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1. Introduction
The growing demand for compact, efficient, and tunable light sources for 
a variety of applications, from ultra-high-speed optical communications to 
next-generation quantum technologies, has driven the exploration of advanced 
optical gain media, which has always been a cornerstone of photonics re-
search.[1,2] Conventional semiconductor lasers, while mature in technology, 
face fundamental limitations in wavelength flexibility, manufacturing com-
plexity, and cost, especially in emerging applications such as flexible elec-
tronics, integrated photonics, and bioimaging.[3–6] Metal halide perovskites: 
a revolutionary material that has reshaped the optoelectronics landscape in 
the past decade.[3,7–9] Among them, perovskite and quasi-two-dimensional 
(quasi-2D) perovskites stand out as excellent optical gain media, combining 
quantum confinement enhanced emission, solution processability, and unprec-
edented tunability in the visible and near-infrared spectral range.[10–12] Their 
ability to exhibit low-threshold amplified spontaneous emission (ASE) and 
lasing under optical and electrical excitation opens up a new field of miniature 
coherent light sources, challenging the dominance of conventional III-V semi-
conductors.[3,13,14] Beyond pure performance metrics, these materials provide 
a unique platform to explore fundamental interactions of light and matter—
from exciton-polariton condensation to superfluorescence—thus bridging the 
gap between solid-state physics and practical photonic devices.[11,15,16] This re-
view explores the rapid development of perovskite nanocrystals and quasi-2D 
systems as optical gain media, from the fundamental ASE mechanism to the 
cutting-edge realization of electrically pumped lasers, while discussing the key 
challenges that must be overcome to fully realize their potential in practical 
applications.
The extraordinary journey of perovskite-based optical gain media began 
with the discovery of their remarkable optoelectronic properties, which fun-
damentally challenged the existing paradigm of photonic materials science.
[2,8] Perovskite NCs have quickly emerged as promising candidates for solu-
tion-processable gain media due to their strong quantum confinement effects 

and photoluminescence quantum yields close to 1.[10,12,17] Meanwhile, quasi-2D 
perovskites, characterized by their natural quantum well structures and higher 
environmental stability, offer new avenues for designing robust low-threshold 
lasers.[18,19] These material systems exhibit unique advantages: NCs offer pre-
cise spectral tunability through size control and composition regulation, while 
quasi-2D perovskites enable efficient exciton clustering and reduced non-ra-
diative losses through their layered structures.[8,16,20–23] The synergy between 
these dimensional variants has led to groundbreaking achievements, including 
room-temperature continuous-wave lasing and electrically pumped emission—
milestones that were once considered daunting challenges for solution-pro-
cessed semiconductors.[24–27] In addition, their compatibility with a wide range 
of substrates and fabrication techniques makes them versatile platforms for 
both fundamental research and commercial applications.[26,28,29] As research 
progresses, the boundaries between these material systems are blurring, and 
hybrid approaches that combine the best features of nanocrystals and quasi-2D 
structures are pushing the performance limits of perovskite-based lasers.
Although metal halide perovskites have shown great potential in the field 
of optical gain, achieving low-threshold and high-stability ASE still faces 
key challenges.[3,16,30] For perovskite NCs, high non-radiative losses caused 
by surface defects and Auger recombination significantly increase the ASE 
threshold, while quasi-two-dimensional perovskites are limited by the low 
exciton transport efficiency caused by random phase distribution.[11,30–34] In 
recent years, strategies such as ligand engineering (such as zwitterionic ligand 
passivation), solvent recrystallization to control phase purity, and additives 
(such as polymers or metal salts) to suppress non-radiative recombination have 
successfully lowered the ASE threshold to the sub-μJ/cm² level.[34–41] At the 
same time, optical control methods such as plasmon coupling (such as noble 
metal nanostructures) and photon recycling (such as waveguide design) have 
further enhanced the interaction between light and matter.[42–45] However, these 
advances are mostly limited to optical pumping conditions, and the realization 
of electrically pumped ASE is still limited by problems such as charge injec-
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Figure 1. Schematic diagram of perovskite crystal structure.

tion imbalance, thermal effects, and electrode quenching.[25,32,40,46] Addressing 
these challenges requires multi-scale material design—from atomic-level 
defect passivation to device-level heterostructure integration—to pave the way 
for practical applications of perovskite-based coherent light sources.[33,47,48]

This review systematically summarizes the recent progress in perovskite-based 
optical gain materials, with a special focus on ASE, which is the key bridge 
between spontaneous emission and stimulated emission. We first compare the 
unique ASE properties of zero-dimensional nanocrystals (0D NCs) controlled 
by quantum confinement effects and quasi-2D perovskites dominated by exci-
ton funneling effects, elucidating how material dimensionality affects optical 
gain properties. Next, we integrate strategies to achieve low-threshold ASE, 
including ligand passivation, plasmon enhancement, and photon recycling, 
while exploring the role of phase engineering and dimensional hybridization in 
suppressing nonradiative losses. We then critically evaluate breakthroughs in 
the field of optically pumped lasers (e.g., room-temperature continuous-wave 
lasers, distributed feedback microcavities) and point out persistent challenges 
facing electrically pumped devices, such as charge injection imbalance and 
thermal instability. Finally, we outline future directions from scalable syn-
thesis (e.g., roll-to-roll printing) to device integration (e.g., heterostructure 
packaging), providing actionable guidance for practical perovskite coherent 
light sources. The uniqueness of this review lies in establishing multi-scale 
correlations (from molecular-level defect engineering to photonic structure 
design) and providing application-oriented insights (e.g., speckle-free imag-
ing, on-chip light sources), thus filling the gap in the existing literature in the 
systematic discussion of electrical pumping pathways and operational stability 
metrics.

2. Perovskite Materials: Structure and Luminescence

2.1 Crystal Structure and Compositional Engineering
Metal halide perovskites have emerged as a remarkable class of semiconduc-

tor materials due to their unique and highly tunable crystal structure with the 
general formula ABX₃. As illustrated in Figure 1, the prototypical perovskite 
structure consists of a three-dimensional network of corner-sharing [BX₆]⁴⁻ 
octahedra, with the A-site cations occupying the cuboctahedral voids.[13,49] This 
seemingly simple architecture belies a rich complexity in structural chemistry 
that enables precise control over optoelectronic properties through composi-
tional engineering.[50]

The A-site cation, typically comprising organic methylammonium (MA⁺), 
formamidinium (FA⁺), or inorganic cesium (Cs⁺) ions, plays a crucial role in 
determining the lattice parameters and stability of the perovskite structure.
[2,13,51] The ionic radius of the A-site cation directly influences the Goldschmidt 
tolerance factor (t), a key parameter governing structural stability.[40,52] When 
the tolerance factor approaches unity, the ideal cubic perovskite structure is 
favored. Larger A-site cations such as FA⁺ (2.79 Å) induce lattice expansion 
compared to MA⁺ (2.70 Å) or Cs⁺ (1.81 Å), leading to reduced B-X-B bond 
angles and consequent narrowing of the bandgap. This phenomenon explains 
why FAPbI₃ exhibits a smaller bandgap (1.48 eV) than MAPbI₃ (1.55 eV) 
or CsPbI₃ (1.73 eV). The dynamic nature of organic A-site cations also con-
tributes to enhanced dielectric screening and defect tolerance in hybrid per-
ovskites.[53,54]

