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Abstract—A revolutionary development in solar cell technology, 

nanostructured perovskites have the potential to greatly 

improve stability and power conversion efficiency (PCE). The 

contribution of microstructure, including defect passivation, 

surface morphology, crystallinity, and grain size, to perovskite 

solar cell (PSC) performance optimization is evaluated in this 

paper. Through nanoscale optimization of these microstructural 

characteristics, scientists may enhance light absorption, 

minimize recombination losses, and optimize charge transfer, 

all of which contribute to increased efficiency. More versatility 

in bandgap engineering for a range of applications is made 

possible by the distinct optoelectronic properties of perovskites 

in conjunction with the benefits of nanostructuring. The 

endurance of nanostructured perovskites under environmental 

pressures and the scalability of production techniques are two 

issues that persist despite these developments. It is essential to 

overcome these obstacles in order to commercialize PSCs. 

Potential future developments for lead-free perovskite 

substitutes and the incorporation of nanostructured materials 

into hybrid solar systems are also examined in this study. Key 

results, ramifications, and opportunities for future 

advancements in nanostructured perovskites for solar energy 

technology are highlighted in this study, which summarizes the 

present status of research in this area. The review process aims 

to summarize current developments in the area and pinpoint the 

crucial problems that need to be resolved for wider acceptance. 
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Conversion Efficiency, Microstructure, Charge Transport, 
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I. INTRODUCTION 

In the fields of solar energy, nanostructured perovskites 

have become a ground-breaking material, especially when it 

comes to improving the performance and efficiency of solar 

cells [1]. Perovskite solar cells (PSCs) have seen a 

spectacular growth in popularity due to their long electron-

hole diffusion lengths, high absorption coefficient, and 

variable bandgap, which make them an attractive option for 

next-generation photovoltaic technology [2]. Developments 

in interface engineering, enhanced film deposition methods, 

and stable perovskite compositions are important turning 

points. Because of these innovations, PSCs are now 

considered to be formidable competitors in the search for 

scalable, affordable, and effective renewable energy sources. 

By manipulating their microstructure at the nanoscale, new 

avenues for improving their optoelectronic characteristics, 

stability, and overall performance may be explored. The 

microstructure of perovskites, which includes crystal 

orientation, morphology, and grain size, is a major factor in 

determining the PSCs' photovoltaic capabilities [3]. Because 

of their well calibrated structural characteristics, 

nanostructured perovskites in particular provide higher light-

harvesting capabilities, decreased recombination losses, and 

enhanced charge carrier dynamics. The enhancements result 

from the modification of the microstructural characteristics 

of the materials, which influence factors like defect density, 

carrier mobility, and absorption efficiency.  

 Innovations in the nanostructured architecture of 

perovskite solar cells (PSCs) have been a major factor in their 

development. At the nanoscale, the properties of materials 

can be significantly altered, often in ways that enhance their 

functionality [4]. Among these characteristics, grain size and 

morphology play crucial roles in determining the material's 

mechanical properties, such as strength, ductility, and 

hardness, as well as its response to various processing 

conditions. Nanostructuring may result in significant 

enhancements to perovskites' light absorption, carrier 

mobility, and overall device stability. These improvements 

result from the material's morphology, grain boundaries, and 

interfaces being accurately controlled, all of which are vital 

to the functioning of the device [5]. 

Perovskites' microstructural engineering enables 

scientists to enhance crystallinity, decrease defect 

concentrations, and maximize crystal grain size. Reduced 

non-radiative recombination centers may be reduced by 

smaller grain sizes and well-managed grain borders, which 

will extend charge carrier lifetimes and improve solar cell 

efficiency overall [6].  Perovskite solar cells perform better 

when crystallinity is increased, defects are decreased, and 

grain size and boundaries are optimized. Larger grains limit 

border losses and enhance charge transfer, whereas higher 

crystallinity and fewer defects decrease recombination. 

Controlled smaller grains decrease non-radiative 

recombination, prolonging carrier lifetimes, and well-

managed grain borders avoid carrier entrapment. These 

improvements result in solar cells that are more stable and 

effective. Furthermore, better optoelectronic characteristics 

of nanostructured perovskites, such as increased exciton 

dissociation and light scattering, result in more effective light 

harvesting and energy conversion. 

