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Abstract: Perovskite solar cells are an emerging technology that exploits the self-assembly and 

highly tunable bandgap properties of perovskite materials. Because of their low manufacturing cost, 

thin films of perovskites have attracted enormous interest and witnessed great progress. The power 

conversion efficiency of these devices has improved from 3.8% to 25.8%, which is a significant step 

forward. The formulation of innovative materials with the proper replacement of lead in perovskites 

is essential to reduce lead toxicity. Here, we examine the difficulties encountered in the commercial-

ization of perovskite devices, such as material and structural stability, device stability under high 

temperature and humidity conditions, lifetime, and manufacturing cost. This review addresses is-

sues such as device engineering, performance stability against the harsh environment, cost-effec-

tiveness, recombination, optical, and resistance losses, large-area solar cell module issues, material 

cost analysis, module cost reduction strategy, and environmental concerns, which are important for 

the widespread acceptance of perovskite-based solar devices. The applications and market growth 

prospects of perovskite cells are also studied. In summary, we believe there is a great opportunity 

to research high-performance, long-lived perovskites and cells for energy applications. 

Keywords: perovskite materials; solar cells; energy conversion efficiency; issue and challenges in 

commercialization 

 

1. Introduction 

Energy consumption is considered an important indicator of the social progress in-

dex of development. The most abundant and widely used energy sources for power gen-

eration are fossil fuels, such as oil, natural gas, and coal. Continued use of fossil fuels has 

a significant impact on climate change, animal habitat degradation, and global warming 

[1]. Several countries facing environmental challenges have committed to reducing their 

greenhouse gas emissions as part of the 2015 Paris Agreement and are now focused on 

replacing fossil fuels with renewable energy sources [1]. In recent years, there has been 

discussion about the energy transition to sustainable renewable sources, which was taken 

forward at the COP26 conference in Glasgow, UK, in 2021 [2]. Solar and wind energy are 

considered the clean energy sources of the future and are readily available around the 

world. Undoubtedly, solar energy and solar-powered products are the most viable alter-

natives to fossil fuels. 

Various materials are used to manufacture solar cells that convert the solar spectrum 

into electrical energy. However, no photovoltaic (PV) cell can convert the entire spectrum 

of the sun into electrical energy. Crystalline (c-Si) solar cells are the most practically 

demonstrated and successfully commercialized materials. According to Ballif et al., the 

efficiency of Si-modules marketed in 2021 ranged from 17.4% (low-grade multi-crystalline 

cells) to 22.7% (high-performance back-contacted cells), with an expected average of 20% 

for the most commonly produced solar modules. This value is well below the Shockley 
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Queisser limit value [3,4]. In this context, organometallic perovskites are considered to be 

the most promising alternatives. Perovskites are widely recognized as the likely basis for 

next-generation solar cells to replace silicon due to their simpler fabrication methods, 

lower cost, and greater flexibility [5]. Due to the lightweight and flexible nature of perov-

skite devices, it is certain that the demand for perovskite devices will increase in the com-

ing years. Furthermore, these systems have significant advantages over conventional pho-

tovoltaics, such as sensitivity to the various wavelengths of the solar radiation spectrum 

that the panels absorb [6]. One of the most important advantages of perovskites is their 

high tolerance to defects in their structure. In fact, they can operate well with numerous 

imperfections and impurities. In recent years, hybrid perovskites have shown excellent 

performance [7–9], and perovskite cells have achieved conversion efficiencies of around 

20% [10,11]. Recent findings indicate an exceptionally rapid improvement trend in power 

conversion efficiency (PCE) of perovskite cells (certified at 25.8%), particularly in tandem 

perovskite/CIGS (25%) and perovskite/Si tandem (monolithic) solar cells (33%) [12,13]. 

The rapid improvement in PCE is seen as an opportunity for the commercialization of 

perovskite technology. Despite increasing research and investment in perovskite-based 

solar cells, manufacturers must overcome certain significant obstacles to become commer-

cially competitive. An attempt is therefore made here to address some of the difficulties 

faced by perovskite solar cells.  

The purpose of this review article is to discuss perovskite materials in terms of energy 

conversion efficiency and stability. Section 2 describes the evolution of perovskite materi-

als. Section 3 discusses the operation mechanism and development of perovskite solar 

cells and thin-film-based perovskite solar cells, including inorganic, hybrid, and FAMA-

based perovskite solar cells. Section 4 discusses perovskite materials and their relevance 

to solar cell applications and the performance of the non-lead alternatives. Section 5 ad-

dresses issues and obstacles such as structural stability, device fabrication, longevity 

(lifespan), cost-effectiveness, recombination, optical and resistive losses, large-area solar 

module issues, material cost analysis, module cost reduction strategy, and environmental 

concerns. Perovskite cell applications and market growth prospects are also examined and 

discussed in Section 6. Section 7 summarizes the conclusions. We raise the concerns hin-

dering the potential industrialization of perovskite-based solar cells related to device en-

gineering, stability of performance under hard conditions, cost-effectiveness, containment 

of toxic lead compounds, and environment-related issues.  

2. Perovskite Materials  

Calcium titanate (CaTiO3) (a naturally occurring mineral), discovered by the Russian 

mineralogist Perovskite in 1839, is the origin of perovskite and perovskite-based materials 

[14]. Victor Goldschmidt (1926) conducted pioneering investigations into the structure of 

perovskites [15]. Several synthetic perovskites were then made and analyzed [16,17]. More 

than 40 naturally occurring minerals in the form of oxides, halides, hydroxides, arsenide, 

and intermetallic compounds have been identified in the perovskite supergroup [18]. Fig-

ure 1 depicts the classification of the perovskite system. 
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Figure 1. Classification of the Perovskite system. 

Perovskites are very versatile materials that have emerged as a rising star in the field 

of optoelectronics over the last decade, as seen in Figure 2 [19]. Solar cells, photodetectors, 

lasers, electrochemical cells, and light-emitting diodes are examples of optoelectronic de-

vices based on perovskites. These devices have revolutionary applications in energy har-

vesting and conversion, imaging and sensing, X-ray detectors, display and communica-

tion, manufacturing, and medicine [19,20]. 

 
Figure 2. Optoelectronics devices based on metal halide perovskite materials and revolutionary ap-

plications. 

Perovskite materials exhibit a variety of characteristics. Long-range ambipolar charge 

transport, small exciton-binding energy, a high-value dielectric constant, a high absorp-

tion coefficient, ferroelectric properties, a tunable bandgap, and ease of manufacturing at 

low temperatures are among the key electrical, physical, and optical properties. Such fa-

vorable attributes of these materials have attracted immense interest in optoelectronic and 



Energies 2023, 16, 6498 4 of 30 
 

 

PV applications [21]. Because of their high excitonic capabilities, mixed lead halide-lay-

ered perovskite materials have been investigated for use in thin-film light-emitting diodes 

(LEDs) and field-effect transistors (FETs). 

Halide perovskites (HPs) are recognized as the most attractive and acceptable mate-

rials in PV, thermoelectric, optoelectronic radiation detection, and emission optoelectronic 

applications owing to their remarkable optical and excitonic properties [22–24]. Among 

organic halide perovskite materials, methylammonium lead triiodide (MAPbI3) is a pop-

ular organic halide perovskite material utilized in PV applications. Lead halide perov-

skites are the preferred material for mass production of solar panels due to their stable 

structure and simple and economical manufacturing procedure. Metal halide perovskites 

have revolutionized the solution-processable device industry and paved the way for the 

development of efficient flexible PV cells [25]. Ge et al. evaluated recent developments in 

multidimensional metal halide perovskites for photovoltaic applications and highlighted 

the challenges [26]. 

The optoelectronic properties of hybrid metal halide perovskite materials seem 

promising. Zhu and Gong (2021) opined that 3D halide perovskites have unique potential 

for efficient optoelectronic applications [27]. The researchers also summarized the low-

dimensional halide preparation procedure and addressed the systematic scientific meth-

odology and technical issues in 3D perovskite materials, such as inferior long-term stabil-

ity, which slow down practical applications. 

3. Operation Mechanism and Evolution of Perovskite Solar Cell 

The block diagram of perovskite solar cells is shown in Figure 3a. Figure 3b depicts 

the operation principle of multilayer solar cells. The basic device structure contains a ra-

diation-absorbing perovskite layer squeezed between the anode, which is commonly F-

doped SnO2, and a high-work-function cathode, such as Ag or Au metal. The light absorp-

tion by the solar cells results in the formation of excitons (a quasiparticle comprising a 

pair of positive (hole) and negative (electron) charges) in their absorbing layer (the perov-

skite material layer). The incident photons excite the electrons to a higher energy level, 

leaving holes behind. The charge transport layers are frequently used in devices to facili-

tate the movement of the accumulated charges that generate an electric current in the cir-

cuit. 

 

Figure 3. (a) Schematic diagram of perovskite solar cells. (b) Operational principle of the multilayer 

solar cell. 