At the B-site, divalent metal cations (Pb2+, Sn2+, or Ge2+) coordinate with ha-
lide anions to form the fundamental [BX6]

4- octahedral units that constitute the 
electronic backbone of the material.[26,37,55] Lead-based perovskites dominate 
optoelectronic applications due to their superior stability and optoelectronic 
properties, but increasing attention has been paid to tin and germanium ana-
logues for reduced toxicity.[9,13,56] The substitution of Pb²⁺ (1.19 Å) with larger 
Sn²⁺ (1.35 Å) increases the B-X bond length and decreases the bandgap, en-
abling near-infrared emission.[57] However, this comes at the cost of increased 
susceptibility to oxidation from Sn²⁺ to Sn⁴⁺.[57] The octahedral tilting induced 
by B-site substitution significantly affects carrier effective masses and exciton 
binding energies, with implications for charge transport and recombination 
dynamics.[58]

The X-site halide anions (Cl⁻, Br⁻, I⁻) provide perhaps the most straightfor-
ward route for bandgap engineering through compositional variation.[50] The 
bandgap of lead halide perovskites follows the trend MAPbCl₃ (3.11 eV) > 
MAPbBr₃ (2.30 eV) > MAPbI₃ (1.55 eV), reflecting the decreasing electroneg-
ativity and increasing orbital overlap from chloride to iodide.[9,14,22] Mixed-ha-
lide perovskites enable continuous bandgap tuning across the visible spectrum, 
though phase segregation under illumination remains a significant challenge 
for stable light emission.[50] The bond strength and polarizability of the halide 
anions also influence defect formation energies and non-radiative recombina-
tion pathways, with iodide perovskites generally exhibiting superior lumines-
cence properties compared to their bromide and chloride counterparts.[59]

The structural versatility of perovskites extends beyond the classic 3D ABX₃ 
framework through dimensional engineering. By incorporating bulky organic 
cations such as phenethylammonium (PEA⁺) or butylammonium (BA⁺), the 
perovskite structure can be confined to two dimensions, forming quantum well 
structures with the general formula (A’)₂(A)ₙ₋₁BₙX₃ₙ₊₁, where n represents the 
number of inorganic layers between organic spacers.[34,39,45,60] This dimensional 
reduction dramatically increases exciton binding energies from a few meV in 
3D perovskites to hundreds of meV in quasi-2D perovskites, while also im-
proving environmental stability through the hydrophobic organic layers.[26,61,62] 
The quantum confinement effects in low-dimensional perovskites offer addi-
tional knobs for property tuning through variation of the n-value distribution 
in quasi-2D systems.[33,63]

The structural stability and dimensionality of metal halide perovskites are 
fundamentally governed by the Goldschmidt tolerance factor (t) and the stra-

tegic incorporation of bulky organic cations.[31] The tolerance factor, defined 
as , where rA, rB, and rX represent the ionic radii 
of the constituent ions, serves as a crucial predictor of perovskite formation 
and phase stability.[31] While the ideal cubic perovskite structure requires t ≈ 1, 
practical systems exhibit stability within the range of 0.81–1.0, with deviations 
from unity leading to symmetry-lowered structures such as tetragonal or ort-
horhombic phases.[29,64] This structural flexibility allows for significant compo-
sitional tuning while maintaining the essential perovskite framework, though 
extreme deviations may result in non-perovskite phases with compromised 
optoelectronic properties.
Dimensionality engineering has emerged as a powerful strategy to tailor the 
photophysical properties of perovskites, particularly through the development 
of quasi-2D systems.[33,41,60] These materials are characterized by the general 
formula (A′)2An-1BnX3n+1, where A′ represents a bulky organic cation (e.g., 
phenethylammonium or butylammonium) that spatially confines the inorganic 
[BX6]

4- layers, and n denotes the number of inorganic sheets between organic 
spacers.[65,66] The introduction of these large organic cations breaks the contin-
uous three-dimensional network of corner-sharing octahedra, creating natural 
quantum well structures with significantly enhanced exciton binding energies 
compared to their 3D counterparts.[67]

A remarkable feature of quasi-2D perovskites is their inherent tendency to 
form mixed-phase systems with varying n-values during solution processing.
[25,59,68] This heterogeneity, rather than being detrimental, enables an efficient 
energy funneling mechanism where photoexcited carriers rapidly transfer from 
higher-bandgap (low-n) phases to lower-bandgap (high-n) domains.[41,69] This 
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Figure 2.  Structure (a) and XRD patterns (b) and absorptions/PL (c) of typical phase engineering perovskites 
(2-thiophenemethylammonium quasi-2D perovskites).[55]

process effectively concentrates excitons in the most stable, low-energy states, 
dramatically enhancing radiative recombination efficiency.[70] The energy 
transfer dynamics are particularly favorable for light-emitting applications, as 
the graded potential landscape minimizes non-radiative losses at interfaces and 
defects.[41,70] Moreover, the bulky organic cations provide a protective barrier 
against environmental degradation while maintaining efficient charge transport 
through the interconnected inorganic domains.[69]

At the extreme of dimensional reduction, zero-dimensional perovskite NCs 
represent another important class of materials with unique quantum confine-
ment effects.[16] Typically synthesized through ligand-assisted reprecipitation 
or hot-injection methods, these nanostructures with sizes below 100 nm ex-
hibit discrete electronic states and size-tunable optical properties.[12,29,71] The 
strong quantum confinement in these systems leads to enhanced oscillator 
strengths and narrow emission linewidths, making them particularly attractive 
for high-color-purity light-emitting applications.[16,43,72] Surface ligand engi-
neering plays a critical role in NC stability and photoluminescence quantum 
yield, with appropriate passivation strategies capable of achieving near-unity 
emission efficiency.[12,31,73–75] The synthesis approaches allow precise control 
over nanocrystal size and shape, enabling further tuning of optoelectronic 
properties through morphological design.[73,74]

The dimensional control of perovskite materials offers a versatile platform for 
property engineering, with quasi-2D systems presenting particular advantages 
for light-emitting applications.[56] The combination of quantum confinement 
effects, efficient energy funneling mechanisms, and improved environmental 
stability makes these materials highly promising for next-generation optoelec-
tronic devices. The ability to fine-tune the dimensionality through careful se-
lection of organic spacers and processing conditions provides researchers with 
multiple degrees of freedom to optimize material performance for specific 
applications.

2.2 Luminescence Properties and Carrier Dynamics
The light-emitting properties of metal halide perovskites are governed by 
complex carrier dynamics that are highly sensitive to material composition, di-
mensionality, and excitation conditions.[21,56,76,77] Understanding these processes 
is crucial for optimizing light-emitting applications, as they determine the ef-
ficiency of radiative recombination and the nature of light emission - whether 
via exciton or free-carrier pathways.

