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Abstract

Perovskites—materials adopting or derived from the ABXs structural archetype—have progressed
from classical oxide ferroelectrics and superconductors to today’s halide-based optoelectronics,
catalysis, and Ionics. This chapter surveys crystal chemistry and structure—property relationships
across oxide and halide families; defect physics and ion transport; synthesis and microstructure
control from bulk to nanocrystals and 2D phases; and device-level advances in photovoltaics, light
emission, sensing, catalysis, solid-state lonics, and beyond-CMOS electronics. We also review
stability pathways, lead-free strategies, environmental and sustainability considerations,
characterization toolkits, and computational discovery. Emphasis is placed on how fundamental
mechanisms—tolerance factor, octahedral tilts, soft lattices, defect tolerance, excitonic effects, and
dynamic disorder—enable rapid translation from lab to technology.

Keywords: perovskite, ABXs, halide perovskite, oxide perovskite, photovoltaics, ferroelectric,
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1. Introduction

1.1 Background & Significance

With the arrival of the 5G era and the “Internet of Things” era, the demand for human perception of
the objective world has rapidly increased, driving the rapid development of sensor technology. As
smart material technology advances, different solid surface morphologies are crucial. The field of
crystallography conducted extensive research on the structure of crystals just prior to the development
of the atomic theory of solids around the end of the nineteenth century. In 1839, Gustav Rose made
the first discovery of the calcium titanium oxide (CaTiO3) perovskite structure in the Ural Mountains
of Russia. It i1s widely recognized as a perovskite material and was named after the Russian
mineralogist L.A. Perovski (1792—-1856) [1]. The research on tools is in full swing, and related
achievements have been published one after another. Among them, perovskite material has received
a lot of attention as a photoelectric semiconductor material. Its excellent material properties [2,3,4,5],
low manufacturing cost, and simple preparation process [6,7,8] have made it shine in the field of solar
cells. The power conversion efficiency (PCE) of solar cells utilizing perovskite materials as the central
component has significantly advanced, rising from 3.81% [9], as first reported in 2009, to 34.06%
[10] in 2024 with the use of a RbPbBr absorber. This remarkable progress has contributed a pivotal
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chapter to the development of solar cell research. At the same time, perovskite materials have also
received attention in research fields such as light-emitting diodes [11,12], lasers [13], and field-effect
transistors [ 14]. The excellent optoelectronic properties of perovskite are destined to play an important
role in the field of optoelectronic detection.

1.2 Scope of the review

This review mainly includes an introduction to perovskite-based energy & electronics, perovskite
materials and structures, the working principle of perovskite photodetectors, device manufacturing
techniques, performance optimization methods, and equipment architecture and configuration, as well
as equipment integration and application. The difficulties and future of perovskite electronics and
energy are finally covered. The mineral CaTiO3 and its structural categorization are both referred to
as "perovskites." Although this dual usage of the term is rarely addressed openly, it commonly leads
to confusion in the field of materials science. Muller and Roy's textbook went into great detail

regarding the nomenclature problem and offered a formalization as a remedy [15].

1.3 Overview of Perovskite in Energy & Electronics

Perovskites constitute a broad class of materials whose idealized structure is the cubic ABXs
lattice[16], where A is a large cation (e.g., Cs*, MA* = CHsNHs*, FA* = HC(NH.).", or rare-
earth/alkaline-earth ions), B is a smaller metal cation (Pb**, Sn**, Ti**, Nb*", Mn**, etc.), and X is an
anion (O* in oxides; CI/Br/I" in halides). The corner-sharing BXs octahedral network defines most
electronic, ionic, and structural behaviors. Historically, oxide perovskites (e.g., BaTiOs, SrTiOs,
Lai—xSr;MnQOs, YBa.CusOs—6-related families) drove ferroelectrics, dielectrics, piezoelectrics, mixed
conductors, and superconductivity. Around 2012-2013, organic—inorganic halide perovskites
unlocked defect-tolerant semiconductors with exceptional optical absorption, long diffusion lengths,
and solution processability—propelling rapid gains in solar cells, LEDs, and detectors[17].

2. Perovskites Materials & structure
2.1- Crystal Chemistry and Structure
Structural flexibility: Large chemical phase space; tolerance of vacancies and substitutions; 3D, 2D
(Ruddlesden—Popper), 1D, and 0D derivatives.
- Soft lattice, strong coupling: Polarons, anharmonic phonons, dynamic disorder, and facile ion
migration yield unusual combinations of electronic and ionic transport.
- Defect tolerance: Shallow defect formation in many halides permits high performance despite low-
temperature processing.
- Low-cost manufacturing: From bulk ceramics to single crystals and thin films via solution or vapor
routes|[ 18]. The perovskite structure schematic diagram is shown in Figure 1, and the cation (red ball)
may be an inorganic alkali metal (e.g.,) or an organic cation (e.g., (MA), (FA)). Typically, a halogen
ion (or a combination of them) is the anion (green ball) and the cation (blue ball). Within the corner-
shared octahedral framework, the A cation is situated in the cubo-octahedral cavity, creating a three-
dimensional (3D) structure. Perovskite materials are perfect for optoelectronic applications because
of their high optical absorption coefficient, wide absorption spectrum, and extended carrier lifetime.
Their three-dimensional structure comprising corner-sharing octahedra (), with the A cation residing
in the cubo-octahedral cavities, allows for the substitution of various ions at the, and sites, enabling
fine-tuning of their optical and electronic properties. Efficiency improvements are shown in Figure 2.
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Fig. 1. Schematic diagram of the perovskite structure [19]. Copyright 2024 RSC.
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Fig. 2. Efficiency trend of perovskite solar cells.

2.2 Tolerance factor and octahedral connectivity

The Goldschmidt tolerance factor

t=ra trx /\/Z(I‘B"'I'X)

predicts structural stability: t = 0.8—1.0 favors perovskite connectivity. Deviations drive octahedral
tilts  (Glazer  notation  at/a-/c0), symmetry lowering (cubic = —  tetragonal/
orthorhombic/rhombohedral), and property changes—bandgap shifts in halides; polarization in
oxides[20].

