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ABSTRACT: Inorganic cesium lead halide perovskite has been
successfully applied in the optoelectronic field due to its remarkable
optical gain properties. Unfortunately, conventional solution-processed
CsPbX3 films suffer unavoidable pinhole defects and poor surface
morphology, severely limiting their performance on amplified
spontaneous emission (ASE) and lasing applications. Herein, a dual-
source thermal evaporation approach is explored to achieve a uniform
and high-coverage CsPbX3 polycrystalline thin film. It was found that
one-step co-evaporated CsPbBr3 (OC-CsPbBr3) thin films without
post-annealing exhibit an ultralow ASE threshold of ∼3.3 μJ/cm2 and a
gain coefficient above 300 cm−1. The coexistence of cubic and
orthorhombic phases in these materials naturally form an energy
cascade for the exciton transfer process, which enables rapid
accumulation of excitons. Stable ASE intensity without degradation
for at least 7 h is also realized from OC-CsPbBr3 thin films under continuous excitation, which is superior to that in the
solution-processed CsPbBr3 thin films. Notably, a Fabry−Peŕot cavity laser based on the OC-CsPbBr3 thin film is first achieved,
featuring an ultralow lasing threshold (1.7 μJ/cm2) and directional output (a beam divergence of ∼3.8°). This work highlights
the noteworthy optical properties of OC-CsPbBr3 thin films, leading to potential available applications in integrated
optoelectronic chips.
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1. INTRODUCTION

Recently, organic−inorganic halide perovskites such as MPbX3

(M = methylammonium (MA) or formamidinium (FA), X =
Cl, I, Br) have emerged as the attractive new generation of
photonic materials, especially with their record of certified
research solar cells showing power conversion efficiencies up to
22.7%.1−10 Such perovskites also have great potential for wide-
ranging applications in light emission, owing to their high
charge-carrier mobility, tunable band gap, low trap density,
high-photoluminescence quantum yield, and high defect
tolerance.11−14 However, the intrinsic volatility of organic
components against moisture sensitivity and their low thermal
stability remains an impediment for realizing the practical and
commercial applications.15,16 Alternatively, all-inorganic per-
ovskites show improved endurance under ambient conditions
compared with organic hybrid perovskites. In addition, their
unique optoelectronic properties further promote their

applications in colorful light-emitting diodes (LEDs), optically
pumped amplified spontaneous emissions (ASE), and
lasers.17−27 On account of the remarkable optical gain features
of perovskite materials, some studies chiefly focused on the
low-threshold ASE and lasing in CsPbX3 perovskites, or
assembling CsPbX3 perovskites with external optical cavity
configurations to achieve a coherent laser output, such as the
surface-emitting vertical Fabry−Peŕot (F−P) cavity and
distributed feedback gratings.28−34

Despite the progressive understanding of the gain media
with integrated external optical cavities, most of the gain media
are concentrated on inorganic CsPbX3 nanocrystals. Consid-
ering the complex manufacture process of perovskite nano-
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crystals, however, CsPbX3 thin films have the advantages of a
simpler synthesis route and desirability in integrated
optoelectronic chips. It is known that compact and smooth
perovskite polycrystalline thin films are crucial to compensate
the short optical gain length to provide sufficient gain for
realizing ASE enhancement. As for the solution-processed
perovskite thin films, such as those manufactured by the spin-
coating or thermal spraying method, the crystallization process
is relatively sensitive to the experimental condition. Mean-
while, the low solubility of the inorganic cesium salt (CsBr and
CsI) inevitably leads to poor element distribution and poor
surface coverage,35−38 limiting the realization of commercially
available perovskite-based optoelectronics.39−43 However, the
perovskite thin films fabricated by dual-source thermal
evaporation present desirable advantages with regard to film
morphology and surface coverage,44−49 whose reliable long-
term stability greatly benefits the operational stability of the
devices.50,51 This approach offers a potential substitute to
improve the performance of the ASE or lasing in CsPbX3 thin
films.

