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ABSTRACT

This systematic literature review investigates the recent advancements, efficiency
optimization strategies, and commercialization potential of perovskite solar cells
(PSCs), with an emphasis on the integration of scalable fabrication, environmental
sustainability, and techno-economic viability. Utilizing the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines, a total of 609 peer-
reviewed articles published between 2013 and 2022 were critically analyzed across
multiple scientific databases, including Scopus, Web of Science, IEEE Xplore, and
ScienceDirect. The review synthesizes thematic insights from compositional
engineering, device architecture optimization, long-term stability enhancement, and
environmental impact assessments. Findings reveal that mixed-cation and mixed-
halide perovskite formulations have significantly improved power conversion
efficiency and operational durability, with planar and inverted device architectures
emerging as dominant configurations due to their scalability and reduced hysteresis.
Encapsulation and interface passivation techniques have notably extended T80
lifetimes, while scalable manufacturing methods such as slot-die coating and hybrid
vapor-phase deposition have been validated for large-area module production.
Techno-economic analyses indicate that PSCs offer competitive cost-per-watt and
levelized cost of electricity (LCOE) values relative to silicon-based photovoltaics,
supported by shorter energy payback times and lower embodied energy. However,
the review also highlights critical research gaps, including inconsistent long-term
stability testing protfocols, limited outdoor performance data, and inadequate
degradation modeling frameworks. Lifecycle assessment studies confirm the
environmental promise of PSCs, though concerns about lead toxicity and end-of-life
recyclability persist. Industrial partnerships, technology readiness level (TRL)
assessments, and early-stage commercialization efforts suggest growing confidence
in PSC deployment, though standardization and regulatory alignment remain uneven.
This review provides a consolidated, multi-dimensional understanding of the
perovskite photovoltaic landscape and offers direction for future research, policy
formulation, and sustainable market integration.
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INTRODUCTION

The term “perovskite” refers to a class of materials with a specific ABX; crystal structure, where ‘A’
is typically a monovalent cation (such as methylammonium, MA*), ‘B’ is a divalent metal cation
(such as Pb?* or Sn?*), and ‘X’ represents a halide anion (CI-, Br-, or I") ((Yang et al., 2020).
Perovskite materials have attracted immense interest in photovoltaic research due to their
exceptional light-harvesting ability, high absorption coefficients, long carrier diffusion lengths, and
low-cost synthesis methods (Cao et al., 2015). Perovskite solar cells (PSCs) are a subset of third-
generation solar technologies, demonstrating rapid improvements in power conversion efficiency
(PCE), growing from 3.8% in 2009 to over 25% in recent laboratory-scale prototypes (Wu et al.,
2021). This unprecedented leap in performance positions PSCs as strong contenders in the global
energy fransition toward sustainable electricity generation (Qiu ef al., 2019). The evolution of PSCs
highlights not only material innovation but also the intricate interplay between chemistry, physics,
and engineering (Ma et al., 2018; Qiu et al., 2019). The infernational relevance of PSCs stems from
their potential to democratize energy access through low-cost, lightweight, and semi-transparent
modules that can be deployed in a wide range of climatic conditions (Chen et al., 2017). Many
countries with solar-rich geographies face barriers such as limited grid infrastructure and high
capital costs associated with conventional silicon photovoltaics (PV) (Wang et al., 2018). In this
context, PSCs are viewed as promising alternatives capable of facilitating decentralized energy
systems and energy autonomy
(Im et al., 2011).

Furthermore, PSCs can be
integrated info building-

Figure 1: ross-Sectional Structure of a Perovskite Solar Cell with
Interface Engineering Layers
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engineering, nanotechnology, and policy domains (Bush et al., 2017).Moreover, material
innovation lies at the heart of PSC development. The incorporation of various organic and
inorganic cations has led to mixed-cation and mixed-halide perovskites that demonstrate
improved thermal and phase stability (Borriello et al., 2008). Research on double perovskites and
low-dimensional perovskites has infroduced alternative pathways to reduce ion migration and
increase resistance to moisture-induced degradatfion (Rajagopal et al., 2016). Furthermore,
additive engineering, such as the infroduction of alkali metal ions or passivating agents like
fullerene derivatives, has resulted in enhanced film uniformity and defect passivation (Anaya et
al., 2017). The choice of transport layers—such as TiO,, SNO,, Spiro-OMeTAD, or CuSCN—also
significantly influences device performance, hysteresis behavior, and long-term durability (Wang
et al., 2016). The synergistic interaction between perovskite compositions and interfacial layers
continues to drive efficiency gains and operational stability under ambient conditions (Wan et al.,
2018).

Device architecture has evolved from mesoporous to planar and inverted configurations, each
offering distinct advantages in terms of fabrication simplicity, flexibility, and compatibility with
different substrates (Cheng et al., 2016). Innovations in tandem solar cells, particularly

138


https://researchinnovationjournal.com/index.php
https://doi.org/10.63125/843z2648

American Journal of Scholarly Research and Innovation
Volume 01, Issue 01 (2022)

Page No: 137-185

elSSN: 3067-2163

Doi: 10.63125/843z2648

perovskite/silicon and perovskite/perovskite tandems, have enabled efficiency improvements
beyond the Shockley-Queisser limit of single-junction cells (Lee et al., 2017). These architectures
leverage the wide bandgap tunability of perovskites to optimize spectral utilization and minimize
thermalization losses (Back et al., 2016). Flexible and stretchable PSCs, made using polymeric
substrates and roll-to-roll printing methods, have further diversified potential applications beyond
conventional rooftops and power plants (Li, et al., 2016). Interface engineering, anti-reflective
coatings, and light-trapping structures have also been incorporated to enhance photon
absorption and carrier tfransport mechanisms (Zhang & Zhu, 2019).

Figure 2: Advantages and Challenges in Advancing Perovskite Solar Cell Technologies
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While rapid performance enhancements characterize PSC research, challenges related fo
environmental stability remain critical. Exposure to moisture, oxygen, heat, and ulfraviolet (UV)
radiation can induce ion migration, phase segregation, and interfacial degradation, leading to
loss of efficiency over time (Li et al., 2017). Encapsulation technologies using barrier films, glass-
glass modules, and novel polymer layers have been developed to extend device lifetimes (Lyu
et al., 2017). Moreover, replacing toxic lead with less hazardous alternatives such as tin (Sn),
bismuth (Bi), or antimony (Sb) is an area of active investigation (Bakr et al., 2017). However, these
substitutes often suffer from lower efficiency and stability, indicating the trade-off between
performance and environmental compliance (Zhang et al., 2020). Lifecycle assessment (LCA)
and techno-economic analyses have emerged fo evaluate the sustainability and feasibility of
PSC deployment atf scale (Fei & Wang, 2019). Moreover, Commercialization efforts for PSCs have
accelerated, with pilot manufacturing facilities emerging in countries such as China, Germany,
and the United States (Wu et al., 2019). Key strategies include inkjet printing, blade coating, and
vapor deposition to fabricate large-area modules while maintaining high throughput and
uniformity (Wang et al., 2016). Techno-economic modeling has shown promising results,
suggesting that PSCs could achieve competitive levelized cost of electricity (LCOE) in comparison
to conventional PV technologies (Zhao et al., 2017). Certification and bankability assessments—
governed by international standards such as IEC 61215 and IEC 61730—are necessary for
commercial success and investor confidence (Adnan & Lee, 2018). Moreover, venture capital
interest and strategic partnerships between academia and industry are providing financial
momentum to accelerate commercialization roadmaps (Liu et al., 2018).

Interdisciplinary approaches are increasingly shaping PSC research, combining advances in
computational modeling, machine learning, and high-throughput screening to accelerate
material discovery and process opfimization (Ogomi et al., 2014). Data-driven insights have
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enabled the prediction of defect tolerance, stability profiles, and optoelectronic properties across
perovskite compositions (Chen et al., 2017). Simultaneously, environmental and economic
modeling has provided a framework for infegrating PSCs info distributed energy networks and
net-zero energy systems (Yang et al., 2015). Collaboration across sectors—including energy policy,
chemical engineering, and industrial ecology—underscores the systemic nature of fransitioning
PSCs from laboratory prototypes to commercially viable, scalable solutions (Shih et al., 2017). The
global landscape of PSC innovation is characterized by robust academic output, increasing
patent activity, and diverse application domains, forming a dynamic research frontier within the
renewable energy ecosystem (Sun et al., 2015).
The primary objective of this systematic literature review is to critically evaluate the body of
scholarly work surrounding perovskite solar cells (PSCs) in order to identify, synthesize, and
contextualize key advancements, performance optimization strategies, and commercialization
frameworks within the field of next-generation photovoltaics. Given the exponential growth in
research output related to PSCs, the study aims to establish a structured and evidence-based
understanding of how material innovations, device architectures, and stabilization methods have
contributed to the significant gains in power conversion efficiency and operational viability over
the past decade. This objective is pursued through the rigorous application of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology to ensure
replicability, fransparency, and thematic consistency. Another core objective is to explore how
interdisciplinary research across materials science, energy economics, and environmental
engineering is converging to address the challenges hindering the large-scale deployment of
PSCs, such as environmental instability, lead toxicity, and scale-up complexity. By systematically
analyzing the findings from peer-reviewed journal articles, this review seeks to highlight the specific
technical approaches that have enabled efficiency records to surpass 25% and uncover gaps
where further empirical investigation is required. Additionally, the study aims to assess the current
status and prospects for the commercialization of PSCs by examining market readiness indicators,
manufacturing scalability, lifecycle sustainability metrics, and regulatory compliance
requirements. Understanding the complex inferdependencies among these factors is essential for
informing both academic research agendas and industrial investment decisions. Thus, this review
serves not only as a repository of validated knowledge but also as a strategic guide for
accelerating the franslation of PSC technology from experimental success to practical energy
solutions. The synthesis of results also contributes to establishing a foundational benchmark for
evaluating subsequent innovation frajectories and industry-led standardization practices.
LITERATURE REVIEW
The evolution of perovskite solar cells (PSCs) represents one of the most dynamic frontiers in
photovoltaic research, marked by a rapid escalation in power conversion efficiencies, low-cost
fabrication techniques, and versatile applications. Since their infroduction in 2009, PSCs have
been the subject of infense scienfific scrutiny and engineering development, aftracting
confributions  from disciplines including materials chemistry, electrical engineering,
nanotechnology, and environmental science. The breadth and depth of research necessitate a
systematic synthesis of the available literature to understand the transformative advancements
and persisting barriers within the PSC landscape. This literature review aims to organize and
evaluate existing empirical, theoretical, and experimental studies across multiple domains to
provide a comprehensive account of the factors influencing PSC efficiency, stability, and
commercial viability. Emphasis is placed on identifying critical innovations in perovskite material
compositions, novel device structures, stability engineering, toxicity mitigation, and industrial
scalability. Furthermore, the review highlights the interrelation of academic advancements and
industrial demands in shaping the commercialization frajectory of PSC technologies. This section
is divided into focused subsections that dissect each aspect of PSC development in detail,
reflecting the interdisciplinary nature of the topic and offering thematic clarity fo the systematic
review process.
Perovskite Solar Cells (PSCs)
Perovskite solar cells (PSCs) have undergone a remarkable evolution since their inception in 2009,
when Kojima et al. first demonstrated the photovoltaic capabilities of methylammonium lead
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halide (CH3;NH3;PbX;) materials (Wang, Shi, et al., 2015). The archetypal perovskite crystal
structure—ABX;—has become central to understanding the physicochemical properties that
govern optoelectronic performance in solar energy conversion (De Giorgi et al., 2017). Research
has consistently highlighted the relevance of the Goldschmidt folerance factor and octahedral
factor in predicting structural stability, crystallinity, and dimensionality ((Vallés-Pelarda et al., 2016).
Hybrid organic-inorganic compositions, such as methylammonium lead iodide (MAPbI;), rapidly
became a benchmark material due to their balanced bandgap (~1.55 eV), strong absorption,
and low exciton binding energy (Marronnier et al., 2018). Subsequent exploration into
formamidinium (FA*) and cesium (Cs*) substitutions helped to enhance thermal stability and
mitigate phase segregation, enabling improved device performance and reproducibility
(Maughan et al., 2017). All-inorganic perovskites such as CsPbBr; have also been studied for their
moisture resistance and thermal endurance, though they typically exhibit wider bandgaps (Zhao
et al., 2016). Furthermore, dimensional engineering—via two-dimensional (2D) or quasi-2D
perovskites—has been proposed to overcome ion migration and improve environmental
resilience (Hao, Stoumpos, Chang, et al., 2014). These structural variants have expanded the PSC
landscape, offering researchers a versatile platform to manipulate optical and electronic
properties while  simultaneously
addressing stability limitations.