Initially, the perovskites were created on DSSC and combined with a thin perovskite 

layer on a mesoporous TiO2 substrate that acted as an electron collector, resulting in a PCE 

of 3.8% [28]. Using the same concept of DSSC, Park et al. (2011) obtained a PCE of up to 
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6.5% [29]. Later, using a solid-state electrolyte that behaved as a hole transport material 

(HTM), an efficiency of 9.7% was attained [30]. Heo et al. (2013) found that the PCE in-

creased up to 12% using an HTM-based perovskite solar cell (PSC) with poly(triaryla-

mine) layers [31]. The observed efficiency was further improved to 12.3% by using a mixed 

halide CH3NH3PbI3-xBrx perovskite structure [32]. The introduction of small-radius bro-

mide (Br) ions and the phase transition from tetragonal to cubic structure, which provided 

stability to perovskite, were attributed to the efficiency of the mixed halide. 

Later, Zang et al. (2015) improved efficiency (up to 15.2%) by introducing a pinhole-

free perovskite layer utilizing a non-halide (PbAC2) under direct sunlight irradiation [33]. 

Such a substantial efficiency improvement (>15%) and stability were reported by several 

researchers when the devices were fabricated using PbX2 (X=Cl and I) utilizing solution 

deposition and thermal evaporation techniques [34–37]. By altering the energy bands of 

the mixed halides [38] and modifying the thickness of the perovskite-infiltrated TiO2 

frame link to the constant perovskite layer [39], this PCE performance was improved by 

up to 16.2%. According to Shin et al. (2017), adjusting the band configuration of HTM/ETM 

(hole/electron transport material) improves the efficiency from 19.3% to 20.1% [40].  

A dramatic rise in the efficiency of perovskite solar cells from 3.8% to 20% between 

2009 and 2017 was achieved using solid-state thin-film design, a modified film formation 

technique, optimization of film thickness and morphology, interface engineering, and the 

use of the mixed-halide perovskites as a photon-absorbing layer in the cell structures [41]. 

Thin-film-based perovskite solar cells 

Low-cost and scalable fabrication PSCs are of paramount importance for commer-

cialization. It is a big challenge to significantly reduce their manufacturing costs. There-

fore, next-generation PV technologies urgently need novel cost-reducing techniques. The 

development of appropriate film-forming techniques has met these requirements. Yulong 

Wang et al. in 2021 reported a systematic overview of applicable printing technologies 

that can potentially be used to scale up production [42]. In recent years, thin-film-based 

perovskite solar cells have gained popularity because of their ability to process precursors 

in solution form and deposit films from the solution. Various techniques, such as spin 

coating, blade coating, spray coating, inkjet printing, and slot-die printing, have been em-

ployed to fabricate perovskite thin-film solar cells. The low-temperature deposition of or-

ganic–inorganic perovskite thin films through simple solution processes is one of the key 

advantages of PSCs. In the thin-film deposition structure, the quality of the ETL and HTL 

interfaces with the perovskite thin film, as well as the quality of the perovskite thin film, 

are very important to achieve high-performance PSCs. Z. Saki et al. in 2021 explored var-

ious scalable solution-processed perovskite deposition techniques to provide a compre-

hensive insight into achieving high-quality, large-area perovskite thin films [43]. They also 

discussed the existing challenges and opportunities to promoting the commercialization 

of PSCs. Recently, Changshun Chen et al. showed that screen printing offers a high level 

of functional layer compatibility, pattern design flexibility, and large-scale capabilities, 

which are promising [44]. Very recently, Chinese researchers at the University of Science 

and Technology of China developed a new form of solar cell that not only has greater 

efficiency but can also be mass produced at half the cost of conventional silicon cells. The 

perovskite thin-film solar cell, which uses a special type of compound to absorb light, has 

a certified efficiency of 26.1% [13,44]. 

3.1. Inorganic Perovskite Solar Cells 

Inorganic perovskite is also referred to as the ABX3 compound, where A refers to the 

cations (cesium: Cs+ ions) that occupy the cubo-octahedral site and BX3 occupies the octa-

hedral site. In this structure, B represents the cation (Pb2+ ions) and X represents Cl, Br, or 

I. Table 1 summarizes recent advances in CsPbX3(Br, I, Cl) perovskite materials, fabrication 

procedures, solar cell device structure, and conversion efficiency [45–50]. 
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Table 1. Developments in inorganic ABX3 compounds in terms of efficiency. 

S. No. 
Inorganic 

Perovskite 
Method Solar Cell Device Structure 

Efficiency 

(%) 
Ref. 

1 

CsPbI3 and its 

derivative 

perovskite solar 

cells (PSC) 

Solvent controlled growth 

Stable α-phase 

CsPbI3. Device structure: 

(ITO)/SnO2/CsPbI3/Spiro-

OMeTAD/Au 

15.77 [46] 

2 CsPbI3 

PCE-based PSC via surface 

termination of the perovskite film 

using phenyl trimethyl ammonium 

bromide (PTMBr) 

Highly stable phase due to the 

use of PTMBr treated with 

CsPbI3. Device layers: FTO/c: 

TiO2/perovskite/Spiro-

OMeTAD/Ag 

17.06 [47] 

3 CsPbI3 
Formamidium (FA) iodide (FAI)-

coated quantum dots 

Tio2/FAI-coated CsPbI3/Spiro-O 

MeTAD/MoOx/Al 
10.7 [45] 

4. CsPbI2Br 

Fabrication of ZnO/C60 bilayer 

electron transport layer in inverted 

PSC PCE 

FTO/NIOx/CsPbI2Br/ZnO @C60 13.3 [48] 

5 CsPbI2Br 
Introduction of InCl3 to enhance the 

efficiency of inverted PSC 

Yellow stable (δ-phase). Device 

structure: 

FTO/NiOx/perovskite/ZnO@C60/

Ag using InCl3:CsPbI2Br 

perovskite 

13.74 [49] 

6. CsPbIxBr3-x 

Lewis base, 6TIC-4F certified, and the 

most efficient inverted inorganic PSC 

with improved photo-stability 

reported to date. 

Inverted layer with structure 

FTO/NIOx/CsPbIxBr3-

x/ZnO/C60/Ag 

16.1 

certified 

15.6 

[50] 

In recent years, bismuth halide perovskites have received much attention because of 

their higher absorption coefficients, more efficient charge transfer (compared to oxide per-

ovskites), and the thermodynamic potential required for the photocatalytic CO2 reduction 

reaction (CO2RR). In addition, these materials could become a promising alternative to the 

highly polluting lead halide perovskites. Despite the remarkable advantages of bismuth 

halide perovskites, their use has been limited because of instability issues. In a recent re-

view, Luévano-Hipólito et al. presented solutions to obtain structures that are highly sta-

ble against oxygen, water, and light, thus promoting the formation of solar fuels with 

promising CO2RR efficiencies [51]. Chen et al. discussed synthesis methods, structural di-

versity, photophysical properties, and current and potential applications in various cur-

rently explored optoelectronic categories of Bi-based halide perovskites in a comprehen-

sive review [52]. Furthermore, a critical perspective on the current challenges and devel-

opment prospects of Bi-based halide perovskites for versatile optoelectronic applications 

was presented.  

3.2. Hybrid Perovskite Material Solar Cells  

Hybrid perovskites are emerging semiconductor materials. Affordable, solution-

based semiconducting materials with potential optoelectronic characteristics are promis-

ing attributes of these materials. They are suited for use in solar cells and LEDs due to 

their tunable bandgap [53,54], high absorption coefficient, low excitation binding energy 

[55,56], and balanced mobility of the charge carriers with minimal defect formation 

[50,57]. Rapid advances in perovskite materials have increased the efficiency of solar cells 

from 3.8% to 22% in a very short period of time [29,31,39]. The extensive developments of 

methylammonium (MA) lead halide perovskites with respect to efficiency, as well as the 
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testing of various HTMs, have resulted in significant advancements in thin-film optoelec-

tronics. Table 2 describes the development of hybrid perovskite cells with PCE utilizing 

various HTMs [29,38,39,58–61].  

Table 2. Progress in hybrid perovskite solar cells and power conversion efficiency. 

SN Hybrid Perovskite HTM Device Structure 
Efficiency 

(%) 
Ref. 

1. CH3NH3PbI3 I−/I−3 
CH3NH3PbI3 Quantum dots 

(QD)/TiO2 substrate 
6.5 [29] 

2. CH3NH3PbI3 CuI 
TiO2/CH3NH3PbI3/spiroOMeT

AD  
6.0 [48] 

3. CH3NH3PbI3-xClx NiO 
FTO/NiO/CuSCN/CH3NH3PbI

3-xClx/PCBM/Ag 
7.3 [59] 

4. CH3NH3PbI3 CuSCN TiO2/CH3NH3PbI3/CuSCN/Au 12.4 [60] 

5. CH3NH3PbI3-xBrx PTAA 
TiO2/CH3NH3PbI3-

xBrx/DMSO/PTAA/Au 
16.2 [38] 

6. CH3NH3PbI3 NiOx 
ITO/NiOx/CH3NH3PbI3/PCBM/

Ag 
16.47 [61] 

7. CH3NH3PbI3-xClx 
spiroOMe

TAD 

ITO/PEIE/TiO2 CH3NH3PbI3-

xClx/spiroOMeTAD/Au 
19.32 [39] 

FAMA-based perovskite solar cells 

Methylammonium lead iodide (MAPbI3) perovskite has been most widely studied 

and used for solar cell applications. Unfortunately, the short lifespan of MAPbI3 has pre-

vented it from becoming a viable alternative to silicon solar cells. MAPbI3 faces several 

problems, such as poor thermal stability and a wider bandgap (1.55 eV) [62]. Other disad-

vantages associated with MAPbI3 perovskite materials are humidity sensitivity, instability 

under heat and light conditions, and unreliability under operating conditions [63]. The 

material instability of MAPbI3 remains a major obstacle to widespread application because 

of the poorly understood degradation pathways. Haifeng Yuan et al. (2016) investigated 

the influence of ion migration inside the perovskite structure on the material degradation 

by light and electric currents in MAPbI3 perovskites [64]. Their results demonstrated the 

critical role of ion migration in perovskite degradation and highlighted possible ways to 

rationally increase perovskite material stability by reducing ion migration and improving 

morphology and crystallinity. 