Control over grain boundaries, which may serve as 

recombination sites and charge transport channels, is one of 

the main benefits of nanostructuring in perovskites [7]. 

Frohna et. al., 2022, The paper highlights how nanoscale 
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chemical heterogeneity in alloyed perovskite solar cells 

impacts efficiency and stability, with control over this 

heterogeneity improving performance. Wang et. al., 2021, the 

study emphasizes developments in perovskite solar cells, 

emphasizing interface engineering and film morphology to 

improve charge transport, stability, and efficiency. Wang et 

al., 2021, The performance of micro- and nanostructured lead 

halide perovskites in solar cells and LEDs, as well as the 

difficulties in scaling them up for practical applications, are 

the main topics of this study. 

 Through meticulous design of the perovskite 

nanostructure, scientists can reduce losses of charge and 

enhance stability of the device. Furthermore, improved 

integration with electron and hole transport layers made 

possible by nanostructuring leads to more effective charge 

extraction. Moreover, highly ordered nanostructures can now 

be created because to advancements in manufacturing 

methods including chemical vapor deposition and solution-

based procedures, which improve PSC performance even 

more [8]. These developments in nanostructured perovskites 

have enormous potential to raise solar cell efficiency while 

lowering manufacturing costs and enhancing long-term 

operational stability. Perovskite layers may be more 

effectively integrated with other functional materials used in 

solar cells, such as electron and hole transport layers [9]. 

Researchers may obtain more effective charge transfer, lower 

losses, and increase the device's fill factor by customizing the 

interface between these layers. Additionally, nanostructured 

perovskites provide more device architectural freedom, 

enabling the creation of tandem or multi-junction solar cells 

that may further increase efficiency. Nanostructuring has 

greatly increased the stability of perovskite solar cells in 

addition to their enhanced performance [10]. The primary 

obstacle associated with PSCs has been their vulnerability to 

deterioration when exposed to environmental stressors such 

moisture, oxygen, and ultraviolet radiation. It has been shown 

that perovskites may be structurally strengthened by 

nanostructuring, increasing their resistance to deterioration 

and prolonging their useful life. 

In this review, examine the function of microstructure in 

nanostructured perovskites with an emphasis on the ways in 

which grain size, shape, orientation, and other characteristics 

affect the efficiency of solar cells. Additionally, 

incorporating nanostructured materials into hybrid solar 

systems and creating lead-free substitutes. This work 

attempts to shed light on the relationship between 

nanostructure and performance by summarizing recent 

research, directing future investigations toward the 

development of stable, highly effective perovskite solar cells. 

II. OVERVIEW OF PEROVSKITE SOLAR CELLS 

PSCs, or perovskite solar cells, are a cutting-edge and 

quickly developing photovoltaic technology that has 

garnered a lot of interest because of its remarkable power 

conversion efficiency (PCE) and possibility for cheap 

manufacturing costs [11]. Perovskite, the key material in 

perovskite solar cells (PSCs), adopts the ABX₃ crystal 

structure, where 'A' represents a monovalent cation (such as 

formamidine or methylammonium), 'B' is typically a metal 

cation (like lead or tin), and 'X' is a halide ion (such as iodide, 

bromide, or chloride). These perovskites exhibit outstanding 

optoelectronic properties, including long charge carrier 

diffusion lengths, tunable bandgaps, and high absorption 

coefficients, making them highly efficient for solar energy 

conversion. 

PSCs have rapidly improved their efficiency since they 

were first developed; their PCEs currently exceed 25%, 

putting them on par with well-established silicon-based solar 

cells [12]. PSCs are attractive not just because of their great 

efficiency but also because low-temperature solution 

processing may be used to fabricate them, opening up 

affordable, scalable manufacturing techniques like spin 

coating or printing. Compared to silicon solar cells, which 

depend on energy-intensive procedures like high-temperature 

crystal formation, perovskite solar cells (PSCs) have reduced 

production costs. PSCs are positioned as an economical 

renewable energy source because of their solution-based, 

low-temperature manufacturing and scalable roll-to-roll 

printing, which allow for quicker and less expensive 

production. Notwithstanding these benefits, there are still 

issues to be resolved, especially with regard to environmental 

sensitivity and long-term stability. Perovskite films may 

deteriorate over time due to factors including heat, moisture, 

and UV light exposure, which will eventually result in lower 

performance. In Fig. 1, a perovskite solar cell, holes go to the 

metal electrode and HTL while electrons are excited by light 

and flow to the FTO and ETL. Band alignment guarantees 

effective current generation and charge separation. Improved 

encapsulation methods, the incorporation of new materials, 

and the creation of more durable perovskite compositions are 

all attempts to increase the stability of PSCs. In addition, 

investigations toward substitutes devoid of lead are still 

underway to address the toxicity issues with lead-based 

perovskites. PSCs have a lot of potential for the advancement 

of solar technology despite these difficulties.  