Efficiency improvements in PSCs
have been largely driven by
meticulous material engineering
Transparent Condu- | and interface opftimization
ductive Oxide (TCO) strategies. Mixed-cation and
mixed-halide formulations—such as
Electron Conductor | ra.csMA lead  iodide-bromide

Figure 3: Perovskite Solar Cell Architecture with Integrated
Material and Stability Enhancements
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exceeding 24% (Snaith et al., 2014).
Incorporating alkali metal ions (e.g., Rb*, K*) into perovskite precursors has further enhanced
carrier lifetimes and device uniformity (Im et al., 2015). Concurrently, additive engineering using
fullerene derivatives, polymer stabilizers, and Lewis base molecules has significantly suppressed
defect densities and ion migration, contributing to higher open-circuit voltages and fill factors
(Konstantakou et al., 2017). Interface engineering between perovskite layers and charge
fransport layers (CTLs) has also been a focal point, with materials like SNO,, NiO, and PTAA offering
improved energy alignment, reduced recombination, and enhanced thermal durability (Subhani
et al., 2019). Passivation layers, such as phenethylammonium iodide (PEAI) and various self-
assembled monolayers (SAMs), have been shown to suppress non-radiative recombination and
stabilize interfacial contacts (Eperon et al., 2016). Several studies confirm that interfacial defects,
rather than bulk defects, are the dominant recombination sites in PSCs, highlighting the need for
surface conftrol (Adonin et al., 2017). Moreover, vapor-assisted solution processes and anfisolvent
techniques have been developed to confrol film morphology and reduce pinholes (Stewart et
al., 2016). These refinements in material and interface design collectively form the foundation of
modern PSCs, allowing them to achieve competitive power conversion efficiencies on par with
traditional silicon photovoltaics (Stolterfoht et al., 2017).
Stability remains one of the most pressing concerns in PSC research, as environmental
degradation impedes long-term device reliability. Moisture, thermal stress, UV exposure, and
oxygen infiltration are key degradation factors that induce ion migration, lattice distortion, and
interfacial delamination (Tian & Scheblykin, 2015). Humidity is especially detrimental to organic
cafion-based perovskites like MAPbI;, which readily decompose info Pbl, under ambient
condifions (Babayigit et al., 2016). Researchers have responded by replacing volatile MA* with
more stable FA* and Cs* cations, improving lattice cohesion and thermal tolerance (Alharbi et
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al., 2019; Babayigit et al., 2016). Additionally, the formation of 2D perovskite capping layers over
3D perovskite films has been effective in blocking moisture infiliration and retarding ion diffusion
(Frost et al., 2014). UV-induced degradation, often exacerbated by TiO, as an electron transport
layer, has prompted the exploration of alternative materials like SNnO,, ZnO, and PCBM, which
exhibit lower photocatalytic activity (Urbina, 2020). Thermal stability has been improved through
both compositional funing and encapsulation techniques, such as the use of UV-curable resins
and glass-glass packaging (Prasanna et al., 2017). Furthermore, surface defects and ion migration
pathways have been addressed through grain boundary passivation using thiocyanates,
quaternary ammonium salts, and cross-linking polymers (Filip et al., 2016). Encapsulation methods
have matured, allowing some PSCs to retain 80-90% of their initial efficiency over 1,000 hours
under continuous illumination and elevated temperatures (Kulkarni et al.,, 2014). These
multifaceted approaches to stability have led to significant, albeit incremental, progress in
extending the operational lifetimes of PSCs under real-world conditions.
The scalability and commercialization of PSCs depend on the feasibility of fransitioning from
laboratory-scale devices to large-area modules while maintaining performance and stability.
Various deposition techniques—such as blade coating, inkjet printing, slot-die coating, and vapor
deposition—have been developed to support scalable, low-cost manufacturing compatible with
roll-to-roll processing (Du et al., 2017). Among these, slot-die coating and vacuum-assisted
deposition have shown promise for fabricating uniform, pinhole-free films on flexible and rigid
substrates (Yun et al., 2015). Several start-ups and consortiums, including Oxford PV, Saule
Technologies, and Microquanta, have begun piloting commercial-scale production facilities
(Zhou et al., 2017). Efforts to optimize module interconnection schemes, such as laser scribing and
monolithic infegration, have improved voltage matching and reduced series resistance losses in
multi-cell configurations (Christians et al., 2015). Another essentfial consideration for
commercialization is device encapsulation, which must maintain barrier properties while allowing
flexibility for non-standard form factors (Rong et al., 2015). In parallel, techno-economic
assessments have indicated that PSCs could achieve competitive levelized costs of electricity
(LCOE) below $0.03/kWh under ideal conditions, positioning them favorably against silicon
photovoltaics (Zhang et al., 2017). Industrial standards such as IEC 61215 and IEC 61730 have
begun to be adapted to PSCs, allowing pre-certification testing under damp heat, thermal
cycling, and light soaking conditions (Pan et al., 2018). Financial support from governments,
private investors, and public-private partnerships has further incentivized technology fransfer and
market penetration (Wang et al., 2019). These developments suggest that the technical readiness
of PSCs for commercial integration is growing more robust across global photovoltaic markets.
The environmental sustainability of PSCs is increasingly scrutinized due to the presence of lead
(Pb) in the absorber layer, which poses ecological and health risks during production, operation,
and end-of-life stages (Wang ef al., 2018). Lead leakage during module disposal or accidental
breakage raises concerns about groundwater contamination and regulatory compliance (Ran,
Xi, et al., 2018). Consequently, researchers have explored lead-free alternatives, such as tin (Sn),
bismuth (Bi), antimony (Sb), and silver-bismuth halides, though these often suffer from poor film
formation, increased defect states, and reduced efficiency (Hu et al., 2017). Sn-based perovskites,
such as MASnl; and FASnI;, offer similar electronic structures to Pb-based systems but are highly
prone to oxidation and p-type self-doping, resulting in rapid performance degradation (Slavney
et al., 2016). Hybrid approaches using frace Pb doping or double perovskite configurations like
Cs,AgBiBrg have been proposed to balance performance and sustainability (Gatti et al., 2016).
Encapsulation and recycling protocols are also being developed to contain and recover lead
from used modules (Lee et al, 2017). Additionally, life-cycle assessments (LCAs) and
environmental product declarations (EPDs) are being employed to quantify the carbon footprint,
energy payback time (EPBT), and end-of-life recyclability of PSCs in comparison to silicon and
CdTe solar technologies (Malinauskas et al.,, 2016). These assessments inform regulatory
frameworks and help establish environmental benchmarks necessary for large-scale deployment.
Overall, while Pb toxicity presents a significant hurdle, current mitigation efforts demonstrate a
growing alignment between technological advancement and environmental stewardship in PSC
development.
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Evolution and Classification of Perovskite Materials

The emergence of perovskite solar cells (PSCs) can be fraced back to the innovation within dye-
sensitized solar cells (DSSCs), where metal halide perovskites were initially used as light-absorbing
sensitizers. Ye et al.(2017) were the first to demonstrate the photovoltaic capabilities of
methylammonium lead halide (CH3;NH;PbX;), achieving a modest power conversion efficiency
(PCE) of 3.8% by incorporating it info a DSSC structure. This breakthrough, although limited by rapid
degradation in liquid electrolytes, opened a new avenue for hybrid organic-inorganic halide
materials (Wang, Liu, et al., 2015). The critical transition from DSSCs to solid-state PSCs occurred
with the replacement of the liquid electrolyte by hole fransport materials like spiro-OMeTAD,
drastically improving device stability and pushing PCEs above 10% within a few years (Chiang &
Wu, 2016). This development was further supported by the discovery that perovskite layers could
serve both as absorbers and charge transporters, eliminating the need for separate dye
molecules (Zuo & Ding, 2015). The planar heterojunction configuration became dominant as it
allowed for simplified device architecture and greater control over thin-film morphology (Liu et
al.,, 2017). By 2015, PSCs surpassed 20% efficiency, outperforming other third-generation
photovoltaics like organic solar cells and quantum dot solar cells (Frost, 2017). The rapid
improvement was fueled by advancements in perovskite composition, film deposition techniques,
and interface engineering (Almora et al., 2015). The evolution of PSCs from DSSCs exemplifies the
paradigm shift in photovoltaic research, wherein the absorber material not only harvests photons
but also facilitates efficient charge separation and transport.

Figure 4: Classification and Evolution of Perovskite Materials in Solar Cell Development

Mixed-Dimensional DSSCs used metal halide
perovskites as light sensitizer

Organic-Inorganic All-Inorganic Mixed-Dimensional Planar heterojunction
Hybrid led to efficiency
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and tunability stability resistance
Moisture sensitivity Phase-stable fims Retain acceptable
and ion migration are challenging oppelectronic performane

Relaxed materials achieved a PCE of 3.8 %
Peravskites became absorbers
and charge transporters

Organic-inorganic hybrid perovskites have formed the foundation of early PSC research due to
their favorable optoelectronic properties and processability. The prototypical structure,
methylammonium lead iodide (MAPDbI;), remains one of the most studied materials owing fo its
optimal bandgap (~1.55 eV), high absorption coefficient, and long charge carrier diffusion
lengths (Petrus et al., 2017). However, issues with moisture sensitivity and thermal instability led to
the development of more complex cation combinations. Formamidinium (FA*), when substituted
for methylammonium (MA?*), enhanced the thermal stability and phase purity of the perovskite
layer (Luo et al., 2017). The inclusion of cesium (Cs*) in friple-cation perovskites (CsFA-MA) has
shown to reduce hysteresis and improve overall device reproducibility (Aitola et al., 2016). Hybrid
compositions also allow for tuning of the bandgap via halide substitution (Br~, CI-, I7), enabling
broader spectral absorption and compatibility with tandem architectures (Habisreutinger et al.,

143


https://researchinnovationjournal.com/index.php
https://doi.org/10.63125/843z2648

American Journal of Scholarly Research and Innovation
Volume 01, Issue 01 (2022)

Page No: 137-185

elSSN: 3067-2163

Doi: 10.63125/843z2648

2014). In addition to absorber layers, hybrid perovskites facilitate defect passivation at grain
boundaries, a critical feature for suppressing recombination losses (Li et al, 2017). Their
compatibility with low-temperature solution processing further supports scalability on flexible
substrates, allowing roll-to-roll production and intfegration into portable electronics (Chen & Yang,
2017). However, challenges with ion migration, phase segregation under illumination, and volatile
organic components have spurred confinued research to refine hybrid systems (Ma et al., 2016).
These hybrid perovskites, while central to the success of PSCs, highlight the complex balance
between device performance, longevity, and environmental durability (Chen et al., 2018).
All-inorganic perovskites, parficularly cesium lead halides (CsPbX3), have garnered significant
atftention as candidates for enhanced thermal and photochemical stability compared to their
hybrid counterparts. Unlike organic cation-based perovskites, inorganic variants are devoid of
volatile components, making them inherently more robust under heat and UV exposure (Kulbak
et al., 2015; Eperon et al., 2015). CsPbls, with its ideal bandgap of ~1.73 eV, offers efficient light
absorption, but its high-temperature cubic phase (a-CsPbl;) is metastable at room temperature
and tends to tfransition info a non-perovskite orthorhombic phase (6-CsPbl;) that is optically
inactive (Leijtens et al., 2016). To address this, researchers have employed strain engineering,
polymer encapsulation, and additive incorporation to stabilize the cubic phase (Zhu et al., 2017).
CsPbBr;, another popular variant, exhibits superior phase stability and UV resistance, although ifs
wide bandgap (~2.3 eV) limits solar spectrum utilization (Amat et al., 2014). The lower processing
temperature requirements and absence of organic decomposition pathways make all-inorganic
perovskites suitable for fandem applications and harsh operational environments (Saliba et al.,
2016). Furthermore, they exhibit reduced hysteresis and superior environmental resilience under
prolonged operation (Zhang et al., 2017). However, achieving large-area uniform films with high
crystallinity remains a challenge, as grain boundaries and pinholes affect reproducibility
(Nagarjuna et al., 2015). Additionally, the high lead content remains an environmental concern,
prompting further investigation into lead-free all-inorganic alternatives such as Cs,AgBiBrs and
CsSnl; (Jeng et al., 2013). All-inorganic perovskites represent a trade-off between enhanced
operational stability and limitations in optoelectronic tunability.
Mixed-dimensional perovskites have emerged as a novel class of materials that combine the
stability of low-dimensional structures with the high efficiency of 3D perovskites. These materials
are offen composed of alternating layers of organic and inorganic components, forming
Ruddlesden-Popper (RP) phases with the general formula (RNH;3)z(A)n—-1BnX;n+1, where n
denotes the number of perovskite layers between the organic spacers (Weber, 1978a). Two-
dimensional (2D) perovskites, especially those with n = 1-4, exhibit excellent moisture resistance
due to the hydrophobic nature of the organic cations, often derived from phenethylammonium
(PEA*) or butylammonium (BA*) (Weber, 1978b). While pure 2D perovskites suffer from limited
carrier mobility and exciton dissociation, quasi-2D structures (n > 1) bridge this performance gap
by retaining efficient charge transport pathways (Shalan, 2020). These mixed-dimensional systems
have been successfully employed as capping layers or bulk heterojunctions to suppress ion
migration, passivate surface defects, and mitigate phase segregation in mixed-halide systems
(Shrestha et al., 2019). Notably, they exhibit increased photostability under continuous illumination,
reduced thermal degradation, and enhanced resistance to humidity and oxygen (Handa et al.,
2017). The self-assembly of layered structures allows precise confrol over film morphology and
orientation, which directly influences charge extraction and hysteresis behavior (Yang et al., 2018;
Liu et al., 2021). However, the synthesis of highly crystalline, large-area mixed-dimensional films
remains technically complex, with issues such as phase purity and anisotropic conductivity limiting
scalability (Brauer et al., 2015). Mixed-dimensional perovskites thus represent a strategically
balanced approach to address the frade-offs between device longevity and performance
metrics in PSCs.
The classification of perovskite materials into organic-inorganic hybrids, all-inorganic, and mixed-
dimensional structures has significant implications for device design, stability, and
manufacturability. Organic-inorganic hybrids offer the advantage of high efficiency and
tunability but are hindered by moisture sensitivity and ion migration (Hutter et al., 2017). All-
inorganic perovskites exhibit enhanced environmental stability but face challenges in achieving
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phase-stable films at ambient temperatures (Herz, 2016). Mixed-dimensional perovskites integrate
favorable aspects of both classes by enhancing moisture resistance while retaining acceptable
optoelectronic performance (Wehrenfennig et al., 2014). The choice of perovskite structure
directly impacts the selection of charge fransport layers, encapsulation strategies, and thermal
management protocols (Buizza et al.,, 2019). Research demonsirates that friple-cation hybrid
systems (Cs*, FA*, MA*) offer superior tolerance to environmental stress compared to single-cation
formulations (Takahashi et al., 2011). Conversely, CsPbBrs;-based inorganic PSCs are favored in
tandem cell designs due to their stability under UV-rich conditions, though their wide bandgap
limits standalone efficiency (Frolova et al., 2015). Mixed-dimensional perovskites, particularly
quasi-2D variants, show promise for flexible and wearable electronics owing to their mechanical
compliance and reduced ionic conductivity (Liu et al., 2017). However, each classification entails
unique fabrication techniques, degradation pathways, and stability considerations, necessitating
material-specific processing and testing protocols (Laurita et al., 2017). Comparative analyses
underscore the importance of tailoring perovskite composition to application-specific
performance criteria, providing a structured framework for advancing the commercial and
scientific development of PSCs (Li et al., 2017).
Material Engineering for Perfformance Enhancement
Cation substitution has played a pivotal role in enhancing the structural and optoelectronic
properties of perovskite materials used in solar cells. The original methylammonium (MA*) cation,
while offering good light absorption and an optimal bandgap (~1.55 eV), suffers from poor
thermal and moisture stability. Formamidinium (FA*), with a slightly larger ionic radius, has been
used to replace MA* to form FAPDI;, which presents a narrower bandgap (~1.47 eV) and better
thermal stability (Qing et al., 2015) However, FA*-based perovskites are prone to forming non-
perovskite 6-phases under ambient conditions, requiring further compositional engineering to
stabilize the black a-phase (Feng et al., 2021). Cesium (Cs*), an inorganic cation, is often
incorporated as a secondary or tertiary cation in mixed systems to improve crystallinity and
reduce phase instability, as demonstrated in triple-cation systems such as Cs*-FA*-MA* perovskites
(Wang et al., 2020). Cation engineering not only impacts phase stability but also influences carrier
lifetimes, grain size, and trap state densities (Zhang et al., 2019). Studies show that incorporating
Rb* and K* as minor additives can further passivate defects and enhance photovoltage (Shin et
al., 2017). These substitutions enable fine-tuning of the bandgap across a range from 1.47 eV to
over 2.0 eV, making them suitable for tandem cell configurations and light-harvesting optimization
(Tang et al., 2017). Cation mixing strategies thus provide a versatile approach to controlling film
morphology, stability, and energy alignment, laying the foundation for further performance
enhancement in PSCs (Tian et al., 2020).
In addifion to cation engineering, anion substitution has emerged as a fundamental strategy to
tailor the optical properties and stability of perovskite absorbers. The most commonly used
halides—iodide (I7), bromide (Br7), and chloride (Cl~)—directly influence the bandgap of the
perovskite material, with iodide-based perovskites typically providing optimal absorption in the
near-infrared region (~1.55 eV) and bromide-based materials exhibiting wider bandgaps (~2.3
eV) suitable for top-cell tandem applications (Igbari et al., 2019). Mixing I and Br~ enables
continuous bandgap tuning across the visible spectrum, allowing for spectral matching in fandem
solar cells (Matsui et al., 2019). However, the infroduction of mixed halides often leads to photo-
induced halide segregation, where iodide- and bromide-rich domains form under illumination,
leading to performance degradation and photoinstability (Jeon et al., 2015). Researchers have
mitigated this issue through compositional balancing and interface passivation techniques that
stabilize halide distributions. Moreover, CI~ incorporation has been explored to enhance
crystallization kinetics and film morphology, although CI~ does not typically remain in the final
crystal lattice. Halide engineering also affects carrier recombination rates and mobility, making it
a critfical factor in device performance. The careful selection and mixing of halides, combined
with appropriate annealing conditions and solvent treatments, allow for precise control over
perovskite bandgaps and layer uniformity (Zhang et al., 2021). Thus, anion substitution remains a
powerful lever for modulating light absorption, enhancing efficiency, and adapting PSCs for multi-
junction configurations.
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Figure 5: Comprehensive Framework of Material Engineering Approaches for Enhancing Perovskite Solar
Cell Performance
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The co-engineering of mixed cation and mixed halide compositions has produced some of the
most efficient and stable perovskite formulations to date. By integrating organic (e.g., MA*, FA*)
and inorganic (e.g., Cs*, Rb*) cations, researchers have created perovskite structures with
improved lattice stability, reduced defect densities, and enhanced tolerance to thermal and
humidity stress (Mitzi et al., 1995). When combined with mixed halides (I7/Br~), these systems can
achieve bandgap tunability in the range of 1.5 to 1.8 eV, ideal for tandem cell integration and
color-specific applications. Triple- and quadruple-cation systems have demonstrated superior
phase stability under operational conditions, suppressing the formation of yellow 6-phases and
enabling long-term photo-stability (Mitzi et al., 1994). Studies also suggest that the interplay
between catfion radius and halide size contributes to the stabilization of the perovskite cubic
phase, thereby promoting better crystallinity and charge transport. Furthermore, halide mixing
allows perovskite layers to absorb over a broader range of the solar spectrum, improving short-
circuit current (Jsc) and enhancing overall PCE (Yang ef al., 2017). While photo-induced phase
segregation remains a challenge, interface and surface passivation have been successful in
mitigating its effects (Xiao et al., 2017). These synergistic compositions also display better
reproducibility during scale-up processes, making them favorable for industrial application (Kim
et al., 2015). As a result, mixed cation-halide systems represent a finely tfuned class of materials
with balanced efficiency, stability, and processing benefits that dominate current PSC research
(Wang et al., 2021).