In this case, we developed a facile co-evaporation method to
prepare the CsPbBr3 thin films. The CsPbBr3 thin film without
post-annealing is named as the OC-CsPbBr3 thin film. The
OC-CsPbBr3 thin films not only exhibit a compact and smooth
surface morphology, but also remedy the inhomogeneous
element distribution in solution-processed CsPbBr3 thin films.
Based on the Volmer−Weber growth mode, we tentatively
propose a reaction mechanism for the growth of the co-
evaporated CsPbBr3 thin film. At low evaporation rates, two
precursor molecules possess low kinetic energy and can more
easily react with each other, and then undergo crystal growth.
Meanwhile, the perovskite thin films prepared via the thermal
evaporation process with a high substrate temperature exhibit a
particular feature of two-phase crystal structure.52,53 The two-
phase coexistence in OC-CsPbBr3 thin films is beneficial to
establish an energy cascade for the exciton transfer process,
which helps realize the build-up of population inversion. Here,
the OC-CsPbBr3 thin films exhibit an ultralow ASE threshold
of ∼3.3 μJ/cm2 and optical gain above 300 cm−1. As for their
long-term stability, the OC-CsPbBr3 thin films maintain the
ASE efficiency after 10 days of storage under ambient

Figure 1. OC-CsPbBr3 thin film is obtained. (a) The normalized UV−visible absorbance and PL emission spectra of the OC-CsPbBr3 thin film. (b)
Measured XRD pattern of the OC-CsPbBr3 thin film, which is interpreted as the mixture of orthorhombic (Δ) and cubic (⧫) lattices. (c) Top-view
scanning electron microscopy images of the OC-CsPbBr3 thin film, 25 °C, represent the film without post-annealing. (d) EDS spectrum of the OC-
CsPbBr3 thin film, showing a clear elemental composition. (e) TEM image and (f) HRTEM image of the OC-CsPbBr3 thin film.
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conditions (25 °C, 50% RH). Upon continuously pumping
(∼7 h) at room temperature, 90% of the initial ASE intensity is
mostly retained in OC-CsPbBr3 thin film compared with only
9% of the initial ASE value in the solution-processed thin films.
Furthermore, the Fabry−Peŕot (F−P) cavity laser based on
OC-CsPbBr3 thin films is realized with an ultralow lasing
threshold (∼1.7 μJ/cm2) and high beam quality output signal
(∼3.8°). Our results highlight the noteworthy optical proper-

ties of OC-CsPbBr3 thin films, and present a compelling
direction for the realization of on-chip coherent light sources.

2. EXPERIMENTAL SECTION
2.1. Preparation of the Perovskite Thin Film. The glass/

indium tin oxide substrates were cleaned sequentially by ultra-
sonication with a cleaner solution, acetone, alcohol, distilled water,
and isopropyl alcohol, followed by UV−ozone treatment for 5 min
prior to use. The precursors cesium bromide (CsBr) and lead
bromide (PbBr2) were loaded in two independent crucibles and the

Figure 2. (a) A series of measured XRD patterns of unannealed or annealed CsPbBr3 thin films (post-annealing temperature range from 100 to 250
°C, and 25 °C represents the unannealed film). The orthorhombic (Δ) and cubic (⧫) phase peaks coexist in the crystal pattern of the OC-CsPbBr3
thin film. (b) The UV−visible, (c) PL emission spectra, (d) time-resolved PL spectra, and (e) top-view scanning electron microscopy images of the
CsPbBr3 thin films. Scale bar: 1 μm.
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sample substrates were placed in a rotatable substrate holder facing
toward the precursor sources, and after the pressure of the evaporator
chamber was pumped down to 10−6 mbar, the two precursors were
deposited at the rate of 0.50 and 0.54 Å/s, respectively, to achieve a
molar ratio of 1:1 until the thickness was reached. An appropriate
deposition rate is beneficial to ensure maximal packing density and
morphology within a reasonable deposition period. During the
process, two quartz crystal microbalances monitored the deposition
rate of the two precursors on the sample. Right after the thermal
deposition, the freshly grown CsPbBr3 samples were heated at X °C
for 2 min each (X = 100, 120, 150, 180, 210, and 250) under ambient
conditions. These CsPbX3 perovskite films containing pure and mixed
halides were prepared with the desired thicknesses of PbX2 and CsX
of about equal stoichiometric ratio. As for the control sample of
solution-processed CsPbBr3 thin film, the precursor solution was
synthesized by adding an equimolar ratio of CsBr/PbBr2 (0.3 mmol)
in 1 mL dimethyl sulfoxide solvent, and then dissolved at 60 °C for 30
min and stirred for 6 h at room temperature, spin-coated with 500 μL
CsPbBr3 solution (3000 rpm for 40 s) by a one-step method onto the
substrate in a glovebox, and at 20 s before the last spin-coating, 80 μL
chlorobenzene solvent was dropped quickly onto the substrate. Then,
the freshly grown CsPbBr3 thin film was annealed at 100 °C for 10
min.
2.2. Fabrication of the CsPbBr3-Based Fabry−Peŕot Cavity.