 

Fig. 1. Working principle of perovskite solar cells [13] 

An electron transport layer (ETL), a perovskite layer for 

light absorption and electron-hole pair generation, a hole 

transport layer (HTL) for holes, a metal electrode (gold or 

silver), and fluorine-doped tin oxide (FTO) as the substrate 

are the key layers that make up a perovskite solar cell's 

operating mechanism. Electron-hole pairs are created in the 

perovskite layer when light strikes it. Electricity is produced 

by electrons traveling to the ETL and holes moving to the 

HTL. PSC performance depends on effective charge 

transmission and separation. In order to reduce charge 

recombination and increase efficiency, these layers' 
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interfaces are essential. Smooth charge flow is guaranteed by 

the layers' proper alignment of energy levels, and the 

perovskite material's exceptional performance is a result of 

its high absorption coefficient and adjustable bandgap. To 

further increase stability and efficiency, sophisticated 

methods including interface engineering and surface 

passivation are often used. Overview of current findings on 

the effects of doping, post-treatment, synthesis technique, 

and ZnO structure on the PSC device's PCE shown in Table 

1. 

Table 1. An overview of current findings on the effects of doping, post-

treatment, synthesis technique, and ZnO structure on the PSC device's PCE 

[14] 

Structure 
Synthesis 

Method 

Post-

Treatment 
Doping 

PCE 

[%] 

Nanorods Hydrothermal - - 10.3 

Nanorods Hydrothermal - Nitrogen 11.6 

Nanorods Hydrothermal 
Al2O3 

passivation 
Nitrogen 13.6 

Nanorods Hydrothermal - Nitrogen 16.1 

Nanoparticles 
Non-aqueous 

method 
- - 4.3 

Nanoparticles Spin coating - - 7.0 

Nanoparticles 

Spin coating 

(ZnO and 

ZnS blend) 

Thermal 
decomposition 

- 10.9 

Nanoparticles Spin coating - Iodine 13.1 

Nanoparticles Hydrothermal - Iodine 18.2 

Nanoparticles 
RF 

magnetron 

sputtering 

- Gallium 20.2 

III. MICROSTRUCTURE'S FUNCTION IN PEROVSKITE 

SOLAR CELLS 

The efficiency of perovskite solar cells (PSCs) by 

affecting important variables such light absorption, 

recombination losses, and charge transport. Grain size, 

crystallinity, surface morphology, and defect density are 

characteristics that characterize the microstructure of 

perovskite films and may affect a solar cell's efficiency. 

A. Grain Size and Boundaries 

Key elements affecting perovskite solar cells' (PSCs') 

performance include grain boundaries and size [15]. Since the 

grain boundary density acts as a location for charge carrier 

recombination, larger grains in perovskite films often result 

in improved charge transport. Grain boundaries have the 

potential to trap charge carriers, leading to non-radiative 

recombination that reduces the solar cell's fill factor (FF) and 

open-circuit voltage (Voc) [16]. Grain size may be controlled 

by researchers using different manufacturing processes 

including solvent engineering or thermal annealing. 

This reduces the number of grain boundaries, which 

improves charge mobility and overall efficiency. For 

example, longer charge carrier diffusion lengths are made 

possible by bigger grains, which results in more effective 

charge collection at the electrodes. Additionally, as bigger 

grains often correspond with smoother surfaces, altering the 

microstructure may result in greater light absorption and film 

homogeneity. Grain size may be useful, but too big grains can 

also provide new difficulties, such heightened sensitivity to 

flaws. In order to ensure that the perovskite layer not only 

displays high efficiency but also retains stability and 

durability under operating circumstances, it is essential to 

optimize grain size in order to balance these impacts. In PSC 

research, this meticulous engineering of grain size and 

boundaries is still very important. 

