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ABSTRACT: Disorder is emerging as a strategy for fabricating random laser
sources with very promising materials, such as perovskites, for which
standard laser cavities are not effective or too expensive. We need, however,
different fabrication protocols and technologies for reducing the laser
threshold and controlling its emission. Here, we demonstrate an effectively
solvent-engineered method for high-quality perovskite thin films on a
flexible polyimide substrate. The fractal perovskite thin films exhibit
excellent optical properties at room temperature and easily achieve lasing
action without any laser cavity above room temperature with a low pumping
threshold. The lasing action is also observed in curved perovskite thin films on flexible substrates. The lasing threshold
can be further reduced by increasing the local curvature, which modifies the scattering strengths of the bent thin film. We
also show that the curved perovskite lasers are extremely robust with respect to repeated deformations. Because of the low
spatial coherence, these curved random laser devices are efficient and durable speckle-free light sources for applications in
spectroscopy, bioimaging, and illumination.
KEYWORDS: perovskite, random laser, solvent engineering, flexible substrate, speckle-free

Metal−halide perovskite crystalline materials have
drawn significant attention due to their efficient
absorption properties and high photoelectric

conversion efficiency as well as their interesting optoelectronic
characteristics, such as the long-range balanced electron−hole
transport distances and high photoluminescence (PL)
quantum efficiency over a broad wavelength range.1−9

Moreover, the solution-processing flexibility makes them
suited for advanced optoelectronic and photonic applications,
particularly with respect to cost-effective and large-scale
manufacturing in emerging wearable and disposable elec-
tronics.10−12 Thus, these properties classify solution-processed
organometallic−halide perovskites as promising alternative
materials not only for photovoltaics applications but also for
development of light-emitting devices and lasers.
Lasing with metal−halide perovskite materials has been

widely studied over the past few years.13−16 In the reported
laser devices, authors employed planar polygon-shaped
crystalline platelet structures with whispering gallery modes

and nanowire configurations forming Fabry−Perot cavities.15,16
Self-organized microcrystalline rod-shaped structures as wave-
guides and tapered fiber have been used as resonators. As such,
the single-crystal configurations demonstrated the records of a
low pumping threshold and a high-quality factor in the light
emission performance. Authors also studied the distributed
feedback Bragg (DFB) lasers with grating patterns on
perovskite nanorods.17 Their low performance in terms of
thresholds is ascribed to the surface roughness of the
perovskite thin films, which scatter with high loss of the laser
mode in the DFB resonator. Patterned perovskite thin-film
lasers with a low threshold can be also realized in a planar
photonic crystal laser. Moreover, patterned and flattened
perovskite layers with specific cavities can be obtained via the
thermal nanoimprinting process.18 The coherent light emission
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was also acquired in conformally deposited organo−halide
perovskites in spherical optical cavities.19

All of the mentioned laser resonators require carefully
engineered nanostructures, additional adhesive layer config-
urations, or well-controlled crystal growth. To keep the
advantages of the metal−halide perovskites as proposed by
the use of solution-processable optoelectronic materials with
low-cost fabrication technology, it would be preferable to
simplify the fabrication process as much as possible. The
simplest and ultimate technological solution is removing the
entire laser cavity and adopting a laser that creates its own
feedback through scattering in the gain medium.13,14,20−26

Therefore, in this report, we show a feasible route toward such
an inexpensive technology by demonstrating high-performance
random lasing from a solution-processed perovskite film. We
study perovskite materials of methylammonium lead bromide
(CH3NH3PbBr3) by optimizing the mixing ratio of the
precursor solutions to engineer the comparably reliable
perovskite thin films for random lasing performance. Regarding
the random lasing action from the organometallic−halide
perovskite, Dhanker et al. first demonstrated the random lasing
performance from planar organometal−CH3NH3PbI3 perov-
skite microcrystal networks.12 Soon after their discovery, we
demonstrated in our previous study that the random lasing
actions of solution-processed perovskites from the embedded
crystalline nanostructures may be altered upon a temperature-
induced phase transition.13 Recently, several advanced studies
have demonstrated that the material response and stability of
perovskites can be improved by chemical anchoring or
controlled in an antisolvent process.27,28 In the case of the
antisolvent dripping technique during a spin-coating process,
the synthesized perovskite film generates numerous poly-

