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Perovskite lasers, due to their superiority in feasible pro-
duction and wavelength tunability, find application in optic-
al communication!"l, Since the discovery of stimulated emis-
sion from CsPbCl; microcrystalline at liquid-nitrogen temperat-
urelZl, successive breakthroughs in perovskite lasers have
been made. In 2014, wavelength-tunable stimulated emis-
sion was realized by changing the anions of ABX;B!, while ran-
dom lasers in MAPbI; microcrystals were investigated for
speckle-free imaging!l. The threshold at that time was typic-
ally 10 w/cm? under femtosecond laser excitation. In 2015,
solution-processed nanowires significantly reduced the
threshold to 220 nJ/cm2Bl. With a high two-photon absorp-
tion, nanocrystals play a part in biological imaging and optic-
al encryptionll. MAPDlI; films with distributed Bragg reflector
(DBR) structures delivered a continuous-wave lasing with a
threshold of 17 kW/cm27l. In 2018, quasi-2D perovskites with
quantum-well structure and improved stability attracted tre-
mendous attention, which may perform as gain medium in
amplified spontaneous emission® and lasing®l. In 2020, MAPb-
Br; metasurface switched vortex lasing to linear polarized las-
ing within 1 ps, realizing terahertz ultrafast optical switches
at low energy consumptionl'%l, Simultaneously, Adachi et al.
applied triplet management strategies to overcome the las-
ing death phenomenon and realized room-temperature
quasi-2D CW lasing[""l, Stimulated emission in perovskites is
summarized in Fig. 1. Poor stability and unachievable mass pro-
duction are two challenges for the commercialization of per-
ovskite lasers('2l,

Though much has been done in achieving low threshold
and stability of perovskite stimulated emission, the mechan-
ism remains controversial due to the coexistence of free carri-
ers, excitons, exciton-polaritons, etc.['3l, Understanding the
physical origin of stimulated emission in perovskites will in-
spire the manipulation on the lasing behavior for advanced ap-
plications. Exciton-polaritons, superfluorescence (SF), electron-
hole plasma (EHP) and biexcitons may induce perovskite las-
ing.

In a strong-coupling regime, including well-constructed
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cavities like DBR and nanowires, photons are confined and
strongly coupled to excitons!'8! (Fig. 2(a)). The bosonic quasi-
particles, known as exciton-polaritons, originate from the su-
perposition of cavity photons and excitons, in which the
weights of each faction are calculated to be Hopfield coeffi-
cients. The dispersion curves of polariton are anti-crossing
(Fig. 2(b)). Because of the half-light half-matter property, the
effective mass of polaritons is extremely small, typically 104
times smaller than that of a free electronl'?.. Bose-Einstein con-
densation (BEC) of polaritons is supposed to take place even
at room temperaturel29, which brings pure quantum effect to
a macroscopic scale. The massive occupation of the lower po-
lariton branch relaxes in radiation within sub-nanosecond
timescale, generating a large number of coherent photons
(Fig. 2(c)). Since population inversion is not a necessity for po-
lariton emitting, the threshold can be an order lower than or-
dinary lasersi2', Following the observed polariton condensa-
tion in CsPbCl; nanoplatelets!', investigations on polariton
lasers towards low threshold and electrical pumped capabil-
ity were reported in 3D[22], quasi-2D®! and 1D[3! perovskites.
Compared with GaAs, GaN and monolayer transition-metal di-
chalcogenides (TMDs), perovskites are the most suitable can-
didates to realize polariton devices with convenient fabrica-
tion and large binding energy?2.. Structures were designed
to realize more sophisticated functions. In 2019, Rydberg ex-
citon polaritons, with the excitonic constituent remaining in ex-
cited states, were first observed in a CsPbBr; cavity24l. Polari-
ton systems involving higher-order excited states built the
foundation for exploring many-body physics in quantum optic-
al information process. Liu et al. found that the condensa-
tion at various polariton states could be simply driven by chan-
ging the pump intensity in CsPbBr; microflakes, which
provided the possibility of manipulating polariton states(23l,
In 2021, a zigzag perovskite lattice, performing polarization-
oriented optical switching, opened the gate of topological po-
lariton devices[?9l, Taking advantage of the delocalized and
strongly interacting polaritons, on/off propagation states of
the polariton fluid along a CsPbBr; microwire could be
switched in picosecond timescale!?’l. Developing polariton
lasers provides a platform to investigate many-body physics,
as well as to realize low-threshold polariton lasers and all-optic-
al polariton logic devices[?8l, Considering its great theoretical
and practical significance, polaritons in perovskites will be a
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Fig. 1. (Color online) Advances of stimulated emission in 3D, quasi-2D, 1D and 0D perovskites.

hotspot.