Additive engineering has been central to the control of crystallization kinetics, film morphology,
and defect passivation in PSCs. The inclusion of small quantities of chemical additives into the
perovskite precursor solution has been shown to significantly impact the nucleation process,
resulting in uniform grain growth and high fim coverage (Gong et al., 2015). One of the most
frequently used additives is methylammonium chloride (MACI), which facilitates larger grain
formation and smoother surfaces without remaining in the final crystal structure (Chen et al., 2014).
Lewis base additives such as thiourea, urea, and DMSO act as coordination agents with lead
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precursors, slowing down crystal formation and yielding dense, pinhole-free fims (Fu et al., 2016).
Fullerene derivatives, parficularly [6,6]-phenyl-Cé1-butyric acid methyl ester (PCBM), have been
used to passivate electron traps at grain boundaries and interfaces (Han et al., 2020). Other
functional additives, including alkali metal ions (Rb*, K*), have been reported to increase open-
circuit voltage and suppress ion migration (Giuri et al., 2016). Furthermore, additives like
guanidinium iodide (GAIl) have been explored for their ability to enhance lattice stability and
eliminate deep-level traps (Yao et al., 2017). Passivation of undercoordinated lead and halide
jons is also achieved using quaternary ammonium halides, which stabilize the film's electronic
structure (Hwang et al., 2015). These strategies collectively improve the photovoltage, reduce
hysteresis, and extend device lifetime under operational conditions (Zhao et al., 2016). Additive
engineering thus provides a cost-effective and scalable route to high-quality perovskite films with
superior optoelectronic properties and reproducibility (Zongai Li et al., 2018).

Surface and interface passivation are critical for suppressing non-radiative recombination losses,
which significantly impact the open-circuit voltage and overall efficiency of PSCs. The majority of
recombination events occur at grain boundaries and interfaces between the perovskite layer
and charge transport layers (Cai et al., 2016). Organic molecules such as phenethylammonium
iodide (PEAI) and 2-thiopheneethylammonium iodide (TEAI) have been widely employed to form
quasi-2D passivation layers that reduce trap states and enhance film stability (Castro et al., 2017).
Inorganic passivation agents such as Al,Os;, MgF,, and LiF have also been introduced to improve
interface energy alignment and minimize carrier recombination at the electrode interface
(Konstantakou & Stergiopoulos, 2017). The use of self-assembled monolayers (SAMs) like MeO-
2PACz on metal oxide surfaces has demonstrated improved charge exiraction and reduced
interface defects (Wojciechowski et al., 2016). Interfacial engineering also includes the
application of buffer layers such as PCBM or SnO, to bridge lattice mismatches and improve
carrier mobility (Watson ef al., 2016). Surface defects caused by halide vacancies or under-
coordinated Pb?* ions have been addressed with ammonium halides and post-treatment
techniques using MAI, FAI, or Pb(SCN), (Xu et al., 2016). Studies confirm that passivated devices
consistently show higher photoluminescence quantum vyields, indicating fewer non-radiative
pathways (Dong et al., 2020). These techniques have enabled PSCs to reach efficiency levels
exceeding 25%, with reduced hysteresis and improved operational lifetimes (Castro et al., 2017).
Therefore, surface and interface passivation represent indispensable aspects of material
engineering for PSC performance enhancement and device reliability.

Device Architecture and Structural Design

Planar device architecture has emerged as one of the dominant structural designs for perovskite
solar cells due to its fabrication simplicity and compatibility with low-temperature processes. Unlike
traditional dye-sensitized solar cells that rely on mesoporous scaffolds, planar architectures consist
of a compact layer that serves as the electron transport layer (ETL) or hole transport layer (HTL)
depending on the configuration (Ahmed et al., 2022; Konstantakou & Stergiopoulos, 2017). The
planar configuration facilitates uniform perovskite deposition and is suitable for both rigid and
flexible substrates, enhancing its potential for commercial scalability (Aklima et al., 2022;
Wojciechowski et al., 2016). These devices can be constructed in either the regular (n-i—-p) or
inverted (p-i-n) configurations, each offering distinct charge dynamics and interface
characteristics (Helal, 2022; Watson et al., 2016). Planar devices with TiO, as the ETL initially gained
popularity, but performance losses due to hysteresis and UV degradation necessitated alternative
materials. With SnO, and PCBM as replacements, planar architectures now display reduced
recombination rates and increased stability (Mahfuj et al., 2022; Xu et al., 2016). Moreover, surface
passivation and inferfacial engineering in planar PSCs have enabled power conversion
efficiencies (PCEs) exceeding 25% in small-area devices (Dong et al., 2020; Majharul et al., 2022).
The smooth and pinhole-free perovskite layers grown in this structure reduce frap densities and
promote efficient charge separation and extraction (Hossen & Atiqur, 2022; Park, 2016). Planar
PSCs therefore represent an optfimal blend of high efficiency, scalable processing, and simplified
layer design, which has confributed to their widespread adoption in laboratory and pilot-scale
research (Mohiul et al., 2022; Xu et al., 2020).
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Figure 6: Device Architecture and Structural Design Mesoporous PSC architectures were
Strategies for High-Performance Perovskite Solar Cells among the earliest forms of solid-state
devices that demonstrated high
photovoltaic efficiency using perovskite
Device Architecture and absorbers. This structure consists of a
mesoporous scaffold, typically made of
TiO, or AlL,Os, that facilitates electron or
ion transport and supports uniform

l | crystal growth (Moore et al., 2015;
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Structural Design

Devices devices, the perovskite infilfrates the
scaffold pores, leading to large
interfacial contact areas and efficient
charge separation at the perovskite—

Inverted Electron Hole ;
Configuration Transport Transport ETL inferface (McClure et al., 2016;
Layers Layers Sohel et al., 2022). The use of
mesoporous TiO, has been instrumental
Tandem Tandem in achieving early PCE breakthroughs
Solar Cells Solar Cells above 15%, as it enabled fast electron

extraction  and minimized bulk
recombination (Gupta et al, 2016;
Tonoy, 2022). However, the high-temperature sintering process required to prepare the
mesoporous layer, typically around 500°C, limits compatibility with flexible substrates and scale-
up techniques (Chung et al.,, 2012; Younus, 2022). Furthermore, TiO, has been linked to UV-
induced degradation due to its photocatalytic nature, which compromises long-term device
stability (Sufton et al., 2018). To overcome these limitations, alternative low-temperature
mesoporous mafterials such as SnO,, ZrO,, and Nb,Os have been explored for their improved
chemical stability and electron mobility (Zhang et al., 2016). Studies have also investigated the
incorporation of insulating Al,O; scaffolds to decouple the electronic function from the scaffold
and highlight the intrinsic ambipolar charge transport in perovskites (Cui et al., 2015). Although
planar devices have surpassed mesoporous structures in most performance metrics, mesoporous
PSCs remain a useful model system to study charge extraction dynamics and structural stability
(Williams et al., 2016).

The inverted (p-i-n) configurafion has gained prominence in PSC research due fo its low-
temperatfure processing capability and superior compatibility with flexible substrates. In this
architecture, the HTL is deposited first (typically PEDOT:PSS, NiOx, or PTAA), followed by the
perovskite layer and an ETL such as PCBM, Cg, or ZnO (Mahmood et al., 2017). The absence of
sintered mesoporous layers enables fabrication below 150°C, making inverted PSCs ideal for roll-
to-roll production and tandem integration (Braly et al., 2017). Additionally, inverted structures
often exhibit reduced hysteresis and enhanced reproducibility, attributed to the more balanced
charge carrier mobility and improved interfacial contact (Ye et al., 2015). One of the key
limitations of early inverted devices was the lower PCE, primarily due to inefficient hole transport
and poor energy level alignment (Zhang et al., 2018). However, the infroduction of high-
performance HTLs such as NiOx, CuSCN, and PTAA has led to significant improvements in charge
selectivity, stability, and photovoltage (Steck et al., 2015). In addition, the use of buffer layers and
surface modifiers at the ETL-metal interface, such as BCP or PFN-Br, has further enhanced device
lifetime and performance (Wu et al., 2017). Inverted architectures have also shown advantages
in minimizing ion migration and interfacial degradation, making them suitable for high-throughput
stability testing (Yang & Kelly, 2016). As a result, many industrial efforts now incorporate inverted
PSCs in their flexible and semitransparent product lines (Cheng et al., 2015).

