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Microcavity exciton-polaritons, formed by strong light—matter coupling, are essential for realizing Bose—Einstein con-
densation and low-threshold lasing. Such polaritonic lasing and condensation have been demonstrated in III-V semicon-
ductors at liquid helium temperatures. However, the complex fabrication of these microcavities and operating temperatures
limit their room-temperature practical application. Here, we experimentally realize room-temperature exciton-polariton
condensation and polaritonic lasing in a CsPbBr3 perovskite planar microcavity fabricated by the pressing process. Angle-
resolved photoluminescence spectra demonstrate the strong light—matter coupling and the formation of exciton-polaritons
in such a pressed microcavity. Above the critical threshold, mass polaritons accumulating at the bottom of dispersion lead to
a narrow emission linewidth and pronounced blueshift, further reinforcing the Bose—Einstein condensation and polaritonic
lasing in this system. Our results offer a feasible and effective approach to investigate exciton-polariton condensation and

polariton lasing at room temperature.

Keywords: exciton-polariton, polariton condensation, perovskite semiconductors, optical microcavity
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1. Introduction

Microcavity exciton-polaritons, the quasiparticles arising
from the strong coupling between excitons and photons, pos-
sess unique properties due to their hybrid nature, including
low effective mass, strong nonlinearity, long-range coherence,
and so on.!!l These characteristics result in the realization of
various macroscopic quantum phenomena, such as quantum
ﬂuids,[z] quantum vortex, 34 spin—orbit effects,®! solitons, [°!
and Bose—FEinstein condensation (BEC).”""1 Among these
phenomena, polariton condensation has attract significant at-
traction, as it provides a platform for studying quantum co-
herence and enables low-threshold lasing without population
inversion,[!! in contrast to traditional photonic lasing. Po-
lariton lasing has initially been realized in III-V semicon-
ductor microcavities such as GaAs!!'%! and CdTe!”! at cryo-
temperature owing to their small exciton binding energy.
However, the low operating temperatures have significantly
limited the practical applications of polaritonic devices.

Recently, the operating temperature of polariton lasing
has been raised to room temperature by utilizing gain ma-
terials such as ZnO,!'!! GaN,2! transition metal dichalco-
genides (TMDs),[!3] and perovskite semiconductors.!'* These
kinds of emerging materials with larger exciton bonding
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energy and larger oscillator strength enable the enhance-
ment of polariton coupling at higher temperatures. How-
ever, the fabrication of ZnO and GaN usually needs complex

I'LI2] hindering the fabrication of plate microcav-

procedures, [
ities. While TMDs exhibit great nonlinear interaction strength
and exciton stability,[!3] the lasing and condensation of their
monolayers are challenged,!!>! limiting the exciton-polariton
study within the nonlinear regime. Perovskite semiconductors
rely on easy fabrication!'®! and excellent optical characteris-
tics, such as high optical absorption,!!”! a broad tunable range
of emission wavelength,[!® and large exciton binding energy,
making them extensively used in light-emitting diodes!'%>]
and integrated photonics devices, ! which are a suitable plat-
form to investigate strong light—matter coupling and exciton-
polaritons.

Optical microcavities can confine resonant photons, of-
fering a resonator to enhance the interaction between ex-
citon and photon in the exciton-polariton systems. In re-
cent years, via multiple synthesis methods of microstructures,
perovskite semiconductors have been incorporated into vari-
ous microcavities, including Fabry—Pérot (FP) cavities,?>~24]
whispering gallery mode (WGM) resonators,>! and photonic

126,27

crystals to realize the polariton laser.
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However, photonic crystals and WGM resonators re-
quire lithography and etching processes, which will dam-
age the gain material or reduce its photoluminescence (PL)
quantum yield. Conversely, FP cavities offer a simpler and
more practical approach, enabling strong exciton—photon cou-
pling with minimal damage and reduced optical losses. Tra-
ditional FP cavities are made by depositing highly reflec-
tive layers, including distributed Bragg reflectors (DBRs) and

28,291 This process requires high temperatures,

metal mirrors.|
which will destroy the gain materials. Open cavities provide
a promising alternative?%! to precise control of cavity length
and detuning. However, their fabrication also faces challenges,
primarily due to the requirement for ultra-precise positioning
mechanisms and fine-step actuators, for example piezoelec-
tric ceramics, making the process technically demanding and
costly.

In this work, we fabricate perovskite FP planar microcav-
ity by a harmless pressing method and employing CsPbBr;
perovskite thin film as the gain material. Within the pressed
planar microcavity, we demonstrate exciton-polariton conden-
sation and polariton lasing at room temperature. Below the
lasing threshold, the analysis of angle-resolved spectra reveals
the exciton-polariton exhibits anti-cross behaviors. Above the
threshold, power-dependent emission further demonstrates the
nonlinear behavior of exciton-polariton condensation and las-
ing, including enhanced intensity, narrowed linewidth, and
notable blueshift. Our results prove the feasibility of room-
temperature polariton lasing in harmlessly pressed FP cavities
and pave a promising way for developing room-temperature
polaritonic lasers.