In the last decade, perovskite solar cells based on formamidinium lead iodide 

(FAPbI3) have attracted much attention. FAPbI3 perovskites are believed to have higher 

thermal stability and a more ideal bandgap of 1.48 eV [65]. These materials have bandgap 

energies suitable for use in single-junction or multi-junction solar cells and show im-

proved stability compared to their MA-based counterparts [66]. This structure has a PCE 

of 25.7% [13,67]. Although FAPbI3 perovskites have a preferred bandgap below 1.55 eV 

for solar cell applications, they suffer from operational instability [68]. 

In 2014, Gratzel et al. were the first to use FA/MA mixed cationic perovskites to ad-

dress critical issues related to device stability and performance of perovskite solar cells, 

but MA was still the main ingredient [69]. N.G. Park et al. formed a thin layer of MAPbI3 

on FAPbI3 to improve the short-circuit current density [70]. Subsequently, they showed 

that cesium (Cs) can stabilize the black phase of FAPbI3 [71]. Furthermore, they showed 

that mixed devices based on Cs-MA-FA cations can achieve high efficiencies of more than 

22%. Since then, an increasing number of devices using FA-based perovskites as the light-

absorbing layer have been implemented and achieved higher efficiency [72,73]. 

Wang et al. developed novel FA0.026MA0.974PbI3−yCly-Cu:NiO (formamidinium me-

thylammonium (FAMA)-perovskite-Cu:NiO) and Al2O3/Cu:NiO composites and used 



Energies 2023, 16, 6498 8 of 30 
 

 

them to fabricate highly stable and efficient PSCs through fully ambient air processes [74]. 

The fabricated solar cell showed a PCE of 20.67% and long-term air-, thermal-, and photo-

stability, retaining 97% of the PCE for 240 days at ambient conditions (25–30 °C, 45–55% 

humidity). Multi-cation perovskites based on RbCsFAMA with a narrow bandgap and 

high lattice stability are very promising. Impressive novel devices yield record efficiencies 

of 25.01% (certified 24.60%) and 23.40% (certified 22.97%) for RbCsFAMA-based PSCs 

with aperture areas of 0.09 cm2 and 1 cm2, respectively, which shows great potential for 

upscaling. Earlier in 2019, Y. Wang et al. showed that the FA-MA mixed cation perovskite 

films (MA0.85FA0.15PbI3 thin films grown using CNT-NH2 and MACl additives) exhibit im-

proved charge-carrier dynamics to facilitate charge extraction and transport and achieve 

a PCE of 21.05% [75,76]. A Table 3 shows the efficiencies of some FAMA-based perovskite 

solar cells [77–93]. 

Table 3. Efficiencies and other parameters measured in FAMA-based perovskite solar cells (under 

standard air-mass AM1.5 global illuminations (1000 W/m2)). 

Classification 
Efficiency 

(%) 

Area 

(cm2) 
Voc (V) 

Jsc 

(mA/cm2) 

Fill 

Factor (%) 
Ref. 

Device: 

FTO/TiO2(c)/TiO2(M)/(FAPbI3)0.85(MAPbB

r3)0.15/Perovskite layer(300 nm)/PTAA/Au 

17.8  1.11 22.8 70.7 [77] 

FTO/NiO/FA0.85MA0.15Pb(I0.85Br0.15)3/PCB

M dripped/Ag 
18.75 (certified) 1.022 1.081 21.98 78.4 [78] 

MAxFA1−xSnI3 perovskites 9.11  0.587 20.54  72.27 [79] 

FA0.75MA0.25SnI3 perovskite 9.83  0.607 23.46 69.24 [80] 

FA0.75MA0.25SnI3 (SnF2) 

ITO/PEDOT:PSS/FA0.75MA0.25SnI3/C60/BC

P/Ag 

8.12  0.61 21.20 63 [81] 

FA0.75MA0.25SnI2.75Br0.25 (SnF2 + MACl). 

Device: 

ITO/PEDOT:PSS/FA0.75MA0.25SnI2.75Br0.25/

C60/BCP/Ag 

8.07  0.52 22.30 70 [82] 

FTO/TiO2/(FAPbI3)0.85(MAPbBr3)0.15/spiro-

OMeTAD/Au 
18.32 1 1.102 22.99 72.33 [83] 

ITO/SnO2/(FAPbI3)1−x(MAPbBr3)x/spiro-

OMeTAD/Au 
20.9 (certified) 0.0737 1.116 23.9 80.6 [84] 

FTO/TiO2–

Cl/FA0.85MA0.15PbI2.55Br0.45/Spiro-

OMeTAD/Au 

19.5 (certified 1.10 1.195 21.5 75.7 [85] 

Cs0.05MAyFA0.95-yPbI3-xClx  20.68  1.10 24.15 78 [86] 

FTO/TiO2(c)/TiO2(M)/FA0.85MA0.15Pb(I0.85B

r0.15)3/Spiro- MeOTAD/Au 
19.43 0.16 1.123 22.89 75.6 [87]  

FTO/TiO2(c)/TiO2(M)/(FAPbI3)0.95(MAPbB

r3)0.05/DM∗/Au 

22.6 

(certified) 
0.0939 1.1268  80.5 [88] 

FTO/TiO2(c)/TiO2(M)/(FAPbI3)0.92(MAPbB

r3)0.08 (3Dperovskite)/n-hexylammonium 

bromide (C6Br)(LP)/Spiro-MeOTAD/Au 

23.4 

(22.6 certified) 
 1.19 24.2 78.5 [89] 

Cs5(MA17FA83)95Pb(I83Br17)3 (CsMAFA) 20.8  1.88 21.9 80.2 [90] 

(FA0.65MA0.20Cs0.15)Pb(I0.8Br0.2)3 18.19 0.06 1.15 20.06 79.8 [91] 

Four-terminal 

tandem  

(FASnI3)0.6(MAPbI3)0.4  

25.4 (certified) 

 0.806 10.5 80.6 

[92] Cs0.05FA0.8MA0.15PbI2.55Br0.

45 
 1.124 20.8 79.3 
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All-perovskite tandem 

(Cs0.2FA0.8PbI1.8Br1.2/MA0.3FA0.7Pb0.5Sn0.5I3) 
24.8 (certified) 20-cm2 2.157 14.86 77.5 [93] 

3.3. Material Requirements for High Performance Solar Cell Devices  

The fabrication of high-quality perovskite films with strong resistance to harsh envi-

ronmental conditions and structural stability is critical for high-performance solar cell de-

vices. Many features of perovskites have been thoroughly investigated, including direct 

bandgap, phase purity and stability at ambient temperature, photo-stability, and deterio-

ration at high temperatures. Therefore, some other important features of perovskite ma-

terials that enable superior performance when compared to other semiconductors and 

dyes are emphasized below. These properties include the maximum absorption range, the 

optimal bandgap for the excitation coefficient, charge carriers’ dispersion to enhance the 

intensity, and photoluminescence and electroluminescence emission spectra. Perovskites 

have a wide absorption spectrum that includes the visible and near-IR (NIR) areas. In this 

context, organometal halides are advantageous over dyes. With a halide film of about 600 

nm thick, CH3NH3PbI3 perovskite absorbs the entire visible spectrum [94]. CH3NH3PbI3 

has higher absorption, which is an essential requirement for any solar material. Further-

more, the bandgap of this material is 1.55 eV. This feature, along with an extinction coef-

ficient of 1.5 × 105 (mol/L)−1.cm−1 at about 550 nm, makes CH3NH3PbI3 an excellent solar-

radiation-absorbing material [94] and provides an exceptional quantum efficiency in the 

solar cell at 800 nm. Several studies have been conducted on the ambipolar behavior of 

CH3NH3PbI3 perovskite. A mesoporous TiO2/CH3NH3PbI3 solar cell with a 5.5% efficiency 

[95] displayed a p-type nature. Metallic grain imperfections have been reduced in MAP-

bBr3-based LEDs. MAPbBr3 nanograins are roughly 100nm thick and have an EQE of 8% 

[96]. With 10.8% efficiency, the mesoporous ZnO2/CH3NH3PbI3 solar cell exhibits n-type 

behavior [36]. Other studies have demonstrated that Al2O3/CH3NH3PbI1-xClx has an n-type 

charge transport property [32,39,59,96]. The organometal halide perovskite has excellent 

charge carrier mobility and develops charges quickly, simplifying the manufacturing pro-

cess [97]. The charge transport characteristics are primarily responsible for long-range 

light absorption in relation to the diffusion length of the charge carrier. The optical and 

electrical characteristics of methylammonium lead iodide (MAPbX3) perovskite are re-

markable [98,99]. Absorption begins at 800nm and extends throughout the visible spec-

trum, with distinct free cations even at ambient temperature [100,101]. Because of the con-

tinuous tuning of the bandgap, which covers much of the visible spectrum, iodine can be 

a good substitute for chloride (Cl−) and bromide (Br−) [102–105]. The large bandgap value 

of 2.2 eV and binding energy of 150 meV of bromide in CH3NH3Br3, in comparison to 

CH3NH3I3, which has a bandgap value of 1.5 eV and binding energy of 50 meV, limit light 

absorption up to 550nm and thus lower the photocurrent [104] as well as the PCE [106]. 