2.3 Dimensionality engineering

Layered perovskites (Ruddlesden—Popper, (A')2An-1BnXsn+1 interleave bulky organic cations or rock-
salt layers to produce natural quantum wells. Lower dimensionality increases exciton binding,
enhances environmental stability, and enables color-pure emission[21]. Common representative
perovskites and their properties, along with their applications, are listed in Table 1.
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Oxides: BaTiO3/SrTiO3 (dielectric/ferroelectric), Pb(Zr,Ti)O3; (PZT), Lai-xSrxCoO3-d and LSCF
(SOFC electrodes), Lal-xSrxMnOs (colossal magnetoresistance), high-Tc cuprates (derived
structures).

- Halides: MAPbI;, FAPbI3, CsPbBr3, mixed-halides (FA/MA/Cs with I/Bt/Cl), and lead-free (Sn>"
Ge?")or double perovskites (A2B'B"Xe, e.g., Cs2AgBiBry).

- Nitrides/oxynitrides and oxyhalides: Emerging chemistries for stability and band-edge tuning[22].

Table 1. Representative perovskites and applications.

Family Example Property Application
Halide 3D FAPbI; Direct ~1.5 eV bandgap PV, detectors
Halide 2D (PEA)2(FA)n-31PbnBr3n+1  High exciton binding LEDs

Oxide ferroelectric BaTiO, PZT High permittivity Capacitors
Oxide ionic LSCF, BSCF Mixed ionic—electronic SOFC cathodes

3. Defects, Ion Transport, and Electronic Structure
3.1 Point defects and their roles
Vacancies (V_X, V_Pb, V_I), interstitials, and antisites shape carrier lifetime, doping, and hysteresis.
In halide perovskites, many dominant defects are shallow; in oxides, oxygen non-stoichiometry (d in
ABO3-9) controls mixed ionic—electronic conduction and catalytic activity[23]. Mobile halide ions
and organic fragments migrate along low-barrier paths (0.1-0.6 eV), causing current—voltage
hysteresis, phase segregation in mixed-halide films, and slow transients in detectors/LEDs. Grain
boundaries and interfaces concentrate fields and vacancies; compositional and passivation strategies
mitigate drift[24].
3.2 Band structure essentials
Halides: Direct bandgaps (=1.2-2.4 eV), strong spin—orbit coupling (Pb, Sn), small effective masses,
long carrier diffusion lengths, exciton binding energies =10-50 meV (3D) and >100 meV (2D).
Bandgap Tuning in Perovskite Materials
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Fig. 3. Bandgap tuning in different perovskite compositions.

Oxides: Typically, wider gaps; d-electron physics yields ferroelectricity, magnetism, Mott behavior,
or superconductivity upon doping/strain[25]. Bandgap tuning is illustrated in Figure 3 and Common
defect types and their effects are summarized in Table 2.
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Table 2. Common defects and typical effects in halide vs oxide perovskites.

Defect Type Halide Perovskites Oxide Perovskites

Halide vacancy (V_X) Ion migration, hysteresis Not relevant

Cation vacancy Deep traps, recombination Controls carrier density
Interstitials Shallow traps, ionic conduction O?* transport

Antisite defects Occasional recombination centers Alter ordering

Oxygen vacancy Not applicable Controls conductivity, catalysis

4. Synthesis and Processing
4.1 Bulk oxides and ceramics
Solid-state reaction, sol-gel/Pechini, combustion, spark plasma sintering (SPS), tape casting, hot
pressing—targeting dense, textured ceramics for capacitors, piezoelectrics, SOFCs, and MEMS [26].
Solution processing: Spin/dip blade coating, slot-die, inkjet; antisolvent techniques; hot-casting for
large grains.
Vapor routes: Thermal co-evaporation, hybrid CVD, close-space sublimation—better stoichiometry
control and uniformity.
Single crystals: Inverse-temperature crystallization (ITC), Bridgman—Ilower trap densities for
detectors [27].

4.2 Nanocrystals & quantum dots and 2D perovskites and quasi-2D mixtures

Hot-injection or ligand-assisted reprecipitation produce monodisperse CsPbX3 nanocrystals (NCs)
with narrow linewidths and high photoluminescence quantum yields (PLQYs), enabling LEDs,
displays, and lasers. Surface chemistry (oleylamine/oleic acid; zwitterionic ligands) controls stability
and charge balance [28]. Tuning the n-value in (A")2An-1BnXsn+1 stacks yields phase distributions
serving as energy funnels in LEDs and stable caps in solar cells. Solution vs vapor processing routes
are compared in Figure 4.

Solution Processing Vapor Processing
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Spin/Blade Coating CVD/Co-evaporatior|
Antisolvent Controlled Growth
Annealing Crystalline Film

Polycrystalline Film
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Fig. 4. Process flow for perovskite solar cells (solution vs vapor) with microstructure.
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5. Characterization Toolbox
Structure & phases: XRD (Rietveld), GIWAXS, pair distribution function (PDF), electron diffraction.
- Morphology: SEM/TEM, AFM, EBSD, tomography for grain size and texture.
- Optoelectronics: UV—Vis, PDS, TRPL, TAS, THz spectroscopy for lifetimes, diffusion lengths, and
recombination kinetics.

- Electrical: Hall, SCLC, impedance spectroscopy (extracting ionic vs electronic contributions),
temperature-dependent measurements.

- Defects & chemistry: XPS/UPS, ToF-SIMS, DLTS, ESR/EPR.

- In-situ/operando: Illumination/thermal/environmental cells to observe phase segregation, ion drift,
and electrode reactions under bias [29].

6. Halide Perovskites for Optoelectronics

6.1 Photovoltaics (PV)
-Device architectures:

- N-i-P: TCO / compact-TiO2 or SnO> / perovskite / Spiro-OMeTAD or PTAA / metal.

- P-i-N: TCO / NiOx or SAM/perovskite / fullerene (Cso/PCBM) or polymer ETL / metal.

