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1. Introduction 
 

The term “perovskite” originates from the mineral calcium titanate (CaTiO₃), discovered by 
Gustav Rose in 1839 and subsequently named in honor of the Russian Mineralogist L. A. Perovski. 
Over the ensuing two centuries, this designation has expanded to encompass a vast class of 
compounds crystallizing in the eponymous structure a three dimensional framework of corner 
sharing BX₆ octahedra with the A cation occupying the resulting cuboctahedral cavities [1]. The 
generalized stoichiometry ABX₃ accommodates an exceptional range of ionic substitutions, enabling 
property tuning across orders of magnitude. Among mineral and non-metallic materials, whether in 
the form of nano/micro particles such as silver [2-4] and gold particles [5], or metal oxides like iron 
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ABSTRACT 

Perovskites, with the general formula ABX₃, constitute one of the most structurally versatile and functionally 
diverse families of crystalline materials. Their exceptional tolerance to compositional substitution enables the 
realization of a broad spectrum of physical phenomena, including ferroelectricity, colossal 
magnetoresistance, high-temperature superconductivity, and, in the case of metal halide perovskites, 
outstanding optoelectronic properties. This review provides a systematic examination of the crystallographic 
principles governing perovskite stability and distortion, the compositional landscape spanning oxide, halide, 
and double perovskite classes, and the synthetic methodologies employed to prepare single crystals, thin 
films, and nanocolloidal systems. Emphasis is placed on metal halide perovskites, whose remarkable 
charge-carrier transport characteristics, defect tolerance, and bandgap tunability have driven transformative 
advances in photovoltaics, light-emitting diodes, and radiation detection. The intrinsic instability of these 
materials under operational stressors moisture, oxygen, thermal exposure, and illumination is critically 
analyzed alongside contemporary mitigation strategies, including compositional engineering, interfacial 
passivation, and encapsulation. Finally, emerging research directions such as lead-free compositions, (chiral) 
hybrid perovskites, tandem device architectures, and integration with established semiconductor platforms 
are discussed, highlighting the trajectory toward commercial viability. 
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oxide nanoparticles [6] that have been synthesized for various applications including medical and 
industrial uses, new compounds of symmetric crystals in the class of perovskites have found special 
applications. Consequently, perovskites exhibit a remarkable diversity of electronic and magnetic 
ground states, encompassing ferroelectricity in titanates (e.g., BaTiO₃) [7], high temperature 
superconductivity in cuprates [8], colossal magnetoresistance in manganites [9], and, more recently, 
outstanding photovoltaic performance in hybrid organic–inorganic halides [10,11].  

The modern surge in perovskite research was catalyzed by the 2009 report by Kojima et al., who 
employed methylammonium lead iodide (MAPbI₃) as a sensitizer in a dye sensitized solar cell, 
achieving a power conversion efficiency (PCE) of 3.8% [12]. The subsequent introduction of solid state 
hole transporting layers by Kim et al. in 2012 marked a pivotal advance, elevating efficiencies to 
approximately 10% while dramatically improving device stability [13]. Since then, certified PCEs for 
single junction perovskite solar cells (PSCs) have surpassed 26%, positioning them as a credible 
competitor to established photovoltaic technologies [14]. Beyond photovoltaics, metal halide 
perovskites have demonstrated external quantum efficiencies (EQEs) exceeding 20% in Perovskite 
light-emitting diode (PeLEDs) [15], and have exhibited exceptional sensitivity as X ray and visible 
light detectors [16]. 

The objective of this short review is to provide a focused yet comprehensive account of perovskite 
materials science, with an emphasis on the structure property relationships that underpin their 
technological relevance. The discussion begins with the crystallographic foundations of the 
perovskite structure and the compositional diversity across oxide, halide, hybrid organic-inorganic, 
and double perovskite families. Recent discoveries that have expanded the compositional space are 
presented in a structured tabular format. Subsequently, the principal synthetic routes for preparing 
perovskite materials in various morphologies single crystals, thin films, and nanocrystals are 
summarized, accompanied by a second table detailing recent methodological advances. The central 
portion of the review critically examines the optoelectronic applications that have driven the field’s 
rapid expansion, particularly in photovoltaics, light emission, and photodetection. The persistent 
challenge of long term stability is analyzed in depth, with a focus on degradation mechanisms and 
state of the art mitigation strategies. The review concludes with a perspective on future directions, 
including lead free alternatives, chiral hybrid perovskites, scalability, and integration with silicon 
photovoltaics. 