Table 4 shows the classification of perovskite materials based on their properties.  

Table 4. Classification of perovskite materials based on their characteristics. 

Perovskite Characteristics Behavior Response 

CsPbI3 

Bandgap 
Spin-orbit coupling approximation 1.16 eV 

can be reduced to 0.39 eV 

Binding energy 169 eV 

Photoluminescence λem = 680 nm, λex = 365 nm 

CH3NH3PbBr3 

Absorption 800–550 nm 

Bandgap 2.2 eV 

Binding energy 150 meV 

Photoluminescence 
Emission at shorter wavelength owing to 

larger bandgap λem = 560 nm 

CH3NH3PbI3 Absorption 800 nm to complete visible spectrum 
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The thickness of the film 600 nm 

Bandgap 
1.55 eV comparable with the optimal 

bandgap 1.4eV 

Binding energy 50 meV 

Photoluminescence 

Emission at longer wavelength owing to 

small bandgap (λem = 770 nm for λex = 546 

nm) 

Ambipolar 

behavior 

Mesoporous 

TiO2/CH3NH3PbI3 

p-type charge transport. Solar efficiency of 

5.5% 

Mesoporous 

ZnO2/CH3NH3PbI3 

n-type charge transport. Solar efficiency of 

10.8% 

Dispersion range 
130 nm and 100 nm. 1100 nm and 1200 nm 

in CH3NH3PbI3-xClx 

Advancements in perovskite and an increase in conversion efficiency from 3.8% to 

25.8% over the decade can be credited to the frantic research and mass production of per-

ovskite materials. Recently, highly stabilized solar cells with negligible voltage loss have 

been explored [89]. A perovskite device with long-term stability has displayed a PCE of 

approximately 25.2%. According to numerous reports, this value is close to the C-Si effi-

ciency of 26.2%, which has dominated the market.  

3.4. Tandem Perovskite Solar Cells 

Furthermore, the PCE exceeding the Shockley–Queisser limit of single-junction solar 

cells could be achieved by having a tandem device configuration of perovskite and Si solar 

cells [107]. In tandem structures, two or more solar cells are stacked to improve the har-

vesting of solar energy, such as by pairing perovskite with silicon to make a tandem solar 

cell. Figure 4 shows the schematic structure of two-terminal and four-terminal tandem 

device structures. In 2015, the first perovskite/Si two-terminal tandem solar cell was re-

ported by Mailoa et al. with an overall efficiency of 14.3% [108]. In 2016, Stanford/ASU 

reported the perovskite/Si tandem (monolithic) 2-terminal structure with an efficiency of 

23.6, certified by NREL [13]. Later in 2018, the Oxford PV used tandem solar perovskites 

(perovskite/Si tandem (monolithic), 2T tandem), achieving a PCE of up to 27.3%, certified 

by FhG-ISE, Freiburg, Germany [13]. Silvia Mariotti of Helmholtz-Zentrum Berlin für Ma-

terialien und Energie, Germany, used an ionic liquid called piperazinium iodide to en-

hance their tandem solar cell (a silicon bottom cell and a perovskite top cell), achieving an 

efficiency rate of up to 32.5%, certified by European Solar Test Installation, Italy [109]. The 

record-breaking PCE of 28.6% in a perovskite-on-silicon tandem solar cell structure has 

been reported by Oxford PV in 2023, as independently certified by Fraunhofer ISE, Ger-

many [110]. In addition, King Abdullah University of Science and Technology in Saudi 

Arabia claims they achieved 33.7 percent efficiency in a yet unpublished tandem cell test 

run in a new perovskite/silicon tandem solar cell, certified by the European Solar Test 

Installation (ESTI) [111]. LONGi, a Chinese company, announced the new conversion ef-

ficiency of 33.5% for silicon-perovskite tandem solar cells based on commercial CZ silicon 

wafers at the Intersolar Europe 2023 exhibition, Munich, Germany, 14 June 2023, certified 

by the European Solar Test Installation (ESTI) [112]. Very recently, Xin Yu Chin et al. 

demonstrated a certified PCE of more than 31.25% for active areas of at least 1 square 

centimeter in perovskite/silicon tandem cells [113]. 
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Figure 4. Schematic structure of two-terminal and four-terminal tandem device structures. 

4. Perovskite Materials Concern for Solar Cell Applications 

Lead-free perovskite seems to be a suitable alternative to mitigate environmental con-

cerns. Intensive research and technological advancements in lead-based perovskites are 

at their pinnacle and progressing toward commercialization. The modified compounds 

are required to have optoelectronic properties that should be on par with Pb-based per-

ovskites and fulfill the criteria for mass production and commercialization. Tin (Sn), bis-

muth (Bi), antimony (Sb), germanium (Ge), double-halide perovskite materials, and chal-

cogenide perovskites could become favorable compounds in perovskite solar cell appli-

cations.  

4.1. Sn-Based Solar Cells 

Several researchers have attempted to develop Sn-based perovskites, such as Cs2SnA6 

(A = Cl, Br, or I) [114–116] that are stable in the presence of moisture in the 4+ oxidation 

state. Some selected Sn-based PSCs and their properties are listed in Table 5 [117–119].  

Table 5. Summary of selected Sn-based perovskite materials and their characteristics. 

Perovskite Materials Eg (eV) Voc (V) Jsc (mA/cm2) FF PCE (%) Ref. 

MASnI3 1.3 0.68 16.3 0.48 5.23 [117] 

MASnI3−xBrx 1.75 0.82 12.3 0.57 5.73 [117] 

MASnIBr0.8Cl0.2 1.25 0.38 14 0.57 3 [118] 

CsSnI2.9Br0.1  0.22 24.16 0.33 1.76 [119] 

(where Eg—bandgap energy, VOC—open-circuit voltage, Jsc—short-circuit current density, and FF—

fill factor). 

Although tin-based perovskites show great potential in PV applications, Sn-based 

perovskite films suffer from fast crystallization and easy formation of vacancy defects 

with low activation energy during the solution film-forming process, resulting in poor 

film quality and inferior device performance because of the high Lewis acidity and easy 

oxidation of Sn2+ [120]. The oxidation property of Sn strongly affects the device perfor-

mance by creating vacancies in cells. Mohammadian-Sarcheshmeh et al. reported that the 

addition of uric acid in the fabrication of Sn-based perovskite solar cell causes the reduc-

tion in oxidation and carrier recombination, in turn, improves the device performance 

[121]. 

Further, a tin (Sn) perovskite is regarded as a good substitute for a lead (Pb) perov-

skite due to its environmental friendliness and suitable bandgap, but a Sn-based PSC suf-

fers from practical stability and efficiency problems, which led to the introduction of the 

passivation material 2,5-diaminohydroquinone dihydrochloride (C6H8N2O2·2HCl) with –
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NH2 groups and –OH groups into the FA0.75MA0.25SnI3 perovskite [122]. This reduces the 

density of defect states and non-radiative recombination, suppresses the oxidation of Sn2+, 

and reduces the neutral iodine-related defects of the aromatic structures with multiple 

functional groups [123].  

4.2. Bi-Based Solar Cells 

Bi2+ is a potential candidate for optoelectronic applications. A report on MA3Bi2A9 (A 

= Cl, Br, or I) quantum dots, produced via synthesis using a ligand-assisted recrystalliza-

tion approach, established that the tunable band can be varied from 360 to 540 nm. This 

wide range of variation is due to the anion composition, which gives intense emission at 

423 nm with a PL quantum yield (PLQY) of around 12%. At present, a few successful re-

sults have been obtained with the Bi perovskite materials, which hold promise for replac-

ing the Pb-based perovskites. However, some research observations have implied unfa-

vorable results, such as a broad bandgap, low performance, and more internal defects in 

Bi-based perovskite materials. Some Bi-based PSCs and their properties are shown in Ta-

ble 6 [124–127].  

Table 6. Summary of selected bismuth perovskite materials and their characteristics. 

Perovskite 

Materials 
Eg (eV) Voc (V) Jsc (A/cm2) FF PCE (%) Ref. 

