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Introduction

Hybrid CsPbBrs; superlattice/Ag microcavity
enabling strong exciton—photon coupling for
low-threshold continuous-wave pumped
polariton lasingt

Zhenxu Lin, ©92° Rui Huang,*® Shulei Li,** Mingcheng Panmai,” Yi Zhang,?
Haixia Wu,? Jie Song,® Zewen Lin,® Hongliang Li® and Sheng Lan*°

Achieving strong exciton—photon coupling in perovskite microcavities opens new possibilities for
continuous-wave (CW) perovskite lasers with ultralow thresholds. A CsPbBrs superlattice (SL), assembled
from quantum dots (QDs) with a narrow size distribution, offers both large oscillator strengths and
extended exciton dephasing times, rendering it a highly promising platform for enhanced light—-matter
interactions. Nevertheless, realizing robust exciton—photon coupling in a CsPbBrs SL-based microcavity
for low-threshold lasing remains elusive. Here, we demonstrate a hybrid microcavity integrating a CsPbBrs
SL with a thin Ag film to boost exciton—photon coupling and achieve CW-pumped polariton lasing. Using
an acetone-assisted self-assembly approach, we obtain high-quality CsPbBrs SLs characterized by narrow
emission linewidths, large exciton binding energies, diminished exciton—phonon coupling, and highly
stable amplified spontaneous emission. Optical scattering and photoluminescence measurements indicate
significant coupling between the SL excitons and resonant photon modes in the CsPbBrs/Ag microcavity.
We attribute this enhanced light—matter interaction to comparable linewidths of the exciton resonance
and photon mode, facilitated by the Ag film. A coupled oscillator model fit yields a Rabi splitting of
approximately 225 meV in a large microcavity. Notably, we achieve CW-pumped polariton lasing near the
lower polariton branch bottleneck at a low threshold of about 220 W cm™2. Our findings elucidate the
fundamental mechanism underlying strong exciton—photon coupling in CsPbXs SL systems and offer a
viable strategy for designing CW-pumped polariton lasers with improved performance.

unique feature makes it possible to realize a polariton laser with
a threshold many orders of magnitude lower than that of tradi-

Strong exciton-photon coupling in a cesium lead halide
(CsPbX;, X = Cl, Br, I) perovskite microcavity leads to the for-
mation of microcavity polaritons with part-matter and part-light
features.'™ Being as bosons with low effective mass and strong
coherence, microcavity polaritons emerge as a promising candi-
date for exploring room temperature collective phenomena, such
as Bose-Einstein condensation and polariton lasing etc. This
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tional photonic lasers, which is limited by the population inver-
sion condition.*® The dramatic reduction in lasing threshold is
beneficial to the realization of continuous wave (CW) pumped
CsPbX; lasers. So far, CW-pumped polariton lasing has been
achieved in planar micro-/nano cavities based on single crystalline
CsPbX;.”** Very recently, Song et al. demonstrated a CW-pumped
CsPbBr; laser by using a microplatelet with an area smaller than
1 um?. The low threshold of ~0.84 kW ¢cm 2 was achieved by
exploiting the strong exciton-photon coupling.'' From the view-
point of practical application, however, a further improvement is
still necessary in order to realize a CW-pumped polariton laser
with an ultralow threshold at room temperature.

In recent years, CsPbX; quantum dots (QDs) have attracted
great interest because of their high photoluminescence quan-
tum yields (PLQYs) and narrow emission line widths.">™*
As compared with bulk materials, low-dimensional CsPbX3, such
as QDs, possess larger exciton binding energy (Ey,) resulting from
the weaker dielectric screening and higher confinement effect,
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facilitating the formation of exciton-photon polaritons at room
temperature.'®>™"” Apart from the larger Ey, the reduced dielectric
screening in low-dimensional CsPbX; leads to an enhancement
in exciton oscillator strength. Since the exciton-photon coupling
strength g is governed by the relation g  \/N X f/V, where N is
the number of excitons, fis the exciton oscillator strength and V
is the photonic mode volume, it is believed that a microcavity
composed of CsPbX; QDs can be employed to enhance the
exciton-photon interaction, leading to a large Rabi splitting
energy (Q).'® Remarkably, formation exciton-photon polaritons
with a Rabi splitting energy of @ ~ 127.5 meV has been
demonstrated in a microcavity composed of CsPbX; QD mono-
layers and a planar optical microcavity created by the combi-
nation of metallic mirrors and distributed Bragg reflectors.'® In
this case, the coupling strength can be modified by the relative
position between the excitonic and photonic modes. It indicates
that the combination of an optical microcavity and CsPbX; QDs
microcavity has become an ideal platform for realizing strong
exciton-photon coupling. However, it is noticed that a dense
film composed of CsPbX; QDs with non-uniform size distribu-
tion and defects, which is reflected in the inhomogeneous
broadening of the PL spectrum, may result in enhanced exci-
ton-phonon coupling and fast exciton dephasing, preventing the
strong coupling between excitons and photons.