- Monolithic tandems: Perovskite/Si or perovskite/perovskite stacks.
Performance enablers: Composition engineering (FA/Cs, Br/I), cation/anion alloying for bandgap
tuning; additives (MACI, Rb+, K+); passivation (Lewis bases, quaternary ammonium halides, ionic
liquids); interfacial dipoles and self-assembled monolayers (SAMs); low-defect crystallization via
antisolvent timing and gas quenching[30].
Stability strategies: Inorganic A-site cations (Cs), 2D capping layers, cross-linked HTLs, robust
electrodes (carbon, transparent conductive oxides), moisture/oxygen getters, encapsulation;
minimizing migration-prone halides at contacts.
Scalability: Slot-die and roll-to-roll coating; blade-coated modules; vapor co-evaporation for
uniformity; perovskite/Si tandem modules with industrially compatible stacks[31].
6.2 Light-Emitting Diodes (PeLEDs) & Lasers and Amplifiers
Perovskite LEDs leverage high PLQY and narrow emission (FWHM 15-25 nm). Quasi-2D mixtures
(n-graded phases) and NCs serve as emissive layers with improved color purity and operational half-
lives. Key challenges: ion migration under high fields, Auger heating at high current density, and
electrode diffusion. Strategies include robust transport layers, compositional confinement (Br-rich for
green), and defect-healing ligands[32]. Low threshold amplified spontaneous emission in single
crystals and NC films arises from high gain and low trap density. Distributed feedback (DFB) gratings
and microcavities have produced room-temperature lasing with tunable wavelengths (blue-NIR).
Thermal management and photostability remain active topics[33]. Various methods for producing
white light from LEDs are shown in Figure 5. These techniques include a single chip with white EL,
a blue LED chip coated with yellow or green and red emission layers (phosphor), or a UV or violet
LED chip and emission layer (phosphor) combined.
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Fig.5. Single white light LED chip & UV and Blue LED with various phosphor

6.3 Photodetectors and X-ray/y-ray detectors

Single-crystal halides show high pt products and excellent stopping power. Applications include
medical imaging and security screening. Defect control, trap passivation, and electrode engineering
reduce dark current and afterglow[34].

7. Oxide Perovskites: Ferroelectrics, Piezoelectrics, Ionics, and Superconductivity
7.1 Ferroelectrics and dielectrics
BaTiO; and PZT underpin capacitors, actuators, and non-volatile memories. Domain engineering,
acceptor/donor doping, and thin-film strain tuning produce large piezoelectric coefficients (ds3) and
high permittivities. Lead-free alternatives—(K,Na)NbO3; (KNN), Ba(Zr,T1)O3—(Ba,Ca)TiO3 (BZT-
BCT)—are advancing rapidly[35].
7.2 Solid-oxide fuel cells (SOFCs) and mixed conductors
Perovskites such as La;—xSrxCoi—yFeyO3—6 (LSCF) and Bag 5Sro.5C00.8Fe0203—6 (BSCF) exhibit
high oxygen vacancy concentrations and surface exchange rates, enabling cathodes and oxygen
separation membranes. Interface stability with electrolytes (YSZ, GDC) and Sr segregation
management are central.[36]
7.3 Catalysis and electrocatalysis
Transition-metal oxides (LaNiOs;, LaCoOs3, SrTiO3) serve as catalysts for OER/ORR/CO oxidation
and photocatalysis. Activity descriptors include e g occupancy, oxygen vacancy formation energy,
and covalency; strain and A-site deficiency modulate surface termination and adsorption
energetics[37].
7.4 Colossal magnetoresistance and multiferroics
Doped manganites (Lal—xSrxMnQOs3) exhibit double-exchange-mediated conductivity and large MR
near Curie temperature. Multiferroic perovskites and superlattices combine ferroelectric and magnetic
orders for spintronic and memory concepts[38]. Cuprate high-Tc families (e.g., YBCO-related) share
perovskite-derived layered blocks; epitaxy and oxygen stoichiometry control Tc and critical current
density in coated conductors.
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8. Interfaces, Microstructure, and Reliability
8.1 Grain boundaries and texture & Contact engineering
In halides, large grains reduce recombination and ion migration pathways; in oxides, boundaries can
pin domains or provide fast ion pathways. Texturing (e.g., via solvent-engineered crystallization or

templated substrates) enhances carrier transport and piezoelectric response[39]. Energy-level
alignment using SAMs, dipole layers, and doped transport layers minimizes barriers and nonradiative
recombination. In oxides, electrode reactivity and diffusion (e.g., Ag, Au) require barrier layers[40].

8.2 Degradation pathways

Halides: Moisture ingress, oxygen/photo-oxidation, thermal phase transitions (d-phase FA), ion
migration and halide segregation, light-induced halide exchange.

- Oxides: Redox cycling, cation segregation (e.g., Sr to the surface), grain growth, and phase
decomposition at high temperatures. Encapsulation, compositional engineering, cross-linking, and
defect passivation are the main mitigation strategies[41].

Reliability testing protocols are summarized in Table 3.

Test Category Protocol/Condition Purpose

PV (ISOS-D) Dark storage Intrinsic stability

PV (ISOS-L) Light soaking Photostability

PV (ISOS-T) Thermal stress Heat resistance

PV (ISOS-0) Outdoor exposure Real-world durability
LED stress Constant current Operational lifetime (T50)
LED stress High current Overdrive robustness
SOFC Redox cycling Start—stop durability
SOFC Thermal cycling Mechanical integrity

Table 3. Reliability test matrices for PV, LEDs, and SOFCs.

9. Lead-Free and Low-Lead Strategies

Sn-based perovskites (ASnX3): Direct bandgaps and high mobility but prone to Sn** — Sn*"
oxidation; use reducing atmospheres, SnF, additives, and antioxidant ligands.
- Double perovskites (A2B'B''X¢): Pb-free but often indirect gaps; alloying and vacancy-ordered
variants can improve absorption.
- Bismuth/antimony halides and chalcohalides: Defect-tolerant alternatives for detectors and PV.
- Oxide routes: For piezoelectrics and dielectrics, KNN and BZT-BCT lead the lead-free
landscape[42].