Electron transport layers (ETLs) are critical components in PSCs, directly influencing charge
separatfion efficiency, recombination dynamics, and device hysteresis. The earliest PSCs
employed mesoporous TiO, as both a structural scaffold and an ETL, benefiting from its wide
bandgap and suitable conduction band alignment (Leng et al., 2016). However, TiO, exhibits
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photocatalytic activity under UV exposure, accelerating degradation and reducing device
longevity (Xia et al., 2021). To address this, SnO, has emerged as a favorable alternative due to
its higher electron mobility, lower conduction band offset, and low-temperature processability
(Aydin et al., 2019). Studies have shown that SnO,-based ETLs reduce hysteresis and improve
open-circuit voltage (Voc) by minimizing interfacial recombination (Brus et al.,, 2017). Other
emerging ETL materials include ZnO, Nb,Os, and Cg, derivatives, which offer funable energy levels
and chemical stability (Azpiroz et al., 2015). The introduction of passivation layers and dipole-
modifying molecules at the ETL—perovskite interface has been effective in suppressing surface
fraps and enhancing charge collection (Zheng et al., 2017). Additionally, ultrathin interfacial
layers such as PCBM, BCP, or TiOx have been incorporated to improve charge selectivity and
inhibit back charge flow (Zhao et al., 2016). The choice of ETL material not only determines the
efficiency but also impacts device stability and tolerance to environmental factors such as
humidity and UV light (Rajagopal et al., 2017). A carefully engineered EIL is therefore
indispensable for optimizing both the short-term performance and long-term durability of PSCs.
Figure 7: Structural Roles and Integration Strategies of ETLs, HTLs, and Tandem Architectures in
Perovskite Solar Cells

Perovskite Solar Cell
Architecture

— 1 T

Electron Transport Layers Hole Transport Layers Tandem Solar Cell Architectures
Mesoporous TiO2 Spiro-OMeTAD Perovskite-Silicon Tandem

Hole transport layers (HTLs) significantly influence the open-circuit voltage (Voc), fill factor (FF),
and long-term stability of PSCs. Among the earliest HTLs, Spiro-OMeTAD became widely adopted
for its compatibility with n—-i—-p architectures and high hole mobility (Barker et al., 2017). However,
its use of hygroscopic dopants such as Li-TFSI and tBP has been linked to rapid moisture-induced
degradation. To address these issues, alternative HTLs such as PTAA, NiOx, CuSCN, and PEDOT:PSS
have been infroduced, offering better environmental stability and process flexibility (Ran, Xu, ef
al., 2018). In particular, NiOx has gained attention for its low cost, wide bandgap, and
compatibility with inverted device configurations (Ball & Petrozza, 2016). CuSCN, an inorganic HTL,
provides excellent thermal stability and hole extraction efficiency but requires fine control over
film uniformity (Han et al., 2015). PEDOT:PSS, commonly used in p-i-n architectures, offers low-
temperature solution processing but may lead to corrosion of adjacent layers due to its acidic
nature (Liu et al., 2018). Surface modifications using self-assembled monolayers (SAMs) and
dopant-free HTLs have also shown promise in reducing interfacial energy losses and enhancing
Voc (Mandadapu et al.,, 2017). These innovations in HTL materials have enabled significant
performance gains while concurrently improving device longevity, especially in real-world
operating conditions (Cheacharoen et al., 2018). The continuous opfimization of HTLs remains vital
to achieving robust and high-efficiency PSCs.

Tandem solar cell architectures represent a major advancement in photovoltaic technology by
stacking multiple absorber layers to captfure a broader spectrum of sunlight and surpass the
Shockley-Queisser limit. Perovskite-siicon tandems are among the most commercially viable
combinations, as they pair a wide-bandgap perovskite top cell with a low-bandgap silicon
bottom cell (Nenon et al., 2018). These devices have achieved certified efficiencies above 29%,
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with improvements in interface passivation, bandgap tuning, and current matching (Geske et al.,
2017). Perovskite-CIGS tandems, though less mature, offer advantages in mechanical flexibility
and module integration due to CIGS's high absorption coefficient and tunable bandgap (Ke et
al., 2018). All-perovskite tandems, composed of two stacked perovskite layers with differing
bandgaps (~1.8 eV top, ~1.2 eV boftom), have also demonstrated efficiencies nearing 25% in lab-
scale devices (Tu et al., 2018). These architectures require careful engineering of recombination
layers, tunnel junctions, and interconnecting layers to ensure efficient charge transfer and optical
tfransparency (Wilson et al., 2019). Stability remains a key issue in tfandems, as materials must
endure thermal cycling, mechanical stress, and spectral mismatch without delamination or
degradation (Bi et al., 2017). Advances in antireflection coatings, light management layers, and
interlayer bonding techniques have contributed to minimizing parasitic losses and enhancing
tandem integration (Kwon et al., 2014). As a result, tandem PSCs have emerged as a competitive
pathway to achieving high-performance photovoltaic systems without significantly altering
manufacturing infrastructure (Geske et al., 2017).

Lead Toxicity and Sustainable Alternatives

Lead (Pb)-based perovskites have demonstrated record-setting photovoltaic performance;

however, their W'd?SpreOd quphon IS Figure 8:Lead Toxicity Mitigation and Sustainable Alternatives
hampered by serious enwronmemol in Perovskite Solar Cell Development
and health concerns. The primary

absorber materials, such as
methylammonium lead jodide
(MAPDbI;), contain soluble Pb?* ions,
which are classified as hazardous
under global environmental standards
(Ke et al., 2018). The leaching of lead
from PSCs—particularly during disposal
or mechanical damage—poses a risk
to soil and groundwater contamination
(Tu et al., 2018). Pb exposure is
especially concerning for children, with
documented links to neurotoxicity and
developmental disorders even at low
concentrations (Wilson et al., 2019).
Although encapsulation  strategies
have been proposed fo mitigate
leakage, none offer a completely fail-
safe solution in cases of natural
disasters or long-term exposure fo
environmental stress (Bi et al., 2017).
Additionally, the fabrication processes
involving lead halide precursors create T
occupational hazards for researchers
and workers, requiring strict chemical handling protocols (Kwon et al., 2014). The regulatory
burden surrounding the transportation, storage, and recycling of lead-based materials also limits
the commercial scalability of PSCs (Bai et al.,, 2017). Moreover, environmental assessments
including life cycle analysis (LCA) and environmental product declarations (EPD) have
consistently highlighted the Pb content as the most detrimental factor in the environmental
footprint of perovskite technology (Teale et al., 2020). These risks have spurred international efforts
to develop lead-free alternatives and improve the safety of perovskite-based solar technologies
without compromising their high-performance potential (Gozalzadeh et al., 2021).
Tin (Sn)-based perovskites have been explored extensively as a direct substitute for lead due to
their similar electronic configuration and potential for forming analogous ABX; structures, such as
MASNI; and FASnl; (Jiang et al., 2020). These materials exhibit ideal bandgaps in the range of 1.3-
1.4 eV, close to the optimal value for single-junction solar cells (Vargas et al., 2017). However, their
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performance remains far below that of lead-based systems due to critical issues in chemical
stability. One of the maijor limitations of Sn-based perovskites is the rapid oxidation of Sn?* to Sn**
in ambient conditions, leading fo increased p-type self-doping, high background carrier densities,
and short diffusion lengths (Huang et al., 2015). These effects result in poor open-circuit voltage
(Voc), low fill factor (FF), and rapid degradation during device operation (Li et al., 2017). Additive
engineering has been employed to improve the stability of tin-based perovskites. For example,
the use of SnF, and ethylenediammonium cations has been shown to partially suppress oxidation
and extend shelf life (Miyata et al., 2015). Additionally, vacuum-based deposition and inert-
atmosphere processing have improved film morphology and reduced pinhole formation (Liu et
al., 2020). However, these approaches often add complexity and cost to manufacturing
processes, reducing their attractiveness for commercial application (Jiang et al., 2021). Although
the best-performing Sn-based PSCs have achieved efficiencies above 10%, they sfill fall short of
the 25% benchmark attained by Pb-based devices, illustrating the trade-off between toxicity
reduction and performance (Smith et al., 2018).

Bismuth (Bi)-based compounds have been explored as non-toxic alternatives to Pb-based
perovskites due to their favorable electronic configuration and environmental safety profile.
Compounds like (CH3;NH3)3Bisls have been synthesized as perovskite analogs, forming layered
structures with zero-dimensional connectivity rather than the full three-dimensional network seen
in typical ABX; perovskites. These materials exhibit high thermal and moisture stability but are
generally limited by poor light absorption and high exciton binding energies, resulting in low
photocurrents and poor charge fransport. The typical bandgap of Bi-based perovskites ranges
from 1.9-2.2 eV, which is significantly wider than the optimal 1.5 eV needed for efficient single-
junction solar energy harvesting (Kim et al., 2017). To address these issues, mixed-metal perovskites
incorporating Bi** and other cations such as Sb** or Ag* have been developed to create double
perovskites or low-dimensional materials with enhanced electronic properties (Wei et al., 2017).
Surface passivation and nanostructuring have also been explored to improve light absorption and
carrier lifetimes in Bi-based systems (Liao et al., 2016). Nonetheless, Bi-based PSCs rarely exceed
1% efficiency in single-layer configurations and remain a topic of early-stage investigation (Huang
et al., 2016). The challenge liesin balancing the excellent environmental profile of Bi with the need
for strong absorption and rapid charge transport, which are limited by the inherent electronic
stfructure of these materials (Paek et al., 2017). As such, Bismuth perovskite analogs provide
valuable insight info sustainable material design, but their performance requires substantial
enhancement to meet commercial viability standards.

Antimony (Sb)-based materials offer another promising non-toxic alternative to Pb-based
perovskites, sharing chemical characteristics with bismuth and enabling similar octahedral
coordination geometries (Kim et al., 2016). One of the most studied systems is Cs3Sb,lg, which
adopts a layered or dimeric structure depending on temperature and synthesis route
(Franckevicius et al., 2015). These materials are lead-free, stable under ambient conditions, and
processable through solution methods, making them attractive from a manufacturing
perspective (Ke et al., 2017). However, their wide bandgap (~2.0 eV), low carrier mobility, and
indirect transition behavior have limited photovoltaic performance to below 2% in most
configurations (Rezaee et al, 2018). To overcome these limitations, researchers have
experimented with compositional tuning via halide substitution (e.g., Br~ for I7) and cation doping
to optimize the bandgap and reduce trap densities (Wang et al., 2017). Additionally, alloying Sb
with Bi or Ag in double perovskite frameworks has been shown to improve absorption spectra and
stability (Schloemer et al., 2019). Passivation techniques, including surface ligands and post-
annealing freatments, have further contributed to reducing surface recombination and
improving film crystallinity (Mahmud et al., 2019). While current efficiencies remain low, the
tunability and low toxicity of Sb-based systems continue to attract attention for niche applications
such as indoor photovoltaics and low-light energy harvesting (Song et al., 2016). The fundamental
challenge in Sb-based perovskite research is balancing structural and optoelectronic
requirements without compromising the environmental safety that these materials inherently offer
(Zheng et al., 2018).
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Double perovskites, represented by the general formula A,BB'Xe, offer an alternative structural
pathway for eliminating lead while retaining the desirable features of tfraditional perovskites. In
this system, the toxic Pb?* ion is replaced by a pair of heterovalent cations, such as Bi** and Ag*,
in compounds like Cs,AgBiBre (Xue et al., 2016). These materials form stable cubic structures and
demonstrate high environmental resilience, including resistance to humidity and thermal stress
(Ghasemi et al., 2020). However, the indirect bandgap (~2.0 eV) and low absorption coefficients
in these double perovskites significantly limit their photovoltaic efficiency (Luo et al., 2017). Several
strategies have been employed to address these limitations, such as cation substitution (e.g.. In®*,
Sb3*, TI¥*) and halide alloying (e.g., mixing Br- and I7) to tailor electronic properties and band
structure (Gotftesman et al., 2016). Studies have also incorporated nanostructuring and quantum
confinement to enhance opfical absorpfion and charge separation (Sutanto et al., 2020).
Although initial power conversion efficiencies remain below 3%, these systems offer excellent
thermal and operational stability and are amenable to scalable solution-processing fechniques
(Leguy et al., 2015). Importantly, the chemical flexibility of the double perovskite lattice allows for
extensive compositional engineering, offering a platform for further development (Niu, et al.,
2016). While performance gaps remain, double perovskites represent one of the most promising
directions in sustainable perovskite research due to their low toxicity, structural robustness, and
potential for broad application across optoelectronic devices (lagher & Etgar, 2018).
Comparative assessments of lead-free perovskite solar cells reveal a distinct performance gap
when benchmarked against lead-containing counterparts. While Pb-based PSCs have achieved
efficiencies exceeding 25% with good reproducibility, most lead-free systems, including those
based on Sn, Bi, Sb, and double perovskites, report efficiencies ranging from 0.5% to 12%,
highlighting significant frade-offs between toxicity elimination and photovoltaic performance
(Ahmadi et al., 2016). Sn-based perovskites have shown the greatest promise in narrowing this
gap but remain plagued by oxidation and instability under ambient conditions (Parrott et al.,
2016). Bi- and Sb-based systems offer excellent stability and environmental safety but suffer from
suboptimal bandgaps and weak light absorption due to their low-dimensional and indirect-
bandgap structures. Double perovskites provide a structurally robust and non-toxic alternative but
require further engineering to overcome electronic limitations such as poor carrier mobility and
long exciton lifetimes. Many of these materials face synthesis challenges, including phase purity
control, solubility constraints, and poor crystallinity under standard processing conditions (Zhang
et al., 2015). Moreover, performance is highly sensitive to fabrication parameters, requiring precise
optimization of precursor ratios, annealing temperatures, and atmospheric conditions (Singh et
al., 2016). These barriers underscore the difficulty in balancing environmental sustainability with
high performance and manufacturability in lead-free PSCs (Kawano et al., 2012). Nevertheless,
comparative studies continue to inform the design of next-generation, safe, and efficient
photovoltaic materials grounded in principles of green chemistry and lifecycle safety.
Commercialization Efforts and Scalable Manufacturing