crystalline grains internally, and the film morphology shows
almost 100% surface coverage. The pure crystal phases of each
polycrystalline grain and the full surface coverage result in an
outstanding power conversion efficiency of up to 22%. Here,
we utilize an optimized solvent engineering process, which
facilitates the synthesis of high-quality solution-processed
perovskite thin films on flexible polyimide (PI) substrates.
We observe the random lasing action in curved perovskite thin
films on the flexible substrates above room temperature with a
low threshold. Our curved perovskite random lasers exhibit
low spatial coherence and excellent image quality without
speckle. Considering the high durability and flexible character-
istics, the proposed curved perovskite random laser is a
potential speckle-free light source for future applications.

RESULTS AND DISCUSSION

The procedures involved in the antisolvent technique using a
precursor solution dissolved in an engineered solvent is
schematically described in Figure 1a. The engineered solvent
consisted of a γ-butyrolactone (GBL) and dimethylsulfoxide
(DMSO) mixture. By properly mixing the two, high-quality
inorganic−organic metal−halide perovskite thin films were
obtained (see Figure S1 in the Supporting Information). The
antisolvent engineered perovskite thin films on the flexible PI
substrates exhibit high emission efficiency, facilitating a low
threshold lasing action at room temperature. Such an
improvement in light emission performance may result from
the compact and smooth CH3NH3PbBr3 perovskite film
fabricated with well-interconnected grain boundaries. As
shown in Figure 1b, bright and uniform photoluminescence
was clearly observed on the perovskite thin films on both flat
and curved PI substrates which were adjusted mechanically.

Figure 1. Optical characterizations of solvent-engineered perovskite thin films on PI substrates. (a) Schematic fabrication flow of perovskite
thin films on PI substrates with a solvent-engineering process. (b) Large-scale laser light illumination from fabricated perovskite samples on
flat and curved PI substrates at room temperature. (c) Power-dependent PL emission spectra of a perovskite thin film on a flat PI substrate.
The peak wavelengths of the PL and lasing mode are at about 535 and 546 nm, respectively. Inset: enlarged emission spectra of the lasing
mode below and above threshold of around 2.5 mJ/cm2. (d) Light-out intensities and emission line widths at different pumping energy
densities.
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We then examined the room-temperature lasing character-
istics of the CH3NH3PbBr3 perovskite samples. The power-
dependent PL emission spectra of a perovskite thin film on a
flat substrate are shown in Figure 1c, whereas the extracted
integrated intensities and corresponding line widths of the
emission peaks are plotted in the light−light (L−L) curve in a
log−linear scale, as shown in Figure 1d. The PL emission

spectra shown in Figure 1c are centered at approximately 535
nm below the threshold with a broad line width of around 22
nm. When the pumping energy density reached 2.5 mJ/cm2,
laser emission occurs at about 546 nm with a dramatically
reduced line width down to 1.8 nm. Because there is no
predefined laser cavity in the solution-processed perovskite
thin film, the lasing action might originate from the random

Figure 2. Far-field light emission investigation and characterization of perovskite random lasers on flat substrates. (a,b) Far-field ARPL
emission spectra mappings below and beyond the lasing threshold of 2.5 mJ/cm2. The curves in the mappings result from the interference
within the Fabry−Perot cavity provided by the PI substrate. (c) Comparison of the emission spectra at normal direction and 20° detection
angle for the lasing (red) and PL (blue) modes. The spacing Δλ between the interference peaks is around 2.9 nm, whereas the peaks shift
about 2.17 nm as the detection angle tilts 20° away from normal. (d) Threshold energy density variation with different pumping spot sizes
along with simulation results. The dotted line indicates the curve fitting to the experimental data, and the solid line represents the results
from theoretical calculations.

