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ABSTRACT

Quasi-two-dimensional (2D) Ruddlesden—Popper (RP) halide perovskites,
as a kind of emerged two-dimensional layered materials, have recently
achieved great attentions in lasing materials field owing to their large exci-
ton binding energy, high emission yield, large optical gain, and wide-range
tuning of optical bandgap. This review will introduce research progresses
of RP halide perovskites for lasing applications in aspects of materials,
photophysics, and devices with emphasis on emission and lasing properties
tailored by the molecular composition and interface. The materials, struc-
tures and fabrications are introduced in the first part. Next, the optical
transitions and amplified spontaneous emission properties are discussed
from the aspects of electronic structure, exciton, gain dynamics, and inter-
face tailoring. Then, the research progresses on lasing devices are summa-
rized and several types of lasers including VCSEL, DFB lasers, microlasers,

random lasers, plasmonic lasers, and polariton lasers are discussed. At last,
the challenges and perspectives would be provided.
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1 Introduction

In recent years, quasi-two-dimensional (2D) Ruddles-
den—Popper (RP) perovskites have attracted wide atten-
tion in scientific and application fields [1, 2]. The excellent
optical and electrical properties of RP perovskites, such
as high photoluminescence (PL) quantum efficiency with
high radiative recombination rate and tunable emission
wavelength as well as low cost and scalability, make
them one of the materials with the potential to achieve
high-efficiency and low-cost optoelectronic devices,
including solar cells, photodetectors, lasers and photo-
catalysts [3-9]. Compared with 3D perovskites, the RP
perovskites have a faster charge transfer rate and higher
stability [10—12]. Moreover, the emission properties of
RP perovskites can be easily tuned by controlling the
composition, dimension and interface. Therefore, RP
perovskites can be used as gain media to achieve wave-
length-tunable, high-output-power and low-cost lasers.
In recent years, numerous successes have been achieved
in the fabrication of RP perovskite-based lasers and the
realization of high-efficiency laser outputs at different
wavelengths.

This review aims to summarize the research progresses
of RP perovskites in laser applications. In Section 2, we
introduce the crystal structures, materials, and fabrications
of RP perovskites. In Section 3, we introduce the electronic
structure of RP perovskites, the relationship between
excitons and emission characteristics as well as the
tuning of emission characteristics. In Section 4, we
discuss the amplified spontaneous emission of RP
perovskites. In Section 5, we summarize the progresses
of photonic lasers based on RP perovskites. In Section 6,
discuss the exciton—photon interaction and
exciton—polariton condensation of RP perovskites, as
well as their application prospects in the laser field.
Finally, we provide some perspectives on the RP
perovskite laser studies and applications. Through this
review, we aim to provide a comprehensive and systematic
framework of research progress on RP perovskite laser
applications for relevant researchers and to provide new

we

ideas and inspirations for RP perovskite laser applica-
tions, promoting their applications in relevant fields.

2 Materials and fabrications of RP
perovskites

2.1 Materials
RP perovskites have a structural formula of
RoA, 1B, X3,11, where R wusually represents a long-
chained organic ammonium cation, such as BA (buty-
lamine) or PEA (phenethylamine); A is generally a small
monovalent cation, such as Cs, FA (formamidinium), or
MA (methylammonium); B is generally a large transition
metal cation, such as Pb or Sn; X is generally a halogen
anion, such as Cl, Br, or I; and n is the number of inorganic
layers. The quasi-2D structure is constructed by
“cutting” 3D perovskite crystals with large organic
cations, where octahedral [BXg|* forms inorganic layers,
organic cations form organic layers and inorganic as well
as organic layers stack each other to form a sandwich
like structure. When there is only one [BXg* inorganic
layer between two large organic ligands, i.e., n=1, it is
called 2D perovskite. When there are multiple intercon-
nected [BXg]* inorganic layers between two organic
layers, i.e., n>1 but limited, it is called quasi-2D
perovskite. When n is infinite, the octahedral [BXg]*
forms a network structure with small A-site cations
distributed among them, forming a 3D perovskite ABXs.
The layered structure of RP perovskites gives rise to
many physical properties. On the one hand, the layered
structure provides effective channels for carrier transport,
resulting in higher carrier mobility and lifetime [13]. On
the other hand, the presence of van der Waals gaps
amongst organic ligands facilitates the process of delami-
nation of the layered structure. Compared to 3D
perovskites, RP perovskites show increased resilience
towards larger and more intricate organic ligands,
thereby enhancing the adaptability and customization of
their structures [14]. Moreover, the RP perovskites’
composition of multiple quantum wells endows them
with heightened exciton binding energy and adjustable
quantum confinement effects [15].

2.2 Fabrications

Solution-processed thin films, single crystals, and quantum
dots have been fabricated for the RP halide perovskites.
Compared to 3D perovskites, the RP halide perovskite
films are easier to manufacture into large area, controllable
thickness films, which are compatible with the manufac-
turing processes of thin film solar cells and light emitting
diodes (LEDs) [16, 17]. For example, the highest external
quantum efficiency (EQE) achieved for RP perovskite
LEDs is 28.1% using PEAyCssPbsBris, and the best
photon conversion efficiency (PCE) of 18.24% for RP
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Fig. 1 Materials and fabrications of RP perovskite.
(a) Drop casting preparation method. (b) Spin coating and
Blade coating preparation method. (c¢) Slow cooling preparation
method. (d) (PEA);Pbly crystals taken at 60 °C. (e) Super-
lattice nanocrystals. (a) Reproduced from Ref. [20]. (b)
Reproduced from Refs. [21, 22]. (c) Reproduced from Ref.
[25]. (d) Reproduced from Ref. [26]. (e) Reproduced from Ref.
[31].

perovskite solar cells was achieved through heat-light co-
treatment using GAg2BA;sMA5Pbelig [5, 18]. Moreover,
the RP perovskite polycrystalline films naturally contain
mixed phases to construct cascade energy or carrier
transfer systems that significantly enhance the radiation
recombination efficiency compared to pure-phased films
[1].