A CsPbX; superlattice (SL) formed by the self-assembly of
CsPbX; QDs seems to be a promising candidate to overcome
this shortage because it possesses long-range order and narrow
size distribution of QDs.?*>> The overlapping of electronic
wave functions of QDs in the CsPbX; SL results in the deloca-
lization of excitons, increasing exciton oscillator strength as
compared with isolated QDs. Moreover, the strong electronic
coupling between QDs in the CsPbX; SL leads to a low dephasing
rate, which is manifested in the excitonic cooperative emission
from the CsPbX; SL. This phenomenon, which is referred to as
superfluorescence, has been demonstrated in CsPbBr; SLs.?®
Apart from the high-density exciton states and low dephasing
rate, a CsPbBr; SLs with regular geometric shape usually sup-
ports Mie resonances, whispering gallery modes (WGMs) and
Fabry-Perot (F-P) resonances, behaving as a high-quality optical
microcavity with low intrinsic loss. As a result, the interaction
between light and matter can be significantly enhanced, leading
to enhanced superfluorescence.”” However, less attention has
been paid to the strong coupling between excitons and photons
in microcavities based on CsPbBr; SLs, which can be exploited to
realize CW-pumped polariton lasers.

Basically, the Rabi splitting energy @ originating from the
strong exciton-photon coupling is defined as follows:

1
Q=2 g2 - Z(Vpl - Vex)27 (1)

where g is the coupling strength, y, and y.. represent the
dissipation rates of the optical mode and exciton transition,
respectively.?® Apparently, a direct method for obtaining a large
Rabi splitting energy in a CsPbBr; SL is to increase the coupling
strength, which can be achieved by increasing exciton oscillator
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strength, or by reducing the photonic mode volume. Alternatively,
making the dissipation rate of the optical mode comparable to
that of the exciton transition is also a promising way to realizing
strong exciton-photon coupling in the microcavity. Basically, the
optical modes supported by an all-dielectric microcavity can be
modified by changing its geometrical parameters. In comparison,
a metallic film can be used as a reflector to enhance the photon
confinement in a dielectric microcavity.>® Thus, a hybrid micro-
cavity formed by a dielectric microparticle and a metal film can be
employed to enhance the electric field and reduce the radiative
loss, boosting exciton-photon coupling.

In this work, we successfully synthesized high-quality
CsPbBr; SLs by using the self-assembly of QDs assisted by
acetone. We observed stable exciton emission and weak exci-
ton-phonon coupling in the CsPbBr; SLs by using power- and
temperature-dependent PL spectra. We constructed hybrid
microcavities by placing CsPbBr; SLs with different sizes on a
thin Ag film and identified optical modes with high quality
factors originating from the coupling of high-order Mie reso-
nances and WGMs supported by CsPbBr; cuboids. We demon-
strated the strong exciton-photon coupling with a Rabi
splitting as large as ~225 meV in CsPbBr;/Ag hybrid micro-
cavities and the realization of CW-pumped polariton lasers with
a low threshold of ~220 W ecm™>.

