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Abstract: Perovskite solar cells (PSCs) have emerged as a transformative photovoltaic technology, 

offering exceptional power conversion efficiencies (PCEs) surpassing 26% in laboratory settings, 

combined with low-cost fabrication and tunable optoelectronic properties. This chapter provides a 

comprehensive overview of the fundamental structure, working principles, and material components of 

PSCs, including recent innovations in perovskite compositions and device architectures. Particular 

emphasis is placed on the role of core/shell lead halide perovskite nanocrystals and their functional 

interfaces with diverse organic, inorganic, oxide, polymeric, chalcogenide, and perovskite-type shells for 

enhancing stability and performance. Despite remarkable progress, challenges such as moisture 

sensitivity, thermal and phase instability, toxicity concerns (particularly lead-based compositions), and 

scalability persist. We discuss state-of-the-art strategies to address these limitations through materials 

engineering, interfacial modifications, and encapsulation techniques. The chapter concludes with a 

forward-looking perspective on the commercial viability of PSCs, highlighting critical milestones such 

as IEC-certified long-term stability, module-scale production, and environmentally responsible lead 
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management. Collectively, these insights position PSCs as strong contenders for next-generation 

renewable energy solutions, potentially revolutionizing both stationary and portable solar energy 

harvesting applications. 

Keywords: Perovskite, Stability, Renewable energy, Next-generation photovoltaic 

1. Introduction 

In the ever-evolving story of science and technology, some pairings feel so natural, so inevitable, that 

they seem destined—fated even. In the realm of renewable energy, one such pairing has recently 

captured the imagination of scientists and engineers worldwide: perovskite materials and solar cell 

technology.1–3 Like characters in a compelling love story, they met under unique circumstances, sparked 

with instant chemistry, and together ignited hope for a brighter, cleaner future. But as with any great 

romance, the question remains—is this a fleeting affair or a lasting union? 

Perovskite solar cells (PSCs) have emerged as one of the most promising next-generation 

technologies for energy harvesting. Over the past decade, they have taken the scientific community by 

storm, demonstrating record-breaking efficiencies that rival and, in some cases, even surpass traditional 

silicon-based photovoltaics.4,5 What makes perovskites so attractive is their extraordinary suite of 

optoelectronic properties—high absorption coefficient, long carrier diffusion lengths, tunable band gaps, 

and ease of fabrication through low-temperature solution processing.6 

This meteoric rise in performance has led many to believe that perovskite solar cells are more than 

just a "marriage of convenience." They appear to be the perfect partner—efficient, flexible, lightweight, 

and cost-effective—offering solutions to many limitations faced by earlier solar technologies.2,7,8 

Perovskites can be processed on rigid or flexible substrates, enabling their use in portable devices, 

building-integrated photovoltaics, and even wearable electronics. In essence, they have opened up a new 

realm of possibilities in how we think about capturing and utilizing solar energy.9,10 

However, as with any idealized love story, there are challenges—hidden vulnerabilities and 

unresolved conflicts. The biggest of these lies in stability and scalability. While perovskite materials 

show outstanding performance under laboratory conditions, their long-term durability under real-world 

stressors like humidity, heat, UV exposure is still remains a major concern.1 Their sensitivity to 

environmental conditions leads to degradation, raising critical questions about their commercial 

viability. Moreover, large-scale manufacturing techniques that maintain both quality and cost-

effectiveness are still under development. 

Thus, we arrive at the central question of this chapter: Are perovskite solar cells a true love story 

destined to transform our energy future, or merely a passionate but short-lived affair? Through this 

chapter, we explore the origin, evolution, strengths, and vulnerabilities of this intriguing partnership. We 

examine whether the union of perovskite materials and solar cell technology is indeed a match made in 
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energy heaven, or if it still needs counselling to resolve fundamental differences before it can live up to 

its full potential. As we navigate this tale of innovation, ambition, and potential, let us delve into the 

science, the breakthroughs, and the hurdles ultimately seeking clarity on whether this union is built to 

last. 

2. What Are Perovskites? 

There’s no doubt that materials with perovskite-like structures have once again captured the spotlight—

this time, with unprecedented excitement surrounding their potential in solar energy technologies.9,10 

Since the ground breaking discovery in 2006 by Tsutomu Miyasaka's research group in Japan, which 

revealed the promising photochemical properties of methylammonium lead iodide (CH3NH3PbI3), 

perovskite materials have rapidly risen as leading candidates for next-generation solar cells. Their 

remarkable efficiency improvements in just a short span have brought them to the brink of commercial 

viability, igniting what many now call the new “perovskite boom”. 