The DBRs were cleaned by ultrasonication with a cleaner solution,
acetone, alcohol, distilled water, and isopropyl alcohol to ensure no
attached particles. The perovskite layer was directly evaporated onto
DBR substrates by double-source thermal evaporation. Then, these
DBRs were bound together with a certain pressure to minimize the
gap in cavity and fixed with glue.
2.3. Characterization. The film thickness of the samples was

measured by ellipsometry (SEMF-1000, Korea). The surface of the
CsPbX3 thin films was investigated by scanning electron microscopy
(SEM, Quanta 250, FEI). The surface topography of the CsPbX3 thin
films was measured by an atomic force microscope (AFM, NT-MDT,
Russia). Transmission electron microscopy was carried out with a
JEM-2100F TEM (JEOL, Japan) operating at a beam energy of 200
keV. The crystalline structure of the CsPbBr3 thin films on a glass
substrate was determined by X-ray diffraction (XRD, D/MAX-2400,
Rigaku, Japan). The absorption and PL spectra were obtained by a
UV−vis spectrophotometer (HITACHI U-3010, Japan) and a
fluorescence spectrometer (Fluoromax-4 spectrofluometer), respec-
tively. The femtosecond pulses were delivered from a Ti:sapphire
femtosecond laser (400 nm excitation wavelength, 150 fs pulse width,
1 kHz repetition rate). The nanosecond pulses were delivered by a
Nd:YAG laser (355 nm excitation wavelength, 5.5 ns pulse width, 10
Hz repetition rate). The effective refractive index of the perovskite
was measured with a variable angle spectroscopic ellipsometer (J. A.
Woollam M-2000DI). The scanning PL mapping of the CsPbBr3 thin
film on the glass substrate was determined by a Laser Raman
Spectrometer (HORIBA LabRAM HR Evolution-800) (325 nm laser
with power below 2.5 mW). All PL spectra are the aggregation
containing 10 000 PL data collected from setting up 0.5 μm as the
step size. Face emission spectra were collected by a fiberoptic
spectrometer (Ocean Optics Spectra Suite, USB2000). The distance
between the samples and fiber was set as 20 mm, and combined with a
charge-coupled device (CCD) detector. All measurements were
carried out under ambient conditions at room temperature.

3. RESULTS AND DISCUSSION

3.1. Characterization of CsPbBr3 Perovskite Films. As
described in the Experimental Section, the CsPbBr3 thin films
were co-evaporated directly onto the glass substrates with the
same molar quantity of precursor materials. Figure 1a shows
the photoluminescence (PL) and absorption spectra of a 200
nm OC-CsPbBr3 thin film. The PL peak and absorption edge
are located at around 525 and 515 nm, respectively,
corresponding to the excitonic recombination near the edges

of the direct band gap.54 The X-ray diffraction (XRD) pattern
of OC-CsPbBr3 thin films is shown in Figure 1b. The
diffraction peaks are located at 15.24, 21.67, and 30.71°,
indexing to (100), (110), and (200) planes of the cubic phase.
In addition, the peaks split at 15.16 and 30.28° are consistent
with the orthorhombic phase. Regardless of the radio between
the cubic and orthorhombic phases, the two-phase coexistence
in OC-CsPbBr3 is a particular feature of dual-source thermal
evaporation. Meanwhile, the OC-CsPbBr3 thin films exhibit
ultralow surface roughness (RMS = 2.17 nm) and a pinhole-
free morphology (Figures 1c and S1). The energy dispersion
spectroscopy (EDS) result shows Pb/Cs and Br/Pb molar
ratios of about 1.0 and 3.7 respectively, agreeing well with the
stoichiometric ratio (Figure 1d).55 The transmission electron
microscopy (TEM) images of some particles scraped from the
as-prepared OC-CsPbBr3 thin film are presented in Figure 1e.
Based on the XRD patterns and TEM electron diffraction
patterns (Figure 1e, insets), these two types of crystalline
grains are mixed uniformly in the microperspective. The high-
resolution lattice with an interplanar spacing of d = 0.41 nm is
consistent with the (110) crystal plane of the cubic phase,
whereas the d = 0.58 nm is consistent with the (202) crystal
plane of the orthorhombic phase, further confirming the two-
phase coexistence property of the OC-CsPbBr3 thin film.56