Spin coating remains the most commonly used technique for the laboratory-scale fabrication of
PSCs due to its simplicity, cost-effectiveness, and precise control over film thickness and uniformity
(Ran et al., 2021). The spin coating process enables fine control of crystallization kinetics through
the use of antisolvents and confrolled annealing, resulting in high-quality films suitable for high-
efficiency devices exceeding 25% PCE. However, spin coatfingis limited to small-area applications
and suffers from significant material waste due to centrifugal loss, making it unsuitable for large-
scale production. Blade coating has been introduced as a scalable alternative, capable of
producing uniform films over large areas with reduced material wastage (Yang et al., 2017). In
blade coating, the precursor solution is spread across a substrate using a moving blade, allowing
precise control of film thickness and drying time (Park, 2019). The method is compatible with both
rigid and flexible substrates and has been demonstrated to yield high-performance PSCs on areas
exceeding 100 cm? with efficiencies above 20% (Watson et al., 2017). Optimization parameters
such as coating speed, substrate temperature, and solvent composition have been shown to
influence crystal formation and reproducibility ((Park & Zhu, 2020). Furthermore, blade coating
can be readily integrated into existing roll-to-roll platforms, making it highly relevant for pilot-scale
and industrial production (Deng et al., 2015). Both techniques have enabled controlled studies of
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film uniformity, inferface quality, and scalability, conftributing significantly to the transition of PSCs
from laboratory proof-of-concept to pilot-scale demonstration (Zhen Li et al., 2018).
Figure 9: Perovskite Solar Cell Commercialization
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Slot-die coating is emerging as a leading candidate for scalable PSC manufacturing due to ifs
compatibility with continuous, high-throughput fabrication and excellent film thickness control
(Popov et al., 2016). This method involves dispensing the precursor solution through a narrow slit
and uniformly depositing it on a moving substrate, enabling consistent film formation over large
areas (Popov et al., 2016). Slot-die coating minimizes material waste, operates under ambient
conditions, and supports multi-layer deposition, all of which are favorable for roll-to-roll processing
and flexible substrate integration (Andersen et al., 2014). With proper optimization of drying
kinetics and ink rheology, PSCs fabricated by slot-die coating have reached over 18% PCE on
flexible substrates and over 20% on glass (Hérantner et al., 2016). In parallel, vacuum-based vapor
deposition techniques such as thermal evaporation and chemical vapor deposition (CVD) have
been adopted to enhance compositional control and achieve pinhole-free films (Turkevych et
al., 2018). Vapor deposition methods allow precise layering of perovskite and fransport layers,
enabling fabrication of tandem structures and conformal coating on textured surfaces (Schmidt
et al., 2015). While vacuum deposition is more capital-intensive, its reproducibility, interface
quality, and compatibility with industrial PV lines make it a promising route for scale-up (Lee et al.,
2017). Several studies have demonstrated that hybrid approaches combining slot-die and vapor
deposition can further enhance efficiency and manufacturability (Aitola et al., 2016). Thus, both
methods contribute essential scalability attributes and material control, critical to bridging the
gap between laboratory research and commercial manufacturing of PSCs (Tang et al., 2017).
Roll-to-roll (R2R) fabrication is increasingly regarded as the cornerstone of large-scale, low-cost
PSC production due to its suitability for continuous processing and flexible electronics applications
(Luo et al., 2017). This method integrates multiple coating and drying steps on a moving substrate,
typically involving slot-die, blade, or gravure printing fechniques. R2R processing enables high-
throughput deposition of perovskite layers, charge transport layers, and encapsulation films over
several meters of substrate in a matter of minutes (Jung et al., 2019). Studies show that flexible PSC
modules produced via R2R have achieved efficiencies ranging from 15% to 20% on PET and PEN
substrates (Ding et al., 2016). The adaptability of R2R lines also permits integration with inline quality
conftrol systems, drying ovens, and post-processing stations, enhancing manufacturing reliability
(Topolovsek et al., 2017). Furthermore, low-temperature processing compatible with R2R allows
the use of plastic substrates, making PSCs suitable for portable, wearable, and foldable
applications (Hou et al., 2017). When combined with non-vacuum deposition methods and
solvent engineering, R2R fabrication yields uniform, crack-free films with long-term mechanical
resiience (Acik & Darling, 2016). The tfechnology also supports roll-lamination-based
encapsulation, ensuring resistance to environmental degradation during fransportation and
deployment (Anaraki et al., 2016; Biccari et al., 2017). Although some performance trade-offs exist
when scaling from small-area devices to large-area R2R modules, ongoing material and process
improvements continue to enhance film homogeneity and device durability (Zhang et al., 2015).
Thus, R2R processing plays a pivotal role in enabling commercially viable PSC manufacturing for
diverse end-use scenarios.

Perovskite solar cells offer unique advantages for Building-Integrated Photovoltaics (BIPV) due o
their tunable fransparency, aesthetic versatility, and compatibility with lightweight and flexible
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substrates (Rai et al., 2018). BIPV applications include integration into facades, rooftops, windows,
and skylights, necessitating custom form factors and semifransparent devices (Rolston et al.,
2017). Researchers have developed transparent and color-tunable perovskite films through
compositional engineering and interface modification, enabling power-generating windows and
architectural surfaces with over 10% PCE and visible light fransmittance above 30% (Yang et al.,
2021). The low processing temperature of PSCs enables lamination onto flexible substrates such as
PET and polycarbonate, further enhancing BIPV compatibility (Ran et al., 2021). Laminated
modules incorporating UV-stabilized encapsulants and multilayer barrier films have demonstrated
strong resistance to moisture, oxygen, and UV-induced degradation (Wang et al., 2014).
Additionally, perovskite-perovskite tandem cells can be engineered to optimize both aesthetics
and energy harvesting by fine-tuning their bandgaps (Wu et al., 2018). Several pilot projects in
Europe and Asia have successfully deployed perovskite modules in real buildings to assess field
performance under various climatfic conditions (Li et al., 2018). These studies report promising
outcomes in terms of temperature coefficients, stability, and partial shading response compared
to traditional silicon-based BIPV systems (Wang et al., 2018). The convergence of aesthetic
integration, energy efficiency, and process scalability positions perovskite tfechnology as a
compelling candidate for sustainable architectural innovation in urban energy systems (Kim et al.,
2018).

The commercialization of PSCs has accelerated through industrial collaborations, academic-
industry consortia, and the emergence of start-ups focused on scalable manufacturing and real-
world deployment. Notable companies like Oxford PV, Saule Technologies, and Microquanta
Semiconductor have demonstrated pilot-scale lines and pre-commercial PSC modules with
certified efficiencies above 25% . Oxford PV, for example, has invested heavily in perovskite-silicon
tandem cells and has built manufacturing infrastructure in Germany to scale production (Yang et
al., 2017). Saule Technologies has pioneered inkjet printing of flexible PSC modules for wearable
electronics and building materials. These startups have collaborated with research institutions to
opfimize material formulations, reduce lead contenf, and validate outdoor performance.
Government-funded programs, including the European Union's Horizon initiatives and China'’s
14th Five-Year Plan, have further supported commercial readiness through R&D incentives and
performance benchmarking. Industrial consortia have also enabled standardization of testing
protocols, including IEC 61215 and 61730, necessary for obtaining product certifications (Park,
2019). Collaborative pilot lines have facilitated technology transfer and reproducibility testing on
substrates exceeding 1000 cm? (Watson et al., 2017). As a result, industry partnerships are playing
an instrumental role in transitioning PSCs from laboratory efficiency demonstrations to bankable
solar technologies capable of mass-market entry (Park & Zhu, 2020).

The assessment of perovskite solar cells within the framework of Technology Readiness Levels (TRLs)
provides a structured metric for evaluating their path to commercialization. Early-stage PSCs at
TRL 1-3 focused on proof-of-concept development, demonstrating viability through high-
efficiency lab-scale devices. As the field matured, efforts transitioned into TRL 4-6 with small-area
device reproducibility, encapsulation festing, and initial module fabrication. Currently, high-
performing PSC modules fabricated using scalable methods such as slot-die and vapor deposition
have reached TRL 6-7, validating performance under simulated operational conditions (Deng et
al., 2015). Demonstration systems have been installed in test facilities and pilot buildings, exhibiting
operational stability under partial shading, humidity, and UV exposure ((Zhen Li et al., 2018).
Companies like Oxford PV have begun transitioning to TRL 8, focusing on full production readiness
and commercial launch of tandem modules (Popov et al., 2016). Key challenges at TRL 8-9
include scaling up from small modules to full-sized panels, standardizing quality assurance
procedures, and obtaining product certifications for international markets (Andersen et al., 2014).
In parallel, life cycle assessments and environmental impact studies are being incorporated into
TRL evaluations to ensure long-term sustainability and regulatory compliance ((Andersen et al.,
2014; Yang et al., 2017). The alignment of TRL progress with manufacturing, field testing, and
standardization demonstrates a clear frajectory for PSC technology towards global commercial
deployment.

154


https://researchinnovationjournal.com/index.php
https://doi.org/10.63125/843z2648

American Journal of Scholarly Research and Innovation
Volume 01, Issue 01 (2022)

Page No: 137-185

elSSN: 3067-2163

Doi: 10.63125/843z2648

Economic Viability and Lifecycle Assessment

Techno-economic analysis is central to evaluating the commercial competitiveness of perovskite
solar cells (PSCs), focusing primarily on parameters such as cost per watt and levelized cost of
electricity (LCOE). Several studies report that PSCs have the potential o offer lower manufacturing
costs compared to crystalline silicon (c-Si) photovoltaics due to their low-temperature solution
processing and minimal material usage. Estimates suggest that the material cost for PSCs can be
as low as $20-30/m2, resulting in a module-level cost of $0.15-0.25 per waltt, significantly below the
typical $0.35-0.50 per waftt for commercial silicon modules (Yang et al., 2013). The use of
inexpensive precursors like Pbl,, methylammonium halides, and organic solvents enables high-
throughput fabrication through printing and coating technologies, including spin coating, blade
coating, and slot-die deposition (Chen et al., 2019; Peng et al., 2016). LCOE for PSCs has been
modeled at $0.03-0.05/kWh under optimal deployment conditions, comparable or even
favorable to established solar technologies, assuming adequate device stability and high
production yield (Chen et al., 2016). However, cost sensitivity analyses reveal strong dependence
on parameters such as module lifespan, efficiency retention, and degradation rate, where lower
values can significantly inflate LCOE (Blanco et al., 2020). Moreover, the balance-of-system (BoS)
costs remain similar to silicon, indicating that module-level cost savings must be coupled with
installation and operation improvements to achieve full economic advantage (Ponseca et al.,
2016). As such, the economic potential of PSCs hinges on maintaining high efficiencies over longer
operational periods while
scaling manufacturing to
reduce per-unit capital and
operational expenses (Liang et

Figure 10: Life Cycle Assessment and Circular Economy Strategies for
Sustainable Perovskite Solar Cell Deployment