But what exactly is a perovskite? 

The term originally refers to a naturally occurring mineral—calcium titanium oxide (CaTiO3)—first 

discovered in 1839 and named after the Russian mineralogist Lev Perovski.10 Over time, scientists 

realized that many compounds could adopt the same crystal structure, now generically referred to as the 

perovskite structure, which follows the general formula ABX₃. In this structure: 

• ‘A’ is a large cation (like methylammonium or cesium), 

• ‘B’ is a smaller metal cation (like lead or tin), 

• ‘X’ is an anion, often a halide (such as iodide, bromide, or chloride) 

This seemingly simple 3D framework gives rise to an incredible diversity of physical properties—

ranging from ferroelectricity, magnetoresistance, and superconductivity, to outstanding light absorption 

and charge transport—making perovskites a central focus in various fields of material science. 

We’ve seen a few “booms” in perovskite research before. Back in the 1990s, they attracted intense 

attention for their magnetoresistance properties. Before that, the superconductivity craze of the late 

1980s briefly placed them in the limelight. However, the current surge in interest, driven by their use in 

solar energy, is perhaps the most transformative yet. Unlike previous eras, today’s excitement has spilled 

beyond academic labs and into mainstream media, industry discussions, and global sustainability 

agendas. 

In the 1920s, Goldschmidt and his team made a ground-breaking discovery: oxides with the formula 

AMO3 tend to adopt the perovskite structure when their tolerance factor (t) falls between 0.8 and 1.0.9–12 

This marked the beginning of using "perovskite" not just for the mineral, but also for the entire class of 

similarly structured compounds—regardless of symmetry. Their work, published between 1922 and 

1926 in the seminal series “Geochemische Verteilungsgesetz der Elemente”, laid the foundation of 

modern crystal chemistry. Soon after, William Zachariasen, building on Goldschmidt’s insights, refined 
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the concept by analyzing coordination environments and ionic radii, proposing a narrower tolerance 

range of 0.9 ≤ t ≤ 1.1. Around the same time, Giulio Natta’s group showed that even ABX₃ halides 

(where X = I, Cl, or Br) could crystallize in the perovskite structure—further expanding the family of 

perovskite-type materials beyond oxides.9,11 

Perovskites have emerged as one of the most exciting materials for solar applications due to their 

exceptional optoelectronic properties, rapid efficiency improvements, and low-cost fabrication potential. 

With power conversion efficiencies rising from around 3% to over 26% within a decade, they rival 

traditional silicon solar cells and even enhance performance when used in tandem configurations.10 Their 

high absorption coefficient, long carrier diffusion lengths, and tunable bandgap make them ideal for 

efficient light harvesting and integration into flexible, lightweight devices. Furthermore, perovskites can 

be processed at low temperatures using simple solution-based methods, enabling scalable and cost-

effective production on various substrates, including flexible plastics. Their adaptability also supports 

applications in building-integrated photovoltaics, wearable electronics, and portable solar systems. This 

combination of high performance, material versatility, and economic feasibility positions perovskites as 

a transformative force in the future of solar energy. 

3. Perovskite Solar Cells: Anatomy and Working Principles 

Perovskite solar cells (PSCs) represent a class of emerging photovoltaic technologies that have gained 

immense attention due to their high efficiency and versatile processing methods. Their device structure 

and operating mechanism differ significantly from conventional solar cells like silicon (Si), cadmium 

telluride (CdTe), and copper indium gallium selenide (CIGS). To understand how PSCs work, it is 

essential to explore their typical device architectures, the mechanism of charge generation and transport, 

and how they compare with established technologies. 

Device Architectures in PSCs 

PSCs are composed of multiple functional layers that work together to convert sunlight into electricity. 

The typical structure includes a transparent conducting substrate (like FTO or ITO), an electron transport 

layer (ETL), a light-absorbing perovskite layer (such as MAPbX3 or CsPbX3), a hole transport layer 

(HTL), and a metal electrode (usually gold or silver). When sunlight hits the perovskite layer, it absorbs 

photons and generates electron-hole pairs, which rapidly dissociate due to the low exciton binding 

energy. Electrons are extracted by the ETL and transported to the cathode, while holes move through the 