Besides, we applied the laser Raman optical imaging
technique on OC-CsPbBr3 thin films for intuitively identifying
the PL intensity and uniformity, as shown in Figure S2. We
also prepared solution-processed CsPbBr3 (S-CsPbBr3) thin
films via one-step spin coating for comparison. The PL peaks
of both thin films are located at 525 nm with similar full width
at half-maximum (FWHM) of 18 nm. In Figure S2c−f, the
OC-CsPbBr3 thin film displays a bright and uniform PL
emission distributed across the surface, proving the uniform
element distribution and excellent surface coverage. However,
the solution-processed thin film shows inhomogeneous
element distribution and PL emission, probably caused by
incomplete surface coverage and high roughness.
A post-annealing process is generally used to induce phase

transition and control the morphology to realize high-quality
perovskite thin films. Hence, the optical properties and
crystallinities of co-evaporated CsPbBr3 thin films under
different post-annealing temperatures were also investigated.
As shown in Figure 2a, the XRD spectra show a gradual
transition into the cubic phase as the post-annealing temper-
ature increases. Moreover, the shift of the absorption edge and
PL peak also reveal a lower band gap of the perovskite form
(Figure 2b,c). Due to the decrease of the Pb−Br bond angle in
orthorhombic perovskite, the lower band dispersion of the
valence band around the gap points toward the higher energy
gap.57 Compared with annealed thin films, the two-phase
coexistence in the OC-CsPbBr3 thin film will naturally form an
energy cascade, enabling the exciton transfer process from
higher energy-gap (orthorhombic-phase) composites to lower
energy-gap (cubic-phase) composites.58 The PL quantum
yields (QY) of the perovskite thin films were also measured,
and a relatively low value of ∼5.6% for the OC-CsPbBr3 thin
film was obtained, whereas the 250 °C annealed CsPbBr3 thin
film exhibits a higher PLQY (12.2%). Figure 2d shows that the
corresponding PL lifetime of the annealed CsPbBr3 thin film is
larger than that of the OC-CsPbBr3 thin film. The longer PL
lifetime of annealed thin films indicates less nonradiative
recombination channels as compared with OC-CsPbBr3 thin
films. Considering that there is no direct correlation between
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the PLQY and ASE threshold, we exclude relevant roles of
trapping processes to affect the ASE properties of CsPbBr3
polycrystalline thin films.59

The scanning electron microscopy (SEM) (Figure 2e) and
atomic force microscopy (AFM) (Figure S3) images of
annealed CsPbBr3 thin films confirm that the post-annealing
process drives grain growth continually and the adjacent grains
are then merged into bigger ones, thus leading to the higher
surface roughness. In the context of optical gain materials, a
rougher surface will decrease the intensity of light oscillation
within the thin film and increase the proportion of the escaping
light at the air−film interface, which may be harmful for the
creation of ASE, leading to low ASE efficiency.60

3.2. ASE Intensity from CsPbBr3 Perovskite Film. To
evaluate the ASE efficiency of OC-CsPbBr3 thin films, the thin
films were excited at 400 nm by a frequency-doubled
Ti:sapphire femtosecond laser oscillator delivering 150 fs
pulses at a 1 kHz repetition rate. All measurements were
carried out under ambient conditions at room temperature.
Lasing from effective optical feedback provided by light
oscillation in optical gain materials and sufficient thickness of
thin films is needed for a high-efficiency optical output.61

Figure 3a schematically displays the oscillated light among the
CsPbBr3 crystals in thin films under pump light excitation,
where a sharp ASE peak can be observed consequently. From
the contrast spectra of PL (black) and ASE (red) of the OC-
CsPbBr3 thin film in a normalized scale (Figure 3b), it can be
observed that above the threshold, the ASE peak is red-shifted
by ∼20 nm with respect to the PL maximum. Because of the
strong self-absorption during exciton lasing or in the exciton
binding energies in the bi-exciton optical gain mechanism, the
ASE peak red shifts where the optical gain and absorption are

balanced.62−64 The optical gain of a material is an important
figure-of-merit that indicates the performance of light
amplification for achieving lasing. The optical gain coefficient
of OC-CsPbBr3 thin film is estimated by the standard variable
stripe length (VSL) methods (Figure 3c). The exponential
data are fitted using eq 1