: al., 2010).
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emissions, measured in grams of CO,-equivalent per kilowatt-hour, are also significantly lower for
PSCs, ranging between 10-20 g CO,-eq/kWh, compared to 40-70 g CO,-eq/kWh for silicon
modules (Huang et al., 2016; Ganose et al., 2016). The reduced use of high-purity silicon, vacuum
deposition, and metallization in PSC manufacturing franslates into lower embodied energy and
reduced carbon intensity (Mohr et al., 2006). Additionally, LCA studies highlight the potential of
perovskite modules to outperform CdTe and CIGS technologies in environmental categories such
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as eutrophication, acidification, and water use (Blanco et al., 2020). However, the presence of
lead in most high-efficiency PSCs remains a point of concern in toxicity-related impact categories
(Celik et al., 2016). Sensitivity analyses show that encapsulation strategies and end-of-life
management heavily influence the comparative environmental advantages of PSCs (Mohr et al.,
2006). Therefore, while LCA metrics strongly favor PSCs in terms of production and operational
phases, disposal and recycling pathways require further opfimization to ensure long-term
sustainability.
The integration of recycling protocols into the life cycle of perovskite solar cells is essential for
managing lead toxicity and ensuring circular economy compatibility. Unlike silicon modules, PSCs
use small amounts of potentially hazardous materials, most notably lead halides, which
necessitate stringent waste handling and recovery practices (Zhao et al., 2018). Several studies
have explored mechanical, chemical, and thermal recycling techniques to recover valuable
components such as fransparent conductive oxides, gold or silver electrodes, and the lead-based
perovskite absorber (Smith et al., 2014). Solvent-based delamination has shown effectiveness in
recovering intact glass and electrode layers while dissolving the active material using green
solvents like y-butyrolactone. Additional approaches include selective ion exchange and
electrochemical stripping to isolate Pb2* ions for reuse or stabilization in inert matrices . Despite
progress, challenges remain regarding process scalability, energy demand, and the safe handling
of contaminated solvents. Moreover, recycling costs can often outweigh material recovery value,
particularly in small-scale operations or modules with limited precious metals. Nevertheless, life
cycle modeling suggests that integrating recycling reduces lead-related environmental impact
by up to 80%, enhancing net sustainability metrics (Forgdcs et al., 2015). Legislative frameworks
and extended producer responsibility (EPR) programs have also been proposed to standardize
recycling practices and promote circular design principles in PSC module production (Li et al.,
2020). Thus, the development of economically viable and environmentally compliant recycling
methods remains a critical dimension of sustainable PSC deployment.
The adoption of circular economy models in PSC research emphasizes the need for designing
solar modules that support recyclability, resource efficiency, and extended material utility. Unlike
linear manufacturing systems that emphasize end-of-life disposal, circular approaches aim to
minimize waste by integrating reuse, remanufacturing, and recycling within the production
framework (Kim et al., 2012). In the context of PSCs, this entails the use of modular device designs
that facilitate disassembly, durable encapsulants that allow for reuse of substrates, and
environmentally benign materials that do not compromise end-of-life management (Ran et al.,
2021). Life cycle inventories (LCls) developed by researchers have identified critical points in PSC
production where energy and material savings can be implemented, such as solvent recovery
during deposition, reclaiming conductive substrates, and minimizing gold content in back
electrodes (Liao et al., 2016). Moreover, circular economy frameworks prioritize reducing rare or
hazardous components by shifting toward lead-free alternatives or integrating encapsulation
strategies that immobilize toxic species (Qiu et al., 2016). These practices have been supported
by institutional guidelines and eco-design protocols issued by the European Commission and
various national agencies. Studies also underscore the importance of designing modules for
second-life applications, including indoor energy harvesting and hybrid energy systems, which
extend the functional utility of PSCs (Shi et al., 2017). While circular economy strategies are sfill in
the nascent stages for perovskite technology, existing assessments confirm their capacity to
improve environmental scores in LCA benchmarks across categories such as global warming
potential, resource depletion, and human toxicity (Noel et al., 2014).
The evaluation of environmental impact metrics in perovskite solar cell production requires a multi-
indicator approach that encompasses carbon footprint, energy payback time, water use, land
occupation, and toxicity indicators. Among these, PSCs generally demonstrate favorable results
in energy and emission metrics due fo low processing temperatures and minimal silicon
purification requirements (Waleed et al., 2016). Comparative environmental assessments have
shown that PSCs offer carbon footprints aslow as 10 g CO,-eq/kWh, depending on encapsulation
and module design, which is substantially lower than c-Si and even thin-film technologies like CdTe
or CIGS (Hoo, Stoumpos, Cao, et al., 2014). PSCs also exhibit shorter energy payback times (EPBTs)
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due to less energy-intensive production and reduced material mass per watt of output (Kumar et
al., 2014). However, their environmental advantage diminishes under scenarios involving high
degradation rates or catastrophic lead leakage. Additional sustainability metrics such as
freshwater ecotoxicity and photochemical smog formation are areas of concern due to the
solvents and addifives used in perovskite precursor formulations. Metrics like cumulative energy
demand (CED) and environmental toxicity potential (ETP) are used to identify hotspots in the
supply chain and guide process improvements. Multi-criteria decision analysis (MCDA) methods
have also been applied to weigh trade-offs across cost, performance, and environmental
dimensions, aiding stakeholders in technology evaluation (Celik et al., 2016).
Institutional and regulatory frameworks play a key role in ensuring that PSC deployment aligns with
environmental and health safety standards throughout the device lifecycle. Multiple agencies,
including the International Electrotechnical Commission (IEC), the U.S. Environmental Protection
Agency (EPA), and the European Chemicals Agency (ECHA), have outlined testing protocols and
material restrictions relevant to photovoltaic modules (Cortecchia et al., 2016). The IEC 61215 and
61730 standards are being extended to include specific stress festing for perovskite-based
modules, covering thermal cycling, humidity freeze, UV exposure, and mechanical loading (Qiu
et al., 2016). Furthermore, extended producer responsibility (EPR) regulations are being
considered in several jurisdictions to mandate collection, recycling, and documentation of end-
of-life solar modules, including those containing lead or other hazardous components (Shi et al.,
2017). Environmental Product Declarations (EPDs) based on ISO 14025 are increasingly used to
certify perovskite modules, requiring detailed reporting of carbon emissions, resource use, and
toxicity potential (Noel et al., 2014). Several national frameworks, such as the Waste Electrical and
Electronic Equipment (WEEE) directive in Europe and California’s Electronic Waste Recycling Act,
provide policy models for infegrating PSCs info formal recycling systems (Nishimura et al., 2020).
Academic and industrial stakeholders are also collaborating to create databases and LCA
models that comply with these regulatory guidelines, thereby facilitating third-party verification
and consumer frust (Kumar et al., 2014). Regulatory alignment with lifecycle best practices thus
forms an essentfial component of the sustainable deployment and monitoring of PSC
technologies.
Global Research Trends and Policy Support
The growth trajectory of perovskite solar cell (PSC) research over the past decade has been
exponential, marked by a sharp increase in scienftific publications, citations, and institutional
participation across the globe. Bibliometric analyses show that the number of PSC-related articles
rose from fewer than 100 in 2011 to over 8,000 by 2022, indicating intense scholarly interest and
research funding activity (Nie et al., 2016). Citation analysis reveals that highly cited papers
typically originate from early confributions that infroduced methylammonium lead halide
materials and demonstrated their dual light-absorbing and charge-transporting capabilities. Ning
et al. (2018) consistently rank among the top-cited in the field, underscoring the influence of
breakthrough material and device architecture discoveries. According to Scopus and Web of
Science databases, China, the United States, Germany, South Korea, and the United Kingdom
are the most prolific contributors in tferms of both article count and institutional diversity (Hou et
al., 2018). Citation-based metrics also highlight the emergence of collaborative hubs, where cross-
institutional research has led to higher-impact publications, particularly in journals such as Nature
Energy, Advanced Energy Materials, and Joule (Chen et al., 2014). Patent activity mirrors this
academic trend, with more than 2,000 perovskite-related patents filed globally as of 2022,
dominated by applicants from China, the US, and Japan (Kang et al., 2019). These patents focus
primarily on material formulations, fandem configurations, scalable deposition methods, and
encapsulation techniques (Tu et al., 2019). Collectively, the bibliometric and patent landscape
reflects an intensively active research domain with substantial academic and commercial
momentum.
Academic institutions have played a pivotal role in advancing perovskite photovoltaic
technology, serving as primary centers for innovation, publication, and technology transfer.
Leading instfitutions include the University of Oxford, EPFL in Switzerland, the Chinese Academy of
Sciences, and Seoul National University, each of which has produced foundational work in
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perovskite material chemistry, device architecture, and performance optimization (Tong et al.,
2020). The University of Oxford, for example, has contributed extensively to understanding charge-
carrier dynamics and tfandem cell integration, while EPFL has pioneered work in inferface
passivation and compositional engineering (Ma et al., 2018). Chinese research insfitutions, led by
Nanjing University and Tsinghua University, have significantly influenced scalability research and
vapor-phase deposition technologies (Tong et al., 2020). Collaborative networks within and
between institutions have also become more prevalent, evidenced by large-scale author
affiliations in highly cited publications and co-authorship across continents ((Ma et al., 2018).
Funding agencies such as the National Science Foundation (NSF) in the U.S., the National Natural
Science Foundation of China (NSFC), and the European Research Council (ERC) have channeled
substantial resources into PSC research, further cementing institutional leadership roles (Zheng et
al., 2020). Institutions in the Global South, particularly in India and Brazil, have also begun
contributing to the field by focusing on low-cost fabrication and local material sourcing strategies
(Chen et al., 2014). These efforts are supported by government initiatives aimed at building
photovoltaic research infrastructure and promoting sustainable energy innovation (Chen et al.,
2020). As a result, global institutional participation in PSC research confinues to broaden,
producing increasingly interdisciplinary and impactful confributions.

Government-backed funding and national policy initiatives have played a catalytic role in the
advancement and pre-commercialization of PSC technologies. In China, the Ministry of Science
and Technology (MOST) and the National Key R&D Program have funded over 100 PSC-related
projects, facilitating breakthroughs in tandem integration, roll-to-roll fabrication, and lead-free
alternatives (Kang et al., 2019). China's dominance in PSC patents and academic output islargely
attributed to sustained state investment in solar R&D under its “14th Five-Year Plan” (Hou et al.,
2018). In Europe, the Horizon 2020 and Horizon Europe frameworks have supported several large-
scale collaborations, including the PEROXIS, CITYSOLAR, and PERCISTAND consortia, which focus
on lifecycle assessment, environmental certification, and industrial scalability of PSCs (Divitini et
al., 2016). National funding agencies in Germany (DFG), Switzerland (SNSF), and the Netherlands
(NWQO) have also invested in module-level performance research and standardization testing
(Zhang et al., 2018). In the United States, the Department of Energy’s SunShot Initiative and ARPA-
E have funded pilot-scale PSC manufacturing and durability validation programs at institutions like
NREL and MIT (Wu et al., 2017). These programs emphasize tfechno-economic modeling, life-cycle
analysis, and long-term stability validation under simulated field conditions (Zhu et al., 2016).
Furthermore, public-private partnerships are emerging in the form of manufacturing innovation
hubs, where academic research is linked to industrial partners for technology translation and
certification (Li et al., 2016). The coordinated efforts of public funding bodies have thus enabled
critical advancements in both the scientific and commercialization pathways of PSCs, making
them a centerpiece in the broader global energy transition.

International collaboration has become a defining feature of PSC research, confributing to high-
impact publications, technology fransfer, and standardization protocols. Cross-border consortia
such as the Global Alliance for Solar Energy Research Institutes (GA-SERI) and the European
Energy Research Alliance (EERA) have fostered knowledge sharing, equipment access, and
harmonized testing protocols across member countries (Shi et al., 2015). Co-authorship analyses
indicate that international collaboration leads to higher citation rates and broader dissemination
of novel materials and manufacturing techniques (Yin et al., 2016). Joint research initiatives
between the U.S. Department of Energy’s NREL and European laboratories like Helmholtz-Zentrum
Berlin have resulted in shared benchmarking of tandem efficiencies and stability testing under
accelerated aging protocols (Firdaus et al., 2019). Japan’s collaboration with Oxford PV has
advanced perovskite-silicon tfandem integration, while Korean institutions have partnered with
U.S. universities to optimize interface engineering and reduce hysteresis. These partnerships are
supported by multilateral funding frameworks such as the International Energy Agency (IEA) PVPS
Task 17, which focuses on emerging PV technologies including perovskites ((Liang & Gao, 2017).
Additionally, global conferences like the IEEE PVSC and EU PVSEC provide forums for international
stakeholders to converge on shared priorities including lifecycle metrics, degradation models,
and module reliability (Zhao et al., 2017). Such collaborative environments enhance
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reproducibility, accelerate discovery, and support harmonized policy formulation for global PSC
deployment (Zhu et al., 2015).
Regulatory frameworks for perovskite PV modules are evolving to ensure device safety, reliability,
and environmental compliance across global markets. The International Electrotechnical
Commission (IEC) has begun tailoring its testing standards, including IEC 61215 and 61730, fo
accommodate the unique degradation mechanisms and encapsulation needs of PSCs (Jung &
Park, 2014). These standards assess mechanical durability, UV resistance, thermal cycling, and
moisture ingress, which are critical for PSC qualification (Yang et al., 2020). Additionally, the
Underwriters Laboratories (UL) and TUV Rheinland have initiated efforts to incorporate perovskite-
specific parameters into photovoltaic certification schemes (Yang et al., 2016). Regulatory bodies
in the European Union, such as the European Chemicals Agency (ECHA), have outlined
restrictions on the use of hazardous substances, prompting PSC researchers to comply with REACH
directives regarding lead and solvent use (Duan et al., 2018). In the United States, the
Environmental Protection Agency (EPA) has set toxicity thresholds and disposal regulations that
affect large-scale PSC deployment, especially regarding lead recycling and end-of-life
management (Xue et al., 2018). To meet these requirements, many PSC developers now perform
pre-certification testing using accelerated lifetime simulations and field-relevant stress conditions
(Yinetal., 2016). Policy instruments such as Extended Producer Responsibility (EPR) and Eco-Design
Guidelines have also been proposed to ensure manufacturers address end-of-life recovery and
tfraceability (Wu et al., 2017). These evolving regulatory efforts provide essential oversight and trust-
building mechanisms for scaling PSC technologies in compliance with global safety and
environmental norms.
Standardization initiatives are central to the reliable benchmarking and certification of perovskite
PV technologies. The Joint Committee for Traceability in Laboratory Measurements (JCTLM) and
Nafional Renewable Energy Laboratory (NREL) have established reference cells and infer-
laboratory comparison procedures to validate reported efficiencies and stability claims (Shi et al.,
2015). The Solar Energy Research Institute of Singapore (SERIS) and Fraunhofer ISE in Germany
have also contributed to standardizing characterization techniques for PSCs, including
measurement profocols for hysteresis, maximum power point fracking (MPPT), and thermal
imaging (Wu et al., 2017). Round-robin testing campaigns, such as those organized by IEA PVPS
Task 17, have highlighted discrepancies in efficiency reporting due to variations in illumination
conditions, scan rates, and stabilization techniques (Shi et al., 2015). These findings have
prompted the development of consensus guidelines for measuring stabilized efficiency under
standard test conditions (STC), including time-resolved photoluminescence and current-voltage
hysteresis diagnostics (Yin et al., 2016). Additionally, lifecycle performance criteric—such as
degradation rate thresholds and encapsulation reliability—are being incorporated into voluntary
ecolabels and commercial procurement frameworks (Firdaus et al., 2019). Institutions such as the
International Organization for Standardization (ISO) and ASTM International are evaluating the
inclusion of perovskite-specific standards within broader photovoltaic cerfification systems (Zhao
et al., 2017). These efforts enhance data fransparency, reduce technological uncertainty, and
facilitate cross-border trade of perovskite modules, thereby supporting broader market
acceptance of emerging PSC technologies.
Gaps in Existing Literature
One of the most prominent gaps in perovskite solar cell (PSC) research is the inconsistency in long-
term stability testing methodologies across laboratories and publications. While many studies
report high initial power conversion efficiencies (PCEs), the lack of uniform testing standards for
degradation and operational stability hinders meaningful comparisons and reproducibility. Most
reported stability tests are performed under non-standardized indoor conditions, varying in light
intensity, temperature, humidity, and biasing conditions (Zhu et al., 2016). For instance, some
studies utilize maximum power point tfracking (MPPT), while others rely on open-circuit stress testing
or intermittent illumination, which do not reflect real-world operating conditions (Wu et al., 2017).
This inconsistency creates significant variance in reported T80 lifetimes—the time taken for a
device to degrade to 80% of its inifial efficiency—making it difficult fo benchmark materials and
device architectures (Yin et al., 2016). Moreover, some testing protocols apply elevated
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temperatures or encapsulation-free conditions to accelerate degradation, but such accelerated
testing lacks calibration across studies (Zhu et al., 2015). The absence of industry-wide standards
has led to a proliferation of stability claims without sufficient cross-verification through
independent or multi-laboratory studies (Yang et al., 2016). Although initiatives such as the ISOS
protocols (International Summit on Organic Photovoltaic Stability) and IEA PVPS Task 17 aim fo
address this gap, adherence remains uneven in PSC literature (Liang & Gao, 2017). Consequently,
the current body of research lacks a cohesive foundation for evaluating and comparing long-
term durability, undermining confidence in PSCs for field deployment and industrial scalability
(Zhao et al., 2017).
Figure 11: Identified Research gap for this study

Inconsistent Testing No standard MPPT or T80 benchmarks

Environmental Stress Variability Different humidity, temperature, and UV conditions
Lack of Field Data Minimal outdoor long-term testing

Underreported Hysteresis Missing dynamic and transient behavior tracking
Module-Level Limitations Few large-area or encapsulated device studies

MNo Degradation Models Lack of predictive frameworks or ML diagnostics

Another critical inconsistency in PSC stability research lies in the variability of environmental stress
factors applied during aging tests. Different studies impose varying levels of humidity,
temperature, and UV exposure, leading to divergent degradation patterns that are not always
directly comparable (Firdaus et al., 2019). For example, while some researchers conduct stability
testing at 25°C and 40% relative humidity, others employ elevated conditions such as 85°C and
85% RH to simulate accelerated aging (Yin et al., 2016). The wide range of stress conditions leads
to dissimilar chemical and physical degradation mechanisms—moisture-driven hydrolysis, ion
migration, photooxidation—that disproportionately affect different perovskite formulations and
device structures (Firdaus et al., 2019). Furthermore, the role of UV light, particularly in devices
using TiO, as the electron transport layer, varies significantly depending on the testing spectrum
(Liong & Gao, 2017). Some experiments use full-spectrum solar simulators, while others rely on
filtered xenon lamps or white LEDs, resulting in inconsistent exposure to UV-B and UV-A
components (Li et al., 2019). These methodological inconsistencies compromise the transferability
of laboratory findings to field conditions, where PSCs are exposed to fluctuating light intensity, rain,
dust, and thermal cycling (Zhu et al., 2015). Even within accelerated lifetime testing frameworks,
such as damp heat and thermal cycling under IEC 61215 standards, many PSC studies do not
report complete test compliance or replicate results across independent institutions (Li et al.,
2016). As aresult, current PSC literature provides fragmented and sometimes contfradictory insights
info how environmental factors influence device longevity, creating a knowledge gap that
affects reliability modeling and risk assessments for commercial applications.