2. Structural and Compositional Diversity 
2.1 Crystallographic Principles 
 

The ideal perovskite structure is cubic with space group Pm3̅m, characterized by a primitive unit 
cell in which the B site cation occupies the octahedral interstices coordinated by six X anions, while 
the A site cation occupies the cuboctahedral cavity coordinated by twelve X anions [1]. In practice, 
deviations from ideality are ubiquitous, driven by geometric constraints that lead to tilting of the BX6 
octahedra and consequent symmetry lowering to tetragonal, orthorhombic, or rhombohedral phases. 
The stability and degree of distortion are quantitatively described by the Goldschmidt tolerance factor 
t and the octahedral factor µ [17]. 

𝑡 =
(𝑟!	 +	𝑟#)
√2	(𝑟$ + 𝑟#	)

	 , 𝜇 =
𝑟$
𝑟#

 

The ionic radius rA corresponds to the A-site cation in 12-fold (cuboctahedral) coordination, with 
typical examples including Cs⁺ and the effective radius of CH₃NH₃⁺. The radius rB represents the B-
site cation in 6-fold (octahedral) coordination, such as Pb²⁺, Sn²⁺, or Ti⁴⁺. The radius rX refers to the X-
site anion and is typically taken for 6-fold coordination to maintain consistency with the B–X bonding 
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in perovskite structures. Stable perovskites typically exhibit 0.8< t < 1.0, with µ exceeding a 
composition dependent threshold. When t deviates substantially from unity, cooperative octahedral 
tilting reduces the coordination number of the A site and often engenders ferroelectric or 
antiferrodistortive instabilities [17]. 

2.2 Compositional Classes 
 

Perovskites are generally classified into three principal categories based on the nature of their 
constituent ions. Among these, oxide perovskites (e.g., BaTiO₃, SrTiO₃, LaMnO₃) represent the 
classical and most widely studied family. Synthesized at high temperatures, they exhibit robust 
mechanical and chemical stability. Their functional properties span ferroelectricity, piezoelectricity, 
high temperature superconductivity, and colossal magnetoresistance, forming the basis for 
applications in capacitors, actuators, solid oxide fuel cells, and spintronics [7-9,18]. 

Barium titanate (BaTiO₃) is a prototypical perovskite oxide that exhibits a well-defined sequence 
of temperature-driven structural phase transitions (Tp) under ambient conditions (Figure 1). At high 
temperatures, it adopts a centrosymmetric cubic phase, which transforms upon cooling into 
tetragonal, orthorhombic, and finally rhombohedral phases [19]. These four equilibrium crystal 
structures differ in symmetry and polarization behavior, with the cubic phase being paraelectric and 
the lower-symmetry phases exhibiting ferroelectricity due to the displacement of Ti ions. This 
progression provides a fundamental framework for understanding the structural, dielectric, and 
functional properties of perovskite materials.    

  
Rhombohedral 

(Tp  ˂ 180 K) 
Orthorhombic 

(180 K ˂ Tp ˂ 285 K) 

  
Tetragonal 

(285 K ˂ Tp ˂ 393 K) 
Cubic 

(Tp ˃ 393 K) 
Figure 1. The various phases of BaTiO₃ as a perovskite oxide and the effect of temperature variations on its 
crystal structure [19]. 

Metal halide perovskites adopt the general ABX₃ stoichiometry, where X represents a halide anion 
(I⁻, Br⁻, Cl⁻), B is a divalent metal cation (commonly Pb²⁺ or Sn²⁺), and A is a monovalent cation that 
can be either inorganic (e.g., Cs⁺) or organic (e.g., methylammonium (MA⁺) and formamidinium 
(FA⁺)). This class of materials has attracted considerable attention due to its outstanding 
optoelectronic properties, including high absorption coefficients (>10⁴ cm⁻¹), long charge carrier 
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diffusion lengths (often exceeding several micrometers in single crystals), and a compositionally 
tunable bandgap spanning the visible spectrum (1.2–2.3 eV) [10,11]. Moreover, these materials exhibit 
notable defect tolerance, with relatively few deep trap states despite being processed via solution-
based methods [20]. 