2.2.1 Excitation and Recombination Pathways
The competition between exciton and free-carrier emission in perovskites is 
dominated by the exciton binding energy (Eb), which varies significantly with 
the halide composition and structural dimensionality.[78–80]

In 3D perovskites, dielectric screening effects reduce the Coulomb attrac-
tion between electrons and holes, resulting in relatively low exciton binding 
energies.[62] For example, MAPbI3 has an Eb of about 16 ± 2 meV at room 
temperature, which is comparable to the thermal energy (kBT ≈ 26 meV), 
which favors the dissociation of excitons into free carriers.[61] This free-carri-
er-dominated behavior is beneficial for photovoltaic applications but may limit 
the radiative efficiency of light-emitting devices due to nonradiative losses at 
defects and grain boundaries.[35] In contrast, bromide-based perovskites such 
as MAPbBr3 exhibit stronger exciton properties with Eb ranging from 67 to 

150 meV, which is attributed to the higher electronegativity of Br⁻ and reduced 
dielectric screening.[13,35] This enhanced exciton stability makes bromide per-
ovskites more suitable for efficient light emission.[13]

In quasi-2D and 2D perovskites, the situation changes dramatically, and the 
dielectric confinement effect caused by the alternating organic-inorganic layers 
drastically increases the exciton binding energy (>100 meV).[30,81] This strong 
confinement effect stabilizes excitons even at room temperature, suppresses 
non-radiative recombination and improves the photoluminescence quantum 
yield (PLQY).[58,82] The graded energy landscape in hybrid quasi-2D films 
further improves the emission efficiency by directing excitons to low-energy 
domains where radiative recombination dominates.[83]

2.2.2 Carrier Cooling and Dephasing Dynamics
Ultrafast carrier dynamics in perovskites play a crucial role in their lumines-
cence properties.[78] After photoexcitation, hot carriers undergo rapid ther-
malization and cooling before recombination.[78] Notably, perovskites exhibit 
extremely long dephasing times (about 220 fs for MAPbI₃), significantly 
longer than conventional semiconductors such as GaAs (about 50 fs).[84,85] This 
extended coherence time is beneficial for population inversion, a key require-
ment for optical gain and laser applications.
Due to strong electron-phonon coupling, carrier cooling typically occurs in 
sub-picosecond timescales (about 100 fs).[76,86] However, at high excitation 
densities, a phonon bottleneck effect occurs, where the rapid accumulation of 
hot carriers saturates the available phonon modes, slowing down the cooling 
rate.[87,88] This effect is particularly pronounced in perovskite nanocrystals and 
two-dimensional systems, where quantum confinement enhances carrier-pho-
non interactions.[79] Delayed cooling enables efficient hot carrier extraction or 
radiative recombination before the energy is lost to thermal dissipation, which 
can be exploited in high-performance LEDs and lasers.[89]

2.2.3 Implications for Light-Emitting Applications
The interplay between excitons and free-carrier recombination, as well as the 
unique carrier cooling dynamics, determine the luminescence efficiency of 
perovskite-based devices.[56] Strategies such as halide alloying, size control, 
and surface passivation can be used to tune these dynamics—enhancing ex-
citon stability in (quasi-) 2D systems or optimizing free-carrier transport in 
3D analogs.[21,76,78] In addition, slow dephasing and phonon bottleneck effects 
indicate that perovskites are ideal candidates for ultrafast photonics and laser 
technologies, where long carrier coherence and controlled cooling paths are 
critical.[86]

Thus, by carefully designing the composition and structure, the luminescence 
properties of perovskites can be precisely tuned to meet the needs of next-gen-
eration optoelectronic devices.

2.2.4 Competition between radiative and non-radiative processes
The luminescence efficiency of perovskite materials fundamentally depends 
on the competition between radiative recombination and various non-radi-
ative loss pathways, including defect-assisted Shockley-Read-Hall (SRH) 
recombination, Auger recombination, and surface/interface trapping.[4,11,90] The 
dominance of each process depends on the material composition, dimension-
ality, and excitation conditions, and therefore needs to be carefully designed to 
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maximize the luminescence efficiency.[90]

Defect-assisted non-radiative recombination
In 3D perovskites, defects such as halide vacancies, interstitial ions, and an-
ti-substitutions introduce mid-bandgap trap states, which promote non-radia-
tive recombination and significantly reduce the photoluminescence quantum 
yield (PLQY) at low carrier density.[26] However, at high excitation levels, 
these traps saturate, resulting in the dominance of radiative interband transi-
tions - a phenomenon known as the defect tolerance of perovskites.[62] This 
effect explains why 3D perovskite LEDs generally require high current density 
to reach peak efficiency.
Quasi-2D perovskites exhibit higher defect tolerance due to their mixed-phase 
nature.[69] The energy funneling mechanism preferentially directs excitons to 
regions with lower n values (larger band gaps), where trap density is typically 
lower. In addition, bulky organic ligands in 2D systems can passivate surface 
defects, further suppressing nonradiative losses.[41] Advanced phase engineer-
ing strategies, such as controlling the n value distribution through precursor 
stoichiometry or solvent treatment, can optimize this energy transfer process to 
achieve a PLQY close to 1 even at low excitation densities.[41]

Auger recombination and its dimensionality dependence
While defect-related losses can be mitigated, Auger recombination (a 
three-carrier interaction in which electron-hole pairs nonradiatively recombine 
by transferring energy to a third carrier) becomes a key limiting factor at high 
carrier densities.[74] This process is particularly severe in bromide-based per-
ovskites and low-dimensional systems due to their larger exciton binding ener-
gies and stronger Coulomb interactions compared to iodide-based perovskites.
[3,40] For example, the Auger coefficient of 2D perovskites (~10−28 cm6/s) is an 
order of magnitude higher than that of 3D perovskites, which poses a funda-
mental limitation on the optical gain threshold of lasers and high-brightness 
LEDs.[91]

However, quasi-2D perovskites have a unique advantage: the energy funneling 
mechanism spatially separates excitons, reducing their local density and thus 
suppressing Auger losses.[41] This explains why quasi-2D films can sustain 
ASE at a much lower threshold than 3D perovskites, making them ideal for 
low-threshold laser applications.

3. Engineering Approaches to Improve ASE Properties
Metal halide perovskite materials have attracted widespread attention in recent 
years for ASE and integrated laser applications due to their excellent optical 
gain properties, narrow emission bandwidths, and low excitation thresholds.
[3,37,48,92,93] However, their ASE performance is influenced by multiple factors 
such as crystal quality, phase purity, defect-state density, and carrier dynamics, 
necessitating precise optimization through systematic engineering strategies.
[15,37,51]

To address these challenges, researchers have developed a series of engineer-
ing approaches spanning multiple aspects—from material design, film fabri-
cation processes, and microstructure control to device interface construction.
[36,55] These strategies include phase engineering, solvent engineering, additive 
engineering, doping engineering, ligand engineering, structural engineering, 
and encapsulation/composite engineering. Such methods not only optimize 
energy level structures and carrier transport pathways and suppress non-radi-
ative recombination but also significantly enhance material photostability and 
environmental tolerance. Through the synergistic effect of multiple strategies, 
the ASE threshold of perovskites is effectively reduced, while emission inten-
sity and duration are substantially improved, laying an important foundation 
for the practical realization of high-performance, repeatedly excitable per-
ovskite-based lasers in the future.