Figure 3. Perovskite random lasers on flexible substrates with varied curvatures. (a) Schematic illustration of excitation and emission of a
flexible thin film perovskite laser at a bending condition. The curvature c is defined as the inverse of the radius ρ estimated from the edge of
the curved PI substrate. (b) Power-dependent emission spectra of the lasing mode on flexible perovskite thin films at curvatures from flat (c
= 0) to 0.26 mm−1. The pumping energy densities and spectral wavelengths in all of the images are in a range from 0.5 to 2.875 mJ/cm2 and
530 to 570 nm. (c) Light-out intensities and emission line widths at different pumping energy densities for flexible perovskite random lasers
at different curvatures. The data are represented in log−linear scale. (d,e) Integrated emission intensities of perovskite thin films on flat and
curved substrates (c = 0.26) at different polarization angles detected from the top of samples. (f) Divergence measurements in a range of
−30 to +30° of laser light far-field intensity for four conditions: CH, curved substrate and along the curved direction; CV, curved substrate
and vertical to the curved direction; FH, flat substrate and along the curved direction; FV, flat substrate and vertical to the curved direction.
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scattering due to the crystalline boundary or other scattering
centers in the polycrystalline perovskite thin film. The details
of the lasing mechanism will be discussed in the following
section. At a higher optical pumping energy density above the
lasing threshold, multiple lasing peaks occur, as shown in the
inset of Figure 1c, which is one of the significant features of the
random lasing action. The red-shifted lasing mode with respect
to the PL mode is due to the lower absorption loss at the
energy band tail of CH3NH3PbBr3 perovskite.

29

The other characteristic of the random lasing action in the
perovskite thin film is observed in the angle-resolved PL
(ARPL) measurements of the laser output above the
perovskite film. These results are presented in Figure 2.
Light radiation from the perovskite thin film below the
threshold is in a wide angle from 0 to 40°, as shown in Figure
2a, where 0° represents the normal direction to the sample
surface. The spontaneous emission from the perovskite film is
in a broad spectral band with the central emission peak at
around 535 nm. The curves in the ARPL mapping result from
the interference within the Fabry−Perot cavity facilitated by
the PI substrate underneath. As shown in Figure 2b, when the
lasing threshold is achieved, a strong and large-angle radiation
from 0 to 40° of the lasing mode is observed due to the
contribution of random scattering in the perovskite thin films.
We extracted the emission spectra below and above the
threshold at the detection angles of 0 and 20°. The
comparisons are shown in Figure 2c. The PL mode shows a
regular mode spacing of around 2.9 nm, which corresponds to
the thickness of the PI substrate at around 30 μm. The blue-
shifted PL modes at the detection angle of 20° in comparison
to those at 0° result from the phase-matching condition for the
PI vertical cavity. However, the multiple lasing peaks remain at

the same spectra position regardless of the detection angles,
which implies that the laser action does not originate from the
vertical feedback condition.
Another characteristic of the random laser action can be

identified by the relationship between the laser threshold
energy density and the pumping area.12
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Here, A indicates the illumination area; A0 is the two-
dimensional area occupied by a typical quasimode, and G is a
parameter reflecting the disorder strength of the system. In eq
1, Pth is proportional to the (A/A0)

1/G and λ depends on the
degree of disorder correlation. It has already been demon-
strated that the laser threshold would decrease with an increase
in the pumping area for various random laser systems, and
theoretical studies on the interplay of curvature and disorder
were reported.12,30 As shown in Figure 1d, the G value is
extracted to be 2.2. This dependence can be understood
according to the random resonator statistical framework. As
the optical pumping beam spot area decreases, the lasing
threshold increases due to the smaller closed-loop path
provided by the scattering effect. The lasing threshold
increased rapidly, and the illumination area was less than 5
× 102 μm2. However, when the beam spot area is larger than 2
× 103 μm2, the lasing threshold decreases very slowly and there
is almost no connection between the illumination area and the
lasing threshold. This indicates that the spot size might be
close to and even exceed the effective length of the scattering
closed-loop. The random laser model fits quite well with the
experimental results, as shown in Figure 2d.