10. Computation, Data, and Al-Accelerated Discovery
High-throughput DFT screening uses tolerance factors, formation energies, octahedral factors, and
defect thermodynamics to identify stable phases with targeted bandgaps and effective masses.
Machine-learning  models  predict  processing—structure—property  relationships  (e.g.,
solvent/antisolvent maps, crystallization kinetics), and Bayesian optimization accelerates composition
and process tuning in the lab. Multiscale simulations (ab initio MD — drift—diffusion device models)
connect ion migration and recombination to stability metrics and hysteresis[43].

Received: August 07, 2025 75



International Journal of Applied Mathematics

Volume 38 No. 5s 2025
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)

11. Sustainability, Toxicology, and Lifecycle
11.1 Lead stewardship in halides & 2 Energy and materials footprint
Risk is dominated by soluble Pb salts and end-of-life leaching. Strategies: robust encapsulation,
polymer/zeolite scavengers, glass lamination, lead-capture layers under module glass, and recycling
processes recovering Pb and halides[44]. Regulatory frameworks require RoHS awareness and TCLP
testing for modules. Low-temperature processing reduces embodied energy vs. vacuum-processed
semiconductors. Solvent selection (green solvents, solvent-recovery), abundance of precursors, and
scalable deposition (roll-to-roll) lower environmental cost. For oxides, sintering energy is the main
lever; SPS and microwave sintering decrease thermal budgets[45].

12. Application Case Studies
12.1 Perovskite/Si tandem photovoltaics & High-brightness green/red PeLEDs
Top perovskite (=1.65-1.8 eV) + bottom Si (1.12 eV) reach near-Shockley—Queisser-limited
utilization of the solar spectrum. Critical elements: UV/thermal stability, recombination layers
(TCO/oxide/SAM stacks), and current matching via optical modeling and graded halides. Industrial
pathways focus on sputtered TCOs, robust HTLs (NiOx), and scalable perovskite deposition[46].
Quasi-2D perovskites with controlled n-distribution funnel excitations to low-n emissive phases.
Additives (e.g., bulky ammonium halides) stabilize phases; NC films enable Rec.2020-grade color.
Encapsulation and electrode blocking layers extend Tso lifetimes[47].
12.2 Oxide electrocatalysts for OER & Solid-oxide ionics and membranes
A-site deficiency and strain in LaNiOs-type perovskites tune e g occupancy and oxygen binding,
improving turnover frequency. Surface reconstruction under bias (formation of oxyhydroxide layers)
is now recognized as part of the active state; operando XAS and Raman track these changes[48].
BSCF membranes enable oxygen separation with high permeation flux; microstructural control (grain
size, pore architecture) and cation-segregation suppression are key for durability[49]. One major
obstacle to the widespread use of perovskite materials in solar applications is their stability. Although
perovskite solar cells (PSCs) have shown impressive efficiencies of over 25%, one of their key
drawbacks is still their long-term operational stability in practical settings [50]. Perovskites suffer
from both intrinsic and extrinsic degradation mechanisms, which lead to performance deterioration
and reduced device lifetimes. Intrinsic factors, although extrinsic variables like moisture, UV light,
and heat stress hasten material degradation, extrinsic factors like ion migration and phase segregation
can change the perovskite's crystal structure and electrical characteristics [51].

13. Industrial Roadmap for Perovskite Commercialization
The excellent efficiency, low cost of production, and potential for scaling of perovskite solar cells
(PSCs) have made them a prospective substitute for conventional silicon photovoltaics [52, 53]. But
even after attaining a power conversion efficiency (PCE) of more than 25% in lab settings,
transitioning PSCs from the research stage to large-scale commercial deployment presents significant
challenges, including scalability, long-term stability, and cost-effectiveness [54]. An industrial
roadmap for perovskite commercialization requires addressing pilot-scale production, real-world
performance testing, and economic feasibility to ensure that PSC technology meets the standards
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required for mass adoption in the photovoltaic (PV) industry [55]. Cost per watt (CPW) analysis,
stability improvement tactics, and large-area production processes are the subject of numerous
research projects and are essential to the effective integration of PSCs into the global energy market
[56]. Uneven film deposition, repeatability, and material degradation are some of the major
engineering hurdles associated with the switch from lab-scale, small-area perovskite devices to large-
area commercial modules [57]. Atomic layer deposition (ALD) and chemical vapor deposition (CVD)
are two vapor deposition techniques that have also been investigated to increase device stability and
perovskite film homogeneity in industrial manufacturing settings [58]. The Industrial Roadmap for
Perovskite commercialization mentioned in figure 6. Real-world performance testing of perovskite
modules is also crucial for evaluating operational stability and degradation rates under outdoor
conditions, as perovskites are known to degrade under moisture, oxygen, UV exposure, and thermal
stress [59].
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Fig.6. Industrial Roadmap for Perovskite Commercialization

The main economic barriers to perovskite commercialization include limited operational stability,
concerns regarding lead toxicity, and the need to address the scalability of fabrication techniques
before broad market adoption is possible [60]. PSCs' commercial appeal will be increased by research
and development activities aimed at extending device lifetime through compositional engineering,
encapsulating techniques, and lead-free perovskites [61]. Several startups and established solar
manufacturers are actively developing commercial perovskite-based PV products, within the next ten
years in order to commercialize perovskite-silicon tandem solar cells [62]. By tackling these major
issues, perovskite photovoltaics could completely transform the solar market by providing an
affordable, highly effective substitute for conventional PV technology.