Results and discussion

The CsPbBr; SLs used in this study were prepared by the self-
assembly of monodispersed QDs in hexane solution assisted by
polar solvent (here acetone) (see Fig. S1(a), ESIt). The narrow
size distribution of QDs and the surface ligands on QDs play a
crucial role in the formation of CsPbBr; SLs. Fig. 1(a) shows the
high-resolution transmission electron microscope (HR-TEM)
image of pristine monodispersed CsPbBr; QDs with an average
size of ~10 nm, which were synthesized by using typical high
temperature hot injection following the procedure reported in
literature."”> As shown in the HR-TEM image, clear lattice
fringes with an interplane spacing of ~0.58 nm, which is
assigned to the (110) plane in the orthorhombic crystal of
CsPbBr;, indicate the good crystallinity of the QDs.*° Basically,
the self-assembly of QDs is driven by the intermolecular forces
between aliphatic ligands.*" Here, the ligand molecules deco-
rated on the surfaces of QDs, which are extremely sensitive to
polar solvent, are employed to fabricate CsPbBr; SLs. The
fabricated CsPbBr; SLs appear as cuboids with micrometer
edges, as shown in Fig. 1(b) (see also Fig. S1(c)-(e), ESIt). The
elemental mapping of a typical CsPbBr; SL based on energy
dispersive spectrocopy (EDS) is presented in Fig. 1(c). It
indicates uniform spatial distributions for each element. The
atomic ratio of Cs:Pb:Br is very close to the stoichiometry of
1:1:3 (the small deviation of the atomic ratio from the
stoichiometry is caused by instrumental error). The X-ray
diffraction (XRD) pattern of a CsPbBr; SL, which is shown in
Fig. 1(d), exhibits two double peaks located at ~15.3° and
~30.6° which are assigned to the diffractions from the (110)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) TEM image of monodispersed CsPbBrz QDs. The high-resolution image is shown in the inset. (b) SEM image of CsPbBrsz SLs placed on an Ag
film. (c) Composition analysis and EDS elemental mapping of a CsPbBrs SL. (d) XRD pattern of a CsPbBrz SL and reference peak of CsPbBrs. (€) Raman

spectrum of a CsPbBrsz SL. (f) PL spectra of CsPbBrz QDs and a CsPbBrsz SL.

and (220) faces of the orthorhombic CsPbBr; (ICSD 97851),
respectively.*® This feature, which is consistent with monodis-
persed QDs, confirms the existence of pure orthorhombic
phase of CsPbBr; in the CsPbBr; SL. In order to characterize
the local atomic environment and bonding configuration a
CsPbBr; SL, we also examined the Raman spectrum of a SL,
as shown in the Fig. 1(e). The three Raman modes with small
wave numbers revealed in the Raman spectrum (a strong mode
at 73 em™ "' and two weak modes at 126 and 312 cm™ ') are
assigned to the vibrational modes of the CsPbBr; sublattice.*
In addition, the four intense bands with large wave numbers,
which are located at 1085, 1305, 1440, and 2915 cm ™', are
assigned to the bending vibrations of C-H, C-O, C—C, and N-
H bonds, respectively.**® This result implies that oleic acid/
oleylamine ligands are remained on the surfaces of QDs after
the self-assembly. This unique feature renders CsPbBr; SLs
excellent environmental and structural stability. As compared
with the PL spectrum of QDs, the PL spectrum of the SL
exhibited a red shift of the PL peak from 513 to 526 nm, which
is attributed to the electronic coupling of the wavefunctions in
neighboring QDs of the SL.*” In addition, a reduction in the full
width at half maximum (FWHM) (from 18 to 13 nm) was
observed in the SL because of the narrow size distribution of
QDs. Moreover, remarkable two-photon-induced photolumi-
nescece (TPL) was observed for the SL excited by femtosecond
laser pulses and the polarization dependence of the TPL is
similar to that observed in single-crystal CsPbBr; resulting from
anisotropic crystal structure (Fig. S2, ESIt). All these results
indicate clearly the good crystallinity of the fabricated CsPbBr;
SLs. More importantly, the PL from the CsPbBr; SLs remains

This journal is © The Royal Society of Chemistry 2025

stable for more than 60 min at room temperature under the
excitation of a 325-nm CW laser light with a power density of
140 W cm ™ * (Fig. S3, ESI{).

It is well known that the PL from CsPbBr; QDs at room
temperature originates from the radiative recombination of
excitons with a high rate because the exciton binding energy
in CsPbBr; QDs (40-200 meV) is larger than the thermal energy
(~26 meV).>**° In order to understand the recombination
dynamics of CsPbBr; SLs, we measured the PL spectra of a SL
at different excitation power densities, as shown in Fig. 2(a).
Physically, the dominant recombination process in a semicon-
ductor with direct bandgap is generally revealed in the relation-
ship between the integrated PL intensity (Ip;) and the excitation
power density (I.,), which is expressed as follows:*!