Figure 4. Characteristics of flexible thin-film perovskite random lasers. (a) Time-resolved PL traces of the perovskite thin films on the
flexible substrates at different curvatures. (b) Extracted PL intensities and lifetime at different curvatures. (c) Experimental and theoretical
threshold calculations of perovskite random lasers with different curvatures: lsc and lg are the scattering length and optical gain lengths as a
function of curvature c, respectively. To theoretically investigate the threshold energy density, a 10% variation to the estimated lsc and lg was
applied in the calculations. The dashed lines show the upper and lower bounds of the lsc and lg, respectively. The light blue region reveals
simulated threshold gain values for different curvatures. (d) OM images of the perovskite sample surfaces on flat and curved substrates. (e)
Calculated scattered fields on the perovskite thin film with enhanced edges above the threshold.
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We then demonstrate the random lasing action from curved
perovskite thin films. Because the perovskite thin films were
deposited on flexible PI substrates, we designed a mechanical
fixture to bend the PI substrate in one direction, as shown in
images of Figure 1b and the schematics of Figure 3a, in order
to create curvature along one direction of the perovskite thin
film for observing the structural and optical characteristics.
Figure 3b shows the PL emission spectra obtained from the
bending perovskite thin films at room temperature. The
bending radius of the perovskite thin films includes the values
of 24.6, 12.2, 7.7, and 3.8 mm corresponding to curvatures of
0.04, 0.08, 0.13, and 0.26, respectively. All bending conditions
clearly show lasing action as indicated by the two-slope L−L
curves and the narrowing of the line width in Figure 3c. Above
the pumping threshold, multiple emission peaks can be clearly
observed within an emission spectral range of 547−552 nm.
When the curvature of the flexible substrate increases, the
multiple lasing peaks can still be observed, with the central
lasing emission peaks slightly shifted from 550 to 549 nm. The
random lasing characteristics are similar to the case of the flat
perovskite thin film, and it can also be validated by far-field
emission, as shown in Figure 3f. The results indicate a rather
large lasing divergence angle above the threshold. The far-field
intensities can also be well-fitted using the Lambertian formula
that exhibits characteristics of random laser emission. The far-
field laser emission spectra of flat samples and others with a
curvature of 0.26 were measured in both the vertical and
horizontal directions with respect to the bending direction. As
shown in Figure 3f, the laser emission spectra are similar for
the four cases. These results demonstrate that the random laser
action can be preserved even for the bending conditions.
Moreover, the random lasing thresholds can be actively
modulated with the bending radius. As shown in Figure 3c,
the lasing threshold is reduced with an increase of the
curvature. The lowest threshold was observed for the sample
with a curvature of 0.13. When the curvature was increased
further, the lasing threshold slightly increased. The reduction
in the lasing threshold of the curved perovskite thin film will be
further discussed later. It is interesting to note that the lasing
mode shows a slight partially polarized emission, as shown in
Figure 3d, due to the intrinsic birefringence of the PI substrate.
As multiple scattered laser light will simultaneously propagate
through the perovskite thin film and PI substrate, the
birefringence condition of the PI substrate will affect the
polarization of the laser emission. The degree of polarization is
further enhanced when the PI substrate is curved due to the
increased birefringence effect in the curved PI substrate, as
shown in Figure 3e (related optical anisotropy investigation of
the perovskite thin films on PI substrates has been carried out
as shown in Figure S3 in the Supporting Information).
In order to investigate the mechanism of threshold reduction

for the curved perovskite thin film, we performed time-resolved
PL (TRPL) measurements. For the measured TRPL results
shown in Figure 4a,b, the carrier lifetime slightly increased as
the bending curvature increased from 0 to 0.15 mm−1. This
indicates that the luminescence efficiency slightly decreased as
the curvature increased. The carrier lifetime variation might
correlate to the lattice distortion of the perovskite thin film at
the bending condition (see the Supporting Information for
lattice measurement). However, this slight luminescence
efficiency degradation cannot account for lasing threshold
reduction in the curved perovskite thin film. When the
curvature is beyond 0.25 mm−1, the carrier lifetime suddenly