The process of producing RP halide perovskite films
generally involves spin coating and the following annealing
treatment. To avoid the large temperature change detri-
mental to the film crystallinity, non-spin-coated methods,
including drop-casting, batch slot-die coating, and roll-to-
roll slot-die coating method were utilized to fabricate
RP halide perovskite films [Figs. 1(a, b)], which are
simple and easy to scale up [19-22]. Compared to these
polycrystalline thin films, the single crystal materials
have a low defect and impurity density [23]. Currently,
several techniques have been devised for the growth of
RP perovskite single crystals, such as the anti-solvent
diffusion method and the slow cooling method [Fig. 1(c)]
[24, 25]. For example, to grow large-scale RP perovskites,
a surface-tension-assisted crystallization was proposed to
control the orientation of small single crystallite, realizing
the fabrication of (PEA).Pbly single crystals with
36 mm in length [Fig. 1(d)] [26].

Quantum dots are considered as favorable options for
display technology in low-dimensional systems because

they exhibit a substantial luminescence quantum yield
[27]. Recently, the perovskite quantum dots have been
receiving much attention [28]. Although a large number
of organic ligands are introduced to maintain their
stability in solvents, the cooling or solvent evaporation
in crystallization method hinders the fine engineering of
quantum dots on the nanoscale [29, 30]. To address this
problem, a layer-by-layer self-assembly method was
developed, providing a general approach for the atomic
precision engineering of 2D RP perovskites as well as
synthesizing other 2D layered superlattice nanomaterials
[Fig. 1(e)] [31].

Moreover, the synthesis routes have significant effects
on the morphology, crystal quality, and characteristics
of perovskites. For instance, to reduce the trap state
density and energy disorder in polycrystalline films, a
brominated aromatic amine trimer is designed as an
antisolvent dissolving in the perovskite precursors, which
accessed the grain boundary and mitigated the defects
[32]. Nevertheless, the solution processing involves
complex crystal growth factors. In comparison, the
vapor deposition method has more advantages, with
chemical gases or vapors reacting on a substrate surface.
Recently, by combining solution synthesis and chemical
vapor deposition, both lateral and vertical RP perovs-
kite heterostructures were successfully synthesized utilizing
a shadow mask to tune the growth orientations [33].

2.3 Dimension, organic—inorganic interface and molecular

tuning

By altering the dimension, organic-inorganic interface
and molecular structure, RP perovskites can exhibit
improved stability and superior properties over other
perovskites. First, the quantum and dielectric confinement
can be effectively tuned by engineering the inorganic
part thickness, rendering tunable bandgap and exciton
binding energy [34]. Moreover, it is reported that the
Auger recombination rate and electron—phonon coupling
strength decrease with increasing inorganic part thickness
due to suppressed overlap of carrier wavefunctions and
increased lattice rigidity, respectively, which lowers the
lasing threshold [35]. Besides, modifying the precursor
molecules and pH value of the solution can control the
morphology and dimension of RP perovskite, which not
only facilitates carrier transport and prevents charge
accumulation, but also tunes the emission from green to
blue [4].

Altering the organic—inorganic interface can also effec-
tively adjust the optical and electronic properties of the
RP perovskite materials. For example, by applying
hydrostatic pressure, the band alignment at the inorganic
—organic interface can be reconfigured, and pressure-
gated on-off emission states have been achieved [36].
Further, tuning the spacer cations can enable the preferable
vertical crystal orientation and optimize the efficiency of
optoelectronics devices. Meanwhile, by adjusting the
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dipole moments of organic cations, such as PEA™ and p-
FPEAT, the Auger recombination is suppressed and the
bandgap energy is decreased [37-39]. Besides, the FuMA
ligand with an aromatic furan ring shortened the
distance between inorganic layers, enhancing the structural
durability and water resilience of the thin film [40].

3 Emission properties of RP halide
perovskites

3.1  Electronic structures

The electronic structure of RP perovskites forms the
basis of their emission performance, with the most
important electronic structures being the valence band
and the conduction band. Taking lead iodide-based RP
perovskites as an example, the Pb-I octahedron has a
significant contribution to their electronic structure
(similar to 3D perovskites) [41]: the Pb-s and I-p anti-
bonding molecular orbital form the top of the valence
band and the Pb-p orbital forms the bottom of the
conduction band. The A-site cations, whether inorganic
or organic cations, mainly ensure the structural integrity,
with limited impact on charge transport behavior [42].
Nevertheless, the electronic structures of RP perovskites
differ from those of 3D perovskites. Firstly, the bandgap
of RP perovskites is larger than that of 3D perovskites
because in quasi-2D structures, electrons are strongly
confined in the dimension perpendicular to the transport
direction, which restricts electronic transitions between
the valence and conduction bands in the absorption
process [43]. This confinement can result in strong quantum
confinement effect, leading to highly anisotropic electronic
properties [44]. Secondly, the electronic structure of RP
perovskites exhibits stronger spin polarization effects.
This effect can cause many interesting phenomena, such
as spin-polarization-induced ferroelectricity, magneto-
electric effects and spin Hall effects, which will change
the electrical and magnetic properties of RP perovskites
[45].

3.2 Excitons

Excitons are bound states formed by the strong interaction
between electrons and holes and their energy is much
lower than that of individual electrons or holes. Excitons
play an important role in RP perovskites because they
can absorb photons and convert them into excitonic
excited states, leading to the luminescent and emissive
properties of the material. Excitons can also interact
with each other to form exciton—exciton and exciton-
charge carrier complexes, thereby affecting the optical
and electrical properties. Additionally, due to the soft
lattice of RP perovskites, free excitons could be trapped
by octahedral distortion through strong electron phonon
interactions, forming the self-trapped excitons. Self-

trapped excitons exhibit a broadband emission and a
large Stokes shift (> 100 meV), holding great potentials
for display and narrowband detection [46, 47].