Cs3Bi2I9 2.2 0.53 0.58 0.5 1.09 [124] 

MA3Bi2I9 2.1 0.83 3.0 0.79 3.17 [125] 

MA3Bi2I9 0.83 0.83 3.0 0.79 1.64 [126] 

FA3Bi2I9 2.19 0.48 0.11 0.46 0.022 [127] 

MA3Bi2I9-xClx 2.4 0.04 0.18 0.38 0.003 [125] 

(where Eg—bandgap energy, VOC—open-circuit voltage, Jsc—short-circuit current density, and FF—

fill factor). 

4.3. Sb-Based Solar Cells 

Sb is a heavy metal of low toxicity that belongs to the same element group as Bi3+. 

Sb3+ cations possess an identical electron lone pair as Pb2+ and are therefore likely to re-

place Pb in the perovskite materials. The bandgap of inorganic Cs3Sb2I9 is 2.05 eV and 

shows absorption comparable to that of the hybrid Pb-based perovskite CH3NH3PbI3. This 

material exhibits higher stability in air compared with CH3NH3PbI3. The thin films of 

(CH3NH3)3SbI9 demonstrated a photosensitive bandgap of 2.14 eV and PL at 1.58 eV. In 

2020, Ahmad and Mobin reported in a review article that the PCE of Sb-based perovskite 

solar cells varied from 0.03 to 3.34 [128]. Recently, antimony (Sb)-based perovskite-in-

spired solar cells with a PCE of 3.37 and a superior open-circuit voltage of 0.93 V have 

been reported by Y. Guo et al. [129]. The photovoltaic performance of some Sb-based PSCs 

is summarized in Table 7 [130–133]. 

Table 7. Photovoltaic performance of some Sb-based PSCs. 

Perovskite Materials Eg (eV) Voc (V) Jsc (mA/cm2) FF  PCE (%) Ref. 

CsPb0.96Sb0.04I3  0.73 14.64  0.48 5.18 [130] 

Sb-alloyed Cu2AgBiI6 

(Cu2AgBiI6-Sb) 
1.95 eV 0.51 128 0.67 9.53 [131] 

MASbSI2  0.67 8.11 0.59 3.11 [132] 

Cs2.4MA0.5FA0.1Sb2I8.5Cl0.5 2.0 0.6 V   6.4%  [133] 

(where Eg—bandgap energy, VOC—open-circuit voltage, Jsc—short-circuit current density, and FF—

fill factor). 
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4.4. Ge-Based Solar Cells 

Another class of materials are the Ge-based inorganic and hybrid perovskites. The 

experimentally measured bandgap values for CsGeI3, MAGeI3, and FAGeI3 are 1.66 eV, 1.9 

eV, and 2.2 eV [134], respectively. Thus, Ge materials possess desirable optoelectronic 

properties and could become a potential replacement for Pb in perovskite materials. Some 

selected Ge-based PSCs and their properties are presented in Table 8 [135–137].  

Table 8. Summary of selected Ge-based perovskite materials and their characteristics. 

Perovskite 

Materials 
Eg (eV) Voc (V) Jsc (A/cm2) FF PCE (%) Ref. 

CsGeI3 1.63 0.074 5.7 0.27 1.1 [135] 

MAGeI3 2.2 0.15 4.0 0.3 2.0 [136] 

MAGeI2.7Br0.3  0.46 3.11 0.48 5.7 [137] 

(where Eg—bandgap energy, VOC—open-circuit voltage, Jsc—short-circuit current density, and FF—

fill factor). 

4.5. Double Perovskite Solar Cells 

Computational investigations on the hypothetical perovskite with the general for-

mula Cs2BB3+X6 (called double perovskite) showed promising results with a bandgap in 

the visible region and a low effective mass [138]. McClure et al. reported the synthesis 

routes for the lead-free hybrid perovskites Cs2BiAgCl6 and Cs2BiAgBr6 [139], whereas Wei 

Fengxia et al. showed the synthesis of (CH3NH3)2KBiCl6 double halide perovskite [140]. 

Lijun Zhang et al. (2017) [141] proposed the new formula A2B+B3+X6VII (A = Cs+, B+ = Na+, 

K+, Rb+) from group IA, (Cu+, Ag+, Au+) or (In+, Ti+) from group IIIB, B3+ = (Bi3+, Sb3+), and X 

= (F−, Cl−, Br−, I−). They identified 64 such combinations and optimized them to 11 com-

pounds with robust stability, which can be considered promising candidates for lead-free 

PVs. Furthermore, two compounds identified using computational methods, namely 

Cs2InSbCl6 and Cs2InSbCl6, with bandgaps of 1.02 eV and 0.9 eV, respectively, showed 

theoretical solar efficiency comparable to that of CH3NH3PbI3. 

4.6. Chalcogenide Perovskite Solar Cells 

Very recent computational simulations have proposed a new class of chalcogenide 

perovskites [142]. Limited studies have been presented on these perovskite materials, and 

some materials, such as BaZrS3 [143], SrZrS3 [142], BaHfS3 [142], and SrHfS3 [143], have 

been synthesized. These materials possess bandgaps and absorption coefficients that are 

appropriate for solar devices. Shallow point defects are observed in these materials, which 

provide the chance of fine-tuning charge transport and photosensitive properties. The ac-

tual experimental work is likely to open a new era in fabrication and thin-film technology 

and provide tailored materials for solar applications. 

In summary, the merits and demerits, including challenges, of these new generations 

of perovskite materials, have been presented in Table 9.  

Table 9. Summary of merits, demerits, and challenges in next-generation materials. 

Materials Merits Demerits and Challenges 

Tin (Sn) based 

perovskites 

The optical bandgap is in the near infrared 

region, has a comparable ionic radius (1.35 Å) to 

Pb2+ (1.49 Å), and exhibits stability against 

moisture. Sn-based materials possess stability 

for 3800 h. Among all lead-free materials, this 

material has presently achieved the highest 

efficiency. 

Sn2+ may be as hazardous as Pb2+ and, therefore, 

may also face the same challenges that Pb-based 

perovskites are facing today.  
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Bismuth (Bi) based 

perovskites 

Bi2+ has the same electronic configuration as Pb2+ 

(ns2). Inorganic Bi2+-based materials show 

promising stability, are insoluble in water, are 

not toxic to the environment, are cost-effective, 

and have the potential to overcome most of the 

challenges that are faced by Pb in terms of 

industrialization. 

Has a broad bandgap, low performance, and 

more internal defects. Organic compound 

stability is relatively low. The lowest power 

conversion efficiency (PCE) achieved so far in 

comparison with other materials Needs a more 

promising research direction. 

Increasing quantum yield and PCE can make 

this candidate an immediate replacement for Pb 

in the near future.  

 

Antimony (Sb) 

based perovskites  

Sb3+ compounds show stability in the presence 

of air, and the bandgap is also comparable to 

that of Pb (2.14 eV). They are insoluble in water, 

and Sb2+ possesses good charge transport 

properties owing to the small bandgap. 

(CH3NH3)3SbI9 may face the challenges of 

energetic disorder and low photocurrent density. 

low-hopping mechanism for charge transport 

owing to the large bandgap. 

Germanium (Ge) 

based perovskites  

These are leading materials in the 

semiconductor industry and possess good 

optoelectronic properties. Moreover, they are 

lightweight and less toxic to the environment. 

They are stable in an inert atmosphere. 

Decomposes easily in the air. 

It is not a cost-effective material. 

Double halide 

perovskites  

Robust stability and a direct bandgap of 0.9–

1.02 eV.  

Most of the research is based on the 

computational method. 

Performance of non-lead perovskite solar cells 

Recently, Ayaydah et al. summarized most of the recent best-performing lead-free 

and lead-mixed Sn-based perovskite solar cells. The PCE of lead-free as well as lead-mixed 

TPSCs is approaching 15% and 24%, respectively [144]. They have also reported highly 

performing mixed Pb-Sn perovskites with Pb ≤ 50%. Xiao et al. demonstrated excellent 

performance of a single-junction Pb–Sn mixed PSC with a certified PCE of 20.7% [145]. 

Lin et al. developed a mixed Pb–Sn perovskite tandem solar cell and reported a certified 

efficiency of 26.4%, which exceeds that of the best-performing single-junction perovskite 

solar cells [146]. Encapsulated tandem devices retain more than 90% of their initial perfor-

mance after 600 h of operation at the maximum power point under 1 Sun illumination in 

ambient conditions.  

Earlier, Wang et al. presented a review in 2021 about the lead-free perovskites con-

sisting of Sn (II), Cu (II), Bi(III), Sb (III), Sn (IV), Ti (IV), and Ag(I)Bi(III), introduced from 

the isovalent and heterovalent element replacement perspectives [147]. In addition to the 

above-mentioned materials, the halide double perovskite has attracted people’s attention 

because of its excellent stability and bandgap tunability. They expect that the performance 

and the stability of lead-free perovskites, especially 2D layered perovskites, can be contin-

uously improved to meet the needs of commercial development. 