Ion, ~ I (2)

Here, k is a parameter associated with the dominant recom-
bination process. In general, ¥ < 1,1 < k < 2, and k > 2
represent a free-to-bound recombination or donor-acceptor
pair recombination, an excitonic recombination, and a free-
carrier recombination, respectively. We examine the relation-
ship between Ip;, and I, for a typical SL plotted in a logarithmic
coordinate, as shown in the inset of Fig. 2(a). In this case, the
value of k extracted from the dependence of Iy on I, slope is
~1.29, indicating that excitonic recombination is the domi-
nant recombination process in the SL. This value is larger than
that observed in QDs (k ~ 0.99, see Fig. S4, ESIt), implying an
increased radiative excitonic recombination rate in the SLs.
This conclusion is also supported by the longer PL lifetime
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Fig. 2 (a) PL spectra of a CsPbBrs SL measured at different power densities. The inset shows the dependence of the integrated PL intensity of the
CsPbBrs SL on the power density plotted in a logarithmic coordinate. (b) PL spectra of a CsPbBrs SL measured at different temperatures ranging from 80
to 300 K. (c) Dependence of the integrated PL intensity of the CsPbBrz SL on the inverse of the temperature. (d) Evolution of the PL peak with increasing

temperature measured for the CsPbBrs QDs and CsPbBrs SL.

observed in the SL (Fig. S5, ESIf). We also compared the
temperature-dependent PL spectra of CsPbBr; QDs and SLs, as
shown in Fig. 2(b) and Fig. S6 (ESIt). Basically, the temperature-
dependent PL intensity Ip;(7) of a CsPbBr; SL can be fitted by the
Arrhenius equation expressed as follows:*>

IpL(To)

I () = T B exp(—EufkaT)’

®)

Here, Ip(Ty) is the PL intensity at 80 K, f is a constant, kg is
the Boltzmann constant, and FE, is exciton binding energy,
respectively. The exciton binding energy in the SL derived from
the fitting of the experimental data by using with the Arrhenius
equation is found to be E, ~ 76 meV. This value is larger than
that observed in bulk CsPbBr; microplatelets (Fig. S7, ESIT),
implying a robust excitonic transition at room temperature.
The large E, is beneficial for the realization of population
inversion and amplified stimulated emission (ASE) with a low
threshold. As a result, we observed two-photon-pumped ASE
(A= ~531 nm) with a low threshold (Py, ~ 0.9 mJ cm ) in a SL
at room temperature under the excitation of 800-nm

J. Mater. Chem. C

femtosecond laser pulses (1 kHz, 130 fs), as shown in Fig. S8(a)
and (b) (ESIT). More interestingly, the intensity of ASE remains
stable for more than 60 min under a pumping power density of
1.45Py, (Fig. S8(c), ESIT), implying a potential application for
lasing application. In Fig. 2(d), we present the evolution of the
PL peak with increasing temperature observed for CsPbBr; QDs
and SLs. Basically, the temperature-dependent PL peak (or band-
gap energy) is related to the thermal expansion (TE) and exciton—-
phonon (EP) interaction and it can be described by the following
equation:****

Ey(T) :EO+ATET+AEP<—exp(hw/§ch) — + 1), (4)

where Arg and Agp represent the weight of TE and EP interaction,
respectively. Essentially, the enhanced EP interaction with increas-
ing temperature will reduce the blueshift of the PL peak with
increasing temperature induced by TE. As a result, a sub-linear
relationship between the PL peak energy and the temperature is
observed for the CsPbBr; QDs at high temperatures (T > 200 K).
In sharp contrast, the CsPbBr; SL exhibits a linear blueshift of the

This journal is © The Royal Society of Chemistry 2025
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PL peak energy with increasing temperature, indicating clearly a
dramatically reduced EP coupling as compared with the CsPbBr;
QDs. This is considered to result from excitonic delocalization due
to the electronic coupling of neighboring QDs in the SL.>* This
feature is responsible for the increased radiative recombination
rate and enhanced PLQY observed for the CsPbBr; SLs. Thus, the
CsPbBr; SLs fabricated in this way exhibit great potential in the
fabrication of pervoskite lasers with low thresholds operating at
room temperature.