Excitons in RP perovskites are influenced by geometric
restrictions and interface effects. The quantum well and
dielectric constant of RP perovskites are directly related
to the m-value, which affects the exciton binding energy.
For example, when n decreases from 5 to 1, the exciton
binding energy of (BA)y(MA), 1Pb,l3,11 crystal increa-
ses from 220 meV to 380 meV [48]. Compared with 3D
perovskites, RP perovskites have thin and deep quantum
wells, which reduces the Bohr radius and increases the
exciton binding energy [13], making it possible to
observe RP perovskite excitons at room temperature.
Further, the large exciton binding energy in RP halide
perovskites can produce important physical phenomena
in RP halide perovskites, such as exciton—polariton [49].
This exciton—polariton has an exceptionally strong non-
linear optical response, which will be discussed in detail
in Section 6.

3.3 Emission dynamics and properties

The emission characteristics of RP perovskites are
closely related to the crystal structure, chemical compo-
sition, and surface properties, through which the emission
properties of RP perovskites can be modulated.

First, metal ion doping can alter the band structure of
RP perovskites, resulting in changes in the emission
wavelength. Recent studies have successfully achieved
stable yellow LED by doping Rb* into (BA):CsPbalz
perovskite [50]. As shown in Fig. 2(a), the doping of
Rb* led to the tilting of Pblg octahedra, caused a red
shift of the emission peak and ultimately achieved a
stable emission peak at 595 nm. Metal ion doping can
also form an alloy structure of RP perovskites. For
example, by introducing both Rb* and Cl ions into
PEA-CsPbBr;, Cl alloying can result in blue shift of
emission, while Rb* alloying can promote the formation
of 2D phase components, thereby forming sub-micron-
sized particles on the surface of the film, and improving
the light output coupling efficiency [51]. In addition,
metal ion doping at an appropriate concentration can fill
the defect sites of RP perovskites. As shown in Fig. 2(b),
Mn?t doping improved the surface morphology of RP
perovskite thin films, changed the emission wavelength
and simultaneously lowered the trap density, thereby
enhancing the energy transfer efficiency [52].

The chemical composition of RP perovskites can affect
their band structure and emission characteristics, with
varying the proportion of organic cations being a
common method. As shown in Fig. 2(c), the schematic
diagram of the layered structure of (PEA)sPbly,
(NMA)oPbl, and (PEA)(NMA)Pbl, reveals the influence
of different chemical compositions on the RP perovskite
structure [53]. By controlling the molar ratio of PEA
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Fig. 2 Emission property regulation of RP perovskite. (a) Schematic diagram of the effect of doping Rb* on Pbls octahe-
dra. (b) The left figure shows the SEM image of undoped and Mn-2% doped sample and the right figure shows the PL and
UV-vis absorption diagram of the sample doped with different concentrations of Mn. (¢) The left image shows schematic
diagrams of the layered structures of PEA, NMA and mixed PEA, NMA perovskites, while the right image displays a colored
plot of the TA spectra of perovskite films with varying ratios of PEA and NMA cations. (d) The left figure shows the
schematic diagram of crown ether and MPEG-MAA changing the crystal structure and passivating defects, the middle figure
shows the PL quantum yield of different perovskite films, and the right figure shows the confocal PL intensity diagram of
perovskite films with MPEG-MAA. (a) Reproduced from Ref. [50]. (b) Reproduced from Ref. [52]. (¢) Reproduced from Ref.

[53]. (d) Reproduced from Ref. [5].

and NMA, the phase distribution of the material can be
effectively adjusted to achieve emission of different
colors. Among them, the LEDs with a molar ratio of 5:5
of PEA and NMA exhibit high-purity red electrolumi-
nescence. In addition, recent studies have achieved high-
quality PBAI-CsPbBr,l; ,-PEOXA composite films by
adjusting the molar ratio of cations and anions, with
emission adjustable in the range of pure red to deep red
[54]. The use of different organic cations is also an effective
method. Organic cations with different dipole moments
can tune the band edges of RP perovskite materials
while keeping their bandgap constant. Due to the elec-
trostatic displacement of the band edge energy levels,

excellent band alignment is achieved, the hole injection
barrier is reduced and the charge balance within the
emission layer is improved [55]. Bi-functional
amphiphilic ions with different coordination affinities
can coordinate with Pb**, shortening the distance of the
quantum well and acting as co-spacer organic layers, to
inhibit the aggregation of perovskite precursors, thereby
limiting the growth of high-n phases and promoting the
growth of low-n phases, and improving energy transfer
[56].

Defect passivation is a commonly used strategy to
reduce or eliminate non-radiative recombination defects
in perovskites and thereby improve the device performance

Kun Chen, et al., Front. Phys. 19(2), 23502 (2024)
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[57, 58]. As shown in Fig. 2(d), the addition of crown
ether and polyethylene glycol methyl ether acrylate can
alter the crystal structure and passivate defects, leading
to the high-quality, environmentally stable, and low-
defect density perovskite films [5]. The dual additive
treatment reduces the defect state density of the
perovskite, resulting in an increase in the PL quantum
yield from 12% to 78%. Also, introducing 2D perovskite
and excess PEABr into the solution precursor of RP
perovskites can significantly reduce the defect density,
thus reducing the impact of non-radiative recombination
[59]. Furthermore, when using a precursor combination
of organic halide salts and 3D perovskites to prepare RP
perovskite films, the organic ammonium cation not only
passivates defects but also ensures the effective formation
of high-order domains in the RP perovskites, avoiding
the appearance of low-order domains [60]. In addition,
modifying CsPbBrs nanocrystals with PEA bromide and
introducing them into RP perovskite films can effectively
modify the halide vacancies associated with excitonic
non-radiative transitions and reduce the defect [61]. In
addition to the passivation of internal defects in crystals,
the passivation of interface defects is also of great signif-
icance in regulating emission properties. Recently, a
functionalized phosphonic acid was developed as a passi-
vating agent for the coordinating unsaturated Pb**
defects without affecting the crystallinity of RP
perovskites [62]. These agents were used to passivate the
buried interfaces, fill in interface charge traps, and ulti-
mately lead to high quantum efficiency [63].