14. Lifecycle Assessment and Environmental Impact
Concerns have been raised about the environmental impact of PSCs' rapid development, especially
when compared to more conventional silicon photovoltaics (PVs). Lifecycle assessment (LCA)
studies examine PSCs' carbon footprint, energy consumption, resource utilization, and end-of-life
disposal to assess their overall sustainability [63, 64]. Notwithstanding the excellent power conversion
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efficiencies (PCEs) and low production costs that perovskite solar cells have shown, issues with
stability, recyclability, and the inclusion of hazardous lead components continue to be major obstacles
to their widespread commercialization [65,66]. Perovskite solar cells' lifespan evaluation and
environmental impact are depicted in Figure 7. Perovskite photovoltaics (PVs) often have a lower
carbon footprint and a shorter energy payback time (EPBT) than silicon-based solar cells, according
to comparative life cycle assessment (LCA) studies. This makes them a potentially more sustainable
option for renewable energy generation [67, 68]. On the other hand, solution-based deposition
methods including spin-coating, inkjet printing, and slot die coating can be used to produce perovskite
solar cells at low temperatures (~150°C), thereby lowering energy consumption and related carbon

emissions [69].
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Fig.7. Lifecycle Assessment & environment Impact of Perovskite Solar Cells

One of the primary environmental concerns associated with perovskite solar cells is their end-of-life
management, particularly regarding lead-containing perovskite materials [ 70]. Perovskite PVs require
new strategies for material recovery and disposal to prevent potential environmental contamination
[71].As the photovoltaic industry moves toward more sustainable practices, integrating circular
economy principles into the design and recycling of perovskite solar cells will be essential for
ensuring their long-term environmental viability [72].

15. Conclusion
Perovskites unite structural versatility, benign defect landscapes (for halides), and rich correlated
physics (for oxides). Rapid advances in scalable deposition, interface passivation, and encapsulation
are pushing perovskite photovoltaics, LEDs, detectors, and tandem modules toward commercial
viability, while oxide perovskites continue to power electroceramics, catalysis, and ionics. Future
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progress hinges on stability-by-design, green chemistry, Al-guided discovery, and standardized
reliability metrics—ensuring that perovskites remain a cornerstone of multifunctional materials and
devices. The findings of this systematic review underscore the remarkable progress in perovskite solar
cell (PSC) technology, highlighting significant advancements in efficiency improvements, stability

enhancements, tandem integration, light management strategies, and commercialization prospects.
Concerns about lead toxicity and end-of-life recycling need to be resolved before full-scale
deployment, even though perovskite PVs have a substantially smaller carbon footprint and a shorter
energy payback time (EPBT) than silicon PVs. In order to standardize manufacturing procedures,
create sustainable material solutions, and apply scalable production techniques, researchers, industry
leaders, and legislators will need to work together to overcome the last obstacles to commercialization.
With further research and industry assistance, perovskite solar cells have the potential to revolutionize
the renewable energy industry and, in the near future, become a widely used photovoltaic option.

References

[1] Cheng Z, Lin J (2010) Layered organic—inorganic hybrid perovskites: structure, optical properties,
film preparation, patterning and templating engineering. CrystEngComm 12(10):2646-2662

[2] N. K. Elangovan, R. Kannadasan, B. B. Beenarani, et al., “Recent developments in perovskite
materials, fabrication techniques, band gap engineering, and the stability of perovskite solar
cells,” Energy Rep. 11, 1171-1190 (2024).

[3] Q. H. Yang, H. Q. Wei, G. H. Li, et al., “Recent developments of lead-free halide-perovskite
Cs3CuX;s (X = Cl, Br, I): synthesis, modifications, and applications,” Mater. Today Phys. 36,
101143 (2023).

[4] M. Sulaman, S. Y. Yang, H. L. Guo, et al., “Synergetic enhancement of CsPbl; nanorods-based
high-performance photodetectors via PbSe quantum dot interface engineering,” Chem. Sci. 15,
8514-8529 (2024).

[5] S. Shafique, A. Qadir, T. Igbal, et al., “High-performance self-powered perovskite photodetectors
enabled by Nb>CT , -passivated buried interface,” J. Alloys Compd. 1004, 175903 (2024).

[6] F. Du, X. Liu, J. Liao, et al., “Improving the stability of halide perovskites for photo-, electro-,
photoelectro-chemical applications,” Adv. Funct. Mater. 34, 2312175 (2024).

[7] S. Aftab, F. Kabir, M. Mukhtar, et al., “Perovskite quantum wires: a review of their exceptional
optoelectronic properties and diverse applications in revolutionary technologies,” Nano
Energy 129, 109995 (2024).

[8] Y. Choi, S. Han, B. 1. Park, et al., “Perovskite nanocomposites: synthesis, properties, and
applications from renewable energy to optoelectronics,” Nano Converg. 11, 36 (2024).

[9] K. Abbas, P. Ji, N. Ullah, et al., “Graphene photodetectors integrated with silicon and perovskite
quantum dots,” Microsyst. Nanoeng. 10, 81 (2024).

[10] A. Ghosh, M. S. Hossain, F. Ahmed, et al., “Improving the power conversion efficiency of
RbPbBr3 absorber based solar cells through the variation of efficient hole transport layers,” J.
Phys. Chem. Solids 193, 112179 (2024).

[11] D. Tyagi, V. Laxmi, N. Basu, ef a/, “Recent advances in two-dimensional perovskite materials
for light-emitting diodes,” Discover Nano 19, 109 (2024).

Received: August 07, 2025 79



International Journal of Applied Mathematics

Volume 38 No. 5s 2025
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)
[12] 1. L. Fernandez, D. Valli, C. Y. Wang, et al, “Lead-free halide perovskite materials and

optoelectronic devices: progress and prospective,” Adv. Funct. Mater. 34, 2307896 (2024).

[13] L. Goldberg, K. Elkhouly, N. Annavarapu, et al., “Toward thin-film laser diodes with metal halide

[14]

perovskites,” Adv. Mater. 36, 2314193 (2024).
W. Zhao, Z. Lin, H. Chen, et al., “Perovskite-doped modulated color-selective photosynaptic
transistors for target object recognition,” Nano Lett. 24, 9937-9945 (2024).

[15]Muller O, Roy R (1974) The major ternary structural families. Springer Verlag, Berlin, Heidelb

[16]

[17]

[18]

erg, and New York (T974. ix+487 pp., 46D M 76, US)

M. A. Green, A. Ho-Baillie, and H. J. Snaith, “The emergence of perovskite solar cells,” Nat
Photonics, vol. 8, no. 7, pp. 506-514, Jun. 2014, doi:
10.1038/NPHOTON.2014.134; TECHMETA.