Basically, a CsPbBr; SL with a regular geometric shape and a
moderate refractive index (n = 2.3) can serve as an optical
microcavity that provides necessary optical feedback for light
amplification. Previous studies have demonstrated that cavity-
enhanced superfluorescence can be achieved in a CsPbBr; SL
assembled by from CsPbBr; QDs.?” Thus, it would be interest-
ing to find out whether the optical modes supported by a
CsPbBr; SL microcavity can be exploited to the enhance
light-matter interaction. In Fig. S9 (ESIt), we show the optical
resonances observed in the forward scattering spectra of SLs
with different sizes placed on a SiO, substrate by using polar-
ized white light and analyzer with cross polarization. It was
previously reported that the coupling between a narrow exciton
resonance and a broader cavity mode lead to the formation of
asymmetric Fano resonance, making it difficult to reveal the

View Article Online
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larger Rabi splitting from exciton-photon coupling.*’ Based on
previous studies, the light-matter interaction can be greatly
enhanced by constructing a hybrid cavity composed of a
CsPbBr; particle and a thin metal film.**™*® In particular, a
significantly larger electric field enhancement factor within all-
dielectric microcavities was observed for the Ag/SiO, substrate,
attributed to the lower optical loss of Ag.*® In this work, we
created hybrid microcavities by synthesizing CsPbBr; SLs
directly on a Ag/SiO, substrate with the conventional spin
coating method. In Fig. 3(a), we show the forward scattering
spectra of CsPbBr; SLs with different side length (L) placed on a
Ag/SiO, substrate. In each case, one can identify a scattering
dip in the scattering spectrum at the exciton resonance, which
is resulted from the coherent coupling between the exciton
resonance and the high-order Mie resonances supported by the
hybrid micro-cavity. As a result, the radiative recombination of
excitons can be enhanced by the Purcell effect, leading to the
enhancement in the PL intensity. The corresponding electric
field distribution simulation in the XZ plane calculated for such
a hybrid microcavity is shown in Fig. S10 (ESIT). Here, the L and
thickness of the CsPbBr; SL are assumed to be 2 pm and
0.5 pm, respectively. It is shown that the electric field distribu-
tion appears inside the CsPbBr; SL as a standing wave in both
the x and z directions. In our case, the optical modes supported
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Fig. 3 (a) Forward scattering spectra measured for CsPbBrz SLs with different sizes placed on a Ag/SiO, substrate by using polarized white light and

analyzer with cross polarization (upper panel). The corresponding optical mages of the CsPbBr3 SLs recorded by using a charge coupled device (CCD) are
shown in the insets. The length of the scale bar is 5 um. Also shown is the PL spectrum of a CsPbBrz SL excited by using 405-nm CW laser light at room
temperature (lower panel). The detailed configuration of the hybrid microcavity composed of a CsPbBrs SL and a Ag/SiO, substrate is shown in the inset.
(b) PL spectra of CsPbBrz SLs with different sizes (L ranging from 1 to 6 um) excited by using 405-nm CW laser with a power density of 528 W cm™~2 at
80 K. (c) The PL spectrum of the CsPbBrs SL with L = 5 um by using 405-nm CW laser light with a power density of 134 W cm™2 at room temperature. (d)
Relationship between the energies (solid circles) of the optical modes and the wavevectors observed for the CsPbBrs SL with L = 5 pum. Also shown is the
fitting of the dispersion relation by using the exciton—photon polaritons model (red dotted line).
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by the hybrid microcavity may originate from the coherent
interaction between the high-order Mie resonances and the
WGMs or F-P resonances. It is found that the optical reso-
nances become denser and sharper with increasing L of the SL
because of the reduced optical loss, indicating that the reduced
photonic mode volume for such hybrid micro-cavities. In gen-
eral, the narrower linewidths or higher quality factors of the
optical resonances are favorable for promoting strong coupling
between the excitons and photons, creating exciton-photon
polaritons. Therefore, it is expected that such hybrid micro-
cavities are promising candidates for realizing CW-pumped
pervoskite lasers with low thresholds.