5. Issues and Challenges in Perovskite Solar Cells  

Substantial experimental and theoretical research has been conducted to learn about 

and understand the material structure, device stability, efficiency, and complex composi-

tion. In recent years, perovskite materials and technology have taken a step toward man-

ufacturing and have explored the market for the commercialization of perovskite solar 

cell devices. Wang et al. opined that the mass production of PSCs is not yet feasible due 

to various factors [148]. Challenges faced by perovskite solar cells and modules are (i) 

high-quality perovskite layer fabrication with low cost and large-scale reproducibility, (ii) 

the choice and deposition of charge extraction layers, (iii) the fabrication of bottom and 

top electrodes using low-cost processes, (iv) recombination, optical, and resistance losses, 
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and (v) lower efficiency of large cell modules. These issues need to be addressed to build 

small- and large-area PSC devices. In a review report, Yang et al. presented the advance-

ment of efficient large-area PVs with stability for commercialization [149]. 

Furthermore, several concerns, such as lifetime, stability, lead toxicity, environmen-

tal contamination, and cost–benefit, are fundamental factors for the effective commercial-

ization of perovskite solar cells. Perovskite compounds have great tolerance to crystalline 

defects because of the ionic bonding, and thin films with high crystallinity can be fabri-

cated at low temperatures only. Further, these materials have low decomposition temper-

atures, making them less thermally stable than Si [150]. Recently, Lin et al. summarized 

the issues, such as high stability and long lifetime, lead toxicity, fabrication repeatability, 

large-area fabrication, and flexible devices [151]. Metal halide perovskite solar panels mer-

its and demerits are shown in Table 10. 

Table 10. Merits and demerits of halide perovskite solar panels. 

Merits Demerits 

Hybrid perovskites with the general formula ABX3 (A = 

organic cation, B = divalent metal, and X = halogen or 

pseudo-halogen) are used. 

External factors, such as water, heat, humidity, and 

sunlight, inherently degrade the stability of the active 

layer of perovskite solar panels. 

Easy, low-cost manufacturing processes make perovskite 

the obvious choice for mass production. 

Water sensitivity causes irreversible damage to 

perovskite materials. 

The PCE of perovskite solar cells is high. 

Heat: Lead halides show an inability to sustain thermal 

stress. Therefore, the perovskite structure degrades under 

heat and creates halogen gases that are the source of the 

formation of B metals (lead, tin, germanium, etc.) on the 

perovskite film. 

Hybrid perovskite film solar panels are confirming 

candidates for power generation in the near future. 

Oxygen and light: Prolonged exposure to air and light 

photons adversely degrades the longevity of the solar 

panel. 

Conversion energy loss is less in perovskite solar cells 

compared with other cells. 

Scalability and efficiency on large-area perovskite are 

comparatively small. The technology is yet to be 

effectively transferred from the laboratory to industry. 

Milić et al. (2021) observed that hybrid perovskites are affected by external factors 

such as air and moisture, photo-stability, and device operating voltage, thus resulting in 

various degradation routes [152]. Various strategies to overcome these instabilities, such 

as the use of low-dimensional hybrid perovskite materials, were proposed. Low-dimen-

sional materials include layer-by-layer stacks of 2D perovskite and organic layers that are 

separated by hybrid perovskite slabs. Such a structure is more stable in ambient condi-

tions and in ion relocation.  

Although inorganic perovskites exhibit higher thermal stability, they have poorer 

phase stability than their hybrid counterparts. This is associated with the strain in the lat-

tice and voids within the inorganic perovskite material crystals. In a recent review, Xiang 

et al. (2021) summarized and discussed the stability and lifetime mechanisms of inorganic 

perovskites with regard to heat, humidity, and oxygen [153]. Minimizing the vacancies 

and strain during the film processing may be a possible way to address the stability con-

cerns related to both intrinsic and extrinsic factors. Challenges that need to be overcome 

strategically to transform perovskite modules into marketable PVs include stability, lead 

leakage, and outdoor testing of the modules, as discussed by Cheng et al. (2021) [154].  

It may be mentioned here that lead is likely to be widely used in perovskite PV in-

dustries in the future. When the PSC panels die, the lead metal could possibly leach into 

the ecosystem, causing contamination of the air, earth, and groundwater. The major chal-

lenges such as material stability, device fabrication, lifetime of the devices, manufacturing 
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cost, lead toxicity, best practices to overcome these challenges, and viable alternatives to 

Pb metal are discussed below. 

5.1. Perovskite Structural Stability Perspective  

The thin film of perovskites is polycrystalline and can vary with unit cell orientation. 

The thin-film structure of the perovskite materials is important for the stable operation of 

any device. A small alteration in the synthesis route and formulation can lead to a remark-

able change in texture and morphology, which exert severe impacts on the device’s per-

formance. Therefore, the production of efficient and stable perovskite materials for the 

solar cells faces a serious challenge in defining the structure. Liu et al. (2020) examined the 

instability and phase behavior of FAPbI3 and showed that it is highly efficient but is un-

stable in air and decays rapidly in a hexagonal structure [155]. Schmidt-Mende et al. (2021) 

[156] suggested in situ real-time scattering measurement during the film formation to ob-

tain a better understanding of the intermediate phases formed during the process. The 

hybrid perovskite is expected to be highly ordered and is likely to be the best alternative 

for the reliable operation of devices.  

5.2. Device Fabrication Issues  

 The spin-coating technique is commonly used for the deposition of a perovskite layer 

on the substrate in solution-processed device production. During the preparation, the sol-

vent interacts with the precursor and forms halide complexes. The solvent plays a vital 

role and influences various properties of the precursor, such as its (i) solubility; (ii) evap-

oration rate; (iii) viscosity; (iv) crystallization; and (v) formation of the intermediate phase. 

The formation of several complexes occurs with the use of strong binding solvents, such 

as dimethyl sulfoxide (DMSO). The weak interacting solvents allow strong interaction 

among the starting ingredients. This leads to the creation of the intermediate phase and 

its subsequent conversion into the perovskite phase, which allows the rapid formation of 

the perovskite phase upon evaporation [157]. In contrast, strong-interacting solvents re-

quire an annealing at a higher temperature for a few minutes to obtain the pure perovskite 

phase [158]. The formation of these complexes can be avoided by adding a few polymer 

additives [159,160]. To overcome these challenges in the solution process, many reports 

have highlighted the step-by-step mechanism of thin-film formation.  

5.3. Lifetime and Stability under High Temperature and Humidity 

Most investigations and results reported by researchers for perovskite technology are 

focused on color, purity, and efficiency. However, the perovskite material and hence the 

stability of devices in harsh environmental conditions, such as high temperatures, weather 

fluctuations, and high humidity, are crucial factors to be considered seriously for com-

mercialization. Therefore, it is vital to address the concerns of stability issues in order to 

simultaneously achieve high efficiency and high durability. Prolonged exposure to high 

temperatures or illumination and to moisture in the air result in the degradation of the 

perovskites [161]. The device’s performance is susceptible to oxygen, as the perovskite 

layers degrade when they meet oxygen [161,162]. Many researchers have argued that 

moisture, atmospheric oxygen, heat, etc. are possible causes of the degradation of PSCs, 

whereas Wang et al. (2017) stated that PSC’s degradation is due to the material’s natural 

properties [163]. Iodide-based perovskites such as MAPbI3 generate a gaseous state of io-

dine (I2) that results in the degradation of the perovskite material. Furthermore, the acid-

based chemical process used in the deposition of ZnO/MAPbI3 layers causes degradation. 

TiO2 and SnO2, used in solar cell manufacturing, demonstrate better stability, but their 

excessive use causes degradation when exposed to UV radiation and leads to defects [164]. 

The morphology of spiro-MeOTAD and additives restricts its stability. Moreover, the 

commonly used Au electrode atoms diffuse at high temperatures via spiro-MeOTAD, 
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causing degradation [165]. The use of carbon electrodes is found to be highly practicable 

for the device’s stability [166].  

Compared with the hybrid organic-inorganic perovskites, all inorganic lead halide 

perovskites, such as CsPbI3, exhibited better thermal stability and, hence, attracted the at-

tention of several researchers. However, their low structural stability (phase stability) un-

der ambient conditions limits their practical applications [167]. To improve longevity, the 

formation of 2D and 3D perovskites was suggested as a possible alternative. Next, the 

long-term stability of PSCs under ambient conditions can be augmented by using proper 

encapsulation to protect the device from environmental changes [163,168]. Recently, Ling 

Xiang et al. investigated the detailed requirements for the encapsulation process and en-

capsulant materials to meet external challenges such as temperature, oxygen, moisture, 

and UV light [169]. Figure 5 shows the schematic of the encapsulation of commercial sili-

con and perovskite solar cells. Ethylene-vinyl-acetate (EVA) is the most commonly used 

encapsulation material for commercial use owing to its low cost, adequate transparency, 

and flexibility. However, it is prone to acetic acid formation and has a high water vapor 

transmission rate. Two alternatives for EVA are thermoplastic polyolefin (TPO) and poly-

vinyl butyral (PVB) [170]. More recently, interest in polyolefin elastomer-based (POE) and 

thermoplastic polyurethane (TPU) has increased. A variety of encapsulation materials, 

such as fluoropolymeric coatings, TPU, ethylene methyl acrylate, cyclized perfluoro-pol-

ymer (Cytop), organic–inorganic hybrid materials (ORMOCERs), ORMOSIL aero-gel thin 

film, and various polymer films, have been reported for perovskite solar cells [171]. Alt-

hough the encapsulation method has been successfully implemented using a glass cover 

and inert epoxy resin, it influences the performance of the device [172,173]. Therefore, 

optimization of sealing is necessary to have good performance under heat and pressure 

stresses. Earlier, Yaoguang Rong et al. reported that the methacrylate glue, krypton poly-

mer layer encapsulation, etc., exhibit the stable performance of the devices for more than 

1300 h in dark conditions [172]. This type of encapsulation has been adopted by several 

researchers to achieve a significantly higher device operation lifetime. The performance 

of MAPbI3 perovskite solar cells under various atmospheric conditions is described in Ta-

ble 11 [38,174–178].  