3.1. Phase Engineering
The distribution of layer numbers (n-value phases), phase purity, and composi-
tional uniformity within quasi-2D perovskite materials critically influence their 
optical gain properties, especially ASE behavior.[55,58,94] Lower-n phases (e.g., n 
= 1, 2) exhibit strong exciton binding energies but act as deep energy traps that 
hinder efficient carrier transfer to higher-n domains, which are primarily re-
sponsible for radiative recombination.[75] This phase heterogeneity can elevate 
ASE thresholds and limit gain efficiency, while also reducing device stability 
and reproducibility.[30,34,60]

To address these challenges, phase engineering strategies focus on precise 
layer distribution control to suppress low-n phases and enrich high-n domains, 
thus optimizing the exciton population and enhancing radiative recombination 

rates. For example, Yao et al. demonstrated that tuning the phase composition 
towards n = 3 in PBA₂(MAPbBr₃)ₙ₋₁PbBr₄ films lowered the ASE threshold 
significantly from 29.91 to 19.23 mJ cm⁻², indicating an optimal balance be-
tween phase distribution and photophysical properties.[95]

Beyond layer tuning, enhancing phase purity through controlled crystallization 
and additive-assisted processing is essential. Wang et al. introduced adipic acid 
(AA) as an additive to regulate crystallization kinetics, achieving more homo-
geneous phase distributions, suppressed defect states, and a dramatic reduction 
in ASE threshold from 55.4 to 7.8 μJ cm⁻², along with a fourfold increase in 
gain coefficient.[24] Such improvements directly correlate phase uniformity 
with gain performance and device efficiency.
Moreover, composition optimization via humidity-controlled fabrication or 
organic additive incorporation further stabilizes the phase distribution. Zhang 
et al. utilized benzimidazole (BI) under ambient conditions to suppress mul-
tiphase separation, resulting in narrowed phase distribution and enhanced op-
erational stability, as evidenced by a low ASE threshold of 13.4 μJ cm⁻² and a 
high number of half-decay pulses (5.6 × 10⁷).[40]

Collectively, these phase engineering strategies — spanning layer distribution 
control, phase purity enhancement, and compositional optimization — syner-
gistically minimize non-radiative losses and improve exciton dynamics, there-
by enabling low-threshold, high-efficiency ASE with enhanced stability. This 
comprehensive control over phase characteristics is thus fundamental to the 
advancement of high-performance, stable perovskite optoelectronic devices.

3.2. Solvent Engineering
Solvent composition and the crystallization environment critically influence 
the morphology, crystallinity, and phase distribution of quasi-2D perovskite 
films, thereby directly impacting their ASE performance.[38,39,96] Fine-tuning 
the solvent ratio, particularly of commonly used solvents such as dimethyl 
sulfoxide (DMSO) and dimethylformamide (DMF), effectively modulates the 
precursor coordination complexes and nucleation kinetics. This control over 
crystallization dynamics enables adjustment of grain size and film uniformity, 
both essential for minimizing nonradiative recombination and optimizing opti-
cal gain.
For example, Zhao et al. systematically investigated solvent evaporation ef-
fects during spin-coating, demonstrating that controlled evaporation rates sub-
stantially enhance film microstructure. The improved crystallinity resulted in 
a decreased ASE threshold down to 16.2 μJ cm⁻², accompanied by accelerated 
radiative biexciton recombination, which is beneficial for achieving efficient 
population inversion in lasing applications.[97]

In addition to solvent ratio optimization, the choice and application of antisol-
vents play a pivotal role in suppressing undesirable intermediate phases and 
promoting smooth, compact films. Wang et al. showed that using low-polarity 
antisolvent diisopropyl ether (DIE) effectively eliminated residual PbBr₂ in-
termediate phases, yielding films with ultrasmooth surfaces (RMS roughness 
~1.82 nm) and prolonged carrier lifetimes (up to 1.24 ns). These improvements 
directly translated to a lower ASE threshold from 20.75 to 14.69 μJ cm⁻², 
highlighting the importance of antisolvent polarity and boiling point in phase 
control.[39]

Moreover, the crystallization atmosphere during film formation has emerged as 
another critical parameter. Zou et al. introduced a solvent atmosphere-assisted 
crystallization method utilizing DMSO vapor to retard surface crystallization. 
This approach promoted uniform phase distribution, reduced defect densities, 
and suppressed nonradiative recombination, achieving an exceptionally low 
ASE threshold of 12.9 μJ cm⁻² under pulsed optical excitation. Coupled with 
a microcavity structure, continuous-wave (CW) ASE at room temperature was 
realized with a threshold as low as 3.8 W cm⁻².[96]

In summary, solvent engineering—encompassing solvent composition tuning, 
antisolvent selection, and atmosphere-assisted crystallization—constitutes a 
versatile and effective strategy for optimizing quasi-2D perovskite film quality. 
This multidimensional control facilitates enhanced optical uniformity, reduced 
trap-assisted recombination, and improved ASE stability and repeatability, 
laying a solid foundation for the advancement of high-performance perovskite 
optoelectronic devices.

3.3. Additive Engineering 
Additive engineering has emerged as a versatile and powerful strategy to en-
hance the ASE performance of perovskite materials by simultaneously tuning 
their crystallization behavior, defect landscape, and microstructural order. By 
incorporating functional molecules—such as long-chain alkylammonium salts, 
surfactants, and macrocyclic chelators—into the precursor solution, research-
ers have demonstrated multifaceted improvements in film morphology, phase 
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Figure 3. Optical properties of the perovskite CsPbBr3 QDs prepared with 2-HA: (a) TEM images, (b) UV–vis absorption and 
PL spectra, (c) in-situ PL spectra, (d) pseudo-color TA plot of CsOAc-2-HA QDs. Insets show the corresponding size distribution 
histograms, FFT, and IFFT images. (e) TA bleach recovery curves, and (f) time-resolved PL-decay transients of Cs2CO3-OA, CsOAc-
OA, and CsOAc-2-HA QDs.[74] 