Hybrid (organic–inorganic) perovskites constitute a distinct subclass of metal halide perovskites 
in which the A-site is occupied by an organic cation, effectively bridging molecular and solid-state 
chemistry (Figure 2). Representative examples include MA⁺- and FA⁺-based compounds such as 
MAPbI₃ and FAPbI₃ [21]. As illustrated in Figure 2a, the crystal structure consists of an organic A-site 
cation (e.g., CH₃NH₃⁺), a metal B-site cation (Pb²⁺), and a halide X-site anion (I⁻). These components 
form a three-dimensional framework through interactions between the organic cation and the 
inorganic lattice. The A-site composition can be further extended to include chiral organic cations, 
enabling the formation of chiral hybrid perovskites with unique chiroptical functionalities [22-24]. 
The corresponding unit cell, shown in Figure 2b, adopts a cubic structure. This hybrid architecture 
results in structural softness, which contributes to excellent optoelectronic performance while also 
enabling low-temperature solution processing, a key advantage over oxide perovskites [25,26]. 

 
Figure 2. a) Crystal structure of the widely used halide perovskite CH₃NH₃PbI₃, in which the A-site is occupied 
by an organic cation (CH₃NH₃⁺), the B-site by a metal cation (Pb²⁺), and the X-site by a halide anion (I⁻). b) Unit 
cell of CH₃NH₃PbI₃ exhibiting a cubic crystal structure. 

The term perovskite refers to any compound which has an ABX3 crystal structure, where A and 
B are two different cations and X is the anion. The highest performing and most widely studied 
perovskite for photovoltaic applications is methylammonium lead iodide (CH3NH3PbI3), also 
known as MAPI, the structure of which is shown in Figure 3. The lead cation (blue) is located in the 
centre of a cube of methylammonium cations (green) and is surrounded by an octahedron of iodide 
anions (red). There are three different phases of the crystal structure that MAPI can adopt, with the 
temperature controlling which phase is thermodynamically stable. At room temperature MAPI is 
known to be in the tetragonal phase where two of the unit cell lengths are equivalent (a = b ≠ c). At 
lower temperatures the tetragonal symmetry is broken and MAPI adopts the orthorhombic structure 
where all three-unit cell lengths are different (a ≠ b ≠ c) [27]. At elevated temperatures the symmetry 
of the structure increases, with MAPI adopting the cubic crystal structure (a = b = c). The temperature 
of the transitions between these three structures can be determined using photoluminescence 
spectroscopy.  
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Figure 3. Crystal unit cells corresponding to the cubic, tetragonal, and orthorhombic phases of MAPI perovskite 
[27]. 

Double perovskites (A₂BB'X₆) have emerged as a promising strategy to mitigate the toxicity 
associated with lead-based perovskites. In these structures, two Pb²⁺ ions are replaced by a 
combination of a monovalent and a trivalent metal cation (e.g., Ag⁺ and Bi³⁺), thereby preserving 
overall charge neutrality. A representative example is cesium silver bismuth bromide (Cs₂AgBiBr₆), 
whose crystal structure is illustrated in Figure 4. This material exhibits enhanced ambient stability 
and reduced toxicity compared to lead-based counterparts; however, its optical properties currently 
result in lower photovoltaic performance than conventional lead halide perovskites [28]. 