increases, which significantly degrades the radiative efficiency.
This observation could explain the slight increase in the lasing
threshold when the curvature is very large, as shown in Figure
3c. Meanwhile, Figure 4b shows the PL emission intensity at
various curvatures of the perovskite thin film. In our
experimental setup, we may be able to change the curvature
from flat (c = 0) to c = 0.26 mm−1. Considering the lasing
threshold measured in this bending range, the PL intensity
increases when the curvature varies from 0 to 0.15 mm−1, and
this could be due to an increase in scattering, possibly as a
result of the bending of the thin film. With further bending of
the perovskite substrate, the PL intensity then decreased as the
curvature exceeded 0.25 mm−1. This response originates from
the degradation of the radiative efficiency when the micro-
scopic structural modification is too large. To identify the main
scattering centers of the perovskite thin film, Figure 4d shows
images of the surface morphology acquired using an optical
microscope (OM) in the case of the flat and curved perovskite
thin films on the PI substrate. Clear fractal edges can be
observed in both samples with the enhanced contrast in the
OM images. However, the fractal edges in the curved sample
are more abundant and wider than those of the flat sample.
This leads to a stronger scattering possibility when the
traveling light interacts with the fractal edges and results in
higher PL intensities when the curvature varies from 0 to 0.15
mm−1. These fractal edges could also influence the random
laser performance.
To investigate the threshold characteristics of the perovskite

random laser, the diffusion model for light propagation in a
random thin film was exploited.12 A cavity-free laser made of a
random medium can operate above a particular threshold
power due to randomly scattered waves self-trapped in a
closed-loop through the built-in grain boundaries. The two-
dimensional diffusion model with the gain effect can be
expressed as follows:30−32

u t
t

D u t
v

u t
r

r r
( , )

( , ) ( , )
g

2∂
∂

= ∇ +
(2)

Here, u(r,t) is the energy intensity, D = vlsc/2 is the average
diffusion constant, v, lsc, and lg are the transport speed of light
in the medium, scattering length, and optical gain length,
which are assumed to be proportional to the speed of light/n,
the measured coherence length, Lc, and the carrier lifetime,
respectively. The coherence length and carrier lifetime might
vary with the curvature of the perovskite thin film and are
obtained from the first-order spatial coherence g(1) and TRPL
measurements, as demonstrated in Figures S4 and S5,
respectively (see the Supporting Information). Here, n =
2.21 is the refractive index of perovskite for the lasing
wavelength. To determine the threshold condition and
accurately calculate the solutions of eq 2, for a stationary
state, we take u(r,t) = e−ηvtu(r), and it is noted that the above
time-independent diffusion equation is simplified to an
eigenvalue problem.

vu
v

u
v
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2
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As the gain is provided in the pumping area (πρ2), when lg
−1 ≠

0 for |r| ≤ ρ such that |η| ≅ 0, the lasing threshold condition is
achieved. Figure 4e shows the calculated scattered fields above
the threshold condition in the perovskite thin film due to the
fractal edges. As a result, the threshold condition of the
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perovskite random laser for a variation of the pumping area can
be calculated, and we can clearly observe the threshold
decreases with an increase of the pumping area. There is a
tendency to follow a power law with an order of −2.17, which
is in very good agreement with the experimental observation
represented in Figure 2d.
We also demonstrated the curvature effects on the threshold

characteristics of a perovskite random laser. Figure 4c depicts
the theoretical threshold conditions of perovskite random
lasers with different curvatures. Multiple factors could
influence the threshold condition. A strong scattering could
occur when the fractal edges become more pronounced for the
perovskite thin film on the curved substrates, and this could
lead to a reduction of the scattering length (lsc) and a
corresponding reduction of the threshold. On the other hand,
the increase of the gain length (lg) as the curvature becomes
larger would lead to an increase in the threshold. Therefore,
there will be an optimum curvature which occurs at
approximately 0.13 mm−1 for the lowest threshold condition
for flexible perovskite random lasers.
Lasers play an important role in modern imaging systems,

due to their high luminescence efficiency. However, the
“speckle” that originated from the high spatial coherence of the
laser light emission inevitably induces interference patterns in
an imaging system, significantly degrading image quality.
Random lasers with a low spatial coherence may be an
innovative speckle-free intense light source for an advanced
imaging apparatus. To quantitatively analyze the degree of
spatial coherence and imaging capability using the perovskite
random laser, tests with the Young’s double slits and the 1951
U.S. Air Force (AF) resolution charts were conducted. First,