purity, and optical gain properties.
One key function of additives is to modulate crystallization kinetics, promot-
ing smoother film growth and suppressing defect-inducing pathways. For in-
stance, the incorporation of long-chain octylammonium halide has been shown 
to facilitate the formation of highly compact, pinhole-free CsPbX₃ films with 
sub-2 nm surface roughness, significantly reducing light scattering and sup-
porting low-threshold ASE operation.[98] Such additives help regulate the in-
teraction between precursor species and substrate interfaces, thereby ensuring 
more uniform nucleation and phase distribution across the film.
In quasi-2D systems, simultaneous control of surface morphology and trap 
density is particularly critical. Surfactant-type additives such as Tween 80 have 
been employed not only to refine the film topography but also to passivate 
undercoordinated Pb²⁺ ions. This dual role has been correlated with a 10-fold 
suppression of nonradiative recombination and a substantial enhancement in 
optical gain, enabling ASE thresholds as low as 3.4 μJ cm⁻².[68] Such findings 
highlight the potential of soft amphiphilic additives to govern both film quality 
and exciton dynamics through interfacial interactions.
Another important application of additive engineering lies in phase compo-
sition regulation—especially promoting high-n phases in quasi-2D systems. 
Macrocyclic ligands such as 18-crown-6 ethers have been shown to selective-
ly coordinate with A-site cations (e.g., FA⁺), subtly altering ionic equilibria 
during film formation. This strategy leads to smoother crystallization pathways 
and a favorable vertical alignment of perovskite layers, as evidenced by im-
proved carrier cascade efficiency and reduced ASE threshold.[25] More impor-
tantly, when combined with high-quality feedback structures, such optimized 
films can even support continuous-wave (CW) lasing at room or cryogenic 
temperatures, underscoring the importance of structural and phase engineering 
at the molecular level.
Overall, additive engineering provides a highly modular platform for tailoring 
perovskite gain media. Through careful molecular selection, additives can 
simultaneously influence nucleation thermodynamics, suppress deep-level 
traps, and guide anisotropic growth. As demonstrated by multiple studies, the 
integration of additive-based strategies with other engineering approaches (e.g., 
phase and solvent control) will likely be central to the continued advancement 
of stable, low-threshold, and integrable perovskite lasers.

3.4. Doping Engineering 
Doping engineering has emerged as an effective strategy to modulate the 
electronic structure, defect states, and phase behavior of quasi-2D perovskites, 
thereby substantially enhancing their ASE performance.[37,40] The incorpora-
tion of various cations—such as Rb⁺, K⁺, Mn²⁺, and Bi³⁺—into the perovskite 
lattice can lead to beneficial modifications in exciton binding energy, defect 
passivation, phase distribution, and charge carrier dynamics.
A representative example is provided by Tang et al., who investigated qua-

si-2D hybrid perovskites composed of mixed Dion–Jacobson (DJ) and Rud-
dlesden–Popper (RP) phases through structural modulation enabled by organic 
cation doping.[37] By adjusting the DJ/RP ratio, they achieved improved film 
morphology, phase uniformity, and gain characteristics. Specifically, the ASE 
threshold was reduced from 52.2 to 30.1 μJ cm⁻² and the gain coefficient was 
enhanced from 379 to 785 cm⁻¹. These improvements were attributed to en-
hanced crystallinity and better carrier transport induced by the DJ framework, 
highlighting the role of structural-phase doping in optimizing the ASE gain 
medium.
In another study, Guo et al. introduced K⁺ ions as dopants to control the crys-
tallization kinetics of quasi-2D perovskites.[90] The electrostatic interaction 
between the alkali metal ions and [PbBr₆]⁴⁻ octahedra regulated nucleation 
pathways, leading to a more spatially homogeneous distribution of different-n 
phases. This spatial uniformity facilitated efficient energy funneling and re-
duced nonradiative losses, which are critical for population inversion. While 
this study was focused on LEDs, the underlying phase management principles 
and improved radiative efficiency are directly applicable to ASE systems as 
well.
Beyond intentional doping, even unintentional dopants can influence ASE be-
havior in perovskite systems. Ščajev et al. investigated CH₃NH₃SnI₃ films ex-
hibiting spontaneous p-type doping due to processing conditions.[1] Surprising-
ly, despite structural imperfections, these Sn-based films showed remarkably 
low ASE thresholds (as low as 5 μJ cm⁻²) and high ambipolar carrier diffusion 
coefficients (up to 1.5 cm²/s under intense pumping). Their results suggest that 
moderate carrier self-doping may enhance stimulated emission processes by 
promoting carrier degeneracy and diffusion-driven population inversion, offer-
ing an unconventional route to boost gain performance.
Taken together, these studies underscore the pivotal role of doping engineering 
in modulating the photophysical properties of quasi-2D perovskite gain me-
dia. Whether through alkali metal-induced crystallization control, multivalent 
ion-mediated defect passivation, or structural-phase optimization via organic 
diammonium species, dopants serve as effective levers to regulate phase uni-
formity, exciton dynamics, and carrier transport pathways—all of which are 
intimately linked to ASE performance.[99–101] Importantly, these doping strate-
gies not only enable reduced threshold fluences and enhanced optical gain, but 
also expand the materials’ compositional and dimensional versatility, paving 
the way toward robust and tunable perovskite laser platforms. As the field ad-
vances, the rational design of dopants—considering their ionic radius, charge 
state, coordination behavior, and interaction with the perovskite lattice—
is expected to play an increasingly central role in achieving low-threshold, 
high-stability ASE operation across broader spectral regimes.

3.5. Ligand Engineering
Ligand engineering has emerged as a pivotal strategy to modulate surface 
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Figure 4. (a) Experimental set-up used to analyze the propagation of light/PL. Characterization of ASE in waveguide of 2 mm length: 
(b) below threshold, (c) above threshold. (d) Integrated PL and (e) FWHM of spectra deconvoluted from family 1 (green symbols) and 
family 2 (brown symbols) as a function of the excitation fluence. Circle and square symbols refer to the waveguide and transmittance 
geometries, respectively. Blue line, symbols, green area, and red area refer to the absorption spectra, experimental PL, emission from 
the B1, and emission from the B2, respectively.[45]

states, defect passivation, and phase distribution in metal halide perovskite 
gain media.[31,74] The incorporation of functional organic ligands—such as 
alkylamines (e.g., octylamine), aromatic ammonium salts (e.g., phenyleth-
ylammonium, PEA), and phosphonate derivatives—enables selective coordi-
nation with undercoordinated metal cations or halide anions at specific crys-
tallographic facets (e.g., {100}, {110}).[12,73,78] This coordination leads to the 
formation of stable, ordered organic capping layers that suppress trap-assisted 
nonradiative recombination and enhance surface energy alignment.[4,62] These 
effects are particularly critical for improving the stability and efficiency of 
ASE in perovskite-based photonic devices.
In quasi-2D perovskites, surface ligands not only reduce grain boundary de-
fects but also play a structural role in guiding vertical crystal orientation. This 
vertical alignment favors anisotropic energy transport along the out-of-plane 
direction, forming efficient optical waveguides for ASE. For instance, pheny-
lethylammonium (PEA) has been widely used to construct layered quasi-2D 
perovskites with high photoluminescence efficiency. However, Leyden et al. 
observed that excessive PEA content can introduce interfacial charge-transfer 
states that compete with the ASE process, leading to increased ASE thresholds 
and suppressed radiative recombination1. Their study emphasizes the neces-
sity of balancing ligand quantity and dimensionality order to simultaneously 
optimize charge transport and exciton dynamics.[102]