In Fig. 3(b), we present the normalized PL spectra of the
CsPbBr; SLs with L ranging from 1 to 6 pm placed on an Ag/
SiO, substrate under the excitation of 405-nm CW laser light
with a power density of 528 W ¢cm ™2, For the CsPbBr; SLs with
L < 2 pm, one can see only a narrow PL band without any
resonant modes. In this case, the radiation loss of the micro-
cavity is relatively large and the coupling between the excitons
and photons is weak. As revealed in the scattering spectra of the
SLs with small sizes (see Fig. 3(a)), the optical resonance is
much broader than the linewidth of the exciton resonance. It is
noticed that the multiple optical modes with narrow linewidths
emerge in the scattering spectra with increasing size, indicating
the enhanced exciton-photon coupling. In Fig. 3(c), we present
the PL spectrum of a SL with L =5 pm under the excitation of
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405-nm CW laser light at room temperature. It is noticed that
the emission peaks at the low-energy side of the PL spectrum
can be well fitted by multiple Lorentz lineshapes. In addition,
the free spectral range (FSR) decreases gradually when the
photon energy approaches the exciton resonance (E,), the. This
feature is in good agreement with the exciton-photon polariton
model, as demonstrated in previous reports.*® In each case, the
dispersion of the polaritons in the in the lower polariton
branch (LPB) can be analyzed by using the Hamiltonian for
the exciton-photon coupling (see Fig. S11, ESI1).”>° In Fig. 3(d),
we show the fitting of the dispersion relation characterized by
the dependence of the polariton energy (E) versus the in-plane
wavevector (k;). The Rabi splitting energy extracted from the
fitting of the dispersion relation is estimated to be Q2 ~ 225 meV,
which is larger than that reported in CsPbBr; microplatelets.' It
implies the existence of strong exciton-photon coupling in such
hybrid cavities. Moreover, the PL spectra modulated by cavities
and the fitting results of Rabi splitting energies for the SLs with L
ranging from 3 to 5.5 pm are shown in Fig. S12 and S13 (ESIf),
respectively. As L is increased from 3 to 5.5 pm, the Rabi splitting
energy is increased gradually from 192 to 237 meV. This
indicates that the improvement of the quality factors of the
optical resonances supported by a CsPbBr; SL with increasing L
facilitates the coupling with the exciton resonance. For a hybrid
microcavity, the exciton-photon coupling strength depends on
the exciton oscillator strength, the photonic mode volume, and
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(a) Normalized PL spectra measured at different excitation power densities for the CsPbBrs SL with L = 4.5 pm. The inset shows the magnified

Lorentz fitted spectrum of polariton modes measured at an excitation power density of 2008 W cm~2. (b) The optical image of the CsPbBrs SL. The length
of the scale bar is 5 um. (c) Electric field distributions in the xy plane calculated at 530 nm for a CsPbBrz SL placed on a Ag/SiO, substrate. (d) The PL
intensity and FWHM of dominant emission peak as a function of excitation power density.

J. Mater. Chem. C

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5tc00226e

Published on 23 April 2025. Downloaded by NANJING UNIVERSITY on 4/30/2025 8:55:42 AM.

Journal of Materials Chemistry C

the linewidth match between the optical mode and the exciton
resonance. As compared with bulk CsPbBr;, the oscillator
strength of the excitons in a CsPbBr; SL is increased by the
coherent coupling of excitons induced by the reduced interdot
distance and EP interaction. As a result, the exciton-photon
coupling is enhanced, resulting in a larger Rabi splitting energy.
On the other hand, it is well known that the effective mode
volume is inversely proportional to the quality factor of the
photonic mode. The confinement of light in the microcavity is
governed by the group refractive index ng (Fig. S14, ESIT). When
L is increased from 2.5 to 4.25 um, the group refractive index 7,
is increased from 15 to 26.4. It implies that the light confine-
ment becomes more efficient in large SLs. Therefore, a stronger
exciton-photon coupling can be achieved in CsPbBr; SLs with
large sizes (L > 2 pum), which is benefit for the realization of
polariton lasing under the excitation of CW laser light.