light emission from perovskite thin-film random lasers was
collected by a 100× objective lens and then irradiated onto
double slits where the center-to-center distance, r, between the
slits is varied in a range from 20 to 110 μm. The interference
patterns were recorded using a charge-coupled device (CCD),
whereas the first-order spatial coherence, g(1)(r), as a function
of the separation distance could be estimated.33−35 The
interference patterns associated with a set of the double slits
irradiated by a conventional laser and a perovskite random
laser light source are illustrated in the insets of Figure 5a. With
the acquired images, the first-order spatial coherence, g(1)(r),
can be estimated as the results represented in Figure 5a. The
values of the first-order spatial coherence in the use of the
perovskite random laser light source are much lower than that
in the case of the conventional laser. The maximum value of
g(1)(r) using the perovskite random laser light source is less
than 0.12, indicating low correlation between the generated
light waves. After the flexible substrate is bent, the spatial
coherence values are still low, as summarized in Figure 5b. The
corresponding coherence lengths for the perovskite random
lasers with different local curvatures can also be estimated (see
Figure S5 in the Supporting Information). The variation of the
coherence length as a function of the curvature indicates that
the scattering effect on the perovskite surface may be altered
with different bending degrees.
Figure 5c shows the illuminated images of the 1951 U.S. AF

resolution test pattern using different light sources, including a
Nd:YAG pulse laser, a light-emitting diode, and flat and curved
perovskite random lasers. The speckle interference pattern
could be observed in the image collected from the conven-
tional Nd:YAG laser illumination. The results confirm that the

Figure 5. Optical coherence of flexible perovskite random lasers and speckle imaging. (a) Comparison of the first-order spatial coherence
between the use of a conventional Nd:YAG laser and perovskite thin-film random laser as the light source in an imaging apparatus. Inset:
interference patterns. (b) First-order spatial coherence of perovskite random lasers at different curvatures. (c) Optical imaging of AF
resolution test chart via different light sources.

ACS Nano Article

DOI: 10.1021/acsnano.9b00154
ACS Nano 2019, 13, 5421−5429

5426

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00154/suppl_file/nn9b00154_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b00154


random laser could provide low spatial coherence laser output
and could be highly relevant to modern imaging applications.
Moreover, with the use of the perovskite random lasers, the
contrast-to-noise ratio in the imaging performance can be
improved, as indicated in Figure S8 in the Supporting
Information. The lasing action stability of the perovskite
films can be considered in the bending durability and the
thermal stability, whereas the related results are presented in
Figure S10 in the Supporting Information. In the bending
durability test, we repeatedly bent the perovskite films on the
PI substrate and measured the light emission intensity with the
same pumping energy density at around 3 mJ/cm2. After more
than 2000 bending cycles, the laser light emissions still remain
at similar intensities, indicating that the laser action still occurs
from the perovskite thin films. Also, the thermal stability of the
MAPbBr3 perovskite thin films was examined with the power-
dependent photoluminescence measurements. The emission
intensities can be maintained as the pumping energy density
below 4 mJ/cm2. Above this pumping energy density, the
emission intensity may be decreased and varied from time to
time, resulting from the crystalline structure and grain
boundary variations. As the pumping energy is quite high,
the perovskite thin film may be damaged and cannot be
recovered. Such thermally induced damage may be improved
with a dielectric protecting layer coated on the top of the
perovskite film. Thus, in the imaging apparatus, we carefully
keep the pumping energy maintained around 3 mJ/cm2. In our
experiments, the MAPbBr3 for random lasing illumination can
be stable under our light irradiation condition with the
maximum energy density at around 4 mJ/cm2. The random
lasing action may not only occur in the organometallic−halide
perovskite thin films but also be acquired in films of colloidal
cesium lead perovskite nanocrystals.20 According to the work
reported by Yakunin et al., colloidal nanocrystals of cesium lead
perovskite CsPbX3 (X = Cl, Br, or I, or mixed Cl/Br and Br/I
systems) also exhibit low threshold amplified spontaneous
emission and similar lasing action from the random scattering
in films of CsPbX3 nanocrystals. Thus, we believe that the
similar lasing behavior can be acquired within different types or
various composites of perovskites.
From an application perspective, the electrical pumping

scheme is very important and also a great challenge for making
random laser devices practical. The electrically pumped
random laser may be achieved via the effective external
injection of electrons and holes or the random cavities with
hybrid p-i-n and metal−insulator−semiconductor structures.36