Beyond excitonic control, ligands also offer environmental protection. Chen 
et al. demonstrated that long-chain alkylammonium ligands such as octylam-
monium (OA) significantly enhance the ambient stability of quasi-2D CsPbBr₃ 
films. The resulting OA-CsPbBr₃ films exhibited vertically aligned domains 
and hydrophobic surfaces that suppressed moisture penetration and main-
tained low ASE thresholds over 8 months of air storage without encapsulation.
[36] This work highlights how structural and chemical synergy introduced by 
ligands can produce robust perovskite gain layers suitable for long-term opto-
electronic operation.
Ligand passivation is equally vital in perovskite quantum dots (QDs), where 
surface defects and batch-to-batch variability often degrade ASE performance. 
To address this, Tao et al. employed a dual-ligand approach using acetate 
(AcO⁻) and 2-hexyldecanoic acid (2-HA) to simultaneously optimize cesium 
precursor reactivity and QD surface chemistry3. AcO⁻ improved precursor 
purity and yield, while 2-HA provided stronger coordination to passivate 
dangling surface bonds, effectively suppressing Auger recombination and en-

hancing ASE performance.[74] Their optimized CsPbBr₃ QDs exhibited a 70% 
reduction in ASE threshold (from 1.8 μJ·cm⁻² to 0.54 μJ·cm⁻²), near-unity PL 
quantum yield (99%), and excellent spectral uniformity, showcasing the power 
of tailored ligand chemistry.
In summary, ligand engineering operates at the intersection of structural con-
trol, excitonic modulation, and environmental stabilization. Through the judi-
cious design of surface ligands and their interaction with the perovskite lattice, 
researchers can finely regulate optical gain properties, reduce ASE thresholds, 
and prolong operational lifetimes. This multifaceted role positions ligand en-
gineering as a cornerstone in the development of high-performance, air-stable 
perovskite ASE platforms and next-generation coherent light sources.

3.6. Structural Engineering
The rational design of nanostructures and the employment of template-assisted 
methods have emerged as powerful strategies to enhance ASE performance in 
metal halide perovskite materials.[43,103] By tailoring the macroscopic film mor-
phology, such as forming mesoporous frameworks, heterojunction interfaces, 
stacked multilayers, or photonic crystals, structural engineering can signifi-
cantly improve optical gain and emission directionality.[4,104–106] These structur-
al motifs often lead to stronger local electromagnetic fields, enhanced spatial 
confinement of excitons, and the construction of effective optical feedback 
cavities—key features for achieving low-threshold and high-intensity ASE.
Mesoporous perovskite structures, in particular, offer high surface-to-volume 
ratios and multiple scattering paths that can prolong the optical path length and 
amplify local light–matter interaction. For example, Soriano-Díaz et al. report-
ed a MAPbBr₃–Ni(AcO)₂ nanocomposite waveguide structure wherein photon 
recycling between nanocrystals of different sizes significantly boosted the light 
amplification, achieving a remarkably low ASE threshold of ~1 µJ·cm⁻² and a 
high quality factor over 10⁴.[45] Such photon recycling within a guided geom-
etry represents an efficient pathway to reduce the carrier density requirement 
for lasing while simultaneously narrowing the emission bandwidth.
Another effective approach is to leverage plasmonic coupling and waveguid-
ing effects through structural integration with metallic nanostructures. Xing 
et al. demonstrated a plasmonic-waveguide nanolaser composed of CsPbBr₃ 
quantum dots coupled with embedded silver nanowires (Ag NWs). The Ag 
NWs not only serve as a resonant cavity but also guide plasmonic modes that 
facilitate directional emission. When excitation was focused on individual 
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Table 1. ASE properties of NCs and quasi-2D perovskite thin films

Gain materials Engineering strategies ASE threshold
[µJ cm−2] Year Ref.

CsPbBr₃
(Quasi-2D)

Additive Engineering 14.9 2019 [98]
Ligand Engineering 13.7 2024 [36]

Structural Engineering 21 2025 [60]

CsPbBr₃
(NCs)

Ligand Engineering 0.54 2025 [74]
Structural Engineering 37.6 2021 [42]

Encapsulation/Composite 
Engineering 54.5 2025 [110]

FAPbBr₃
(Quasi-2D)

Phase Engineering 13.4 2024 [24]
Solvent Engineering 16.2 2024 [97]
Solvent Engineering 12.9 2025 [39]
Solvent Engineering 12.9 2023 [96]
Additive Engineering 3.4 2023 [68]
Doping Engineering 30.1 2023 [1]

MAPbBr₃ Phase Engineering 19.23 2021 [95]
(Quasi-2D) Structural Engineering 1 2025 [45]

FAPbI₃
(Quasi-2D) Additive Engineering 35.9 2023 [25]

MAPbI₃
(Quasi-2D) Ligand engineering 1.6 2018 [102]

MASnBr₃
(Quasi-2D) Doping Engineering 5 2019 [37]

PEA2(FA0.7Cs0.3)2Pb3Br10
(Quasi-2D) Phase Engineering 70 2024 [40]

FAPbBr3/CsPbBr3
(NCs)

Encapsulation/Composite 
Engineering 0.447 2021 [108]

CsPbCl₁.₅Br₁.₅
(Quasi-2D)

Encapsulation/Composite 
Engineering 390 2021 [109]

NWs, a sub-nanometer full width at half maximum (FWHM) of 0.4 nm was 
achieved, highlighting the potential of structural hybridization for miniaturized 
on-chip coherent light sources.[42]

Beyond waveguide geometries, structural additives can play a crucial role in 
stabilizing film morphology under high-power operation. Azeem et al. intro-
duced graphene oxide (GO) into quasi-2D perovskite films alongside Dion–Ja-
cobson phase components to suppress thermal degradation and ensure structur-
al coherence under extended heating at 130 °C. The optimized films preserved 
low ASE thresholds (21–25 mJ·cm⁻²) and sustained amplified emission under 
ambient annealing conditions, illustrating the synergistic stabilization enabled 
by structural modifiers.[60]

Taken together, these findings highlight the indispensable role of structural en-
gineering in enabling robust and efficient ASE in perovskite systems. Whether 
by optimizing light–matter interaction pathways, promoting directional emis-
sion, or enhancing environmental resilience, structural design provides a ver-
satile toolkit for the development of integrated, high-performance perovskite 
photonic devices.