HTL toward the anode, creating a flow of current through an external circuit. The high absorption 

coefficient, suitable bandgap, and efficient charge transport properties of perovskites make them highly 

promising for next-generation solar technology, although challenges like long-term stability and lead 

toxicity remain critical hurdles for commercial adoption.13 
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Table 1: Overview of Key Layers in a Typical Perovskite Solar Cell Along with Their Functions and Commonly 

Used Materials 

Layer Function Common Materials 

Substrate Mechanical support and transparency Glass, PET (for flexible cells) 

Transparent Electrode Conducts charge and lets light in 
FTO (fluorine-doped tin oxide), ITO 

(indium tin oxide) 

Electron Transport 

Layer (ETL) 

Selectively extracts electrons and blocks 

holes 
TiO₂, SnO₂, PCBM 

Perovskite Active Layer 
Absorbs light and generates excitons 

(electron-hole pairs) 

MAPbX3, FAPbX3, CsPbX3, Mixed 

halides 

Hole Transport Layer 

(HTL) 
Extracts holes and blocks electrons Spiro-OMeTAD, NiO, PTAA, CuSCN 

Back Contact / Metal 

Electrode 
Collects holes and closes the circuit Au, Ag, Al 

4. Advantages of Perovskite Solar Cells 

 

Fig. 1: Schematic representation of the perovskite crystal structure (ABX3) and the dynamic loop shows the 

properties of metal halide perovskite. The central structure highlights the A-site cation (dark blue), B-site metal 

cation (light blue), and X-site halide anions (red), with surrounding arrows indicating the advantages of perovskite. 
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Perovskite materials, with the general formula ABX3 as shown in Figure 1, offer several compelling 

advantages for solar cell applications due to their unique crystal structure and tunable composition. The 

ability to engineer the A-site cation, B-site metal, and X-site halide enables precise control over the 

bandgap, facilitating optimal light absorption across the solar spectrum. These materials exhibit high 

absorption coefficients, long carrier diffusion lengths, and low trap-state densities, which contribute to 

efficient charge transport and minimal recombination losses. Their intrinsic defect tolerance and facile 

solution-based synthesis at low temperatures allow for cost-effective fabrication and scalability. 

Furthermore, the structural versatility of perovskites supports integration into various device 

architectures, including tandem and flexible solar cells. These attributes, combined with rapid 

advancements in power conversion efficiencies, position perovskite materials as promising candidates 

for next-generation photovoltaic technologies. 

5. The Challenges: Not All That Glitters is Gold 

Despite their meteoric rise in performance and immense promise, PSCs are not without significant 

challenges. These issues, if unaddressed, could impede their commercialization and long-term field 

deployment. The major hurdles lie in their stability, toxicity, and scalability, all of which must be 

simultaneously resolved for PSCs to achieve widespread market adoption.1,3,4,8 

5.1 Stability Issues 

One of the most critical limitations of PSCs is their inherent instability under environmental stressors 

such as moisture, oxygen, heat, and ultraviolet (UV) radiation. 

• Moisture and Oxygen Sensitivity 

Hybrid organic-inorganic perovskites, especially those containing methylammonium (MA⁺), are 

highly hygroscopic. Moisture penetrates the perovskite crystal structure and triggers hydrolysis 

reactions, leading to the decomposition of the perovskite into lead iodide (PbI2), methylamine 

(CH3NH2), and hydrogen iodide (HI). The overall reaction can be represented as: 

CH3NH3PbI3 + H2O → PbI2 + CH3NH2 + HI 

Oxygen exacerbates this degradation under illumination, as reactive oxygen species (ROS) 

generated within the perovskite film attack the lattice, accelerating its breakdown.2 

• Thermal Instability 

Perovskites exhibit phase transitions at elevated temperatures, especially when MA⁺ or FA⁺ is used 

as the A-site cation. MA-based perovskites decompose at temperatures as low as 85 °C, which is 

problematic given the heating conditions solar panels endure in real-world conditions. The volatility 

of organic components (e.g., MA⁺ and FA⁺) contributes to lattice instability and ion migration, 

leading to device hysteresis and eventual failure.3,14,15  
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• UV and Light-Induced Degradation 

Ultraviolet light, especially in TiO2-based architectures, generates electron–hole pairs that react with 

oxygen and water, producing ROS that attack the perovskite interface. Moreover, continuous 

illumination induces ion migration (e.g., I⁻, MA⁺), which disturbs the internal electric field and 

contributes to performance loss and hysteresis. 

5.2 Toxicity Concerns 

The second major issue hampering perovskite adoption is toxicity, primarily due to the use of lead 

(Pb²⁺). 