= [ − ]I L A g gL( ) ( / ) exp( ) 1ASE (1)

where IASE, A, g, and L are the detected ASE intensity, the
cross-sectional excited area mapped by the penetration depth,
gain coefficient, and excitation stripe length, respectively.65

The estimated gain coefficient of the OC-CsPbBr3 thin film is
to be ∼324 cm−1. The measured output emission spectra and
input−output intensity as a function of increasing excitation
intensity of OC-CsPbBr3 thin films are shown in Figure 3d.
The ASE increases rapidly over the narrow peak with respect
to the pump intensity, which confirms the development of
stimulated emission. It reveals clear signatures of the ASE
behavior, showing spectral narrowing of the emission peaks
and a steep rise of the emission intensity under an excitation
intensity above the threshold, where the estimated pumped
intensity is around 3.3 μJ/cm2. Time-resolved PL dynamics as
a function of pump intensity is regarded as a common tool to
characterize the expected feature of ASE. Figure 3e shows the
time-resolved PL measurement of the OC-CsPbBr3 thin film
optically pumped of 0.4Pth, 0.8Pth, and 2.5Pth (Pth is the ASE
threshold pump intensity) under ambient conditions. Well
above the ASE threshold, the typical ASE lifetime of
approximately 1100 ps was observed. Such a fast decay process
with increased pump intensity could be ascribed to the
nonradiative decay channel. Figure 3f shows the time-resolved
PL spectrogram obtained using a streak camera. The

Figure 3. Amplified spontaneous emission from femtosecond pulsed excitation in the OC-CsPbBr3 thin film. (a) Schematic of the OC-CsPbBr3
thin film. (b) A comparison of the amplified spontaneous emission profile (red) in relation to the absorption (blue) and spontaneous emission
(black) profiles of the OC-CsPbBr3 thin film in a normalized scale. Inset: the real color optical image of the OC-CsPbBr3 thin film excited above
the ASE threshold. (c) Variable stripe-length experiment for estimation of the optical gain of the OC-CsPbBr3 thin film. The spectra is excited at λ
= 355 nm with nanosecond laser pulses. The red line is the best-fitting curve based on the variable stripe length method. (d) Development of a
spectrally narrow amplified spontaneous emission with increasing pump intensity. (e) Time-resolved PL decay dynamics of the OC-CsPbBr3 thin
film following photoexcitation with the pumping intensity below (blue), close to (red), and above (black) the ASE threshold value. (f) Streak
camera images of the PL spectrum vs time (collected over a time window of ∼1340 ps) under a pump intensity above the ASE threshold value.
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predominantly rapid decay at an emission wavelength of 545
nm reflects a stimulated emission process, providing further
evidence of the ASE of the OC-CsPbBr3 thin film. The fast
nonradiative recombination manifests as the bright stripe in
the spectrogram. Such an ultralow ASE threshold and high gain
value suggest that the OC-CsPbBr3 thin film could be a
promising candidate for laser fabrication. Our results
emphasize that the potential of the one-step co-evaporation
process to fabricate high-quality perovskite films supersedes
the solution-processed method, offering a route to design

novel, highly stable thin films for efficient optoelectronics, such
as highly integrated on-chip perovskite lasers.
To further investigate the potential for a “quasi-continuous

wave” regime of excitation, the CsPbBr3 thin films pumped by
a frequency-doubled Nd:YAG laser (355 nm, 5.5 ns, 10 Hz)
were obtained. As shown in Figure 4, the gain-induced
bandwidth narrowing and the threshold behavior in emission
intensity indicated that the SE transforms into ASE. In case of
the OC-CsPbBr3 thin film, an obvious transition in the
gradient of the PL intensity curve and a sharp decrease in the
full width half-maximum (FWHM) occurred as the optical