3.7. Encapsulation/Composite Engineering
Due to the intrinsic ionic nature and soft lattice of metal halide perovskites, 
their optoelectronic performance—especially ASE—is highly susceptible to 
environmental stressors such as moisture, oxygen, UV irradiation, and thermal 
cycling.[36,107] These factors often accelerate structural degradation, induce 
non-radiative trap states, and suppress excited-state lifetimes, significantly 
limiting the optical gain and reproducibility of perovskite-based ASE systems.
[73,106] Therefore, encapsulation and composite engineering have emerged as 
indispensable strategies for improving the operational stability and practical 
applicability of perovskite photonic devices.
A widely adopted approach involves physically embedding perovskite NCs or 
thin films into robust inorganic or polymer matrices, such as glass, PMMA, 
epoxy resin, or multilayer polymer barriers. These composite structures ef-
fectively isolate the active perovskite layer from environmental triggers while 
mitigating ion migration and phase instability. For instance, Zhang et al. 

synthesized core–shell FAPbBr₃/CsPbBr₃ nanocrystals, where the epitaxially 
grown CsPbBr₃ shell not only passivated surface defects but also suppressed 
ion migration, yielding a quasi-type II band alignment that sustained structural 
integrity and ASE activity under pulsed nanosecond excitation. The core–shell 
structure achieved an ASE threshold as low as 447 nJ·cm⁻², demonstrating the 
dual benefits of encapsulation and compositional modulation.[108]

Glass matrix embedding offers a more durable pathway to stabilization. He et 
al. reported Gd³⁺-doped CsPbCl₁.₅Br₁.₅ NCs embedded in borosilicate glass 
via melt-quenching and in-situ crystallization. The incorporation of Gd³⁺ en-
hanced thermal robustness and improved photoluminescence through defect 
passivation. These glass-embedded systems showed tunable ASE thresholds 
down to 0.39 mJ·cm⁻², depending on doping concentration and heat-treatment 
conditions.[109] Similarly, Zhang et al. demonstrated that glass network modu-
lation via ZrO₂ additives promoted compact QD growth and suppressed Auger 
recombination, enabling a record-low ASE threshold of 54.5 μJ·cm⁻² and a 
modal gain coefficient exceeding 390 cm⁻¹ under femtosecond laser excitation. 
Notably, the glass-encapsulated CsPbBr₃ maintained quasi-continuous ASE 
even under prolonged exposure, outperforming colloidal systems by orders of 
magnitude in environmental stability.[110]

Further studies underscore the role of controlled crystallization in optimizing 
optical gain. Liu et al. encapsulated blue-emitting CsPbCl₂Br₁ NCs within 
borosilicate glass matrices using a thermally tuned precipitation method. 
The ASE threshold decreased dramatically from 1.24 to 0.19 mJ·cm⁻² as the 
heat-treatment temperature increased, indicating that precise crystallization 
control is pivotal for achieving high optical quality. The resulting perovskite–
glass composites exhibited superior photostability and air resistance, offering a 
chemically inert, scalable, and integration-friendly platform for ASE lasers.[106]

In conclusion, encapsulation/composite engineering synergistically enhances 
both environmental stability and optical performance of perovskite materials 
through physical isolation, structural passivation, and defect suppression. 
These strategies are vital to transitioning perovskite ASE systems from lab-
oratory demonstrations to practical, long-lifetime applications in integrated 
photonic circuits, wearable devices, and ambient-stable coherent light sources.

4. Optoelectronic Applications of Perovskite Light-Emitting

4.1 Low-Threshold and High-Quality Film Lasers
Recent advances in perovskite-based lasers have demonstrated remarkable 
progress in achieving low-threshold operation and high optical quality through 
innovative material engineering and device architectures. This section sys-
tematically reviews key developments in the field, focusing on the interplay 
between material properties, fabrication techniques, and device performance.

4.1.1 Material Engineering for Low-Threshold Operation
The foundation for low-threshold perovskite lasers lies in precise control of 
film morphology and crystallinity.[39] presents a breakthrough in fabricating 
ultrasmooth quasi-2D perovskite films through antisolvent engineering, where 
diisopropyl ether (DIE) was identified as the optimal antisolvent for elim-
inating intermediate phases. This approach yielded films with exceptional 
surface smoothness (RMS roughness of 1.82 nm) and reduced trap densities, 
as evidenced by prolonged carrier lifetimes (1.24 ns). The resulting films 
demonstrated a 29% reduction in ASE threshold (14.69 μJ cm-2) compared to 
conventional methods. These findings are complemented by Ref. [111], which 
achieved record-low ASE thresholds of ~2.23 μJ cm-2 in quasi-2D lead-bro-
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Figure 5. Optical gain measurement of Polymer optical fiber amplifier (POFA). (a) Experimental setup. The insets show the SEM 
image of the cross-sectional view of the POFA input facet and a photograph of POFA under 400-nm point source excitation. (b) Spectra 
of unpumped signal, pumped signals, and ASE with varying pump fluences. The inset shows a zoomed-in view of the optical gain 
region. (c) Peak optical gain vs pump fluences. (d) Peak optical gain vs signal power densities. (e) Gain spectra obtained at different 
pump fluences and signal power densities.[112]

mide perovskites through optimized gain coefficients and suppressed Auger 
recombination. The study further demonstrated a distributed feedback (DFB) 
laser with an ultralow threshold of 0.69 μJ cm-2, highlighting the importance of 
optical field-gain medium coupling.

4.1.2 Quantum Dot-Based Laser Systems
All-inorganic perovskite quantum dots (QDs) have emerged as promising gain 
media due to their superior stability and optical properties. Ref. [16] report-
ed a hybrid VCSEL structure incorporating CsPbBr3 QDs that achieved an 
ultralow lasing threshold of 0.39 μJ/cm2 while maintaining stable operation 
over 5 hours under ambient conditions. This work was extended in Ref. [112], 
where CsPbBr3 QDs were integrated into polymer optical fiber amplifiers, 
demonstrating gain coefficients of 232.2 cm-1 and achieving >20 dB optical 
gain in the 530-540 nm range. Ref. [27] introduced an electrically switchable 
gain mechanism in CsPbBr3 VCSELs, reducing the lasing threshold to 1.3 μJ 
cm-2 under nanosecond pumping through controlled ion migration.

4.1.3 Advanced Fabrication Techniques and Novel Architectures
Ref. [80] developed a seeds-assisted space-confined growth method for 
producing high-quality all-inorganic perovskite microcrystal arrays. This ap-
proach yielded submicron plates exhibiting ultralow-threshold (0.22 μJ cm-2) 
single-mode WGM lasing, representing a significant advancement toward on-

chip photonic integration. In parallel, Ref. [113] demonstrated a monolithic 
perovskite thin-film VCSEL using CH3NH3PbI3 embedded in a custom GaN-
based resonator, achieving single-mode operation with a threshold of 7.6 μJ 
cm-2 and spatially coherent Gaussian beams.

4.1.4 Continuous-Wave Operation and Stability
A critical milestone was achieved by Ref. [114], which reported the first sta-
ble room-temperature continuous-wave lasing in quasi-2D perovskite films. 
Through triplet management strategies and high-Q DFB cavities, the study 
overcame the longstanding challenge of “lasing death” under CW pumping. 
This work provided crucial insights into exciton dynamics, identifying sin-
glet-triplet annihilation as a key mechanism limiting population inversion.