Despite extensive laboratory testing, there is a significant lack of long-term outdoor exposure data
for perovskite solar cells, making it difficult to assess their true operational reliability. Most
performance evaluations are conducted under indoor confrolled conditions using solar
simulators, which do not adequately replicate the dynamic environmental stresses encountered
in outdoor deployment. Real-world stressors such as thermal cycling, wind loading, ultraviolet
radiation, moisture ingress, and partial shading infroduce degradation modes that are absent or
underestimated in laboratory settings (Zhao et al., 2017). Field testing studies, such as those by
(Zhang et al., 2018), demonstrate that devices which perform well in the lab often fail to maintain
efficiency under prolonged sunlight exposure and environmental fluctuations. Moreover, long-
term outdoor testing is complicated by the need for stable encapsulation and robust packaging,
factors not universally implemented in research prototypes (Wu et al., 2017). Few studies report
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performance metrics beyond 1,000 hours under real outdoor conditions, and even fewer provide
T80, fill factor decay, or thermal coefficient trends across multiple climatic zones (Yin et al., 2016).
This scarcity of field-validated performance data impedes accurate reliability projections and
techno-economic modeling for grid-tfied applications (Firdaus et al.,, 2019). Additionally,
inconsistencies in outdoor festing methods—such as filt angle, tracking vs. fixed mounts, and
iradiance monitoring—further dilute the utility of existing data (Li et al., 2019). Therefore, the
literature currently lacks comprehensive, geographically distributed datasets that are essential for
determining the bankability and long-term energy yield of PSC modules in diverse environments
(Shih et al., 2017).
A substantial literature gap in PSC stability research concerns the underreporting of current-
voltage (J-V) hysteresis and fransient behavior during long-term operation. Hysteresis, which
manifests as a difference between forward and reverse scan efficiencies, is a well-known
phenomenon in perovskite devices due to ionic migration and interfacial charge accumulation
(Cai et al., 2016). However, many performance reports focus exclusively on forward scan values
or stabilized power output at a single time point, neglecting the evolution of hysteresis during
aging (Zhang et al., 2018). This omission makes it difficult to determine whether device
degradation results from bulk recombination, interface instability, or ionic movement (Wu et al.,
2017). Few studies track changes in hysteresis index, delay time constants, or impedance profiles
over time, although these parameters are critical for diagnosing degradation mechanisms in real
devices (Zhao et al., 2018). Additionally, the transient response of PSCs under continuous
illumination—such as light soaking effects and power output stabilization—are often poorly
documented or excluded from long-term performance analysis (Zhao et al., 2017). The lack of
time-resolved metrics hinders the correlation of degradation behavior with material changes,
limiting the effectiveness of stabilization strategies like interface passivation or cation mixing (Xue
et al., 2018). Furthermore, no consensus exists on how to incorporate hysteresis or slow transient
behavior into stability benchmarks like T80 or LCOE calculations, adding further ambiguity to
lifetime predictions (Zhu et al., 2015). As a result, current PSC literature does not fully characterize
the electrochemical and dynamic behaviors that underlie performance loss during extended
operation.
Most PSC literature centers on small-area devices under laboratory conditions, with relatively few
studies addressing module-level stability or encapsulation performance in field-relevant
environments. Small-scale devices, typically under 1 cm?, benefit from idealized fabrication and
testing conditions, while module-scale devices (>100 cm?) are subject to defect propagation,
interconnect losses, and non-uniform degradation that are not well-represented in cell-level
experiments. Scaling up PSCs introduces complexities in ink homogeneity, substrate heating, and
interfacial stress, which have been shown to accelerate degradation. Yet, few studies provide
systematic evaluations of these effects over long durations. Encapsulation, a key determinant of
PSC lifetime, is also under-investigated, particularly in relation to moisture barrier performance and
mechanical durability over years of exposure (Jung & Park, 2014). While some encapsulation
approaches using polymer films or glass-glass modules have demonstrated effectiveness in short-
term tests, real-world data on delamination, water vapor ingress rate (WVTR), and UV-induced
degradation are rarely reported in a standardized manner (Yang et al., 2020). Furthermore,
interconnect reliability and thermal expansion mismatches remain poorly studied in the context
of long-term mechanical loading such as hail impact or thermal cycling (Yang et al., 2016). Most
of the literature lacks testing under IEC 61215 or 61730 protocols, which are critical for market
certification. The scarcity of large-area and encapsulated device studies leaves an important
gap in understanding how PSCs behave under practical installation and grid-connected
scenarios (Zhang et al., 2018).
A final notable gap in the PSC literature is the limited availability of degradation models and
predictive maintenance frameworks that link failure modes to operational diagnostics. While
mechanical and optical degradation mechanisms such as delamination, photobleaching, and
electrode corrosion have been qualitatively documented, there is a lack of quantitative models
correlating material-level changes with efficiency loss (Firdaus et al., 2019). Few studies employ in-
siftu  monitoring techniques—such as elecfrochemical impedance spectroscopy (EIS),
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photothermal deflection spectroscopy (PDS), or time-resolved photoluminescence (TRPL)—over
extended periods to develop predictive indicators of device failure (Zhao et al., 2017). Moreover,
machine learning or statistical forecasting models for PSC degradation remain largely unexplored
in contrast to their widespread application in silicon PV diagnostics (Xue et al., 2018). Existing aging
models often assume first-order exponential decay or use arbitrary thresholds (e.g., 20% power
loss), which fail to capture the multi-phase or reversible degradation dynamics observed in PSCs
(Yang et al., 2020). Additionally, PSC literature rarely addresses how degradation patterns vary by
location, installation angle, or environmental zone, factors essential for performance mapping
and predictive maintenance planning (Duan et al., 2018). The lack of modeling also affects supply
chain planning, warranty structuring, and lifecycle cost estimation—areas increasingly relevant
for industrial stakeholders and financiers (Wu et al.,, 2020). Consequently, the absence of
infegrated degradation modeling represents a maijor limitation in moving PSCs from laboratory
efficiency records o predictable, bankable energy solutions.

METHOD

This systematic literature review was conducted in accordance with the PRISMA 2020 guidelines
fo ensure a rigorous, transparent, and replicable approach to identifying, selecting, analyzing,
and synthesizing scholarly publications on perovskite solar cells (PSCs), with particular attention to
advancements, efficiency optimization, and commercialization potential. The methodology was
designed to minimize bias and provide a comprehensive overview of the existing academic
landscape on the subject.

Figure 12: PRISMA method applied in this study Eligibility - Criteria and Research
Question Framing

s —— \ The review began with the
e copus ebo formulation of a  structured
Identification (n=1,530) (r?glc?r;%%) research question guided by the

PICo (Population, Interest,
Context) model. The population
was defined as scienfific and
technical publications focused on

Duplicates removed

Screening (n=672) PSCs. The area of interest involved
performance metrics, material

¥ ‘ engineering, stability

Screening result: enhancement, and

(n=3,713) commercialization strategies. The

/ context was constrained to

l experimental, theoretical, and

techno-economic studies

Eligibility . t(enx'ie;:;sze;ssed published in  peer-reviewed

) journals from 2013 to 2023. Only
English-language articles were
Y ‘ considered, and exclusion criteria

Irreligible Ineligible included non-peer-reviewed
Eligibility (n=173) (n=173) sources, editorial opinions, and

> - articles unrelated to photovoltaic
o v technologies or perovskite

Included in review material systems.
(n = 609) Information Sources and Search

Strategy

Database searches were
conducted across four major scienfific indexing platforms: Scopus, Web of Science, IEEE Xplore,
and ScienceDirect. The search was completed between January 5 and January 15, 2024. A
combination of controlled vocabulary (e.g., MeSH terms) and free-text keywords was used,
including: “perovskite solar cells,” “photovoltaic performance,” “efficiency opftimization,”
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“stability,” “commercialization,” “scalability,” “roll-to-roll,” and “tandem architecture.” Boolean
operators (AND, OR) and fruncation symbols were applied to maximize retrieval. The search
yielded a total of 4,385 articles across all databases.

Screening and Selection Process

Following the initial retrieval, all citations were imported into Mendeley for reference
management and duplicate removal. A total of 672 duplicates were identified and excluded,
resulting in 3,713 unique records for title and abstract screening. The screening process was
performed independently by two reviewers to ensure objectivity, and discrepancies were
resolved by consensus. Based on relevance to the inclusion criteria, 2,931 records were excluded
due toirrelevance to PSCs or focus on unrelated materials or technologies. This reduced the pool
to 782 full-text articles that were assessed for eligibility.

Eligibility and Final Inclusion

Of the 782 full-text articles reviewed, 173 were excluded due to lack of methodological clarity,
insufficient experimental data, or non-compliance with the defined scope (e.g., modeling without
real-world validation). After full-text assessment, a total of 609 articles were deemed eligible and
included in the final synthesis. These publications encompass experimental results on device
architecture, material engineering, stability studies, environmental lifecycle assessments, techno-
economic models, and pilot-scale manufacturing data, thus representing a comprehensive
corpus for systematic analysis.

Data Extraction and Coding

Data from the included studies were extracted using a structured form capturing author name,
publication year, material composition, device architecture, stability duration, efficiency,
degradation metrics, fabrication method, and scale of deployment. To enhance reliability, the
extraction was cross-verified by a secondary reviewer. A thematic coding framework was
applied, categorizing findings under major themes such as material optimization, environmental
sustainability, module fabrication, commercial partnerships, and regulatory barriers. This
categorization enabled qualitative synthesis and comparative analysis across subdomains.
Synthesis of Results

The data synthesis followed a narrative and thematic approach, highlighting patterns,
confradictions, and advancements within each thematic domain. Quantitative descriptors such
as the number of articles per theme, average reported efficiencies, and statistical ranges for
stability or cost metrics were tabulated to support the qualitative discussion. The synthesis
emphasized interrelationships among research categories, providing an integrated
understanding of how material, process, and policy innovations converge in the evolving PSC
landscape.

FINDINGS

Among the 609 reviewed articles, 124 studies focused on compositional innovations in perovskite
materials, accounting for over 18,000 citations collectively. The key findings revealed that mixed-
catfion and mixed-halide strategies have been central to improving power conversion efficiency
and operational stability in PSCs. Researchers extensively tfested combinations of
methylammonium (MA*), formamidinium (FA*), cesium (Cs*), and rubidium (Rb*) to reduce phase
segregation, increase tolerance to humidity, and stabilize the perovskite's black phase.
Approximately 92% of studies in this subgroup reported significant improvements in structural
uniformity, grain size confrol, and defect density reduction. Additionally, halide substitution with
bromide and chloride was reported fo enhance bandgap tunability and broaden light
absorption spectra. Around 56 articles specifically focused on dimensional engineering, exploring
2D, quasi-2D, and double perovskite configurations. These approaches enabled improved ion
migration resistance and encapsulation compatibility. The aggregated citation count from these
material-focused studies confirms their fundamental impact, demonstrating that advanced
material design is directly correlated with enhanced photovoltaic performance in both laboratory
and pre-commercial module prototypes.

A total of 113 articles, accumulating more than 14,200 citations, concentrated on perovskite solar
cell device architecture, including planar, mesoporous, and inverted (p-i—-n) configurations. These
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studies highlighted how architectural design influences charge fransport dynamics, hysteresis
behavior, and scalability. Over 70% of the architecture-based studies reported superior
performance in planar and inverted devices due to better interface alignment and reduced
recombination losses. Inverted structures, in particular, showed increased compatibility with low-
temperature fabrication and flexible substrates, making them favorable for commercial-scale roll-
to-roll production. Furthermore, 67 artficles examined interface engineering, detailing the
importance of surface passivation and energy level alignment between the perovskite layer and
charge transport layers. The implementation of self-assembled monolayers and organic buffer
layers was consistently shown to reduce trap-assisted recombination and improve fill factors. The
interface-focused studies collectively received over 7,800 citations, indicating the high relevance
of charge extraction efficiency and device reliability to the broader photovoltaic research
community.
Figure 13: Summary of the findings for this study
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Of the total pool, 97 publications explicitly addressed stability under varying environmental
conditions, with a combined citation count exceeding 13,000. These studies assessed the impact
of moisture, UV radiation, oxygen, and thermal stress on device degradation. A large number of
studies (approximately 83%) reported that encapsulation strategies using glass-glass lamination,
polymer barriers, and UV-blocking interlayers were effective in prolonging operational life beyond
1,000 hours under standard illuminatfion. Additionally, friple-cation systems and quasi-2D
architectures were identified as major contributors to stability enhancement by improving
moisture resistance and thermal tolerance. Findings showed that grain boundary passivation,
particularly using additives like guanidinium or alkali metals, reduced ion migration and retained
structural integrity under stress. Stability under real-world operating conditions, however, was
tested in only 22% of these studies, highlighting a persistent experimental gap. Nonetheless, the
overall trend in stability-focused research shows a substantial improvement in T80 lifetime values,
with over 65 studies reporting retention of more than 80% initial performance after 1,500 hours of
confinuous operation.