Figure 4. Amplified spontaneous emission from nanosecond pulsed excitation in CsPbBr3 thin films. The emission spectra, output intensity, and
FWHM as a function of pumping density for (a) OC-CsPbBr3 and (b) 250 °C annealed CsPbBr3 thin films. (c) ASE threshold values of freshly
prepared CsPbBr3 thin films after different post-processing temperatures. Each data point is collected from five films. (d) Corresponding ASE
threshold values for freshly prepared CsPbBr3 thin films and 10 days later, respectively.
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pumping intensity gradually increased. A kink is observed from
the emission vs pump intensity curve at an optical excitation
intensity equal to 64.9 μJ/cm2, whereas that of the 250 °C
annealed CsPbBr3 thin film can be up to 93.2 μJ/cm2 (Figure
4b). Due to the changes in the film morphology, the
occurrence of low ASE thresholds is correlated to the degree
of perovskite crystallinity, which is similar to the case with
mixed-dimensional bromide-based perovskites.66 Figure 4c
shows that the ASE threshold of CsPbBr3 thin films is
increased as the post-annealing temperature rises, confirming
that the ASE acts in relation to the surface morphology and
crystallinity of thin films. Moreover, the co-evaporated
CsPbBr3 thin film displays superb photochemical and
structural stability after 10 days of storage under ambient
conditions (25 °C, 50% RH) (Figures 4d and S4), indicating
them as suitable gain media in coherent light sources. In
addition, the estimated ASE threshold of the S-CsPbBr3 thin
film is 0.487 mJ/cm2 (Figure S5), which is about 7.6-fold
higher than that of the OC-CsPbBr3 thin film. These findings
indicate the potential for employing OC-CsPbBr3 thin films for
the realization of continuous-wave (CW) pumped lasers and
provide an effective route for the synthesis of high-quality thin
films with a large optical gain.
3.3. Mechanism of ASE Induced by the Two-Phase

Coexistence Characteristic. Under the increased pump
intensity, the generated photons of spontaneous emission of
optical gain media are amplified by stimulated emission and
undergo the optical gain phenomenon induced by intrinsic
disorder in perovskites. Consequently, the sharp emission peak
of lasing can be observed from the thin films.37 Therefore, the
oscillation light path and film morphology of optical gain
materials are the key points for enhancing the ASE intensity.
Table S1 summarizes the recent key parameters of ASE/lasing
from CsPbBr3 perovskite gain media. Notably, the gain
coefficient, stability, and threshold of OC-CsPbBr3 thin films
approach the values reported for nanocrystal gain media. The
analysis of the XRD peak positions reveals that the
orthorhombic and cubic phases coexist in the OC-CsPbBr3
thin films. Compared with self-organized multiple quantum
wells observed in quasi-2D perovskites, the multiphase
structure of pure 3D perovskite builds an energy cascade for
exciton transfer.66 We propose that the improved ASE
efficiency may be due to the grain boundary or phase-
separation effect that leads to an improvement in multiple
random scattering. As shown in Figure S6, the coexistence of
two phases in OC-CsPbBr3 thin films might form an energy
cascade for the exciton transfer process from higher-energy gap
composites to lower-energy gap composites, as deduced from
two aspects. On the one hand, the band gaps of the OC-
CsPbBr3 and the annealed CsPbBr3 thin films are calculated to
be 2.40 and 2.34 eV from absorption data using the Tauc
relation, respectively. On the other hand, from the density
functional theory (DFT) calculations of the band structures for
the CsPbBr3 thin film, the calculated band gap for the cubic-
phase CsPbBr3 is about 2.26 and it increases to 2.49 eV for
orthorhombic-phase CsPbBr3. This trend is in agreement with
the experimentally determined gaps. As the exciton popula-
tions increase, a part of the photoexcited excitons transfer from
orthorhombic phase to the cubic phase, leading to rapid
accumulation of excitons. This effectively establishes a
population inversion for achieving ASE. Moreover, the slope
of the exponential part of the absorption coefficient curve
shows an unusual sharp shoulder. The smaller Urbach energy

measured here for annealed CsPbBr3 thin films indicates lesser
disorder and narrower distribution of states near the band
edge, which coincides with the supposition of the exciton
transfer process. Besides, the OC-CsPbBr3 thin films display
more compact and smaller crystal grains than annealed
CsPbBr3 thin films, indicating that the smoother surface
morphology is beneficial for reducing the optical loop distance
and contributes to ASE enhancement.