Superfluorescence starts when the excited carriers spon-
taneously build up a macroscopic coherence under the materi-
al's polarization field?%, Intensive bursts of light shows a
strengthened first and second-order coherence, which en-
ables the emission as entangled multi-photon quantum light
sourcel’>l. SF process requires a long dephasing time to ob-
tain coherence among excited carriers. A collective emission
from a fully incoherent system was more common, which is
called amplified spontaneous emission (ASE)B3%, In SF dynam-
ics, the time for the initially incoherent dipoles to form uni-
form orientation and build macro coherence is defined as
delay time (1p) (Fig. 2(d)). In perovskites, most SFs were repor-
ted below liquid-nitrogen temperature, as MAPbI; thin
films[3' and quantum-dot superlatticel's! were proved to per-
form SF emission. The delay time for SF is several pico-
seconds in both structures, and decreases at a higher excita-
tion intensity (Fig. 2(e)). A strengthened first and second-
order coherence identified that the emission originates from
coherent excited emitters. Based on Raind’s work'%], a more
detailed theoretical analysis on thermal decoherence and de-
cay indicated a possibility to realize high-temperature SFB32,
SF may realize non-cavity, low-threshold and coherent high-
quality light source.

Under intense excitation, the formation of excitons in per-
ovskites is weakened by the screening effect, yielding plasma
(Fig. 2(f)). Mott density was calculated to be 2 x 107 cm3 in
CsPbBr;B33l. A weakened dielectric response and bandgap
renormalization induced by EHP have a significant impact on
the lasing emissionB4, Time-resolved studies of CsPbBr;
nanowires (Fig. 2(g)) revealed transient red shifting of lasing
peaks and blue shifting of lasing gain profile, which could be
attributed to the decay of EHP density!'¢l. The same phenom-
ena of lasing peaks and gain profile were observed at a short-
er time scale in two-photon pumped lasing dynamicsB33!,
Non-hybridized plasmonic lasing in MAPbBr; nanowires

presented a rapid decay, which originated from EHP[36], Re-
cently, a quantitative analysis based on Drude-like model inter-
preted the transient shift, suggesting to suppress the density-
induced shift by optimizing cavity geometry!37,

Biexcitons, originating from strong Coulomb interaction
between two excitons, affect perovskite lasing properties.
The many-body interaction among excitons usually causes a
redshift in band-edge transition with a pump-intensity inde-
pendency, typically quantified as a dozen meV38l. The small
binding energy makes biexcitons less resistant to thermal
dissociation, which requires a low temperature for observa-
tionB4., The radiative decay of biexciton presents an extra
peak at the red side of free exciton in spectra (Fig. 2(h))['7,
The biexciton lasing in perovskites was first realized at 16 K
with a threshold of 20 kW/cm2B39, By analyzing the dual-band
emission below 160 K, excitons and biexcitons in CsPbBr;
films performed a competitive mechanismi%, Through many-
body interaction, multiple excitons greatly affect the optical
gain in perovskites. Xiao et al. applied 2D electronic spectro-
scopy and concluded that the optical gain in CsPbBr; nanocrys-
tals was generated from strongly-interacting biexcitons®'l. Be-
ing treated with the mixture of PbBr,, oleic acid and oleylam-
ine, CsPbBr; nanoparticles realized a low-threshold trion gain
with an increased stability, where trion is a charged exciton
consisting of two electrons and one hole (or two holes and
one electron)2, In Ruddlesden-Popper (RPP) perovskite, the
biexciton lasing was realized in a vertical cavity with working
temperature up to 125 K and a 50 meV binding energy!'’l.
Through transient absorption spectroscopy, Kanemitsu et al.
claimed that the optical gain could be tuned by changing the
excess energy of “hot biexcitons”, which is composed of an ex-
citon at the band edge and a hot exciton generated by pump
pulse3l, Since the presence of biexcitons and multiexcitons
in perovskites are inevitable, especially in low-dimensional
structures!’”], more efforts should be made to clarify their influ-
ence on photon emission and Auger recombination process.
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Fig. 2. (Color online) (a) The coupling between photon and exciton in the cavity. (b) The dispersion curves for polaritons. (c) Angle-resolved photo-
luminescence spectrum measured above the lasing threshold. The ground state is massively occupied, symbolizing polariton condensation. Re-
produced with permission('4, Copyright 2017, American Chemical Society. (d) SF in a typical four-energy-level system. (e) Time-resolved SF emis-
sion of CsPbBr; QDs. Reproduced with permission!'5], Copyright 2018, Springer Nature. (f) Exciton and EHP states with increasing electron-hole
density. £ and E, refer to bandgap energy and exciton energy, respectively. (g) Time-resolved lasing of a single CsPbBr; nanowire at 80 K. Repro-
duced with permission!'6], Copyright 2019, Springer Nature. (h) PL spectrum at 10 K (black trace) and Gaussian fits to various peaks. X and XX
refer to the emission of exciton and biexciton, respectively. X" and X'X' refer to the emission of exciton and biexciton in other phases. Repro-
duced with permission!'”], Copyright 2018, Wiley.
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