3.4

The optical properties of RP perovskites are affected by
n as well as the physical size of RP perovskites. In small
n, quantum confinement effects become more prominent,
leading to higher exciton binding energies and stronger
PL. For example, 4'-(aminomethyl)-biphenyl-3-
carboxylic acid can be added to PEAs(FAPDBr3)sPbBry
to promote the formation of large n-phases, while reducing
van der Waals gaps between quasi 2D perovskite layers
and enhancing interlayer coupling [64]. Alternatively,
quasi-2D perovskite flat films with uniform 2D-3D phase
mixtures can be prepared by dropping antisolvent
containing nanocrystals into RP perovskite precursor
solutions [65]. Additionally, iodide salts can be used as
additives to induce the formation of iodide lead salts and
increase monomer density [66]. Antisolvents are also
used to control the n value. It has been found that a
mixed antisolvent of ethyl acetate and isopropanol can
effectively remove excess large organic ligands and
suppress the growth of low-n phase RP perovskites [67].
By matching the temperature with the boiling point of
the antisolvent, the solvent and antisolvent can be evap-
orated simultaneously, allowing perovskite microcrystals
to nucleate uniformly along the circumference and signif-

Dimension and interface dependent emission properties

icantly reducing the dispersion of the n = 2 perovskite
phase, resulting in perovskite films with a narrow phase
distribution [68].

The interface effect significantly influences the emission
characteristics of RP perovskites. Charge-transfer excitons
have been observed at the interface of PEA>Pbly;—
PEA,Snl, heterostructures, which can be directly formed
under electrical injection, advancing the functionalities
of RP perovskites as white light sources [69]. Moreover,
2D perovskite lateral heterostructures were also realized
by a quaternary solvent method, utilizing rigid n-conju-
gated organic ligands to avoid in-plane ion diffusion.
The exciton lifetime is enhanced at the interface of the
(2T)9PbBrs—(2T)2Pbly heterostructure and the (4Tm),
Snl;—(4Tm)oPbly heterostructure, opening new avenues
to tune the excitonic properties via lattice-strain engi-
neering [70].

4 Amplified spontaneous emission of RP
perovskites

4.1  Operation wavelength

Amplified spontaneous emission (ASE) is a phenomenon
in which the amplification of spontaneous emission
occurs when the optical gain exceeds the optical losses.
An effective way to provide commercial value and
demand guidance is to summarize the operation wave-
lengths of ASE. In this part, we will discuss the ASE
from the RP perovskite and 2D-3D perovskites, and a
summary of ASE wavelengths and thresholds is shown
in Table 1. Li et al. [71] obtained ASE spectra with
adjustable wavelengths ranging from 530 nm to 810 nm,
under  pulsed  excitation  using  self-assembled
NMAs(FA), 1Pb,X5,11 perovskites films [Fig. 3(a)].
Wang et al. [7] demonstrated blue ASE from the
CsPbCl, 5Br; 5-based 2D-3D perovskite thin films. Ding
et al. [72] reported that by utilizing ethanol to manage
the solubility of perovskite precursors, high-quality
single-crystal samples of (TEA)y(MA),-1Sn,l3,+1 (where
n = 1 or 2) were produced, exhibiting red ASE spectra
at 674 nm and 754 nm, respectively. In summary, the
ASE phenomenon in RP halide perovskites has covered
a broad spectral range from near-infrared to blue,
exhibiting great prospects for materials research and
commercial applications.

4.2  Threshold

In recent years, extensive research has been conducted
to investigate the ASE threshold of RP perovskite. The
reduced threshold indicates reduced optical losses. RP
perovskite is usually not a solitary phase but comprises
a cluster of phases, and even exhibits different n values.
Threshold analysis of RP perovskite films can effectively
help to understand the PL efficiency in the spontaneous
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Table 1 The ASE wavelengths and thresholds for RP perovskites.

Year Materials Structure Pump Temperature Wavelength Threshold Ref.
2018 NMAy(FA)PbeBrylr (y=7,4,3,2, 1 and 0)  thin film  pulsed RT 530-810 nm 8.0 pJrem?  [71]
2021 Cso.s7(FAMA)g.13PbBrs/NMA,PbBry thin film pulsed RT 530 nm 1.44 pJ-cm2 [74]
2021 Cso.87(FAMA)g.13PbBr3/(NMA)2PbBry thin film pulsed RT 535 nm 3.8 ulem?  [84]
2022 CsPbCl, 5Bry 5/ (DPEA),PbBry thin film pulsed RT 468 nm 6.5 wJ-cm™ [7]

2022 (ThMA)2CszPbsBrig thin film pulsed RT 530 nm 13.92 pJ-em ™2 [75]
2022 (PEA)2Csp1PbnBrans thin film  pulsed RT 525 nm 11.3 pJ-em 2 [80)
2022 PEA»Cs,PbsBrig thin film pulsed RT 535 nm 11.7 pJrem2  [81]
2022 (TEA)2(MA)y 1Sn,l3,41 (n =1, 2) single crystal pulsed 20 K 674-754 nm  29.1 pJrem?  [72]
2022 (PEA)>(MA), 1Pbulz,11 (n =1, 2, 3) single crystal pulsed 20 K 541-627 nm 5.8 uJ-em?  [85]

(NMA),(FA)Pb,Br,I, |

y=4,33, 231 40,

///////////////////////////////mmm,..,

Emission (rel. u.)

///////////////////////Wlfllﬂz/m/mm,,..,.. .

LI ) l L] lI T LI l L ) I LI
450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

] (ny=3 ~ Pristine
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Absorbance (a.u.)