2. Fabrication and optical characterization of
perovskite pressed microcavity

The microcavity structure is schematically shown in
Fig. 1(a), consisting of a CsPbBr3 thin film and a pair of highly
reflective DBRs. The bottom DBR (10.5 pairs of SiO0,/TiO;
layers) and the top DBR (8.5 pairs of SiO,/TiO; layers) were
deposited on a quartz substrate by an electron beam evapora-
tor. The CsPbBr3 thin film is synthesized by the chemical va-
por deposition method and then transferred to the bottom DBR
layer by a wet transfer process.*!! To enhance coupling effi-
ciency and prevent environmental degradation, the perovskite
layer is spin-coated with a thin photoresist layer. The top and
bottom DBRs are bonded with an ultraviolet adhesive to form
the FP perovskite microcavity, while the adhesive was dipped
to the edge of the DBRs and solidified under the UV light
(A =365 nm).

To investigate fluorescence emissions of the perovskite
thin film and FP cavity, we nonresonantly pumped the sam-
ples using a 457 nm continuous wave laser and measured
the PL spectrum at room temperature and low pump fluence.

The emission was collected into a spectrometer and dispersed
through a 600 lines/mm grating for spectral analysis. The PL
spectra of CsPbBr3 thin film without and within the FP cavity
are shown in Fig. 1(b). The PL of CsPbBrj thin film trans-
ferred on a silica substrate (blue curve) shows an emission cen-
tered at approximately 2.37 eV (523 nm) with the linewidth of
82 meV. The yellow curve represents the PL emission modu-
lated by the FP cavity and exhibits a sharp peak at 2.23 eV with
a pronounced narrow linewidth of 2.34 meV. The extracted
A /AA ~ 1000 indicates strong optical confinement and PL en-
hancement, contributing to the coupling between excitons and
cavity photons.

(a)

Emission (arb. units)

1 1
2.4 2.3 2.2
Energy (eV)

Fig. 1. Microcavity structure and PL emission. (a) Schematic of the per-
ovskite planar microcavity. (b) Room-temperature PL spectra of the per-
ovskite thin film (blue curve) and the perovskite microcavity (yellow curve).

3. Strong light-matter coupling and exciton-
polariton dispersion

To prove the existence of strong light—matter coupling
and exciton-polaritons in the pressed FP cavity, the polariton
dispersion was studied by angle-resolved PL. (ARPL) spec-
tra and the coupled oscillator model. The Hamiltonian of the
strong light—matter coupling system!*?! can be described as

Ex g >
H= , 1
< 8  Ecavity M

where Ee is the energy of exciton, Ecayiry 1S the resonant en-
ergy of the pure cavity photon, and g denotes the coupling
strength between exciton and photon, commonly referred to
as Rabi splitting energy. The energy of in-plane free exciton
and photon could be expressed as E; = hzkﬁ /2mj. Here h is
the reduced Planck constant, kH is the in-plane wavevector, and
m; means the effective mass, where i refers to the exciton or
photon. Due to the larger effective mass than that of photons,
excitons exhibit a nearly flat dispersion, while the photon dis-
persion follows a parabolic dispersion. The solved eigenvalues
of such Hamiltonian can be used to describe the dispersion of
the upper E and lower polariton branches (LPB) E_ as

2E: (k) = % [E (k) +Ee (k)

£ \fag b () ~Ee (k)] @

In experiments, we further studied the dispersion proper-

ties by ARPL, measured with a home-built micro-PL Fourier
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optics imaging setup and collected by a 50x objective lens
(numerical aperture, NA = 0.75). Figures 2(a) and 2(b) depict
the ARPL spectra of TM mode and TE/TM contrast distribu-
tion, respectively. The TE/TM contrast distribution is the es-
timated S| parameter, calculated by (Itg — Itm)/(Ite + Frm)»
where I denotes the PL intensity of TE or TM. The dispersions
of TE and TM modes showcase an energy difference arising
from the intrinsic anisotropy of the CsPbBrsthin film. A no-
table anti-crossing behavior can be observed at k| = £6 um~!
in the dispersion of Fig. 2(a), as a result of the strong cou-
pling between exciton and photon. The fitted LPB dispersion
is depicted as the white dashed line in Fig. 2(a) which aligns
with the experiment. The calculated cavity photon mode E,
with a ground state energy (k; = 0) of 2.307 eV, is presented
by a dashed line, while the straight line labeled Ex represents
the exciton energy of 2.41 eV. In this case, with a negative
detuning of A = E, — E.x = —101 meV, the fitted Rabi split-
ting energy is 117 meV, which is a larger value in the room-
temperature polariton system.