B. Crystallinity and Film Quality 

Essential factors that determine the stability and 

efficiency of perovskite solar cells (PSCs) are their 

crystallinity and film quality [17]. By reducing flaws that may 

serve as charge carrier traps, high crystallinity in perovskite 

films improves charge transport characteristics. Efficient 

electron and hole mobility is facilitated by well-ordered 

crystalline structures, which lowers non-radiative 

recombination and raises total power conversion efficiency 

(PCE) [18]. On the other hand, low crystallinity often causes 

higher defect concentrations, which may cause charge carrier 

recombination and trapping to result in significant 

performance losses. 

A number of variables, such as the selection of precursor 

materials, deposition methods, and annealing procedures, 

affect the perovskite film's quality. To get the best 

crystallinity, methods including chemical vapor deposition, 

two-step deposition, and solution processing are often used. 

To produce films with greater crystallinity and fewer flaws, 

for example, the two-step deposition approach offers more 

control over the nucleation and development of perovskite 

crystals. Moreover, the optical characteristics of perovskites 

are also influenced by film quality. Superior coatings with 

consistent thickness and little roughness improve absorption 

of light, enabling more efficient photon capture and 

conversion. For this reason, striking a compromise between 

film quality and crystallinity is essential to creating high-

performance PSCs that can function well for long periods of 

time. 

C. Surface Morphology and Light Absorption 

Perovskite solar cells' (PSCs) total efficiency and light 

absorption are greatly influenced by surface shape. The 

perovskite layer's shape and roughness may improve light 

trapping and lower reflection losses, increasing the quantity 

of light that reaches the solar cell [19]. In order to improve 

interaction with incoming light, for example, nanostructured 

surfaces such as nanopillars or nanowires increase the 

effective surface area. This structural modification allows for 

more effective charge extraction by optimizing the 

distribution of electric fields inside the cell and enhancing 

photon absorption.   

Moreover, the interface between the charge transport 

layers and the perovskite layer is influenced by surface shape, 

which is crucial for the effectiveness of charge collecting. 

The overall performance of the device is improved by a 

smooth and well-structured surface, which decreases the 

possibility of charge carrier recombination at interfaces [20]. 

Furthermore, by adjusting the surface morphology, stability 

may be increased by reducing problems caused by moisture 

and environmental deterioration. Surface morphology is thus 

a crucial area of concentration in the creation of high-

performing PSCs because it allows researchers to 

significantly increase light absorption and efficiency by 

carefully manipulating the surface properties of perovskite 

films. 
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D. Passivation of Defects 

As defects in the perovskite layer may operate as 

recombination sites for charge carriers, resulting in 

considerable performance losses, defect passivation is crucial 

for improving the stability and efficiency of perovskite solar 

cells (PSCs) [21]. In order to lessen their effect on charge 

mobility and recombination rates, these defect sites are 

treated or modified in a process known as passivation. 

Effective passivation has been accomplished by a variety of 

techniques, such as the use of 2D materials like graphene or 

organic molecules as additives. In order to "heal" fault 

locations and stop charge trapping, these additives have the 

ability to chemically bind with them. 

To improve charge transfer and lower defect 

concentrations, for example, the use of materials such as ionic 

liquids or fullerene derivatives has showed promise [22]. 

Furthermore, layered designs that include other materials 

with perovskites may improve passivation even further and 

provide the active layer a more stable environment. By 

reducing the rate at which environmental conditions cause 

PSCs to deteriorate, effective passivation not only increases 

power conversion efficiency but also increases the stability of 

PSCs over time. For perovskite solar cells to operate better 

and last longer in real-world applications, defect passivation 

techniques must be optimized. 

