesized MAPbBr;
perovskite bare films can sustain up to 7 days under ambient
conditions without any sealing package. As shown in
Fig. S5(b),t the lasing threshold increases by about 67% from
0.9 mJ ecm ™ ? to 1.5 mJ cm 2 Over time, the integrated and
homogenous MAPbBr; perovskite bare films degrade with lots
of air-voids and the corresponding OM images of surface
degradation are shown in the inset of Fig. S5(b).t The results of
lasing reliability and the lifetime test show the long-time lasing
reliability of synthesized MAPbBr; perovskite bare films, con-
firming their potential for practical applications.

4. Conclusions

In conclusion, a solvent-engineering method for the prepara-
tion of high-quality perovskite thin films with lasing perfor-
mance has been investigated. In the process, the mixing ratio of
GBL and DMSO precursors may vary the grain boundaries and
the nanocrystalline occupation in the perovskite thin film, thus
affecting the random lasing performance. Via a series of
systematic fabrications at different precursor ratios and char-
acterization processes of morphology and photoluminescence
properties, we determined the optimum amounts of GBL and
DMSO. The MAPbBr; perovskite thin films synthesized under
optimum conditions exhibit room-temperature random lasing
action with a lasing threshold of 0.9 mJ cm 2. And a series of
optical measurements are performed to gain a greater under-
standing of the feasible mechanism and the properties of

This journal is © The Royal Society of Chemistry 2020
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random lasing action. This solvent-engineered method can also
be generalized to synthesize MAPbI; perovskite thin films and
the resulting thin films can also achieve room-temperature
random lasing action. Also, we extend this solution-processed
spin-coating method and synthesize perovskite thin films on
PET substrates for flexible random lasing applications. The
proposed perovskite thin films on PET substrates with the total
area up to 100 cm” can still achieve room-temperature random
lasing action. Moreover, the bare perovskite films also show
great long-time lasing reliability. For the lasing reliability, the
synthesized MAPbBr; perovskite bare films can maintain 50%
lasing intensity even after an optical pumping of 12 x 10° pul-
ses. In the lifetime test, the synthesized MAPbBr; perovskite
bare films can sustain up to 7 days under ambient conditions
without any sealing package. These results not only demon-
strate the flexibility of this solvent-engineered spin-coating
method but also provide a potential way for fabricating large-
area and flexible random lasers. Due to the low spatial coher-
ence property*® and the wide-angle detectability of lasing
modes, the synthesized perovskite thin films can be further
used as speckle-free light sources for application in laser
projection and imaging.
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