Although hybrid perovskites are recently considered as
promising emitter materials due to their attractive properties,
there are still many challenges remaining in the development of
electrically pumped perovskite-based light-emitting devices
such as the choice of electron- and hole-transport matching
layers for higher injection current densities and also the
thermal stability for lower heating effect.37 With the improved
material properties and properly integrated configurations, the
intrinsic grains and voids in perovskite thin films may support
the strong optical scattering, achieving electrically pumped
lasing devices. Moreover, hybrid halide perovskites are
applicable for emission wavelength tuning by changing their
structures and morphology with a variety of shapes and sizes
during synthesis. With the variation of anions and cations in
perovskite fabrication, the photoluminescence emissions may
cover a side color gamut. In this paper, we have demonstrated
that the high-quality MAPbBr3 perovskite thin films can be

prepared by an optimized antisolvent process with a proper
mixture of precursors. With the solvent-engineering process,
one may expect that quality-improved perovskites with
different halide compositions or partial halide substitution
can be acquired to realize other component random lasers at
different colors.

CONCLUSIONS

In conclusion, we have demonstrated low-cost solution-
processed perovskite random lasers on flexible PI substrates.
An optimized solvent-engineered method is developed to
obtain organometallic−halide perovskite thin films with
promising optical performance that facilitate low threshold
random lasing action at room temperature. The perovskite thin
film on the flexible substrate can be further curved to achieve
even lower lasing threshold operation due to a stronger
scattering effect caused by the grain boundaries in the fractal
perovskite thin film. The curved perovskite random lasers
operated at the green wavelength band demonstrated low
spatial coherence and facilitated imaging capability with low
speckle. Considering the highly durable and flexible character-
istics, the proposed flexible perovskite random laser is a
potential speckle-free light source with numerous applications
for laser projection and image processing.

METHODS
Sample Preparation. As shown in Figure 1a, first, the powdered

lead(II) bromide (PbBr2) and methylammonium bromide (MABr)
were included into an engineered solvent and kept stirring until
completely dissolved, turning into a transparent precursor solution
with 1 M concentration. Next, the as-prepared precursor solution was
deposited onto UV-O3-cleaned PI substrates by a consecutive two-
stage spin-coating process at 1000 and 5000 rpm for 10 and 50 s,
respectively. Because the PI substrate is highly flexible, it is taped on a
glass substrate to prevent wrinkling while spin-coating. During the
second spin-coating stage, a drop of antisolvent toluene was
continuously dripped onto the glass substrates. Finally, the resulting
thin films were annealed at 100 °C for 30 min to remove the residual
solvents and transit the intermediate solvate phase into the perovskite,
generating the orange and bright lead bromide perovskite films. All of
the fabrications were done inside a nitrogen-filled glovebox at room
temperature. The perovskite thin film on the PI flexible substrate was
then detached from the glass substrate to be tested at room
temperature.

Micro-PL Measurement. The power-dependent PL measure-
ments were conducted using a third harmonic generation of a
Nd:YVO4 pulse laser as an optical excitation source of 355 nm,
whereas the pulse duration and the repetition rate were 0.5 ns and 1
kHz, respectively. By launching the laser light beam into 0.55 NA
microscope objective lens, the focal spot size can be concentrated at
around 70 μm in diameter, irradiating on the perovskite sample
surface. Light emitted from the perovskites was collected by the same
objective lens and transmitted through a UV optical fiber into a
monochromator (Horiba iHR320) with a spectral resolution of 0.2
nm, together with a nitrogen-cooled CCD, recording the PL emission
spectra at different characteristic excitation powers. For the
polarization measurement, there is a polarizer before the fiber. That
90° polarizer angle is defined to be perpendicular to the bending
direction.

Angle-Resolved PL Measurements. ARPL measurements were
carried out with the same 355 nm pulse laser with the maximum
oblique incident angle up to 40°. The emitted light was collected by a
UV optical fiber with a 600 μm core mounted on a rotating stage with
an angular resolution of 1° and detected by a nitrogen-cooled CCD
attached to the monochromator.
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