3.4. Long-Term Ability and Wavelength Tunability of
ASE. The long-term stability of OC-CsPbBr3 thin films is
assessed by monitoring the ASE intensity as a function of
operation time under a continuous laser pulse, as shown in
Figure S7. A nearly constant ASE intensity (90% of the initial
intensity) was observed for the OC-CsPbBr3 thin film under
continuous excitation in air for at least 7 h, indicating that OC-
CsPbBr3 thin films possess outstanding long-term stability
under ambient conditions. The excellent photostability is most
likely attributable to the superb structural and photochemical
performance in the high-quality co-evaporated CsPbBr3 thin
film, and we believe that our films can find potential
applications as suitable gain media with integrating resonant
cavities for strong coherent light emission. For comparison, the
ASE intensity in the S-CsPbBr3 thin films decreased to 9% of
the initial value after continuous pumping. Solution-processed
halide perovskite thin films suffer from imperfect stability
owing to their solution process, which can easily possess a high
concentration of surface defects, and their sensitivity to
moisture and light.67 Moreover, a higher ASE threshold in S-
CsPbBr3 thin films will produces larger joule heating than co-
evaporated thin films, which may reduce their photostability
performance significantly.32 Such results further indicate that
co-evaporation can protect samples from damaging under
continuous and high-intensity excitation. By controlling the
relative constituent stoichiometry of halides during the
synthesis process, the emission wavelength of the perovskite
thin film displays excellent tunability from the green to red
region; the PL and ASE wavelengths of CsPb(Br/I)3 thin films
can be found in Figure S8. Notably, the ASE threshold of the
CsPbBr2I thin film is as low as 14.54 μJ/cm2 (17.04 and 12.66
μJ/cm2 for CsPbBrI2 and CsPbI3 samples, respectively). These
results unravel that thin films from our method display highly
desirable PL/ASE characteristics, which is especially important
in the practical application. Due to the well-known
phenomenon of phase segregation in mixed halides’
compositions under continuous light illumination, our work
mainly presents the photostability of CsPbBr3 thin films.

3.5. OC-CsPbBr3 Film-Based Fabry−Peŕot Optical
Cavity. As one systematic study based on the lasing
applications reported, the resonator laser emission also can
be achieved by a suitable cavity resonator with perovskites as
distributed feedback lasing. The uniform PL intensity and high
ASE efficiency of the OC-CsPbBr3 thin films prompt us to
embed such samples into a cavity resonator, which is
particularly attractive for the realization of on-chip coherent
light sources. Herein, we choose the OC-CsPbBr3 thin film as
the optical gain media for a typical F−P optical cavity design,
sandwiched by two high-reflectivity mirrors parallel to each
other. We investigated the lasing from the resonant cavity
under Ti:sapphire femtosecond pulsed excitation. To explore
the cavity effect of light oscillation and amplification, here we
directly deposited about 270 nm OC-CsPbBr3 thin film onto
the surface of two DBRs to increase the optical gain length.
Next, we put these two DBRs together and fixed them with
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glue to seal the optical cavity. The schematic diagram and
photograph of the final device are presented in Figure 5a,
where the inset shows a photograph of the device in operation
emitting green light.
Before designing the perovskite-based optical cavity, we also

performed variable-angle spectroscopic ellipsometer to collect
the refractive index of perovskite thin films, about 2.4 at the
range-of-interest emission region from the fitting. A credible
result of a high refractive index should be derived from
compact crystal grains in pinhole-free and smooth polycrystal-
line thin film. As shown in Figure 5b, in contrast to the PL
spectrum from OC-CsPbBr3 thin film on glass, the uniformly
spaced resonant peaks in the cavity confirmed the effect of the
F−P cavity. It can be noticed that the lasing peak is still located
at the red side of the spontaneous emission spectrum of the
OC-CsPbBr3 thin film, in accordance with the fact of optical

transition.26 The reflection spectrum of commercially available
DBR microcavity used here exhibits >99.9% reflectivity in the
wavelength region of 450−700 nm, matching with the
absorption and emission spectrum. The high-reflection mirror
is essential to counteract the short optical gain length in the
resonator cavity. Figure 5c presents intensity-dependent
emission spectra of the CsPbBr3-based optical cavity. These
emission peaks can be distinguished from 31 to 36 by eq 2