 
Figure 4. A ball-and-stick schematic illustration of the double perovskite crystal structure. Large purple spheres 
represent A-site Cesium (Cs) cations. The structure features alternating corner-sharing octahedral frameworks: 
teal spheres (B-site Bi³⁺) form teal polyhedra, and orange-copper spheres (B'-site Ag⁺) form brown-copper 
polyhedra. Small red spheres at the octahedral corners correspond to halide anions (X = Cl, Br). The key 
highlights the specific colors used for each atomic species. 
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However, this hybrid nature also introduces challenges, including susceptibility to moisture and 
thermal degradation, driving current research toward compositional engineering and dimensionality 
reduction to enhance stability without sacrificing performance for photovoltaic and light-emitting 
applications [29]. Recent investigations have considerably expanded the compositional landscape, 
revealing novel compounds and unexpected functionalities. Table 1 summarizes selected recent 
findings that exemplify the ongoing diversification of perovskite materials across structural 
dimensions, chemical compositions, and application domains. 

The entries in Table 1 illustrate that contemporary perovskite research extends far beyond the 
canonical three-dimensional metal halides, encompassing low-dimensional architectures, lead-free 
compositions, oxide functional materials, and heterointerface phenomena. This structural and 
compositional richness continues to fuel discoveries across optoelectronics, spintronics, and quantum 
information science. 

3. Synthesis Methods 
 

The functional properties of perovskite materials are intimately linked to their crystalline quality, 
morphology, and defect landscape, all of which are governed by the synthesis route. Different 
applications demand distinct form factors, ranging from bulk single crystals for fundamental 
characterization to large-area thin films for devices and colloidal nanocrystals for luminescent 
applications. Recent years have witnessed substantial methodological innovations aimed at 
enhancing reproducibility, scalability, and material quality. Table 2 summarizes selected recent 
advances in perovskite synthesis across different material classes and morphologies. 

The methods summarized in Table 2 reflect the ongoing maturation of perovskite synthesis from 
laboratory-scale spin-coating toward industrially relevant techniques. Solution-based methods, 
including ITC [50], antisolvent engineering [51], and slot-die coating [58], remain dominant due to 
their low cost and versatility. Vapor-phase techniques such as sequential vapor deposition [54], and 
CVD [57], offer superior thickness control, conformality, and compatibility with multilayer 
architectures, making them attractive for tandem solar cells and complex device stacks. Colloidal 
synthesis routes, particularly hot-injection [53], and LARP [55], have enabled the production of 
nanocrystals with near-unity photoluminescence quantum yields, driving advances in display 
technology. Scalable deposition methods, exemplified by slot-die coating with gas quenching [58], 
have demonstrated that high efficiencies can be maintained on large-area modules, addressing a 
critical prerequisite for commercial translation. 
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Table 1. Recent research findings across perovskite material classes.  

Composition Class Key Finding Property/Performance Application Ref. 

Cs₀.₀₅FA₀.₈₅MA₀.₁₀Pb(I₀.₉₅Br₀.₀₅)₃ Metal halide 
(triple-cation) 

Incorporation of a 2D perovskite layer at 
the interface reduces non-radiative 
recombination and improves stability 

Certified PCE = 25.2% Solar cells [30] 

Cesium lead iodide (CsPbI₃) 
quantum dots 

Metal halide 
(inorganic) 

Short-chain zwitterionic ligands enhance 
charge transport while maintaining 
colloidal stability 

PCE = 15.1%; operational 
stability > 1000 h 

Photovoltaics [31] 

Cs₂AgBiBr₆ Double halide High defect tolerance arises from a flat 
valence band maximum; carrier lifetimes 
exceed 100 ns 

PCE = 3.2% in planar 
devices 

Lead-free 
photovoltaics 

[32] 

(PEA)₂(MA)ₙ₋₁PbₙBr₃ₙ₊₁ (n = 3) 2D Ruddlesden–
Popper 

Dielectric confinement enhances exciton 
binding energy, leading to near-unity 
photoluminescence quantum yield 

EQE = 22.5% in green 
PeLEDs 

Light-emitting 
diodes 

[33] 

FASnI₃ with SnF₂ and hydrazine Lead-free halide Reduction of Sn⁴⁺ content via hydrazine 
vapor treatment suppresses p-type 
self-doping 

PCE = 14.6%; improved 
reproducibility 

Lead-free solar 
cells 

[34] 

BaTiO₃ Oxide 
(ferroelectric) 

Engineered domain wall conductivity 
via epitaxial strain enables resistive 
switching with high on/off ratio 

