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Perovskite solar cells (PSCs) have rapidly emerged as a transformative technology in the field of 

photovoltaics, offering a compelling combination of highpower conversion efficiencies, low-cost fabrication, 

and tunable optoelectronic properties. This review provides a comprehensive overview of the latest 

advancements in the design and optimization of PSCs aimed at promoting sustainable energy solutions. Key 

focus areas include compositional engineering of perovskite materials, interface modification strategies, 

device architecture innovations, and stability enhancement techniques. The integration of perovskites into 

tandem solar cells and the development of scalable fabrication methods are also discussed in the context of 

commercial viability. By addressing current challenges such as material toxicity, environmental stability, and 

large-scale manufacturing, this review outlines the critical steps needed to transition PSCs from laboratory 

research to widespread deployment in the global energy market. 
 

 
1. INTRODUCTION 

The rapid emergence of perovskite solar cells (PSCs) has rev- 
olutionized the field of photovoltaics, presenting substantial 
advancements in power conversion efficiencies (PCEs) and cost- 
effectiveness. PSCs distinguish themselves through their 
adaptable properties, which allow for tunable absorption spectra 
and flexible application methods. This versatility underscores 
their significance in the quest for sustainable energy solutions, 
offering a promising alternative to traditional silicon-based solar 
technologies. Moreover, the potential of PSCs to significantly 
reduce the carbon footprint of solar energy production aligns 
them with global sustainability goals. By integrating these 
cutting-edge devices into the energy mix, PSCs hold the promise 
to facilitate a substantial shift toward more sustainable and 
environmentally friendly energy systems. This review provides a 
comprehensive summary of the design principles and 
optimization strategies being employed to advance next-
generation PSCs. It begins with discussing materials engineering, 
including compositional tuning and lead-free alternatives. The 
following sections explore interface engineering for charge 
extraction for enhancing long-term stability.  

 
A. Materials Design 

In the pursuit of optimizing perovskite solar cells (PSCs) for 
enhanced efficiency and stability, significant attention has been 
directed toward the design of halide perovskite compositions. 
Among these, formulations such as FA1_xMAxPb(I1_xBrx)3 and 

the Cs/FA/MA triple-cation approach have demonstrated con- 
siderable promise. These compositions are crafted to fine-tune 

 
the energy bandgap, enhancing the device’s ability to absorb 
sunlight and convert it into electricity efficiently. Furthermore, 
transitioning to lead-free alternatives, including elements like 
Sn2+ and Bi3+, addresses environmental and toxicity concerns 
while striving to maintain competitive performance levels [1]. 
Collectively, these innovations in material engineering are piv- 
otal in advancing the overall stability and application potential 
of PSCs, which remains a crucial objective as the field continues 
to evolve. 

 
B. Interface Engineering 

To enhance the performance of perovskite solar cells (PSCs), the 
optimization of interface engineering plays a crucial role, focus- 
ing particularly on electron and hole transport layers (ETLs and 
HTLs, respectively). ETLs such as titanium dioxide (TiO2), tin 

dioxide (SnO2), and zinc oxide (ZnO) are pivotal for facilitating 
efficient electron extraction and transport, which significantly 
minimizes recombination losses and boosts the overall power 
conversion efficiency of PSCs. On the other hand, optimizing 
HTLs employing materials like Spiro-OMeTAD, nickel oxide 
(NiOx), copper thiocyanate (CuSCN), and poly-triarylamine 
(PTAA) is essential for effective hole extraction and transport, 
further enhancing device stability and efficiency. As indicated 
by Azri et al., both ETLs and HTLs play key roles in overcom- 
ing defects associated with interface losses, thereby promoting 
better electronic properties [2]. Through advances in interface 
engineering, PSCs can achieve greater efficiencies and longer 
operational lifetimes, making them more viable for commercial 
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applications in sustainable energy solutions. 

 
C. Device Architecture 

Diverse device architectures are integral to enhancing the per- 
formance of perovskite solar cells (PSCs). Among these, meso- 
porous structures exemplify a classic approach where the per- 
ovskite layer is infiltrated into a scaffold, providing a large sur- 
face area for charge separation and collection [3]. Conversely, 
planar heterojunction structures, featuring a flat interface be- 
tween layers, offer simpler fabrication processes and have been 
shown to achieve noteworthy efficiencies by minimizing layer 
defects. Moreover, inverted structures, which invert the se- 
quence of electron and hole transport layers compared to tradi- 
tional PSCs, allow for better stability and are compatible with 
flexible substrates. Structural optimization techniques, such as 
reducing defect densities and enhancing carrier mobility, under- 
pin the potential of these diverse architectures to meet the de- 
mands of high-efficiency renewable energy solutions, contribut- 
ing to the broader viability and commercial appeal of PSCs. 

Furthermore, the stability of perovskite solar cells (PSCs) is 
critically enhanced through advanced encapsulation methods 
that employ materials like polymer resins and atomic layer depo- 
sition (ALD). These techniques effectively protect the perovskite 
layers from environmental degradation, thereby extending the 
operational lifetime of the devices [4]. Additionally, intrinsic 
stability can be achieved by engineering the perovskite material 
itself to reduce its susceptibility to moisture and thermal stress. 
For instance, modifying the crystallinity and composition of 
perovskite layers not only augments their structural robustness 
but also mitigates phase transitions under different environ- 
mental conditions [1]. Collectively, these strategies contribute 
significantly to enhancing the durability and performance of 
PSCs, ensuring their viability in commercial applications and 
alignment with sustainable energy initiatives. 

Additionally, tandem integration in perovskite solar cells 
(PSCs) is pivotal for achieving higher efficiencies, drawing at- 
tention to the implementation of multi-junction architectures 
that incorporate silicon, CIGS, or organic layers. These architec- 
tures exploit the broad spectrum of sunlight, enabling increased 
power conversion efficiency by linking different bandgaps of 
materials [5].  However, the transition from laboratory success  
to large-scale production presents challenges including scalabil- 
ity, where fabrication techniques must be refined to maintain 
efficiency in larger modules [6]. The environmental impact of 
these tandem setups remains a subject of ongoing exploration,  
as integrating diverse materials necessitates sustainable prac- 
tices throughout the lifecycle of the solar cells [3]. Addressing 
commercialization prospects requires interdisciplinary efforts to 
balance efficiency, cost, and material sustainability, ultimately 
positioning PSCs as frontrunners in renewable energy sources 
that adhere to environmental and economic criteria [5]. 

 
3. CONCLUSION 

The potential of perovskite solar cells (PSCs) to become a corner- 
stone of sustainable energy solutions hinges on their remarkable 
power conversion efficiencies and the promise of environmen- 
tally friendly alternatives to traditional solar technolgies. Inter- 
disciplinary collaboration is essential to fully realize this poten- 
tial, as it fosters advancements in material science, engineering, 
and environmental research, contributing to overcoming cur- 
rent challenges such as  stability  and  scalability.  Key  insights 
for future research directions revolve around the development 

of lead-free compositions to mitigate toxicity issues, alongside 
advancements in interface engineering and device architecture 
to enhance longevity and efficiency. Addressing remaining chal- 
lenges, such as the environmental impact and commercial scal- 
ability of PSCs, will require sustained efforts across various 
scientific disciplines. Ultimately, these concerted efforts could 
pave the way for PSCs to play a significant role in the global 
transition towards renewable and sustainable energy systems. 
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