IV. NANOSTRUCTURING TECHNIQUES FOR PEROVSKITE 

SOLAR CELLS 

The use of nanostructuring methods has become a viable 

strategy for improving the stability and efficiency of PSCs, 

or perovskite solar cells. These methods include adding 

nanostructures to the cell design to enhance charge transfer, 

light absorption, and overall efficiency [23].  Important 

nanostructuring methods for PSCs include the following:  

• Light Trapping Nanostructures: By optimizing light 

absorption inside the active layer, light trapping 

nanostructures are essential for increasing the efficiency 

of perovskite solar cells (PSCs) [24]. These structures are 

made to control light at the nanoscale, which enables 

better control over photons a necessary component of 

efficiently turning sunlight into energy. An efficient 

method is to increase the optical path length within the 

perovskite layer by scattering incoming light using 

textured surfaces or photonic structures. A research, for 

example, showed that a nanostructured PSC on a textured 

silicon substrate greatly decreased surface reflection and 

increased light absorption via plasmonic effects and light 

trapping, improving power conversion efficiency. 

• Plasmonic Nanostructure Morphology: In perovskite 

solar cells (PSCs), plasmonic nanostructures which are 

usually made of noble metals like silver (Ag) or gold (Au) 

significantly increase light absorption and energy 

conversion efficiency. These nanostructures boost light 

absorption by concentrating electromagnetic fields inside 

the perovskite layer by taking use of the surface plasmon 

resonance (SPR) phenomenon [25]. Plasmonic 

nanoparticles may be included into different layers, such 

the hole transport layer (HTL) and electron transport layer 

(ETL), to increase charge transfer and boost the 

photovoltaic response [25]. These nanoparticles' size and 

form are crucial, with nanocube-like geometries 

performing better. Plasmonic nanostructures are essential 

for increasing the efficiency of photovoltaic cells (PSCs) 

due to their function in scattering, near-field 

enhancement, and interference processes. 

• Chiral Nanostructures: In the realm of perovskite solar 

cells (PSCs), chiral nanostructures have drawn interest 

because of their capacity to increase light absorption and 

efficiency via special optical features [26]. These 

structures take use of the chiroptical effect, which allows 

one to control light's polarization and propagation by 

arranging chiral materials in a certain way. Researchers 

may create a "superchiral" electromagnetic field by 

incorporating chiral plasmonic nanostructures, which 

greatly enhances the interaction with light and improves 

absorption in the perovskite layer. This improvement 

results in better charge transport and separation, which 

raises PSCs' power conversion efficiency (PCE) in the 

end. Research indicates that the integration of chiral 

nanostructures may lead to significant enhancements in 

device functionality, indicating their potential as a means 

of propelling the development of solar energy technology. 

• Inverted Nanostructured PSCs: Perovskite solar cells 

(PSCs) with inverted nanostructures provide a potential 

design that preserves high efficiency while improving 

stability [27]. The charge transport layers are reversed in 

inverted devices, which have a p-i-n structure in contrast 

to conventional PSCs. Because of this architecture, 

nanostructures may be added to the electron transport 

layer (ETL), such as SnO2 nanoparticles, which enhance 

electron mobility and stability when exposed to UV light. 

Nanostructured ETLs are deposited at low temperatures, 

which simplifies and lowers the cost of production. 

Additionally, inverted PSCs have improved interface 

stability and less hysteresis, which makes them 

appropriate for a variety of applications. Their verified 

efficiency has surpassed 25% due to recent developments, 

becoming closer to that of traditional PSCs. Inverted 

nanostructured PSCs are well-positioned for realistic 

commercialization in the renewable energy sector due to 

their capacity for large-scale manufacturing and improved 

durability. 

V. IMPACT OF NANOSTRUCTURING ON DEVICE 

STABILITY 

One of the main issues facing this exciting technology is 

improving the stability of perovskite solar cells (PSCs), the 

intrinsic instability of perovskite materials may cause 

substantial deterioration and loss of efficiency, especially 

when exposed to environmental stressors including heat, 

moisture, and UV radiation [28]. However, scientists have 

made great progress in enhancing the robustness and lifespan 

of PSCs by creative nanostructuring methods [29]. An 

important advantage of nanostructuring is that it improves 

charge transfer in solar cells. For instance, it has been shown 

that using SnO2 nanostructured electron transport layers 

(ETLs) rather than conventional TiO2 increases electron 

mobility and decreases charge recombination. Higher power 

conversion efficiency and improved overall performance are 

the outcomes of this. Furthermore, the impacts of moisture 

intrusion are lessened by these stable ETLs, which is essential 

for preserving device integrity over time. 
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Plasmonic nanostructures may also be included to 

increase the stability of the device. Through localized surface 

plasmon resonance, these nanoparticles improve light 

absorption, increasing efficiency while lowering thermal 

stress on the perovskite layer [30]. In order to avoid 

deterioration brought on by temperature changes during 

operation, this decrease in thermal stress is crucial. Moreover, 

by reducing defect states that often result in charge trapping 

and recombination, nanostructured structures might enhance 

interface stability. Through the optimization of interlayer 

interfaces, such the perovskite and transport layers, scientists 

may design more resilient devices that sustain their efficacy 

for prolonged durations. 