Conductivity modulation > 
10⁴ 

Neuromorphic 
computing 

[35] 

La₀.₇Sr₀.₃MnO₃ Oxide 
(manganite) 

Interfacial symmetry mismatch with 
SrTiO₃ induces perpendicular magnetic 
anisotropy at room temperature 

Magnetic anisotropy 
energy ~ 10⁵ J m⁻³ 

Spintronics [36] 

Cesium lead bromide (CsPbBr₃) 
nanocrystals 

Metal halide 
(nanocrystal) 

Reversible orthorhombic-to-tetragonal 
phase transition enables optical memory 
with high contrast 

Photoluminescence 
switching contrast > 10³ 

Optical data 
storage 

[37] 

Lanthanum aluminate 
(LaAlO₃)/KTaO₃ 

Oxide 
(heterointerface) 

Superconductivity emerges at the (111) 
interface without polar discontinuity 

Tc up to 2.0 K Quantum 
electronics 

[38] 

(MA)₃Bi₂I₉ Lead-free halide 
(defect 
perovskite) 

Zero-dimensional structure with strong 
quantum confinement yields high 
radioluminescence intensity 

Light yield ~ 40,000 
photons MeV⁻¹; detection 
limit < 10 nGy s⁻¹ 

X-ray 
scintillators 

[39] 
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CsPbI₃ nanowires Metal halide 
(1D) 

Controlled orientation yields linearly 
polarized emission with anisotropy 
factor > 0.8 

Polarized 
electroluminescence 
efficiency 12% 

Polarized light 
sources 

[40] 

Strontium hafnate (SrHfO₃) Oxide (high-κ 
dielectric) 

Atomic layer deposition produces films 
with dielectric constant > 20 and 
breakdown field > 5 MV cm⁻¹ 

Equivalent oxide thickness 
< 0.8 nm 

2D transistor 
gate dielectrics 

[41] 

(FAPbI3)0.95(MAPbBr3)0.05 with 
guanidinium doping 

Hybrid (mixed-
cation) 

Guanidinium incorporation reduces 
lattice strain and suppresses non-
radiative recombination, enabling high 
open-circuit voltage 

PCE = 24.3% in inverted 
solar cells; VOC = 1.19 V Photovoltaics [42] 

(R-/S-1-(1-
naphthyl)ethylammonium)2PbI4 Chiral 2D hybrid 

Strong chiroptical activity with circular 
dichroism dissymmetry factors up to 10–
2; spin-selective charge transport 

Circularly polarized light 
(CPL) detection with 
responsivity > 100 mA W–1 

Chiral 
optoelectronics [43] 

(PEA)2MA4Pb5I16 (n = 5) 
2D 
Ruddlesden-Po
pper hybrid 

Phase distribution engineering enhances 
charge transport while retaining 
moisture resistance; unencapsulated 
devices retain 90% efficiency after 1000 h 

PCE = 18.8% in solar cells Stable 
photovoltaics [44] 

(R-/S-MBA)2PbI4 (MBA = 
α-methylbenzylammonium) Chiral 2D hybrid 

Intrinsic chirality induces strong 
circularly polarized electroluminescence; 
dissymmetry factor gEL ≈ 0.3 

EQE = 4.2% in circularly 
polarized OLEDs 

Chiral 
light-emitting 
diodes 

[45] 

(FA)2CuxAg1−xBiI6 
Hybrid double 
perovskite 
(lead-free) 

Copper alloying lifts parity-forbidden 
transitions, improving absorption 
coefficient and carrier lifetime 

PCE = 4.5% in air-processed 
solar cells; T80 > 2000 h 

Lead-free 
photovoltaics [46] 

(N-methyl-2-pyrrolidone)2[Pb2Br6
] 

0D hybrid 
(molecular) 

Isolated metal halide octahedra give 
broadband white emission with high 
color rendering index; near-unity 
photoluminescence quantum yield 

PLQY = 92%; stable over 6 
months under ambient 

Single-source 
white lighting [47] 

(R-
/S-3-aminopiperidinium)2PbBr4 Chiral 2D hybrid 

Ferroelastic domain switching coupled 
with circular dichroism; optically 
controllable polarization 