In Fig. 4(a), we show the PL spectra of a large CsPbBr; SL
with L = 4.5 pm (the thickness is 0.6 pm, see Fig. S15, ESI})
obtained at different excitation power densities. The CsPbBr;
SL was excited by using 405-nm CW laser light at 80 K. At a
power density of 15 W cm ™2, the PL spectrum is dominated by a
broad SE peak centered at 526.5 nm with a FWHM of ~4 nm.
Meanwhile, several narrow oscillation peaks with nonidentical
spacing, which are attributed to the optical modes selectively
amplified by the optical gain in a square CsPbBr; SL, appear on
the low energy side of the SE peak. From the optical image of
the SL (see Fig. 4(b)), one can see bright green light emission
from four corners of the SL, suggesting that the dominant
optical mode is the WGMs supported by the CsPbBr; SL.*" This
is consistent with the electric field distribution calculated for
the hybrid microcavity, which shows notable leakage at the four
corners (see Fig. 4(c)). In Fig. 4(d), one can see a rapid increase
in the PL intensities of the oscillation peaks when the power
density is further is increased. As the power density reaches
220 W cm 2, the dependence of the PL intensity on the
excitation power density exhibits a transition from a sublinear
to a superlinear relationship. Moreover, the linewidth of domi-
nant emission peak is dramatically reduced to ~0.8 nm,
indicating clearly the appearance of multi-mode lasing (see
the inset of Fig. 4(a)). In addition, it was found that the decay
time drops rapidly to the order of picoseconds (~380 ps) at a
higher excitation fluence of 10 mJ cm™> (see Fig. S16, ESIY),
further confirming the lasing behavior. Thus, the lasing thresh-
old is estimated to be Py, (~220 W cm™?). To the best of our
knowledge, the lasing threshold observed in this work is
smaller than those reported in bulk CsPbBr; polariton
laser,’®'" indicating the important role of strong exciton-
photon coupling achieved by using a hybrid microcavity
composed of a CsPbBr; SL and a Ag thin film. Furthermore,
we have also verified that the lasing behavior observed in the
CsPbBr; SLs is reproducible (see Fig. S17, ESIt), indicating the
stability of CsPbBr; SLs under laser illumination. More inter-
estingly, it was found that the PL intensity from such a hybrid
microcavity remains stable under continuous irradiation of
405-nm CW laser with a power density of 1480 W cm > for at
least 30 min (see Fig. 5). All these phenomena indicate that
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Fig. 5 PL intensity of from the CsPbBrz SL during subsequent continuous
405-nm CW laser illumination with a power density of 1480 W cm™2. The
inset shows the PL spectra measured for the CsPbBrsz SL at different times.

such CsPbBr;/Ag hybrid microcavities exhibit potential applica-
tions in realizing polariton lasers with low threshold and high
stability. For comparison, we also examined the lasing behavior
of a CsPbBr; SL with a similar L but with a larger thickness of
~1.1 pm (see Fig. S18, ESIT). As shown in Fig. S18(b) (ESIt), the
lasing modes in the CsPbBr; SL exhibit a highly degree of
polarization (DOP = 0.66), which is close to that reported in
single-crystal CsPbBr; laser.'* It was found that the lasing
threshold Py, is increased to ~300 W cm™ > (see Fig. S18(c),
ESIt). As shown in the optical image of the thicker CsPbBr; SL
(see the inset of Fig. S18(d), ESIT), light is emitted from the four
corners and the centers of four edges of the CsPbBr; SL. In the
thicker CsPbBr; SL, one need to consider the F-P cavity formed
by the up and bottom facets. The interplay of the WGMs and
the F-P modes may degrade the light confinement in the
CsPbBr; SL, leading to a higher lasing threshold.”?

Conclusions

In summary, we have successfully synthesized CsPbBr; SLs with
outstanding optical properties by using acetone-assisted self-
assembly. It was found that such SLs possess narrow emission
linewidths, stable exciton emission and weaker EP coupling,
which were identified by excitation-power and temperature-
dependent PL spectra. This unique feature makes it possible
to realize strong exciton-photon coupling in SLs. We proposed
the use of a hybrid microcavity composed of a SL and an Ag thin
film to greatly enhanced exciton-photon coupling, resulting
in a Rabi splitting as large as ~225 meV. We demonstrated
polariton lasing in hybrid microcavities with a low threshold
of ~220 W cm™> under the excitation of CW laser light.
Our findings are helpful for understanding the strong
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exciton-photon coupling in CsPbX; SLs and useful for design-
ing polariton lasers with low thresholds.
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