According to recent research, inverted PSCs with 

nanostructured components may withstand extensive 

exposure to external stresses and yet maintain over 95% of 

their original effectiveness [31]. This outstanding stability 

opens the door for perovskite solar cells to be used in real-

world renewable energy applications by demonstrating how 

nanostructuring may improve efficiency and greatly lengthen 

the operational lifetime of the cells. 

VI. FUTURE PROSPECTS AND CHALLENGES 

The technology of solar cells, as well as a variety of other 

uses such as photovoltaics, light-emitting devices, and 

photodetectors, might be greatly advanced by nanostructured 

perovskites. These materials are renowned for having special 

electrical and optical characteristics that can be precisely 

controlled via nanostructuring. Perovskites are very 

adaptable and promising for next-generation energy solutions 

because of their tailoring, which improves important 

performance metrics including light absorption and charge 

transfer efficiency. Their characteristics may be tuned by 

nanostructuring, resulting in better performance metrics 

including charge transfer and light absorption. But in order to 

properly use the promise of nanostructured perovskites, a 

number of issues need to be resolved follows:  

● By enhancing charge transport and light absorption, 

nanostructuring may raise power conversion efficiency 

over 30%. 

● The manipulation of nanostructures, scientists may 

produce materials with adjustable bandgaps, tailoring 

them to certain uses and tandem arrangements. 

● Possible to make flexible nanostructured films, which 

opens up possibilities for lightweight, portable solar 

technology like wearable solar devices. 

● Nanostructured perovskites can be more vulnerable to 

environmental deterioration, strong encapsulation 

methods are needed. 

● The creation of substitute materials that solve toxicity 

issues while preserving high efficiency in order to replace 

lead-containing perovskites. 

● The lifetime and dependability of solar devices in 

practical settings were guaranteed by innovations aimed 

at enhancing the resilience of perovskites to 

environmental challenges. 

VII. CONCLUSION 

In conclusion, nanostructured perovskites are a potential 

new direction in solar cell technology that offers several 

chances to improve the stability and efficiency of perovskite 

solar cells (PSCs). These materials' special qualities, along 

with the capacity to control their microstructure at the 

nanoscale, allow for significant improvements in defect 

control, light absorption, and charge transfer. Grain size, 

crystallinity, surface morphology, and efficient defect 

passivation techniques may all be optimized by researchers 

to fully realize the promise of perovskites, which can result 

in power conversion efficiencies that are on par with or even 

higher than those of proven solar technologies. 

Perovskite solar cells' (PSCs') stability and efficiency 

might be greatly increased by using nanostructured 

perovskites. However, a number of important issues need to 

be resolved in order to allow for their broad usage. Since 

environmental factors like heat, moisture, and UV rays may 

impair performance, stability is still a major concern. The 

lifespan of PSCs depends on creating more stable, lead-free 

compositions and using trustworthy encapsulation methods. 

Additionally, without sacrificing cost-effectiveness, 

improving the scalability of manufacturing processes is 

essential to moving from laboratory successes to 

commercially viable solutions. In order to overcome these 

obstacles and realize the full potential of PSCs, it will be 

essential to integrate hybrid technologies and support further 

research. 

In the future, hybrid solar technologies that include 

nanostructured perovskites and use them in lightweight, 

flexible systems have the potential to completely transform 

the solar energy market. It is imperative that this field sees 

ongoing innovation and study, especially in order to 

comprehend the dynamics of faults and investigate novel 

materials that may improve performance even more. 

Nanostructured perovskites have the potential to be a key 

player in developing renewable energy solutions as the sector 

develops, making a substantial contribution to international 

sustainability initiatives and the switch to cleaner energy 

sources. This review aims to illuminate the present status of 

nanostructured perovskites research, highlighting its 

revolutionary potential in solar energy technology. 
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