Second-harmonic 
generation intensity 3× that 
of quartz 

Chiral 
ferroelectrics & 
nonlinear optics 

[48] 



 
Journal of Research in Nanoscience and Nanotechnology XX, Issue X (2026) XX-XX 

9 
 

Table 2. Recent research findings on perovskite synthesis methods. 
Method Material System Key Finding Morphology Application Focus Ref 
Inverse temperature 
crystallization (ITC) 

MAPbI₃ Controlled supersaturation through 
temperature gradients yields crystals with 
reduced defect density (trap density ~ 2 × 10⁹ 
cm⁻³) 

Single crystals 
(centimeter scale) 

Fundamental 
transport studies 

[49] 

Antisolvent-assisted 
spin coating 

Triple-cation 
Cs₀.₀₅FA₀.₈₅MA₀.₁₀Pb(I₀.₉₅Br₀
.₀₅)₃ 

Use of methyl acetate as antisolvent induces 
rapid nucleation, yielding pinhole-free films 
with grain sizes > 1 µm 

Polycrystalline thin 
films 

High-efficiency 
solar cells 

[50] 

Vapor-assisted solution 
processing (VASP) 

MAPbI₃ Exposure of PbI₂ films to MAI vapor enables 
conformal conversion on textured substrates; 
eliminates antisolvent step 

Thin films (large area) Scalable 
photovoltaics 

[51] 

Hot-injection colloidal 
synthesis 

CsPbBr₃ nanocrystals Precise control of reaction temperature (150–
180 °C) and ligand ratios yields monodisperse 
nanocrystals with Photoluminescence 
quantum yield (PLQY) > 95% 

Nanocrystals (10–15 
nm) 

Displays and LEDs [52] 

Sequential vapor 
deposition 

Formamidinium lead 
iodide (FAPbI₃) 

Co-evaporation of PbI₂ and FAI followed by 
controlled annealing yields phase-pure 
α-FAPbI₃ with high crystallinity 

Thin films 
(wafer-scale) 

Tandem solar cells [53] 

Ligand-assisted 
reprecipitation (LARP) 

CsPbX₃ (X = Cl, Br, I) Room-temperature synthesis using polar 
solvents and antisolvent precipitation yields 
nanocrystals with tunable composition and 
bandgap 

Nanocrystals (5–20 
nm) 

Lighting and lasing [54] 

Melt growth (Bridgman 
method) 

BaTiO₃ Use of continuous feeding compensates for 
segregation, producing large-area single 
crystals with uniform composition 

Single crystals 
(wafer-scale) 

Piezoelectric 
actuators 

[55] 

Chemical vapor 
deposition (CVD) 

CsPbBr₃ Two-zone CVD with separate CsPbX and 
PbBr₂ precursors yields high-quality 
nanowires with controlled orientation 

Nanowires (diameter 
50–200 nm) 

Photodetectors [56] 

Slot-die coating FA₀.₈₅Cs₀.₁₅PbI₃ Blade coating with gas quenching enables 
high-throughput deposition; PCE of 21.5% on 
100 cm² modules 

Thin films (large-area 
modules) 

Industrial scaling [57] 

Seeded growth 
(solution) 

FAPbI₃ Pre-synthesized FAPbI₃ seeds enable uniform 
crystallization and suppress δ-phase 
formation. 

Polycrystalline thin 
films 

Stable solar cells [58] 
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4. Optoelectronic Applications 
4.1 Perovskite Solar Cells 
 

The development of perovskite solar cells (PSCs) represents one of the most rapid ascents in 
photovoltaic history. Following the initial demonstrations, the field has achieved certified 
single-junction PCEs exceeding 26% [14]. This progress has been driven by iterative refinements in 
composition and interface engineering. Triple-cation compositions (Cs/FA/MA) have emerged as a 
benchmark due to their superior thermal stability and high efficiency [59]. The incorporation of 
two-dimensional perovskite layers at the top and bottom interfaces effectively passivates surface 
defects and suppresses non-radiative recombination, enabling open-circuit voltages approaching 
the Shockley–Queisser limit [31]. 