 

Figure 5. Encapsulation of solar cells: (a) commercial Si solar cells, (b) perovskite solar cells. 

Table 11. Stability and performance of MAPbI3 perovskite solar cells in response to illumination, 

atmospheric conditions, and encapsulation. 

Solar Cell Structure   Testing Conditions   

 

Stability 

Time 

(hours) 

Illumination 

Dark/Light  

Temperatu

re (°C) 

Atmospheric 

Condition 

Humidity 

(%) 

Encapsul

ation 

Percentag

e of Initial  

Performan

ce (%) 

Ref. 

m-TiO2/MAPbI3/Carbon >2000 Dark RT Air No 100 [175] 



Energies 2023, 16, 6498 18 of 30 
 

 

m-

TiO2/MAPbI3/PDPPDBTE/Au 
1000 Dark RT Air (20) No 100 [176] 

ITO/NiOx/MAPbI3/ZnO/Al 1440 Dark 25 Air (30–35) No 90 [177] 

ITO/PETOD:PSS/MAPbI3/Zn

O/Ag 
1000 Dark 30 Air (65) Yes >95 [177] 

m-TiO2/ZrO2/MAPbI3/Carbon >3000 Dark RT Air (35) no ~100 [174] 

m-TiO2/MAPbI3/Carbon 1002 Ultraviolet 40 Air (45) Yes ~100 [178] 

BaSnO3/MaPbI3/NiO/Au 1000 Light RT Air Yes 93 [38] 

(Light: subjected to continuous solar illumination; Dark: storage without illumination). 

5.4. Alternatives to the Toxic Heavy Metal Lead 

Among all perovskite materials, MAPbI3 has a stable perovskite phase in air. There-

fore, many researchers have focused on the optimization of this material [179,180]. How-

ever, lead in perovskite solar cells poses serious risks to human health and the ecosystem. 

Ren et al. (2021) examined the latest developments related to the safety issue of lead per-

ovskite PVs and the corresponding solutions [181]. When the perovskite solar cells decay 

or are damaged, the released or leaked PbI2 pollutes the environment, which is harmful 

to the human respiratory and brain systems and promotes oxidative stress [182]. Lead 

contamination is largely minimized in many developed countries, but the threat continues 

in developing countries. Nevertheless, the use of Pb in PV solar cells is likely to continue 

as the solar panels are pardoned from the European Legislation Restriction of Hazardous 

Substances [7]. The power conversion efficiency and stability of PCS cells are far better 

than those of lead-free PSCs. As a result, Chun-Hao Chen et al. in 2023 proposed the meth-

odology of reducing lead leakage based on polymer resin protective layers and self-heal-

ing encapsulation, which can increase lead capture rates up to 95% under harsh conditions 

[183]. Since complete elimination of Pb from commercially competitive PSCs requires a 

considerable amount of time and resources, strategies for risk management of available 

Pb-based PSCs, essential for the commercialization of sustainable and environmentally 

viable PSCs, are reported by Kim et al. [184]. Technologies to improve the public’s ac-

ceptance of the available Pb-based PSCs, such as reducing Pb leakage and a Pb-chelating 

encapsulation approach, were discussed in the review.  

In summary, the development of Pb-free perovskite materials that are more compe-

tent, economical, and long-lasting may be the better option and is necessary. 

Future perovskite materials—Machine learning approach 

Recently, the use of computational methods and artificial intelligence (AI), referred 

to as machine learning (ML), has attracted worldwide attention for the prediction and as-

sessment of perovskite materials [185]. ML is a statistical model that requires a systematic 

approach to data analysis based on historical data, mathematical calculations, statistics, 

and computer and engineering knowledge. To maintain the stability of the hybrid perov-

skite MAPbI3, Hartono et al. (2020) developed 21 different capping layers using the ML 

approach [186]. Photocurrent extraction by solar cells depends on their mobility, lifetime 

diffusion length, and charge carriers. Consequently, researchers examined the problem 

via an AI approach. They proposed that this process not only facilitated the fast screening 

and completed the calculations of charge carrier mobilities but also provided a straight-

forward path to determine the charge carrier masses, electron–phonon coupling, and pho-

non frequency in metal halide perovskites [187]. 

Currently, ML and AI techniques are widely used to understand the bandgap, stabil-

ity, crystal formation, and charge carrier mobilities of perovskites. These studies are lim-

ited to small structures and differ considerably from realistic conditions, such as temper-

ature dependence, atmospheric moisture that affects the bandgap, effective masses, ther-

mal disorders, and structural changes [188,189]. The theoretical calculations demand a 

highly precise explanation of metal halide perovskites in spin-orbit coupling, interactions 
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of charge carriers, structural properties, lattice vibrations, and the complexity of the 

bandgaps of hybrid and inorganic perovskite materials. 

5.5. Recombination, Optical, and Resistance Losses 

Although perovskite solar cells have a high PCE of up to 25.8%, they are still far from 

the theoretical Shockley–Queisser limit efficiency (30.5%) [4,13]. Future device perfor-

mance enhancements are hampered by substantial charge recombination at the interface 

of the perovskite film and charge transport layers. Therefore, any further improvement in 

photovoltaic performance now requires a better understanding of the elementary physical 

processes governing energy conversion, such as charge carrier generation, transport, and 

recombination dynamics. To create high-efficiency perovskite cells, many strategies, such 

as additive engineering, defect passivation, interface engineering, and transmission mate-

rial optimization, have been proposed. Chen and Park showed that trap-assisted nonradi-

ative recombination, called Shockley–Read–Hall (SRH), in perovskite films and interface 

recombination are primarily responsible for the perovskite cell efficiency [190]. Suppress-

ing bulk SRH and interface recombination improves cell efficiency. Kiermasch et al. found 

that the post-annealing treatment of the cell increased charge carrier lifetime, indicating a 

reduction in traps or their capture cross-section [191]. They also demonstrated that con-

trolling the substrate temperature during manufacturing can reduce recombination losses. 

Zhang et al. discussed the important methods for improving PCE [192]. Some of these 

are passivation of interface defects to reduce charge accumulation, optimization of trans-

mission material, preparation of high-quality films, suppression of nonradiative carrier 

recombination and hysteresis elimination, selection of appropriate ETL and HTL materi-

als to eliminate optical and electrical losses by effectively transferring the photo-generated 

charge, and interface modification to modify the energy level arrangement and the film 

surface morphology. Cheng et al. recently hypothesized that self-assembled monolayers 

for interfacial modification can improve perovskite cell performance for practical applica-

tions, realizing cost-effective and stable processing [193]. Wang et al. examined the loss 

factors limiting perovskite solar cell performance and concluded that SRH recombination 

and series resistance are the two most critical variables limiting perovskite solar cell per-

formance [194]. They also showed that the perovskite solar cell’s efficiency suffers signif-

icantly from surface recombination. Shunt resistance and surface recombination play 

slight roles in PCE. To approach the ultimate efficiency limit of perovskite solar cells, tech-

nologies with very high SRH lifetime and very low series resistance are necessary. Re-

cently, Du, B. et al. reported that the deep-level traps caused by specific charged defects 

are the main non-radiative recombination centers, which is also the most important factor 

in limiting the PCE of perovskite devices [195]. The selection of appropriate passivation 

materials and passivation strategies to effectively eliminate defects or passivate deep de-

fect-induced traps in perovskite films helps improve their photovoltaic performance and 

stability. 

5.6. Issues with Large-Area Solar Modules  

In the case of perovskite solar modules, upscaling has resulted in significant effi-

ciency losses due to the difficulty of deposition of individual solar cell layers over the large 

surface area, and secondly, when connected in series, so-called dead areas arise between 

the active solar cell strips. As the dead areas are necessary for series connection but do not 

contribute to the generation of electricity, the focus should be on optimizing the actual 

solar cell layer stack as well as further reducing the size of the dead zones. Single-cell 

interconnections also cause fill factor (FF) degradation during upscaling processes. This 

degradation has been attributed to the resistance of the transparent conducting oxide 

(TCO), unremoved layers even after scribing processes, and damage during scribing pro-

cesses. Furthermore, the difficulties associated with large-area perovskite solar cells orig-

inate from the limitations of the thin-film solar module design. The conventional spin-
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coating process has limitations when used for large-area deposition processes. The nonu-

niformity of materials can cause drops in the open-circuit voltage (VOC). Sang-Won Lee et 

al. investigated the state and issues of upscaling research on perovskite solar cells in 2020, 

which must be addressed for commercialization efforts to succeed [196]. They reported an 

804 cm2 perovskite solar module with 17.9% efficiency, which is significantly lower than 

the 25.2% efficiency of a 0.09 cm2 perovskite solar cell.  