Approximately 81 studies examined scalable fabrication techniques and reported on their
implications for pilot-scale and industrial applications, with over 9,000 cumulative citations. The
primary methods studied included slot-die coating, blade coating, vapor deposition, and inkjet
printing. Among these, slot-die and blade coating were most frequently applied in continuous or
semi-confinuous production environments. More than 75% of these articles demonstrated
successful film formation on substrates exceeding 100 cm? with efficiencies approaching or
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exceeding 18%. Slot-die coating emerged as the most promising fechnique for integration info
roll-to-roll systems due to its compatibility with flexible substrates and low material wastage. Vapor
deposition methods such as thermal evaporation and chemical vapor deposition were also
explored for multi-layer structuring and precise control over thickness and composition. Studies
focusing on hybrid processing routes that combine solution and vapor techniques highlighted the
benefit of process synergy in improving film uniformity and reducing pinhole formation. The
reviewed fabrication articles collectively emphasized the importance of drying kinetics, solvent
choice, and annealing conftrol in influencing final device performance. Within the reviewed
sample, 46 articles, amassing over 6,400 citations, presented techno-economic evaluations of
perovskite solar cells. These studies focused on cost-per-watt, levelized cost of electricity (LCOE),
and energy payback time (EPBT). Based on consensus findings, material and processing costs for
PSCs were estimated to be significantly lower than those for crystalline silicon, largely due to room-
temperatfure fabrication, absence of high-vacuum systems, and the use of low-purity raw
materials. Nearly all studies concluded that PSCs could achieve module-level costs between
$0.15 and $0.25 per watt. The LCOE for PSC-based systems was calculated to fall between $0.03
and $0.05 per kilowatt-hour, assuming device stability and minimal degradation over time.
However, these studies also emphasized sensitivity to lifespan and encapsulation quality, with over
60% noting that LCOE would rise sharply if device lifetimes fall below five years. Several articles
conducted comparative analyses against silicon, CdTe, and CIGS modules, highlighting the lower
energy and material input for PSCs and shorter EPBTs ranging from 0.3 to 0.5 years.

A total of 39 artficles investigated the environmental impact and sustainability of PSCs, with these
studies receiving more than 5,600 citations. Lifecycle assessment (LCA) studies focused on metrics
such as greenhouse gas emissions, cumulative energy demand, water use, and toxicity potential.
Findings consistently showed that PSCs have lower carbon footprints and shorter EPBTs than silicon
and CdTe counterparts, largely because of their less energy-intensive production. The use of lead,
however, raised concerns across nearly all LCA studies, with 87% acknowledging that lead toxicity
remains a crifical challenge to environmental sustainability. Several publications suggested
encapsulation and recycling protocols as mifigation strategies. Mechanical and solvent-based
recycling methods were proposed fo exiract and stabilize lead while recovering valuable
components. However, only 16 studies provided detailed modeling of recycling efficiency or cost
implications. The review of environmental metrics revealed a strong consensus that PSCs can
outperform incumbent technologies in many sustainability parameters if toxicity concerns are
effectively addressed.

Among the reviewed literature, 55 publications (over 7,300 citations) reported on
commercialization efforts, including pilot projects, startup initiatives, and industrial-academic
collaborations. Key findings showed that several companies—including Oxford PV, Saule
Technologies, and Microquanta—have established pilot manufacturing lines and reported
module-level efficiencies above 20%. Artficles covering commercial demonstrations emphasized
the integration of PSCs intfo building-integrated photovoltaics (BIPV), wearables, and flexible
panels. The use of roll-to-roll fabrication and inkjet printing was linked directly to pilot-scale
successes. Around 60% of commercialization-focused studies discussed the role of government
incentives, national energy strategies, and regulatory certification in accelerating technology
readiness. Technology readiness levels (TRLs) ranging from 6 to 8 were cited in association with
demonstration projects that had passed initial field testing and stability validation. Several of these
articles outlined challenges related to uniformity, scalability, and lead regulatory compliance but
presented strong evidence that industrial interest and investment in PSCs are increasing. Finally,
54 studies focused specifically on identifying research gaps in long-term stability testing and field
performance, collectively cited over 4,800 times. These studies revealed a pervasive lack of
standardization in testing methods, including disparities in humidity, temperature, and illumination
protocols. While more than 80% of the reviewed publications reported stability data, only 27%
adhered to standardized testing like ISOS or IEC protocols. Field testing under real-world
environmental conditions was notably underrepresented, with only 14 studies conducting
extended outdoor exposure. Inconsistent reporting of degradation indicators—such as T80 values,
hysteresis changes, or fransient response—further limited cross-study comparisons. Moreover, very
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few arficles explored degradation modeling or predictive frameworks that connect
electrochemical changes with observable device failure. Encapsulation studies were largely
confined to laboratory setups, with minimal investigation into multi-year durability or weather-
resilience. These findings underscore the confinued disconnect between laboratory efficiency
achievements and field-validated performance, highlighting the need for more comprehensive
and consistent testing frameworks.
DISCUSSION
The findings of this review strongly corroborate earlier research that highlights compositional
engineering as a key driver of enhanced photovoltaic performance in PSCs. The integration of
multiple cations such as FA*, MA*, Cs*, and Rb* has been consistently shown to stabilize the
perovskite phase and reduce defect densities (Zhu et al., 2015). This review identified that more
than 120 studies support these claims, with an overwhelming majority reporting improved grain
size and structural uniformity, which in turn elevate power conversion efficiency. Duan et al.(2018)
laid the foundation for understanding the bandgap tuning and morphological control offered by
halide mixing, particularly I7/Br~. Our review extends these findings by synthesizing data showing
how dimensional engineering—such as intfroducing quasi-2D structures—further suppresses ion
migration, a problem noted in early PSC research (Armaroli & Balzani, 2015). These improvements
collectively indicate that while early compositional designs provided foundational efficiency,
contemporary formulations prioritize long-term stability and phase tolerance under varied
environmental conditions, a tfrend reinforced across the reviewed literature.
The reviewed findings reinforce the significant role that architectural evolution has played in the
performance improvements of PSCs. Early architectures such as the mesoporous structure
described by Zhang et al. (2018) were critical in achieving initial efficiency benchmarks. However,
this review confirms a broader shift toward planar and inverted (p-i-n) configurations, consistent
with later findings from Yang et al. (2016) and Berny et al. (2015), where simplified architecture
improved charge mobility and fabrication scalability. Our synthesis shows that more than 70% of
studies on planar or inverted PSCs report reduced hysteresis and improved fill factors, echoing
Jung and Park (2014), who emphasized the role of interfacial control in mitigating recombination.
Furthermore, our review confirms the increasing use of organic buffer layers and self-assembled
monolayers to optimize energy level alignment, supporting earlier results by Xue et al. (2018).
Compared to early PSCs, which often exhibited unpredictable performance due to poor
interface engineering, the recent literature shows how architectural refinement has enabled
more stable and reproducible device behavior.
While early PSC studies were criticized for poor stability, this review highlights how compositional
and encapsulation innovations have fransformed the narrative. Initial stability challenges—such
as phase instability, moisture sensitivity, and photodegradation—were documented by Jung and
Park (2014) and Yang et al. (2016) , who stressed the material’s inherent reactivity. Our synthesis
of nearly 100 stability-focused articles reveals that recent triple-cation and quasi-2D perovskites
now regularly report T80 lifetimes exceeding 1,000 hours, aligning with the improvements noted
by Berny et al. (2015). The shift from single-cation MAPDbI; fo complex multicomponent systems has
not only improved efficiency but also significantly extended durability under stress conditions, a
trend similarly reported by Hu et al. (2015). Encapsulation strategies have also progressed; earlier
glass-only modules have been supplanted by multilayer polymer barriers that block moisture and
UV penefratfion, as supported by Shi ef al. (2015). This review further confirms that stability
engineering now mafches efficiency research in frequency and depth, signifying a matured
approach toward commercial readiness.
The findings related to scalable fabrication techniques reveal a significant transformation from
lab-based to industrial-scale PSC production. Early studies such as those by Jung and Park (2014)
and Armaroli and Balzani (2015) demonstrated proof-of-concept for scalable methods like blade
coating and slot-die printing. Our review adds to this body of work by documenting how over 80
studies now report successful franslation of these methods to substrates larger than 100 cm?, with
efficiencies exceeding 18%, a finding echoed by Shi et al. (2015). This shift confirms earlier
projections by Duan et al. (2018) that scalable deposition would become central fo
commercialization. Additionally, vapor-based fabrication such as thermal evaporation has
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increasingly been used to complement solution processing, offering greater compositional
control and surface uniformity, supporting hybrid approaches previously suggested by Park et al.
(2016). The recurring theme is that scalability, once considered a bofttleneck, is now integrated
info mainstream research agendas, representing a decisive transition from feasibility to
production readiness.
Techno-economic findings from this review demonstrate alignment with earlier economic
analyses that predicted PSCs could compete with or undercut silicon PV in cost-per-watt and
levelized cost of electricity (LCOE). Prior projections by Wu et al. (2020) and Hu et al. (2015)
estimated LCOE for PSCs to fall between $0.04 and $0.06/kWh if certain performance and stability
metrics were achieved. The current review confirms that more recent studies have refined these
estimates to between $0.03 and $0.05/kWh, conditional on stable 20%+ efficiency over a five-year
minimum. Moreover, the reviewed articles provide validation that EPBT values for PSCs (0.3-0.5
years) are significantly lower than those of crystalline silicon (1.5-2.5 years), echoing the
environmental and economic analyses presented by Huang et al. (2020). However, consistent
with Berny et al. (2015), findings also suggest that LCOE is highly sensitive to device lifespan,
reinforcing the interconnectedness between economic and stability considerations.
The lifecycle assessment (LCA) findings show convergence with earlier evaluations which
suggested that PSCs could outperform incumbent technologies in environmental sustainability.
The EPBT and GHG emission metrics reviewed here match well with the early modeling by Yang
et al.(2020), which showed that PSCs have a significantly smaller carbon footprint than silicon due
to reduced energy consumption during fabrication. However, this review also confirms the
concerns voiced by Zhu et al. (2015) and Li et al.,(2019) regarding lead toxicity and the need for
recycling frameworks. While encapsulation and material substitution have reduced the
immediate risk, the data sfill lack a robust, cost-effective recycling model that fully addresses long-
term ecological impact. The current synthesis reaffirms the earlier call by Yin et al. (2016) for
environmental oversight in the fransition to commercial deployment, indicating that while PSCs
show remarkable sustainability potential, their lifecycle strategy remains incomplete without
stfandardized end-of-life freatment.
Industry engagement findings confirm the commercial promise previously discussed in strategic
analyses by Firdaus et al.(2019) and Liang and Gao (2017) . Our review shows that companies
such as Oxford PV and Saule Technologies have successfully progressed from lab prototypes to
module demonstration, validating the TRL advancements projected by Jung and Park (2014).
More than 50 reviewed studies reported on startup activity, pre-commercial pilot lines, or
partnerships with national laboratories. These findings mirror the commercial interest highlighted
by Zhang et al.(2018), who anticipated an influx of private investment following scalability
validation. The emphasis on BIPV and flexible electronics across these studies also reflects earlier
predictions by Duan et al. (2018) that niche applications would drive initial adoption. Importantly,
while industry literature increasingly addresses performance reproducibility and certification
hurdles, there remains a noticeable gap in tfransparent reporting of commercial durability data,
as originally critiqued by Firdaus ef al. (2019).
A critical gap reaffimed by this review is the lack of standardized outdoor and long-term
operational data, consistent with the concerns raised by Zhu et al. (2015). While lab-based stability
testing has improved, real-world validation remains sparse. The current synthesis found only a
limited number of articles addressing extended field deployment or climate-specific degradation
pathways, echoing the observations of Xue et al. (2018). The disparity between controlled lab
testing and outdoor performance underlines the need for multi-year field trials, as previously
emphasized by Firdaus et al. (2019). The limited presence of real-time diagnostics—such as
thermal coefficients, partial shading behavior, and MPP tracking efficiency—suggests that existing
PSC literature does not yet meet the standards required for bankability assessments. These
omissions not only replicate earlier critiques but also delay the development of robust
degradation models and warranty structures essential for commercial scaling. Finally, the review
reveals uneven adoption of international standards and regulatory compliance mechanisms
across the PSC research ecosystem, a trend previously observed by Mei et al. (2014) and
confirmed by recent findings from Shi et al. (2015). Although guidelines such as IEC 61215 and
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61730 are increasingly referenced, full compliance in testing methodologies is rare. Only a small
fraction of reviewed studies explicitly confirmed full adherence to certification protocols, a finding
consistent with the regulatory gap identified by Xie et al. (2017) . Moreover, lifecycle and toxicity
reporting remain inconsistent, despite the development of eco-design standards by agencies like
the European Chemicals Agency (ECHA). This inconsistency undermines confidence in cross-
laboratory data and weakens the reliability of comparative claims, a crifique also noted by Shi et
al. (2015). Therefore, the current review validates earlier calls for standardized testing and
reporting practices to ensure the integrity of perovskite solar technology as it moves toward global
commercialization.

CONCLUSION

This systematic literature review synthesizes evidence from 609 peer-reviewed articles to provide
a comprehensive assessment of the current advancements, performance optimization strategies,
and commercialization potential of perovskite solar cells (PSCs). The review confirms that
significant progress has been made in material composition, with multi-cation and mixed-halide
formulations improving both efficiency and environmental resilience. Architectural innovations,
particularly in planar and inverted configurations, have enhanced device stability and scalability,
while encapsulation fechniques and interface engineering have extended operational lifespans.
Moreover, scalable fabrication methods such as slot-die and vapor deposition have
demonstrated viability at pilot scale, indicating readiness for industrial integration. Economic
assessments  further validate PSCs as cost-competitive alternatives to tfraditional silicon
photovoltaics, especially due to their low production costs and short energy payback times.
However, the review also identifies key gaps in standardization, real-world durability data, and
long-term degradation modeling, highlighting the need for harmonized testing protocols and
outdoor deployment studies. Environmental lifecycle assessments underscore the promise of PSCs
in reducing carbon footprints but simultaneously emphasize the necessity for lead recycling and
toxicity mitigation. Although industrial partnerships and startup initfiatives have begun to bridge
the gap between lab-scale innovation and commercial readiness, the lack of consistent
regulatory compliance and field-validated performance data remains a barrier to widespread
adoption. This review thus provides a clear roadmap of the achievements and limitations in the
field, offering foundational insights to guide future research, policy-making, and
commercialization strategies for next-generation perovskite photovoltaics.
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