λ=m nL2 / (2)

where m is the mode number, λ is the emission wavelength at
the mode number, n is the refractive index of the OC-CsPbBr3
thin film around the emission wavelength, and the effective
cavity length L is estimated to be ∼4 μm.68 A narrow resonant
peak located at 542 nm with an FWHM of ∼0.51 nm after the
pump intensity exceeded a certain value. The spectra narrow

Figure 5. Optical cavity based on the OC-CsPbBr3 thin film. (a) Schematic configuration of the CsPbBr3-based cavity. Inset shows the
corresponding photograph of the device in operation. (b) Normalized PL spectrum from the OC-CsPbBr3 thin film without DBR cavity (brown
line) and emission spectrum from the perovskite-based cavity (green line) under an excitation intensity of 4.3 μJ/cm2. Reflection spectra from a
single DBR mirror (red line) and a whole cavity made from double DBR mirrors parallel to each other (black line). (c) Emission spectra from the
perovskite-based cavity below and above the lasing threshold, revealing the development of stimulated emission. (d) The output beam profiles
above (upper one) and below (lower one) the threshold. Scale bar is 1 mm. (e) Pump-intensity-dependent PL intensity and (f) FWHM of the
cavity modes indexed from 31 to 36. (g) Spatial distribution of the output emission via angle-resolved PL measurement under a pump intensity of
0.5Pth and 1.2Pth. Inset shows the far-field image of the emission from the device.
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sharply in FWHM and the nonlinear increase of the spectrally
integrated PL intensity over the narrow peak with respect to
the excitation intensity confirm the development of stimulated
emission in the CsPbBr3-based optical cavity. After fitting the
input−output curve data (the transition “kink” from
spontaneous emission to stimulated emission), the estimated
lasing threshold appears at the pumping intensity (Pth) ∼1.7
μJ/cm2 under ambient conditions. The directionality of the
output signal above (2.1 μJ/cm2) and below (1.4 μJ/cm2) the
lasing threshold located 20 mm away from the device (Figure
5d) as well as the far-field image of the output beam (inset in
Figure 5g) were obtained by a CCD camera. Under a pump
intensity lower than the threshold, the emission is blocked
within the cavity. A sudden increase of the PL intensity and
narrowing of the emission peak indicate the achievement of
lasing action. As shown in Figure 5g, a directional emission was
obtained when the pump intensity was above the threshold
(1.2Pth), and the divergence of the output signal decreased
from 20° for emission below Pth to 3.8°. These results confirm
the formation of F−P mode oscillation within the cavity. The
ultralow lasing threshold demonstrates that OC-CsPbBr3 thin
films equipped with optical cavity can potentially serve as the
next-generation perovskite lasers. Our work here just provides
a possibility of OC-CsPbBr3 thin films with externally defined
resonant cavity. Other device performance of the CsPbBr3-
based cavity will be discussed in following researches.

4. CONCLUSIONS
In summary, our results highlight that the OC-CsPbBr3 thin
films fabricated by one-step co-evaporation possess excellent
optical properties, an ultralow ASE threshold (3.3 μJ/cm2),
long-term stability, and optical gain properties, which may
make them ideal candidates for further optoelectronic
integration applications. Meanwhile, the two-phase coexistence
in this materials naturally enable the exciton transfer process,
which is beneficial to establish population inversion. Herein, an
ultralow ASE threshold with excellent optical gain is obtained
in OC-CsPbBr3 thin films. Most importantly, the Fabry−Peŕot
cavity based on the OC-CsPbBr3 thin films is realized for the
first time, featuring an ultralow lasing threshold (1.7 μJ/cm2)
and directional output (a beam divergence of ∼3.8°).
Wavelength-tunable PL and ASE via compositional control
(mixed halide Br/I) is reported here, which further
demonstrates tunable perovskite lasing in the wider-wavelength
region. Studies on the thermal deposition process of all-
inorganic perovskite as an attractive material for stable
photoelectric light emitters lag behind as a photovoltaic light
absorber in solar cells for now. In addition to the attractive
ultralow and long-term stable ASE threshold, the uniform PL
intensity of OC-CsPbBr3 thin films offers an avenue for
engineering further optoelectronic applications. Our findings
provide a deep insight into a systematic route to one-step co-
evaporated thin films as optical gain media in optical cavity
lasers, which is promising for developing widespread
optoelectronic applications.
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