• Environmental Impact 

Lead, even in minute quantities, poses significant health and environmental risks. During 

manufacturing, handling, or accidental breakage of solar modules, lead can leach into soil or 

groundwater. The World Health Organization (WHO) classifies lead as a potent neurotoxin, 

especially harmful to children and pregnant women. 

• End-of-Life and Recycling Challenges 

The lack of standardized recycling or disposal mechanisms for perovskite-based modules is another 

challenge. The long-term environmental footprint of discarded or damaged PSC modules could be 

considerable unless proper recycling technologies are developed. 

• Lead-Free Alternatives 

Researchers are actively exploring lead-free perovskites, although they currently suffer from inferior 

performance and stability. 

1. Tin-based perovskites (e.g., MASnI3) are a leading alternative but suffer from rapid 

oxidation of Sn²⁺ to Sn⁴⁺. 

2. Germanium-based perovskites (e.g., MAGeI3) have similar oxidation issues and are less 

stable. 

3. Bismuth- and antimony-based double perovskites show promise in terms of non-toxicity and 

stability but exhibit lower efficiencies due to indirect bandgaps and poor charge mobility. 

5.3 Scalability and Reproducibility 

While laboratory-scale devices have demonstrated extraordinary performance, scaling up PSCs for 

commercial applications introduces significant complexities. 

• Film Uniformity 

Perovskite film quality is highly sensitive to processing parameters such as temperature, humidity, 

solvent type, and annealing conditions. Achieving pin-hole-free, uniform films over large areas 

(>100 cm²) is a major challenge. 
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Issues such as: 

1. Inhomogeneous nucleation and crystallization, 

2. Grain boundary formation, 

3. Solvent evaporation rates, 

4. can lead to spatial variation in film thickness and device performance. 

• Reproducibility Across Batches 

Unlike silicon photovoltaics, where process variation is minimal, perovskite device fabrication is 

prone to batch-to-batch variation due to the soft nature of the crystal and its sensitivity to ambient 

conditions. Even small changes in humidity or precursor purity can cause significant efficiency 

variation. 

6. Recent Advances and Innovations 

The past decade has seen transformational progress in the field of PSCs, not only in terms of achieving 

record-breaking efficiencies but also in addressing their inherent limitations. From materials chemistry 

and device engineering to scalable fabrication and lifecycle management, innovation is accelerating 

across every domain of PSC research.  

 

Fig. 2: Schematic representation of various shelling strategies for core/shell lead halide PNCs. Six major classes of 

shell materials—organic, inorganic, perovskite-type, polymeric, oxide-based, and metal chalcogenide—are shown 

interfacing with the PNC core. 
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The development of core/shell architectures for lead halide perovskite nanocrystals has emerged as a 

transformative strategy to overcome the intrinsic instability and surface defect issues that plague pristine 

perovskite systems.8,16,17 These innovations harness the synergy between the perovskite core and a 

diverse set of shell materials, each offering unique benefits in terms of chemical passivation, 

environmental durability, and optoelectronic enhancement. 

• Organic Shells 

Organic ligands, such as long-chain alkyl amines, carboxylic acids, and zwitterions, are among the 

first materials used to passivate the surface of perovskite nanocrystals. These organic molecules 

form a soft, dynamic shell around the nanocrystal core, protecting it from moisture and oxygen 

while improving colloidal stability. Recent studies have employed multi-dentate ligands or 

functionalized ligands (e.g., thiol–PEG, phosphonic acid derivatives) to provide stronger anchoring, 

enhanced charge mobility, and reduced trap states. Organic shells are particularly useful for light-

emitting applications, where quantum yield is a critical factor.18 

• Inorganic Shells 

Inorganic passivation layers, including Al2O3, ZnS, CdS, and SiO2, offer superior protection against 

thermal and chemical degradation. These rigid shells serve as physical barriers against 

environmental stressors while improving carrier confinement. Advances in atomic layer deposition 

(ALD) and cation exchange techniques have enabled conformal and ultrathin inorganic coatings, 

preserving the optical properties of the core. In particular, ZnS-coated CsPbBr3 NCs have shown 

significantly enhanced photostability and photoluminescence quantum yield (PLQY), marking a leap 

forward in durability for optoelectronic and display technologies.17,19,20 

• Metal Chalcogenide Shells 

Shells based on metal chalcogenides (e.g., PbS, CdSe, MoS₂) have gained attention for their 

complementary band structures and potential for heterojunction formation. These materials can be 

engineered to facilitate charge extraction or energy transfer at the interface. For example, a 