PL intensity (a.u.)
P T I T

400 440 480 520 560
Wavelength (nm)

Fig. 3 Amplified spontaneous emission properties of RP perovskites are presented in this study. (a) Energy transfer
cascades occur as small n-value wide-bandgap quantum wells transfer energy to large m-value narrow bandgap QW emitters.
The 2D-RPP thin films (NMA)o(FA)PbyBr, 7, (where y = 7, 4, 3, 2, 1, and 0) can emit ASE in a broad range of wavelengths
by adjusting the precursor solutions. (b) A diagram displaying the electronic transitions in multiphase perovskite thin films
is presented. (c) The impact of an anti-solvent on (ThMA ),CsyPbsBry films was studied. The PL peak shifts from 518 to
513 nm after CB treatment. (a) Reproduced from Ref. [71]. (b) Reproduced from Ref. [73]. (c) Reproduced from Ref. [75].

radiation process and provide a reference for the selection researchers have employed different methods to lower
of optical devices [Fig. 3(b)][73]. However, the development  their ASE threshold. Liang et al. [74] proposed a technique
of low-threshold, high-gain lasers using RP perovskite involving solvent recrystallization that was employed to
lags behind that of 3D perovskite. To address this issue, enhance the crystallinity of mixed-cation
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Cso.s7(FAMA)13PbBrs/NMAsPbBr,  films  deposited
through spin-coating, and to eliminate pinholes. The
ASE threshold is reduced from 3.00 to 1.44 pJ-cm 2
which can be ascribed to the relatively low propagation
loss and suppressed Auger recombination. Qin et al. [75]
synthesized (ThMA);Cs, 1Pb,Brs,:1 films by a facile
solvent method and optimized the phase distribution of
the film by counteracting the solvent chlorobenzene,
thus improving the energy transfer efficiency and achieving
a low ASE threshold of 13.9 pJ-cm 2 [Fig. 3(c)]. In addi-
tion, modifying gain mechanisms can also regulate the
performance of ASE [76]. Due to the higher recombination
rate of multiexcitons than that of free excitons, Li et al.
[77] achieved multiexciton ASE in PEA,(CH;3;NHjs)
7PbgBros with grain size less than 1 pm, reaching a
threshold as low as 13.7 pJ-cm™2 and almost half of that
of ASE from free excitons. These studies demonstrate
that the ASE phenomenon in RP perovskites has significant
potential for materials research and commercial applica-
tions.

4.3  Gain dynamics

To enhance the optical gain of RP perovskite materials,
researchers have employed various approaches to
enhance the efficiency of energy transfer and minimize
the loss of energy through non-radiative pathways. Yang
et al. [78] increased the content of 3D phase in the RP
perovskite by introducing hypophosphoric acid, which
improved the crystallinity, charge transport, and energy
funneling process, leading to efficient luminescence. Allegro
et al. [79] introduced silicon substrates to eliminate the
waveguide effect in RP perovskite films, alter the lattice
structure and eliminate lattice mismatch, resulting in
more effective charge and energy transfer, reducing non-
radiative recombination and increasing the intensity of
optical gain. In the work of Huang et al. [80], the addition
of polyvinylpyrrolidone improved the energy funneling
process, reduced non-radiative recombination and
increased the optical gain by more than two times
[Fig. 4(a)]. Li et al. [81] proposed a method that employs
treatment with chlorobenzene, which is resistant to
solvents, to control the phase composition and surface
morphology of quasi-2D PEA(CsPbBr;3), 1PbBry films
[Fig. 4(b)]. These research works broaden the fundamental
comprehension of the behavior of charge carriers in quasi-
2D perovskite films [82].

4.4  Dimension and interface dependent ASE

Through dimension and interface control at the molecular
level, ASE can be effectively modulated. Li et al. [83]
decreased the spacer content and utilized NMA cation
linkers to maximize the volume fraction of the large n
value quantum well, which suppresses exciton—exciton
annihilation and lowers the ASE threshold. Besides, Li

et al. [84] employed a multi-cation doping strategy to
prepare a dense and smooth Csgs7(FAMA)j13PbBrs/
(NMA)PbBry film [Fig. 4(c)]. The addition of NMA
cations reduced the grain size, resulting in a highly
smooth film and introducing an energy diagram similar
to a quantum well to increase the exciton oscillation
strength and promote optical gain [84]. These methods
effectively enhance the optical properties of quasi-two-
dimensional perovskite films and have important impli-
cations for the application of luminescent materials.

5 Photonic lasing of RP halide perovskites

5.1 VCSEL

VCSELs, or vertical-cavity surface-emitting lasers,
represent a promising new type of optoelectronic device.
They are composed of multiple layers of semiconductor
materials and a substrate layer, which generate laser
light through vertical reflection and resonance within
the cavity. Compared to traditional edge-emitting lasers,
VCSELSs have several advantages, including ease of inte-
gration, low processing costs and high yield. Wang et al.
[7] employed 2,2-diphenylethylammonium bromide as a
binding agent to form RP perovskite thin films with
increased distribution for large n value domains
[Fig. 5(a)]. By concentrating photogenerated carriers on
high-n regions, it is possible to reduce the local carrier
density and effectively suppress Auger recombination.
This presents a viable approach to regulate the spatial
arrangement of RP perovskite VCSEL domains. Chu
et al. [86] proposed a flexible and large-area thin film
transfer technique that was employed to extend the
cavity through resonance conditions. They used alkali
halide NaBr to prepare a smooth and highly luminescent
RP perovskite thin film (PEA);Cs, 1Pb,X3,+1 (X = Br,
Cl), Afterward, the film with a large area was moved to
the ultimate substrate. Based on this, they achieved a
low-threshold, high-quality single-mode VCSEL. These
technological developments provide effective ways to
achieve RP perovskite VCSELs with potential for future
applications.