5.7. Manufacturing Cost 

The affordability of any electronic device relies on its performance and long lifespan. 

The cost–performance ratio is calculated based on the expenses incurred regarding the 

raw materials used, fabrication of the device, labor, operation, overhead cost, and disposal 

or recycling. These factors together constitute the capital cost, which must be taken into 

consideration during the commercialization of the product. Although no standard lifetime 

has been reported for perovskites, it is assumed to be >1000 h and needs to be further 

improved. Other constituents that added to the cost were the back-contact electrodes 

made of gold or silver. These are costly metals, and it is hence necessary to develop eco-

nomical contact materials. Alternatively, the use of highly stable carbon electrodes may 

reduce expenses and improve stability [175]. Copper electrodes could also be considered 

as an alternative in high-performance solar perovskites [197]. In addition to these issues, 

the main concern is the presence of lead halide in the perovskites. To minimize lead tox-

icity in the environment, recycling and reuse of lead (Pb) are recommended. However, 

recycling is economical only when there is a large active market [198, 199]. Furthermore, 

the conductive glass (FTO) used in solar cells is the most expensive part, which can be 

reused without reducing the performance of the devices. 

5.7.1. Material Cost Analysis 

Perovskite cell technology promises a cheaper alternative to the most widely ac-

cepted photovoltaic technology, with lower production costs, material costs, and energy 

demands during the manufacturing process. In order to be competitive with crystalline 

Si, the overall cost of perovskite cells must be reduced. The material costs include front 

glass and processing, active layers, back sheet, encapsulation and stringing, and junction 

box costs. The careful selection of the materials could make the formulation of the perov-

skite active layer practical for commercial-scale production. According to Vidal et al., the 

current production costs of perovskite cells could be reduced if a decrease in or suitable 

alternative low-cost barrier foils and transparent conductive oxide-coated plastics could 

be found [200]. Changes in raw material pricing may pose a challenge to the perovskite 

solar energy market. Sofia et al. presented a techno-economic analysis of perovskite-sili-

con tandem solar modules in 2020, and explored the cost-performance for silicon bottom 

cells in perovskite-silicon tandems [201]. They demonstrated that by utilizing current, 

low-cost multi-crystalline silicon technology, perovskite-silicon tandems can become cost-

effective and competitive, and provide adequate advantages for investment.  

5.7.2. Panel Cost Analysis 

Researchers from Australia and the United States presented a method for calculating 

the manufacturing costs of perovskite photovoltaic modules, which are estimated to cost 

107 $US/m2 (uncertainty range 87 to 140 $US/m2) [202]. The estimated cost is comparable 

to the costs of commercial crystalline silicon and cadmium telluride photovoltaic technol-

ogies. Chang et al. argued in 2018 that because the perovskite module is still in its early 

stages of development and much of the device research is focused on the solar cell scale, 

it is difficult to estimate these costs accurately [203]. According to Mark Hutchins’ recent 

report, the scientists devised new measurements that projected the production of 100 MW 

of perovskite solar cells [204]. The report also claims that there are numerous possible 

commercialization options for the product. Pavel Čulík et al. recently demonstrated that 
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the production of perovskite solar panels necessitates a process cost calculation model 

that takes into account variable climate conditions and labor costs at various installation 

locations [205]. They showed that perovskite PV production is competitive with standard 

Si PV technologies, even at lower production scales. 

5.7.3. Module Cost Reduction Strategy 

Apart from efficiency, the cost of a photovoltaic technology also attracts attention. 

Providing affordable solar energy could significantly improve living conditions. It is also 

the main target of the U.S. Department of Energy SUNSHOT Initiative, which aims at 

bringing down the cost of solar electricity below 0.06 USD per kilowatt-hour over its life-

time [206]. Success with this challenge could be achieved by providing affordable PV mod-

ules. Zongqi Li et al. investigated four solar modules, namely silicon solar cells, perovskite 

solar cells, perovskite/silicon tandem solar cells, and perovskite/perovskite tandem solar 

cells, with a focus on their LCOE (levelized cost of electricity) [207]. They proposed that 

the tandem structures have great commercial potential if their performance (PCE and life-

time) at a laboratory scale can be achieved after scaling up with low-cost materials and 

with a satisfactory material utilization ratio. Recently, researchers predicted that perov-

skite solar cells (PSCs) are likely to have a relatively low production cost per panel and 

even a low LCOE compared to single-junction (S-J) silicon solar cells [205,207]. The LCOE 

of perovskite PV was estimated to be 3.5–4.9 US cents/kWh with a 15-year lifetime, which 

was even lower than that of traditional fossil energy. However, more attention should be 

given to improving device efficiency and lifetime rather than low-cost material replace-

ment. Actually, perovskite cell modules are still far from suitable for practical use, and the 

expected device performance has not been fully achieved yet. More work is needed to 

enhance the efficiency and lifetime of perovskite modules, which will ultimately boost 

perovskite PVs’ competitiveness throughout the whole energy sector. Apart from being 

highly efficient, the perovskite solar system is relatively more affordable than any other 

photovoltaic system. 

6. Potential Applications and Market 

Perovskite solar cell products are classified into two types: rigid perovskite solar cells 

and flexible perovskite solar cells. Because of their flexibility and light weight, these cells 

have applications in residential, commercial, industrial, automotive, defense, and other 

sectors. The end users of perovskite solar cells include aerospace, industrial automation, 

consumer electronics, energy, and others. The perovskite solar cells market comprises so-

lar panels, smart glass windows, perovskite in tandem solar cells, utilities, portable de-

vices, building-integrated photovoltaics (BIPV), and other products. According to the 

Precedence Research report, the global perovskite solar cell market is predicted to reach 

roughly US$ 9.91 billion by 2032, with a 32% compound annual growth rate (CAGR) from 

2023 to 2032 [208]. The perovskite solar cell market would grow from US$ 120.29 million 

in 2023 to US$ 2759.16 million by 2030, at a CAGR of 56.5% over the forecast period, as 

projected by Fortune Business Insight [209]. The key drivers of market growth include 

high power conversion efficiency, low manufacturing costs, and simple fabrication tech-

niques. However, high production costs are expected to hinder the expansion of the per-

ovskite solar sector. 

7. Conclusions 

We analyzed the challenges encountered in the commercialization of perovskite de-

vices, such as material and structural stability, device stability under high temperatures 

and humidity, lifetime, and manufacturing cost. Because of their advantages, such as low 

cost, simple fabrication techniques, and excellent crystallinity, perovskite materials are 

very practical and competitive for fabrication. Hybrid perovskites, in particular, have nu-
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merous advantages, including a high absorption coefficient, balanced charge carrier mo-

bility, and low defect formation. As the power conversion efficiency and stability of PCS 

cells are far better than those of lead-free PSCs, the use of Pb in PV solar cells is likely to 

continue in the future. However, the toxicity and environmental issues related to Pb in 

perovskite materials are serious concerns that must be addressed urgently before the 

large-scale adoption of perovskite solar panels. To prevent mitigation of the environment 

and harm to human health, the proposed options are to increase the material stability, 

have a long lifetime of the device, employ hermetic encapsulation, have a proper disposal 

option, and recycle dead devices. Nonetheless, in practical applications, the deterioration 

of perovskite solar cells owing to prolonged exposure to high temperatures and relative 

humidity cannot be avoided.  

Indeed, the complete removal of Pb metal from the perovskite by new non-toxic ma-

terials that possess properties like those of lead-based perovskites is necessary. Prolonged 

exposure to Pb may be hazardous to human health and may cause irritation to the skin, 

lungs, and eyes. Continuous exposure can result in serious health issues. Many elements, 

such as Sn, Ge, Sb, and Bi, have been proposed to replace Pb in perovskites to avoid dam-

age to the environment. Further, the cost analysis reveals that material selection, produc-

tion, and ground installation greatly reduce the cost. According to the energy payback 

time, the perovskite layer consumes only 1% of the input energy, whereas the manufac-

turing process consumes 5.3%. The sensitivity measurements show the major cost con-

cerns are production, maintenance, and local labor. Here, we suggest that solar panels be 

installed on a 365-day site with hot and dry weather conditions, with local maintenance 

and labor, such as cleaning the panel using a robot machine. 

Furthermore, ML and AI techniques are anticipated to be used to synthesize future 

perovskite materials with precise knowledge about their characteristics. Compounds 

identified by computational approaches, such as double-halide perovskites and chalco-

genide perovskites, have a long way to go before dominating the market because they 

must go through the necessary synthesis pathway, and achieve thin-film deposition, de-

vice engineering, and thermodynamic stability. Computational research has suggested 

that double-halide perovskites and chalcogenide compounds could be suitable substitutes 

for the Pb metal.  

Overall, perovskite solar cells have great potential for producing efficient and low-

cost solar energy. We believe that their instability and the presence of toxic materials, 

along with other issues, are major market restraints. The development of solar cells that 

are cost-effective, efficient, and stable is necessary so that they can be widespread and 

accessible to the general population. In conclusion, it is indicated that the successful re-

placement of Pb metal, environmental concerns, cost-effectiveness, and industrialization 

issues must be addressed in order for perovskite solar cells to be widely accepted. 
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