M. Neelakandan, P. Dhandapani, S. Ramasamy, R. Duraisamy, S. J. Lee, and S. Angaiah, “A
review on perovskite oxides and their composites as electrode materials for supercapacitors,”
RSC Adv, vol. 15, no. 21, pp. 16766—16791, May 2025, doi: 10.1039/D5SRA01950H.

L. Mao, C. C. Stoumpos, and M. G. Kanatzidis, “Two-Dimensional Hybrid Halide Perovskites:
Principles and Promises,” J Am Chem Soc, vol. 141, no. 3, pp. 1171-1190, Jan. 2018, doi:
10.1021/JACS.8B10851.

[19] C. H. Lu, G. V. Biesold-McGee, Y. Liu, et al., “Doping and ion substitution in colloidal metal

[20]
[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

Received: August 07, 2025

halide perovskite nanocrystals,” Chem. Soc. Rev. 49, 4953-5007 (2020).

A. Sengupta et al., “Commercialization of perovskite solar cells: opportunities and challenges,”
Sustain Energy Fuels, vol. 9, no. 15, pp. 3999-4022, Jul. 2025, doi: 10.1039/D4SE01813C.

N. Nuraje and K. Su, “Perovskite ferroelectric nanomaterials,” Nanoscale, vol. 5, no. 19, pp.
8752-8780, Sep. 2013, doi: 10.1039/C3NR02543H.

P. Kour, S. K. Pradhan, P. Kour, and S. K. Pradhan, “Perovskite Ferroelectric,” Multifunctional
Ferroelectric Materials, Jul. 2021, doi: 10.5772/INTECHOPEN.98382.

M. Dawber, K. M. Rabe, and J. F. Scott, “Physics of thin-film ferroelectric oxides,” Rev Mod
Phys, vol. 77, no. 4, p. 1083, Oct. 2005, doi: 10.1103/RevModPhys.77.1083.

G. R. Monama, K. E. Ramohlola, E. I. Iwuoha, and K. D. Modibane, “Progress on perovskite
materials for energy application,” Results Chem, vol. 4, p. 100321, Jan. 2022, doi:
10.1016/J.RECHEM.2022.100321.

M. Noman, Z. Khan, and S. T. Jan, “A comprehensive review on the advancements and
challenges in perovskite solar cell technology,” RSC Adv, vol. 14, no. 8, pp. 5085-5131, Feb.
2024, doi: 10.1039/D3RA07518D.

C. Yang et al., “Achievements, challenges, and future prospects for industrialization of
perovskite solar cells,” Light Sci Appl, vol. 13, no. 1, pp. 1-48, Dec. 2024, doi: 10.1038/S41377-
024-01461-X; TECHMETA.

A. Kojima, K. Teshima, Y. Shirai, and T. Miyasaka, “Organometal Halide Perovskites as
Visible-Light Sensitizers for Photovoltaic Cells,” J Am Chem Soc, vol. 131, no. 17, pp. 6050—
6051, May 2009, doi: 10.1021/JA809598R.

H. J. Snaith, “Perovskites: The Emergence of a New Era for Low-Cost, High-Efficiency Solar
Cells,” Journal of Physical Chemistry Letters, vol. 4, no. 21, pp. 3623-3630, Nov. 2013, doi:
10.1021/JZ24020162.

80



International Journal of Applied Mathematics

Volume 38 No. 5s 2025
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[41]

[42]

Received: August 07, 2025

M. Gritzel, “The light and shade of perovskite solar cells,” Nat Mater, vol. 13, no. 9, pp. 838—
842, May 2014, doi: 10.1038/NMAT4065;SUBJMETA.

R. A. Afre and D. Pugliese, “Perovskite Solar Cells: A Review of the Latest Advances in
Materials, Fabrication Techniques, and Stability Enhancement Strategies,” Micromachines
2024, Vol. 15, Page 192, vol. 15, no. 2, p. 192, Jan. 2024, doi: 10.3390/M115020192.

E. A. Gorbachev et al., “Hexaferrite materials displaying ultra-high coercivity and sub-terahertz
ferromagnetic resonance frequencies,” Materials Today, vol. 32, pp. 13—18, Jan. 2020, doi:
10.1016/J.MATTOD.2019.05.020.

Z. Ye et al., “Efficient Quasi-2D Perovskite Light-Emitting Diodes Enabled by Regulating
Phase Distribution with a Fluorinated Organic Cation,” Nanomaterials, vol. 12, no. 19, p. 3495,
Oct. 2022, doi: 10.3390/NANO12193495/S1.

F. Tayari, S. S. Teixeira, M. P. F. Graca, and K. 1. Nassar, “A Comprehensive Review of Recent
Advances in Perovskite Materials: Electrical, Dielectric, and Magnetic Properties,” Inorganics
2025, Vol. 13, Page 67, vol. 13, no. 3, p. 67, Feb. 2025, doi: 10.3390/INORGANICS13030067.
T. Wang et al., “Large enhancement of ferroelectric properties of perovskite oxides via nitrogen
incorporation,” Sci Adv, vol. 11, no. 2, Jan. 2025, doi: 10.1126/SCIADV.ADS8830.

T. D. Raju, V. Murugadoss, K. A. Nirmal, T. D. Dongale, A. V. Kesavan, and T. G. Kim,
“Advancements in perovskites for solar cell commercialization: A review,” Advanced Powder
Materials, vol. 4, no. 2, p. 100275, Apr. 2025, doi: 10.1016/J.APMATE.2025.100275.

S. P. Jiang, “Development of lanthanum strontium cobalt ferrite perovskite electrodes of solid
oxide fuel cells — A review,” Int J Hydrogen Energy, vol. 44, no. 14, pp. 74487493, Mar. 2019,
doi: 10.1016/J.IJHYDENE.2019.01.212.