5.2 DFB Laser

Distributed feedback (DFB) lasers are a type of edge-
emitting semiconductor laser that employs a feedback
structure created by doping or suppression in the active
layer to produce periodic refractive index modulation.
As mirrorless, high-speed and single-mode lasers, DFB
cavities hold tremendous potential for applications in
spectroscopy and long-distance optical communication.
To investigate whether the single-state-to-triplet-state
exciton annihilation induced by triexcitons hinders the
population inversion in RP perovskites, Qin et al. [87]
studied two types of organic cations, PEA with high
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triplet energy and NMA with low triplet energy, were
utilized in FAPbBrs-based RP perovskites [Fig. 5(b)].
By employing a high-quality factor distributed feedback
cavity and trion management strategy, the researchers
achieved stable lasing in continuous wave mode at room
temperature, with NMA-based films exhibiting lower
threshold. Lei et al. [88] prepared highly oriented quasi-
2D perovskite (PEA)s(FA)3PbsBris films relying on
solution engineering with N-methyl-2-pyrrolidone and
dimethyl sulfoxide. Their research revealed that the film
demonstrated accelerated energy transfer from regions
with high bandgap to those with low bandgap compared
to films with random orientation, facilitating the low-
threshold DFB lasers.

5.3 Microlaser and Nanolaser

Perovskite microlasers have gained importance in opto-
electronics due to their compact size, low energy
consumption, low operating voltage, and ability to emit
light in both visible and infrared spectra [89]. Specific
functions of perovskite microlasers can be achieved

through the design and processing of microcavities.
Liang et al. [90] discovered the laser and loss mechanisms
of two-dimensional (BA)y(MA), 1Pb,ls,41 microplatelets
that were mechanically exfoliated from bulk crystals
[Fig. 5(c)]. As n decreases from 5, 4 to 3, the laser
threshold exhibits a significant increase, while the char-
acteristic temperature decreases to 49 K, 25 K, and 20 K
for the corresponding samples. The dependence of lasing
behavior on the value of n is attributed to the decreased
Auger recombination rate and electron-phonon coupling
strength with increasing n, which provides insights for
the development of two-dimensional semiconductor
microlasers with low threshold, no substrate and multiple
colors. He et al. [85] used a straightforward method for
growing to prepare single crystal flakes of
(PEA)2(MA),1Pb,I5,11 (n = 1, 2, 3), which produced
low-threshold amplified spontaneous emission. These
results enriched an understanding of the interactions
between many-body excitons at a fundamental level in
layered perovskites and provided insights for the devel-
opment of solution-processed multi-color microlasers.
Gao et al. [91] studied at low temperatures (<153 K),
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threshold exhibits an upward trend. (d) A lasing image of the PEABr-FAPbBr3 perovskite film. (a) Reproduced from Ref.
[7]. (b) Reproduced from Ref. [87]. (c) Reproduced from Ref. [90]. (d) Reproduced from Ref. [93].

homogeneous mechanically-exfoliated (PEA)2(MA), 4
Pb,Isn1 (n = 2, 3) microflakes exhibit up-conversion
lasing in the 598-637 nm wavelength range. The low
lasing threshold is due to their high two-photon absorption
coefficients, nearly 3 orders of magnitudes higher than
their 3D counterparts [91]. These characteristics make
RPP a potential gain medium for developing high-efficiency

up-conversion microcavity lasers.

5.4  Random laser

Random lasers are a type of laser whose laser mode is
not achieved through traditional reflection and reso-
nance, but rather through the scattering of photons in
the random microstructure of materials [92]. Compared
to traditional lasers, random lasers have irregular resonant
cavities, simple preparation, low cost, controllable
morphology and easy modulation, making them potentially
useful in multiple fields such as optical imaging and
biomedicine. Fruhling et al. [93] have shown the random

lasing and potential coherent feedback mechanisms of
RP perovskite thin films [Fig. 5(d)]. The lasing modes
are extended states caused by random grain structures
in the solution processing that can span the entire pump
volume. Also, Roy et al. [94] produced a FA-(N-MPDA)
PbBry hybrid perovskite with high quality by employing
a constant temperature slow evaporation approach with
the aid of a long-chain organic diamine spacer. By utilizing
the defects and dislocations as well as grain boundaries
as scattering centers, they achieved a low-threshold
random laser in the well-shaped high-crystallinity
nanorods, with extremely small spectral width (~0.1 nm)
and high @-factor (~5350). These results suggest the
great potentials of RP perovskite random lasing.

6 Polaritonic lasing of RP perovskites

6.1  Exciton—polaritons in linear regime

Exciton—polaritons (polaritons for short) are part-matter,
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part-light quasiparticles formed from the superposition
of the semiconductor excitons and cavity photon modes
with sufficiently strong interaction [95]. Embedding the
2D layered perovskites in an external optical cavity with
two distributed Bragg reflectors, or one DBR and one
metallic mirror constructs the most used configurations
to achieve strong exciton—photon coupling [Fig. 6(a)]
[96]. Benefitting from the high-quality F-P cavity and
large exciton binding energies, polaritons can be easily
formed, where a clear anticrossing characteristic and a
large vacuum Rabi splitting energy of approximately 170
meV could be distinguished. Meanwhile, hybridized
polariton states were observed in 2D organic—inorganic
perovskite planar microcavities, deriving from a significant
coherent strong coupling of 2D perovskite exciton,
multimode cavity modes and Bragg modes of the
distributed Bragg reflector and the reversible energy
oscillation between the three states [Fig. 6(b)] [97]. On
the other hand, recent research has unveiled the strong
exciton—photon coupling in 2D layered perovskite flakes
at room temperature even without external cavities, as
shown in Fig. 6(c) [96]. The strong polariton nonlinearities
in those single-crystal flakes, manifested as excitonic
interaction constants reaching the highest level at room
temperature (~3 £ 0.5 peV-um?), are hundreds of times
higher than those in inorganic semiconductors at cryogenic
temperatures. Moreover, single-cavity polaritons with a
Rabi splitting twice as large were observed by preparing
a 2D layered perovskite with a thickness of about 150
nm on a gold substrate [98]. The coupling strength and
order of exciton-polariton resonance in this structure are
both functions of crystal thickness, and the splitting
energy of polaritons is also linearly related to the thickness
of the perovskite.