CsPbBr3/PbS core/shell structure can benefit from the infrared absorption of PbS and the high 

radiative efficiency of the perovskite core, making such hybrids ideal for photodetectors and tandem 

solar cell substructures. The use of chalcogenide shells also introduces new pathways for tuning the 

carrier dynamics and photoresponse characteristics of the nanocrystals.19 

• Oxide Shells 

Metal oxides such as TiO2, Al2O3, and MgO have been explored as robust, wide-bandgap shell 

materials. These oxides improve thermal stability and act as dielectric barriers to suppress ion 

migration and surface recombination. Innovative deposition methods like sol-gel processing and 

plasma-enhanced chemical vapor deposition (PECVD) allow for the growth of conformal oxide 

shells without damaging the perovskite core. Oxide shelling has enabled applications in high-

temperature stable photovoltaics and long-term light-emitting devices.16,18,21 
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• Polymeric Shells 

Polymeric encapsulation offers a flexible and scalable route to protect perovskite nanocrystals. 

Polymers such as PMMA, PVP, and polyurethane have been used to embed or coat LHP NCs, 

significantly enhancing their mechanical integrity and solvent resistance. More recently, functional 

polymers with chelating groups or ionic conductivity have been developed to provide dual-function 

passivation—stabilizing the nanocrystal surface while promoting charge transport. Polymeric shells 

are especially useful in solution-processed devices, where compatibility with flexible substrates is 

essential.18,22 

• Perovskite Shells (Core/Shell Perovskite–Perovskite Structures) 

Engineering perovskite/perovskite heterostructures, such as a narrow-bandgap CsPbI₃ core with a 

wide-bandgap CsPbBr₃ shell, offers a novel route to band alignment tuning and strain management. 

These core/shell perovskite systems preserve lattice continuity, thereby reducing interfacial defects. 

Innovations in gradient composition engineering have enabled smooth electronic transitions across 

the core-shell boundary, enhancing carrier diffusion lengths and enabling color-tunable light 

emission for display and lighting applications.23,24 

The development of such diverse shell materials represents a multi-pronged approach to tackle 

the limitations of LHP NCs. By selecting and designing shells according to the target application—

whether it's improved stability, enhanced luminescence, better charge extraction, or environmental 

robustness—researchers are progressively unlocking the commercial viability of perovskite 

nanocrystals in solar cells, LEDs, lasers, and photodetectors. The Figure 2 provided captures this 

diversity, showing how organic, inorganic, perovskite, polymeric, oxide, and metal chalcogenide 

shells all converge on the goal of stabilizing and enhancing core/shell lead halide perovskite 

nanocrystals. These innovations are crucial for transitioning perovskite technology from the lab 

bench to real-world applications. 

7. Future Outlook: Are PSCs the Ultimate Match? 

Perovskite solar cells (PSCs) are rapidly emerging as one of the most promising photovoltaic 

technologies, thanks to their remarkable power conversion efficiencies, low-temperature processability, 

and material tunability. As the field matures, a key focus is achieving long-term operational stability, 

which is essential for commercialization. The ambitious target of IEC-certified stability beyond 25 

years—a benchmark typically met by conventional silicon-based modules—requires not only 

improvements in intrinsic material robustness but also advanced encapsulation strategies and 

degradation-resistant device architectures. Researchers are increasingly exploring compositional 

engineering, interface passivation, and core/shell nanocrystal technologies to mitigate the impact of 

environmental stressors such as moisture, UV radiation, and thermal cycling. If achieved, this level of 

durability would mark a decisive shift from lab-scale innovation to rooftop adoption. 
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Parallel efforts are underway to scale up production without compromising performance. Real-world 

integration demands large-area PSC modules exceeding 500 cm² with efficiencies above 20%, which 

poses challenges in maintaining uniform film morphology, minimizing defects, and ensuring device 

reproducibility across batches. Additionally, environmental concerns regarding lead toxicity are being 

addressed through the development of lead-sequestration layers, recycling frameworks, and the 

exploration of lead-free alternatives (e.g., tin- or bismuth-based perovskites). Looking ahead, PSCs are 

also positioned to enable next-generation energy solutions such as flexible, lightweight, and wearable 

photovoltaics, seamlessly integrating into urban infrastructure, vehicles, or personal electronics. With 

continued interdisciplinary collaboration among chemists, engineers, and materials scientists—and 

strong support from industry and policy-makers—PSCs could indeed become the ultimate match for the 

future of sustainable solar energy. 
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