R. Rousseau, V. A. Glezakou, and A. Selloni, “Theoretical insights into the surface physics and
chemistry of redox-active oxides,” Nat Rev Mater, vol. 5, no. 6, pp. 460—475, Jun. 2020, doi:
10.1038/S41578-020-0198-9;SUBJMETA.

S. Suragtkhuu et al., “Oxygen-inducing effects in metal halide perovskite thin films for solar
cells,” EES Solar, 2025, doi: 10.1039/DSEL000981J.

Q. Chen et al., “Under the spotlight: The organic—inorganic hybrid halide perovskite for
optoelectronic applications,” Nano Today, vol. 10, no. 3, pp. 355-396, Jun. 2015, doi:
10.1016/JNANTOD.2015.04.009.

H. Zhang and N. G. Park, “Progress and issues in p-i-n type perovskite solar cells,” DeCarbon,
vol. 3, p. 100025, Mar. 2024, doi: 10.1016/J.DECARB.2023.100025.

V. Arulkumar, K. K. Raju, R. Pemula, and M. S. A. Vigil, “An optimized scheduling algorithm
for prioritized tasks with shared resources in cloud edge computing,” Expert Syst Appl, vol. 293,
p. 128594, Dec. 2025, doi: 10.1016/J. ESWA.2025.128594.

F. Werlinger et al., “Current Progress of Efficient Active Layers for Organic, Chalcogenide and
Perovskite-Based Solar Cells: A Perspective,” Energies 2023, Vol. 16, Page 5868, vol. 16, no.
16, p. 5868, Aug. 2023, doi: 10.3390/EN16165868.

G. G. Njema and J. K. Kibet, “A review of chalcogenide-based perovskites as the next novel
materials: Solar cell and optoelectronic applications, catalysis and future perspectives,” Next
Nanotechnology, vol. 7, p. 100102, Jan. 2025, doi: 10.1016/J.NXNANO.2024.100102.

81



International Journal of Applied Mathematics

Volume 38 No. 5s 2025
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

N. Fiuza-Maneiro, K. Sun, I. Lopez-Fernandez, S. Gémez-Grana, P. Miiller-Buschbaum, and
L. Polavarapu, “Ligand Chemistry of Inorganic Lead Halide Perovskite Nanocrystals,” ACS
Energy  Lett, vol. 8, no. 2, pp. 1152-1191, Feb. 2023, doi:
10.1021/ACSENERGYLETT.2C02363.

H. S. Kim et al., “Lead iodide perovskite sensitized all-solid-state submicron thin film
mesoscopic solar cell with efficiency exceeding 9%,” Sci Rep, vol. 2, no. 1, pp. 1-7, Aug. 2012,
doi: 10.1038/SREP00591;SUBJMETA.

J. Li, K. Wang, J. Liu, Y. Ye, and S. Liu, “Union of Perovskite and Silicon: Overcoming
Electrical Losses for Surpassing Shockley—Queisser Limit,” Adv Energy Mater, vol. 15, no. 24,
p. 2500114, Jun. 2025, doi: 10.1002/AENM.202500114.

F. Li et al., “Enhancing Energy Transfer through Structure Reconstruction of Quasi-2D
Perovskites for Highly Efficient Light-Emitting Diodes,” ACS Mater Lett, vol. 6, no. 4, pp.
1484-1490, Apr. 2024, doi: 10.1021/ACSMATERIALSLETT.4C00171.

L. Tang et al., “Operando identification of active sites in Co-Cr oxyhydroxide oxygen evolution
electrocatalysts,” Nano  Energy, vol. 101, p. 107562, Oct. 2022, doi:
10.1016/J.NANOEN.2022.107562.

P. L. Rachadel, J. Motuzas, R. A. F. Machado, D. Hotza, and J. C. Diniz da Costa, “Influence
of porous structures on O2 flux of BSCF asymmetric membranes,” Sep Purif Technol, vol. 175,
pp. 164-169, Mar. 2017, doi: 10.1016/J.SEPPUR.2016.10.053.

L. Zhang et al., “Advances in the Application of Perovskite Materials,” Nanomicro Lett, vol.
15, no. 1, pp. 1-48, Dec. 2023, doi: 10.1007/S40820-023-01140-3/TABLES/2.

M. Imran et al., “Alloy CsCdxPbl—-xBr3 Perovskite Nanocrystals: The Role of Surface
Passivation in Preserving Composition and Blue Emission,” Chemistry of Materials, vol. 32,
no. 24, pp. 10641-10652, Dec. 2020, doi: 10.1021/ACS.CHEMMATER.0C03825.

S. Hu, J. Thiesbrummel, J. Pascual, M. Stolterfoht, A. Wakamiya, and H. J. Snaith, “Narrow
Bandgap Metal Halide Perovskites for All-Perovskite Tandem Photovoltaics,” Chem Rev, vol.
124, no. 7, pp. 4079—-4123, Apr. 2024, doi: 10.1021/ACS.CHEMREV.3C00667.

[52] Hamukwaya, S. L., Hao, H., Zhao, Z., Dong, J., Zhong, T., Xing, J., Hao, L., & Mashingaidze,

[53]

[54]

M. M. (2022). A Review of Recent Developments in Preparation Methods for Large-Area
Perovskite Solar Cells. Coatings, 12(2), 252-252. https://doi.org/10.3390/coatings12020252
Schmid, M. (2017). Review on light management by nanostructures in chalcopyrite solar cells.
Semiconductor Science and Technology, 32(4), 043003-NA. https://doi.org/10.1088/1361-
6641/aa59¢e.