Furthermore, 2D layered perovskite microcavities offer
a unique platform for investigating artificial non-Abelian
gauge potentials and topological polariton physics due to
their exceptional in-plane optical anisotropy and
tunability with external factors such as electric field,
temperature, and magnetic field. Specifically, there is a
strong electric field in the two-dimensional layered
perovskite microcavity. When an external light field
exists in the microcavity, photons will be induced to
deflect by a strong electric field, equivalent to introducing
an artificial non-Abelian gauge field. The size and direction
of this electric field can be tuned by external factors
such as electric field, temperature, and magnetic field
[99]. Using this controllable external field to break the
time-reversal symmetry and combined with the optical
spin—orbit coupling, the distribution of Berry curvature
can be altered, leading to a non-zero integrated value,
which allows for the control of its topological properties
and this has practical applications in photonics as well
as quantum information processing. A recent method
has been proposed to electrically adjust the photonic
Berry curvature of 2D layered perovskite microcavities,

as shown in Fig. 6(d) [100]. The optical system consists
of a liquid crystal cavity and a RP perovskite layer,
which enables strong coupling between cavity photons
and excitons, creating polaritons. By varying the external
electric field, the symmetry of the liquid crystal cavity
can be reduced, causing a gap to open at the polariton
dispersion relation corresponding to the polar Dirac
point. This allows for the local manipulation of the
concentration of Berry curvature by applying an external
voltage. Furthermore, as shown in Fig. 6(e), changing
the external temperature and magnetic field strength
can also achieve the distribution of Berry curvature [99].
This is due to the breaking of time-reversal symmetry
by an external magnetic field, which increases the degen-
eracy of the diabolical point and thus obtains a non-zero
integrated value of Berry curvature.

Additionally, 2D layered perovskites incorporated into
open cavity architectures also display a pronounced exci-
ton-photon coupling effect, enabling further control over
the coupling strength and influencing the emission char-
acteristics via the photonic component. As shown in
Fig. 6(f), the coupling strength can be modulated and
polarization control can be achieved by varying the
thickness of the perovskite film in the cavity structure
[101]. This cavity structure is prepared by coating an Al
NP lattice on a (PA)(MA)Pbol7 thin film. Additional
ultrafast energy transfer pathways in the open cavity
also lead to a polariton lifetime that is half that of the
original exciton. Additionally, by coupling the photon
Bloch modes of 2D layered perovskite rod-like lattices
with the excitons, the regulation of exciton polariton
dispersion at room temperature has been achieved
[Fig. 6(g)] [102]. It is possible to design polar dispersion
with linear, parabolic, and multi-valued characteristics
by adjusting the photon Bloch modes coupled with the
perovskite excitons. Finally, topological singularities can
be used to control the emission of 2D perovskites in
strong coupling regime [103]. As depicted in Fig. 6(h),
the RP perovskite films prepared by spin-coating on
quartz substrates with triangular patterns exhibit circu-
larly polarized eigenstates with topological polarization
singularity. This symmetrically broken triangular structure
shows strong emission enhancement and a larger circular
polarization of about 0.835, due to the transfer of lower
polariton branches to the low-loss spectral region in a
strong coupling regime.

6.2  Exciton—polariton condensation and lasing

As light-matter hybrid bosonic quasiparticles, exciton
polaritons exhibit remarkable potential for realizing Bose-
Einstein condensation, forming a macroscopically-occupied
quantum-degenerate phase with spontaneous coherence
without the need for population inversion, which can
serve as a mnovel low-threshold coherent light source
called polariton lasing [104]. Although polariton conden-
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Fig. 6 (a) Schematic diagram of embedding RP perovskite single crystals in an optical cavity formed by two DBRs.
(b) Angle-resolved reflectivity spectra (left panel) and angle-resolved PL (right panel) spectra of 2D perovskite microcavity.
(¢) Angle-resolved reflectivity spectra of a PEAI crystal slab. (d) Schematic diagram of 2D polycrystalline perovskite microcavity
with liquid crystal and experimental B, distribution of low energy modes as a function of voltage. (e) The relationship
between the energy of non-polarized PL and the momentum in the k, plane in the B = 0 T magnetic field (left) and the B =
9 T external magnetic field (right) when T = 4 K; The red and blue lines represent the PL spectra measured at zero
magnetic field and B =9 T for k,= 0 pm'!, k, = 3.7 pm'!, respectively. (f) Experimental angle-resolved transmission of
lattices with film thicknesses of 10 nm and 20 nm under s-polarized light. (g) Experimental results of the angle-resolved
reflectivity spectra (left panels) and the angle-resolved PL response (right panels). (h) Degree of circular polarization of
triangular patterns in the Fourier plane. (a, c¢) Reproduced from Ref. [96]. (b) Reproduced from Ref. [97]. (d) Reproduced
from Ref. [100]. (e) Reproduced from Ref. [99]. (f) Reproduced from Ref. [101]. (g) Reproduced from Ref. [102]. (h) Reproduced
from Ref. [103].

sation at room temperature has been extensively factor and the inevitable presence of defects or grain
achieved in 3D inorganic perovskite microcavities, it boundaries resulting in poor material quality.

remains challenging to achieve in 2D and RP perovskite In 2020, polariton condensation was demonstrated in
microcavities owing to the relatively lower cavity quality a 2D RP single-crystal perovskite microcavity under
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Fig. 7 (a, b) Energy and momentum emission intensity diagrams of perovskite single crystals excited by two different
incident pump fluxes. At 120 pJ/cm? that is, between two thresholds, exhibits bi-exciton laser emission. At 1200 pJ/cm?
that is, above the second threshold, the emission collapses to the bottom of polariton dispersion and the bi-exciton emission
stops, forming a polariton condensate. (¢) The integral intensity of emission varies with the incident pump flux. Inset:
enlarged view of weak excitation region.The black dashed line represents the first threshold, and the green dashed line represents
the second threshold. (d) Real spatial emission map for two different incident pump fluxes. At 5 pJ/cm?, i.e., below the first
threshold, there are no interference fringes present. At 600 wJ/cm? i.e., above the second threshold, a macroscopic coherent
state with interference fringes above 50 pm x 50 pm appears. (a—d) Reproduced from Ref. [105].