()0 YT, 1 (®) Te N Bl M
2.42 : v 2.42
Si
E 2.34 E 2.34-
> >
2 5
[} 3
2.26 = 2.264
A 5]
2.18 2.18+
-6 -4 —20 2 4 6 -6 —4 —20 2 4 6

Ky (um~1)

Fig. 2. ARPL of CsPbBr3 perovskite microcavity at room temperature.
(a) TM-polarization mode, the dashed curves showing the fitted disper-
sion of exciton, cavity, and LPB. (b) Dispersion of Stokes parameter S;.

(a) o I 1
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Energy (eV)

4. Room-temperature exciton-polariton conden-
sation and lasing

To further study room-temperature condensation and po-
laritonic lasing in the strong exciton-light coupling regime,
the pressed microcavity was non-resonantly pumped by a fem-
tosecond pulsed laser at 400 nm with a repetition rate of 1 kHz
and a pump spot with a diameter of 12 pm. Due to insufficient
peak power and thermal effects, continuous wave laser exci-
tation could not supply a sufficient polariton density to form
condensation. Figure 3 shows the ARPL of polariton emission
at pump fluences of 0.72Py, 1.0Py, and 1.2Py; (the thresh-
old Py = 194 pl - cm~2) of TM modes, respectively. Under
low pump fluence of 0.72Py,, the dispersion flattens in higher
momentum k (Fig. 3(a)), owing to the anti-crossing behavior
and the exciton-component increasing. All states of LPB are
occupied. With the pump fluence increasing over the thresh-
old (Figs. 3(b) and 3(c)), stimulated scattering dominates the
polariton dynamics, leading to macroscopic occupation at the
ground state of LPB with a narrow momentum distribution,
signaling the onset and establishment of polariton condensa-
tion. At the pump fluence of 1.2P;, the emission peak of
condensates at k| = 0 slightly shifts to higher energy, i.e., a
blueshift of 1.2 meV, arising from the nonlinear repulsive in-
teractions of both polariton—polariton and polariton—exciton
reservoir, which drive the polaritons to higher energies. Such
a blueshift serves as a key signature of the polariton condensa-
tion. The emergence of blueshift and concentrated momentum

distribution serve as clear evidences of polariton condensation.

Fig. 3. Power-dependent ARPL spectra: (a) below the threshold at 0.72Py,, (b) at 1.0Py, (c) above the threshold at 1.2P,, displaying mass

population occupation at k| = 0 and an energy blueshift of 1.2 meV.

As condensation occurs, the systems exhibit nonlinear
characteristics and the transition from spontaneous emission to
stimulated polariton lasing. To confirm this phenomenon, the
evolution of the PL intensity, linewidth, and energy blueshift
as a function of pumping fluence was investigated by extract-
ing the emission parameter from the ground state. When the
pump fluence exceeds the threshold Py, the PL intensity su-
perlinearly increases by two orders of magnitude, as shown

in Fig. 4(a). Simultaneously, due to the stimulated scattering
and bosonic condensation, the linewidth significantly narrows
from 13 meV to 0.5 meV, in which the spectral narrowing
has a A /AA factor estimated to be 4600. These two features
indicate the high monochromaticity and the appearance of las-
ing behavior. Furthermore, different from conventional pho-
tonic lasing, the polariton lasing exhibits pronounced energy
blueshift above the threshold, with a shift of 5 meV com-
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pared to the below-threshold states (Fig. 4(b)). If the pump
fluence was increased to extremely high level, the emission in-
tensity would gradually saturate. In such a situation, exciton-
polaritons would begin to decouple due to exciton dissociation
to unbound electron-hole plasma,*3! reducing the efficiency
of the strong light—matter coupling. This decoupling process
would weaken the condensate coherence and ultimately im-
pact the stability of polariton lasing at extremely high excita-
tion densities.

107 (a) oL (P)

104
103

10%F A/A\/

10!

Intensity (counts)
Blueshift (meV)

ok
1 1 ] 1 1

100 500 1000 100 500
Pump fluence (}LJ'cmfz)

1000
Pump fluence (HJ'cmfz)

Fig. 4. Lasing characterizations of perovskite microcavity polariton.
(a) Integrated emission intensity (blue) and linewidth (yellow) as a func-
tion of the pump fluence, showing the threshold of Py, = 194 uJ-cm™2.
(b) The blueshift of polariton emission as a function of the pump fluence.

5. Conclusion

In conclusion, we have successfully fabricated a high-
quality FP microcavity by using a UV adhesive pressed
method, which preserves the integrity of the gain material.
By utilizing an all-inorganic CsPbBr3 perovskite thin film as
a gain and employing its high exciton binding energy and
strong PL advantage, we achieved strong exciton—photon cou-
pling, polariton condensation, and polariton lasing at room
temperature. The observed lasing is characterized by a macro-
scopic occupation of the ground state, an enhanced emis-
sion intensity, a pronounced energy blueshift, and a A /AL of
4600. Compared to conventional fabrication methods, our ap-
proach offers a simpler, low-cost, and highly efficient method
to construct the active FP microcavities and realize room-
temperature exciton polariton and their condensation. Our re-
sults provide a promising pathway toward the development of
polariton lasing devices and integrated on-chip coherent light
sources at room temperature.
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