A particularly promising pathway to commercialization is the integration of perovskites into 
tandem solar cells. By combining a wide-bandgap perovskite top cell (optimized for blue and green 
absorption) with a silicon bottom cell, efficiencies exceeding 33% have been demonstrated in 
monolithic two-terminal tandems [60]. Such architectures surpass the theoretical efficiency limit of 
single-junction silicon while leveraging the established silicon manufacturing infrastructure. 

4.2 Perovskite Light-Emitting Diodes 
 

Whereas solar cells exploit efficient charge generation, light-emitting diodes (LEDs) require 
efficient radiative recombination of injected carriers. In three-dimensional metal halide perovskites, 
the relatively low exciton binding energy (typically < 50 meV) results in a high fraction of free 
carriers that are susceptible to non-radiative recombination at defects [61]. The breakthrough for 
PeLEDs came with the introduction of low-dimensional structures nanocrystals, quantum wells, 
and 2D Ruddlesden–Popper phases that enhance exciton confinement and radiative efficiency 
[62,63]. Green and red PeLEDs now routinely achieve EQEs exceeding 20%, rivaling the best 
organic LEDs. Blue emission remains more challenging due to halide phase segregation and ion 
migration under electrical bias; however, strategies such as compositional grading and the use of 
quasi-2D structures have yielded steady improvements [64]. The exceptionally narrow emission 
linewidths (< 20 nm) of perovskite emitters position them strongly for next-generation 
ultra-high-definition displays. 

The development of circularly polarized light-emitting diodes based on chiral hybrid organic-
inorganic perovskites is of particular interest [65]. By incorporating chiral organic cations or chiral 
surface ligands, the resulting materials exhibit chiroptical activity, enabling direct generation of 
circularly polarized luminescence without external optical components [66]. Anisotropy factors 
glum approaching 10⁻² have been demonstrated in chiral 2D perovskites, though further 
improvements are needed to rival the performance of achiral PeLEDs [22,67]. This capability is 
highly attractive for applications in 3D displays, optical communication, and quantum information 
technologies.  

4.3 Photodetectors and Radiation Detectors 
  

The combination of high X-ray attenuation coefficients (owing to the presence of 
high-atomic-number elements such as Pb and I) and outstanding charge-transport properties 
(mobility–lifetime products exceeding 10−3 cm² V⁻¹) makes metal halide perovskites highly effective 
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for ionizing radiation detection [16]. Solution-processed polycrystalline thick films and single 
crystals have demonstrated sensitivities to X-rays exceeding 104 µC Gy⁻¹ cm⁻², surpassing 
amorphous selenium (a-Se), the current clinical standard [44]. In the visible range, perovskite 
photodetectors exhibit high responsivity (>1 A W⁻¹) and fast response times (<1 µs), rendering them 
suitable for optical communication and imaging systems [68,69]. 

Beyond conventional photodetection, chiral hybrid perovskites have emerged as promising 
materials for the direct detection of CPL due to their intrinsic chirality and outstanding 
optoelectronic properties [70]. Devices based on chiral organic–inorganic hybrid perovskites 
demonstrate high responsivity and stability without the need for external optical elements, 
enabling integrated CPL photodetectors [71]. Advances include one dimensional helical perovskite 
structures achieving polarization discrimination ratios up to 25.4, surpassing traditional chiral 
plasmonic metamaterials [72], and the incorporation of ferroelectricity and Rashba effects further 
enhances CPL detection through switchable self-powered operation.   

5. Stability Challenges and Mitigation Strategies 
  

Despite their exceptional performance, metal halide perovskites are intrinsically susceptible to 
degradation under environmental stressors. Moisture induces hydration and subsequent 
decomposition to PbX₂ and AX [73]. Oxygen, particularly under illumination, can generate 
superoxide radicals that oxidize the organic cations and disrupt the lattice [74]. Elevated 
temperatures cause volatilization of organic components and, in the case of FAPbI₃, a phase 
transition from the photoactive black α-phase to the non-perovskite yellow δ-phase [75]. Under 
operational conditions, ion migration and, in mixed-halide systems, photo-induced phase 
segregation further degrade device performance [76]. 