Yamaguchi, M., Lee, K.-H., Araki, K., & Kojima, N. (2018). A review of recent progress in
heterogeneous silicon tandem solar cells. Journal of Physics D: Applied Physics, 51(13),
133002-NA. https://doi.org/10.1088/1361 6463/aaat08

[55] Mufti, N., Amrillah, T., Taufiq, A., Sunaryono, N. A., Aripriharta, N. A., Diantoro, M., Zulhadjri,

N. A., & Nur, H. (2020). Review of CIGS-based solar cells manufacturing by structural
engineering. Solar Energy, 207(NA), 1146 1157. https://doi.org/10.1016/j.solener.2020.07.065

[56] Kheralla, A., & Chetty, N. (2021). A review of experimental and computational attempts to

Received: August 07, 2025

remedy stability issues of perovskite solar cells. Heliyon, 7(2), e06211-NA.
https://doi.org/10.1016/j.heliyon.2021.e06211

82


https://doi.org/10.3390/coatings12020252
https://doi.org/10.1088/1361-6641/aa59ee
https://doi.org/10.1088/1361-6641/aa59ee

International Journal of Applied Mathematics

Volume 38 No. 5s 2025

ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)

[57] Thomas, A. S. (2022). A Review on Antimony-based Perovskite Solar Cells. Equilibrium Journal
of Chemical Engineering, 6(2), 75-75. https://doi.org/10.20961/equilibrium.v6i2.64322

[58] Njema, G. G., & Kibet, J. K. (2023). A Review of the Technological Advances in the Design of
Highly Efficient Perovskite Solar Cells. International Journal of Photoenergy, 2023, 1-35.
https://doi.org/10.1155/2023/3801813

[59] Sutherland, L. J., Weerasinghe, H., & Simon, G. P. (2021). A Review on Emerging Barrier
Materials and Encapsulation Strategies for Flexible Perovskite and Organic Photovoltaics.
Advanced Energy Materials, 11(34), 2101383-NA. https://doi.org/10.1002/aenm.202101383

[60] Rao, M. K., Sangeetha, D. N., Selvakumar, M., Sudhakar, Y. N., & Mahesha, M. G. (2021).
Review on persistent challenges of perovskite solar cells’ stability. Solar Energy, 218(NA), 469-
491. https://doi.org/10.1016/j.solener.2021.03.005

[61] Mahesh, S., Ball, J. M., Oliver, R. D. J., McMeekin, D. P., Nayak, P. K., Johnston, M. B., &
Snaith, H. J. (2020). Revealing the origin of voltage loss in mixed-halide perovskite solar cells.
Energy & Environmental Science, 13(1), 258-267. https://doi.org/10.1039/c9ee02162k

[62] Kettle, J., Aghaei, M., Ahmad, S., Fairbrother, A., Irvine, S., Jacobsson, J. J., Kazim, S.,
Kazukauskas, V., Lamb, D., Lobato, K., Mousdis, G. A., Oreski, G., Reinders, A., Schmitz, J.,
Yilmaz, P., & Theelen, M. J. (2022). Review of technology specific degradation in crystalline

silicon, cadmium telluride, copper indium gallium selenide, dye sensitised, organic and
perovskite solar cells in photovoltaic modules: Understanding how reliability improvements in
mature technologies can enhance emerging technologies. Progress in Photovoltaics: Research
and Applications, 30(12), 1365-1392. https://doi.org/10.1002/pip.3577

[63] Wang, R., Mujahid, M., Duan, Y., Wang, Z.-K., Xue, J., & Yang, Y. (2019). A Review of
Perovskites Solar Cell Stability. Advanced Functional Materials, 29(47), 1808843-NA.
https://doi.org/10.1002/adfm.201808843

[64] Weerasinghe, H., Dkhissi, Y., Scully, A. D., Caruso, R. A., & Cheng, Y.-B. (2015).
Encapsulation for improving the lifetime of flexible perovskite solar cells. Nano Energy,
18(NA), 118-125. https://doi.org/10.1016/j.nanoen.2015.10.006

[65] Jia, H., Liang, L., Xie, J., & Zhang, J. (2022). Environmental Effects of Technological
Improvements in Polysilicon Photovoltaic Systems in China—A Life Cycle Assessment.
sustainability, 14(14), 8670-8670. https://doi.org/10.3390/su14148670

[66] Kramens, J., Feofilovs, M., & Vigants, E. (2023). Environmental Impact Analysis of Residential
Energy Solutions in Latvian Single-Family Houses: A Lifecycle Perspective. Smart Cities, 6(6),
3319-3336. https://doi.org/10.3390/smartcities6060147

[67] Itten, R., & Stucki, M. (2017). Highly Efficient 3rd Generation Multi-Junction Solar Cells Using
Silicon Heterojunction and Perovskite Tandem: Prospective Life Cycle Environmental Impacts.
Energies, 10(7), 841-NA. https://doi.org/10.3390/en10070841

[68] Perez, M., Fthenakis, V., Kim, H.-C., & Pereira, A. O. (2012). Facade—integrated photovoltaics:
a life cycle and performance assessment case study. Progress in Photovoltaics: Research and
Applications, 20(8), 975-990. https://doi.org/10.1002/pip.1167

[69] Herrando, M., Elduque, D., Javierre, C., & Fueyo, N. (2022). Life Cycle Assessment of solar
energy systems for the provision of heating, cooling and electricity in buildings: A comparative

Received: August 07, 2025 ]3



International Journal of Applied Mathematics

Volume 38 No. 5s 2025

ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)
analysis.  Energy  Conversion and  Management, 257(NA), 115402-115402.
https://doi.org/10.1016/j.enconman.2022.115402

[70] Leccisi, E., & Fthenakis, V. (2020). Life-cycle environmental impacts of single-junction and
tandem perovskite PVs: a critical review and future perspectives. Progress in Energy, 2(3),
032002-NA. https://doi.org/10.1088/2516 1083/ab7e84

[71] Tian, X., Stranks, S. D., & You, F. (2020). Life cycle energy use and environmental implications
of high performance perovskite tandem solar cells. Science advances, 6(31), eabb0055-NA.
https://doi.org/10.1126/sciadv.abb0055

[72] Kramens, J., Feofilovs, M., & Vigants, E. (2023). Environmental Impact Analysis of Residential
Energy Solutions in Latvian Single-Family Houses: A Lifecycle Perspective. Smart Cities, 6(6),
3319-3336. https://doi.org/10.3390/smartcities6060147

Received: August 07, 2025 ’4