4.1.5 Progress Toward Electrically Pumped Lasers
The realization of electrically pumped perovskite lasers remains a critical 
challenge, but recent breakthroughs in electrically modulated gain have 
demonstrated promising pathways toward this goal. Ref. [63] conducted a 
comprehensive evaluation of low-dimensional perovskites for electrically driv-
en lasers, benchmarking ASE/lasing thresholds against high-current-density 
LED performance. Their analysis projected that current densities of 4-10 kA/
cm2 would be necessary to achieve lasing, highlighting the need for improved 
device architectures and material optimization.

A significant advancement was reported in Ref. [113], which demonstrated 
electric-field-enhanced ASE in CsPbBr3 perovskite LEDs. Unlike previous 
studies where electrical stimulation degraded optical gain, this work achieved 
a factor of 3 reduction in ASE threshold under a positive bias voltage. The 
enhancement was attributed to an electric-field-induced increase in radiative 
recombination rates, mediated by ion relocation on a ~10 s timescale. This 
finding provides the first experimental evidence that electrical biasing can 
actively lower lasing thresholds in perovskites, representing a crucial step to-
ward overcoming the carrier injection bottleneck in future electrically pumped 
lasers.

4.2 Functional Expansion and Optoelectronic Synergy in Perovskite La-
sers
Recent advances in perovskite lasers have transcended the conventional pur-
suit of low-threshold operation, evolving toward multifunctional integration 
and optoelectronic synergy. This section critically examines three pivotal 
breakthroughs that illuminate the intricate relationship between material engi-
neering and device physics.

4.2.1 Speckle-Free Imaging with Quasi-2D Random Lasers
The inherent high spatial coherence of conventional lasers has long hindered 
their applications in high-resolution imaging due to speckle noise. Ad-
dressing this challenge, Ref. [30] demonstrated a breakthrough in quasi-2D 
(PEA)2MA3Pb4Br13 random lasers through adipic acid (AA) additive engineer-

ing. By modulating crystallization kinetics, the AA-modified films achieved 
exceptional phase uniformity while maintaining quantum-well-derived optical 
gain. The resultant random lasers exhibited a record-high gain coefficient of 
1404 cm-1 and an 86% reduction in ASE threshold (7.8 μJ/cm2). Intriguingly, 
these devices preserved narrow emission bandwidth (<0.5 nm) while reducing 
spatial coherence by approximately 60% compared to conventional lasers—a 
unique combination enabling superior speckle-free imaging performance. Fur-
ther analysis revealed that this performance stems from randomized phase in-
formation through multiple scattering, while the quantum-confined structures 
sustain sufficient gain for stimulated emission.

4.2.2 Defect-Tolerant ASE in Bulk Perovskite Crystals
Conventional wisdom suggests that quantum confinement is essential for ef-
ficient ASE. However, Ref. [115] challenged this paradigm by demonstrating 
ASE in millimeter-sized CsPbClxBr3-x crystals with substantial defect concen-
trations. At 50 K, these bulk crystals exhibited ASE at 456 nm with a thresh-
old of 106 μJ/cm2. Temperature-dependent spectroscopic studies indicated 
that halogen vacancies facilitate the formation of localized excitons, which 
enhance radiative recombination at cryogenic temperatures. Remarkably, 
metal-semiconductor-metal (MSM) photodetectors fabricated from the same 
crystals showed rapid response times (96 μs rise time), suggesting minimal 
defect interference with carrier transport. This defect tolerance opens new pos-
sibilities for monolithically integrated devices combining laser emission and 
photodetection functionalities.
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4.2.3 Layer-Dependent Optoelectronic Trade-offs
The systematic investigation of PBA2(MAPbBr3)n-1PbBr4 perovskites in Ref. 
[95] unveiled a nonlinear relationship between quantum-well number (n) and 
device performance. While the n=7 variant exhibited optimal photolumines-
cence characteristics (32 ns radiative lifetime at room temperature) due to 
balanced dielectric confinement and exciton binding energy, the lowest ASE 
threshold (19.23 μJ/cm2) occurred at n=3. This counterintuitive observation 
may arise from enhanced exciton-photon coupling in lower-dimensional 
structures. Contrastingly, 3D perovskites (n=∞) outperformed their quasi-2D 
counterparts in photocurrent generation under strong illumination, highlight-
ing a fundamental trade-off between lasing efficiency and charge transport. 
These findings provide critical guidelines for application-specific material 
design, where dimensional engineering can tailor performance for either ul-
tralow-threshold lasers or high-responsivity photodetectors.

5. Conclusions and Future Perspectives

5.1. Conclusion
This review systematically reviews the recent progress of perovskite lasers, 
focusing on their evolution from fundamental optoelectronic research to func-
tional devices with customizable performance. Key breakthroughs include the 
development of quasi-two-dimensional random lasers for speckle-free imag-
ing, the discovery of defect-mediated amplified spontaneous emission in bulk 
perovskite crystals, and the confirmation of a dimensionality-dependent trade-
off between optical gain and charge transport. Together, these advances high-
light the unique advantages of perovskites—tunable band gaps, high defect 
tolerance, and compatibility with low-cost manufacturing—that make them 
widely applicable in photonic applications.
A key insight from these studies is the delicate balance between material de-
sign and device performance. For example, while low-dimensional perovskites 
exhibit excellent lasing thresholds due to enhanced exciton confinement, their 
charge transport properties are often compromised, limiting their use in inte-
grated optoelectronic systems. In contrast, bulk perovskites, despite their high 
defect density, have shown unexpected potential for fabricating dual-function-
al devices that combine lasing and photodetection. These findings challenge 
conventional design paradigms and open new avenues for multifunctional 
photonic platforms.

5.2. Future Perspectives
Looking ahead, several transformative opportunities and challenges remain to 
be addressed. First, achieving room temperature continuous wave operation in 
perovskite lasers is essential for practical applications. While low-temperature 
studies have provided valuable insights into carrier recombination dynamics, 
extending these principles to room temperature requires innovative approaches 
in materials engineering, such as strain modulation or advanced passivation 
techniques.
Second, the integration of perovskite lasers with existing photonic and elec-
tronic architectures, from silicon photonics to flexible substrates, is both a 
challenge and an opportunity. Developing scalable fabrication methods that 
ensure uniformity over large areas while maintaining optical performance is 
critical. Hybrid integration strategies, such as combining perovskites with 
plasmonic nanostructures or two-dimensional materials, can further enhance 
device functionality.
Finally, there is still much room for exploring perovskite lasers in emerging 
applications, such as quantum light sources, ultrafast optical switches, or 
bio-integrated sensors. Tunable emission wavelengths, ultrahigh brightness, 
and the potential for on-chip integration make perovskites a unique choice 
for next-generation photonic systems. However, realizing these applications 
requires interdisciplinary collaboration to address fundamental issues such as 
material stability, device reliability, and system-level optimization.
In summary, perovskite lasers are at a critical juncture where fundamental re-
search is beginning to translate into functional technology. By addressing the 
challenges outlined in this article and leveraging the material’s inherent advan-
tages, the field may soon see widespread use of perovskite-based light sources 
in science and industry.
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