Three principal mitigation strategies have emerged. Compositional engineering replaces 
volatile MA⁺ with a mixture of FA⁺ and Cs⁺, yielding thermally robust absorbers [60]. The 
incorporation of large organic cations to form 2D perovskites at grain boundaries or surfaces 
dramatically enhances moisture resistance, though care must be taken to avoid impeding charge 
transport [77]. Interfacial passivation involves the deposition of thin layers of hydrophobic 
polymers, metal oxides (e.g., Al₂O₃), or 2D materials (e.g., graphene) that block moisture ingress 
and heal surface defects [78]. Encapsulation using glass or multi-layer barrier films isolates the 
device from ambient atmosphere; with optimized encapsulation, operational lifetimes exceeding 
10,000 hours under continuous illumination have been reported [79]. 

6. Future Perspectives 
 

The maturation of perovskite research has brought the field to the threshold of commercial 
relevance. However, several critical challenges must be addressed to enable large-scale 
deployment. Lead toxicity remains a pressing concern. While encapsulation can effectively contain 
lead within a device, environmental and regulatory pressures are driving the search for lead-free 
alternatives. Tin-based perovskites such as Formamidinium tin iodide (e.g., FASnI₃) have achieved 
PCEs approaching 15% [35], while double perovskites such as Cs₂AgBiBr₆ offer enhanced stability 
[33]. Realizing performance parity with lead-based systems will require deeper understanding of 
defect chemistry and advanced doping strategies. Scalable manufacturing is another critical hurdle. 
Spin-coating, while effective for laboratory cells, is not amenable to large-area production. Scalable 
methods such as slot-die coating, spray coating, and vapor deposition must be refined to deliver 
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uniform, high-quality films over square-meter areas [58]. Concurrently, the development of robust, 
low-cost encapsulation technologies that meet the stringent lifetime requirements of outdoor 
photovoltaics (25–30 years) is essential. 

Beyond established material families, chiral hybrid perovskites are emerging as a platform for 
integrating optoelectronic functionality with spin- and chirality-dependent phenomena. The 
transfer of molecular chirality to the inorganic framework enables CPL emission, spin-selective 
charge transport, and nonlinear optical activity [80]. While still in an early stage, these materials 
hold promise for next-generation displays, spintronic devices, and quantum light sources, provided 
that challenges in achieving high anisotropy factors alongside high device efficiencies can be 
addressed [81]. The recently observed nonlinear relation between anisotropy factors and 
enantiomeric excess in chiral perovskites, provides a new avenue for tunability [82].  Varying the 
enantiomeric excess has recently emerged as a powerful approach to nonlinearly enhance 
chiroptical response, providing a new degree of tunability for chiral perovskites .[83,84] 

In the near term, tandem integration with silicon represents the most commercially viable path 
for perovskite photovoltaics. Research efforts are increasingly focused on developing stable 
interconnection layers, optimizing transparent electrodes, and ensuring the long-term operational 
stability of the perovskite top cell under real-world conditions [61]. Simultaneously, the exceptional 
luminescent properties of perovskite nanocrystals are being actively explored by the display 
industry, with prototype PeLED displays demonstrating superior color gamut and efficiency [53]. 

7. Conclusion 
 

In conclusion, perovskite materials have evolved from a mineralogical curiosity to a cornerstone 
of modern materials science. The remarkable optoelectronic properties of metal halide perovskites, 
combined with the structural versatility of the broader perovskite family, have enabled 
unprecedented advances in photovoltaics, light emission, and photo-detection. The distinct 
characteristics of hybrid organic–inorganic perovskites have been central to these advances, while 
chiral hybrid perovskites are opening new frontiers in spin- and light-controlled devices. Although 
challenges related to stability, lead toxicity, and scalability persist, the convergence of fundamental 
understanding, engineering innovation, and industrial investment suggests that perovskites will 
play a transformative role in next-generation electronic and energy technologies. Continued 
exploration of both oxide and halide systems promises not only to overcome existing limitations 
but also to uncover new phenomena and applications yet to be conceived. 
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