femtosecond pulsed excitation at cryogenic temperature
(4 K) [105]. The microcavity was composed of a top
silver mirror and a bottom DBR, in which a benzylam-
monium lead iodide perovskite single crystal was embed-
ded. As depicted in Fig. 7(c), two distinct thresholds
were observed, ascribing to the onset of lasing from biex-
citons and polariton condensation, respectively [Figs. 7(a)
and (b)]. Above the second threshold, the entire emission
collapsed to a lower energy state and a polariton
condensate was formed at the bottom of the lower
polariton branch. The collapse of the lower polariton
diffusion leads to its minimum value, resulting in the
cessation of biexciton emission and a sudden increase in
the total emission intensity, establishing a macroscopic
coherent state with a spatial coherence over 50 pm x 50
pm, as shown in Fig. 7(d). Notably, only high-quality
samples without disorders exhibit two distinct thresh-
olds, highlighting the importance of eliminating structural
defects.

To date, there have been no reliable reported demon-
strations of room-temperature polariton condensation in
RP halide perovskites and even at cryogenic tempera-
tures, the condensation threshold remains quite high.

Although excitons in RP perovskites are more stable
than those in 3D perovskites, there are still other factors
that influence the formation of polariton condensates in
RP perovskites. For instance, nonradiative recombination
associated with defects or grain boundaries can shorten
the exciton lifetime in RP halide perovskites, reduce the
chance of polariton formation, and hinder the polariton
scattering process [14]. Temperature effects also may
increase the thermal motion of excitons and photons in
RP perovskites, shortening the time they interact with
each other and thus limiting the formation of polaritons.

7 Challenges and perspective

As seen from the preceding sections, RP perovskite
materials are a class of materials with excellent optoelec-
tronic properties, which can be considered as heterojunc-
tions of pure 2D RP perovskite and 3D halide perovskite.
They exhibit stronger carrier confinement, larger exciton
binding energy, and higher stability compared to tradi-
tional 3D halide perovskites [13, 106, 107]. These results
have enriched the field of laser research, indicating a
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broad development prospect for RP perovskite materials.
However, RP perovskites also have limitations compared
to traditional 3D perovskites. Firstly, from a structural
perspective, the physical stability of RP perovskites is
poor because the weak interlayer interactions lead to a
loose structure and the lack of support from a three-
dimensional structure [108]. Therefore, it is necessary to
find organic cations with stronger conjugation as interlayer
spacers to enhance interlayer interactions. Alternatively,
other 2D perovskite structures such as the DJ or ACI
structure can be studied to enhance interlayer interaction
by changing the connection configuration between
organic layers. Secondly, unlike 3D perovskites, multiple
phases inevitably form in the solution-processed fabrication
methods, which enables the cascade energy transfer.
Since low-n phase suffers from strong electron-phonon
coupling and Auger recombination and induces inefficient
carrier transfer, some progress has been made to control
the phase distribution and optimize the ASE/laser
performance [82, 90, 109]. Inspired by these works,
precise control of phase distribution is waiting to be
developed.

The polaritons formed in RP perovskites play an
important role in enhancing the optoelectronic proper-
ties. In terms of optical properties, polaritons can
enhance the absorption and emission intensity of RP
perovskites and cause blue shift in emission [95].
However, research on polaritons in RP perovskites still
faces significant challenges. First, the physical nature of
polaritons in RP perovskites is not well understood.
Although some research on polaritons in RP perovskites
has been conducted, there is still controversy and uncer-
tainty about the physical nature of these excitons,
requiring further theoretical research and experimental
verification. Second, RP perovskites have weak stacking
interactions and high surface energy, which make polari-
tons prone to aggregation and decomposition during
preparation and application [110, 111]. Therefore, rational
chemical modification and material design are needed to
improve their stability. Additionally, achieving effective
control over polaritons in RP perovskite materials
remains an important challenge. Rational material and
device structure design is needed to achieve polaritons
modulation in perovskite materials for better application
potential in optoelectronic devices. Finally, as a new
type of excited state, polaritons have potential applications
in optoelectronic devices [105]. However, the application
of polariton lasing in RP perovskite materials is still in
the exploratory stage, requiring further research on their
potential in areas such as optical switches, sensors, and
quantum computing [112, 113].

Further, electrically-pumped lasing has always been
the eternal goal. To date, the green and red CW
pumped lasing of RP perovskites has been realized in a
DFB cavity. Meanwhile, electrically-driven high-yield
light emitting diodes were also reported for the RP

perovskites. Thus, it is very timely to design electrically-
pumped lasing devices. Exploring the photophysics of
excitons and other types of carriers under strong excita-
tion, gain medium-cavity interface engineering, and
device configurations should be helpful. Similarly, we
can optimize the performance of perovskite lasers
through various means, such as improving the quality of
perovskite crystals during the preparation process, opti-
mizing the laser structure, doping with different metal
ions, and controlling temperature to increase heat dissi-
pation and enhance stability. More fundamentally, the
development of physical mechanisms will add up possi-
bilities for 2D perovskite lasers, including trion gain and
optical gain enhancement by exciton—polariton [76,
114-116]. Additionally, we can refer to researches on size
and interface engineering in the fields of LEDs and
perovskite solar cells, designing passivators to balance
carrier confinement and transfer, doping with organic
cations to passivate perovskite defects, etc. [10, 117, 118].
These reports have produced highly stable perovskites,
but have not been extensively explored in laser devices.
With the development of perovskite device technology,
we believe that more feasible operation techniques will
be obtained, and these challenges will be successfully
addressed.
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