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1. Introduction

Over the past decade, hybrid halide perov-
skite solar cells (PSCs) have witnessed the
most significant advances in the field of
photovoltaics. The rapid progress observed
in the performance of emerging thin-film
PSC technology is unprecedented.
Perovskites are optically active semicon-
ducting materials with exceptional
optoelectronic and chemical properties.
In 1839, a Russian mineralogist Gustav
Rose discovered the first perovskite mate-
rial CaTiO3 and named it in honor of
another renowned Russian mineralogist
Lev A. Perovski.[1] Afterward, a number
of inorganic metal oxides were found to
have a similar structure to that of perov-
skite, e.g., PbTiO3, BaTiO3, BiFeO3, etc.
Therefore, all the materials having similar
composition and structure to CaTiO3 were

P. K. Deendyal, S. Dhakla, M. K. Kashyap
Renewable Energy Laboratory
School of Physical Sciences
Jawaharlal Nehru University
New Delhi 110067, India
E-mail: mkkashyap@mail.jnu.ac.in

P. K. Deendyal
Department of Applied Science
Government Polytechnic for Women
Faridabad 121006, Haryana, India

A. Taya
Department of Physics
Mukand Lal National College
Yamunanagar, Haryana 135001, India

R. Singla
Department of Physics
Daulat Ram College, University of Delhi
Delhi 110007, India

H. Singh
Department of Physics
IIHS
Kurukshetra University
Kurukshetra, Haryana 136119, India

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/solr.202300957.

DOI: 10.1002/solr.202300957

S. Kumar
Inter-University Accelerator Centre (IUAC)
Aruna Asaf Ali Marg, New Delhi 110067, India

T. A. Hackett
Department of Biochemistry
University of Nebraska-Lincoln
Lincoln, NE68588-0664USA

D. Ali
Faculty of Medicine
Charles University
Pilsen 30100, Czech Republic

A. H. Reshak
Physics Department
College of Science
University of Basrah
Basrah, Iraq
E-mail: ali.reshak@uobasrah.edu.iq

A. H. Reshak
Al-Kunooz University College
Basrah, Iraq

A. H. Reshak
Center of Excellence Geopolymer and Green Technology
School of Material Engineering
University Malaysia Perlis
Kangar, Perlis 01007, Malaysia

Hybrid halide perovskite (HHP) emerged as an excellent material for upcoming
photovoltaic technologies owing to its rapid performance growth just within a decade.
Extensive research worldwide is going on HHP due to their unique optical properties,
flexible thin-film nature, and simple low-cost solution-based fabrication processes for
solar cells. Albeit HHP solar cells exhibit adequate power conversion efficiency (PCE),
poor stability impedes its commercial deployment. This review summarizes the major
efforts made worldwide to improve the stability of HHP-based solar cells from time to
time. Methyl ammonium lead halide (MAPbI3) has been first used in HHP-based
perovskite solar cells (PSCs) but it is more vulnerable to heat and moisture. Further,
formamidinium (FAþ) and guanidinium (GAþ) ion doping have been adopted as a
compositional modification for better structural and environmental stability. The
entire work has been categorized into three sub-areas, i.e., MA,; FA, and GA-based
HHP solar cells and the comparison of various photovoltaic parameters of these cells
has been presented. Furthermore, the challenges and prospects for PSC research and
development toward commercialization have also been presented.
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named as perovskites.[2] Hybrid halide perovskite (HHP) has a
structure similar to CaTiO3 with the generic chemical formula
ABX3, where A and B are cations, X being an oxide or halide
ion as illustrated in Figure 1. In all-inorganic halide perovskite
suitable for photovoltaics, Aþ is Csþ or Rbþ,[3,4] whereas, in
HHP, Csþ is replaced fully or partially by an organic cation,
e.g., CH3NH3

þ (methyl-ammonium, MA), NH2CH3NH2
þ

(formamidinium, FA) etc., B is a divalent metal cation (Pb2þ

or Sn2þ), and X is a monovalent halide anion (I�, Br�, or
Cl�).[5–7] The term hybrid refers to the presence of both organic
and inorganic components. Herein, cation Aþ is located in a
cubo-octahedra cavity formed by eight [BX6]

�, while cation B
is in 6-fold coordination with the halide ion.

Over the period of time, perovskites have aroused the interest
of material scientists due to their abundance and diversity in
behavior. Due to their peculiar properties, perovskites have sig-
nificant potential in various applications other than photovoltaics
(PV) such as light-emitting diodes, photodetectors, X-ray detec-
tors, memory devices, and so on.[8] Owing to this fact, halide
perovskites have prompted a lot of multidisciplinary research
all over the world, which demands knowledge of physics, chem-
istry, optics, and electronics. Precisely, the perovskite materials
have extensive applications in PV technology due to their
excellent optical and chemical properties, e.g., large absorption
coefficient,[9] high charge-carrier diffusion length,[10] low trap
density,[11] and small exciton binding energy.[12] One of the most
important materials in this domain is methyl-ammonium lead
iodide (MAPbI3), which can absorb a wider spectrum of light
compared to silicon.[13]

Although perovskite materials were discovered more than a
decade ago, but they jumped into PV industry only in 2009, when
Miyaska et al.[14] first employed MAPbI3 and MAPbBr3 as photo-
active layers in the quantum dots and achieved power conversion
efficiency (PCE) of 3.8% and 3.1%, respectively. It was a

delightful encounter with perovskite materials as it uncovered
a new domain of PV, being a miraculous box with a plethora of
enigmatic features. But, due to the device instability caused by a
liquid electrolyte, this novel type of solar cell did not draw much
attention at the time. In 2012, Lee et al.[15] achieved a 10.9% effi-
ciency by coating mixed halide perovskite (CH3NH3PbI3�xClx)
over a compact layer of Al2O3 and deployed 2,2 0,7,7 0-
tetrakis(n,n-di-p-methoxyphenylamine)-9,9 0-spirobifluorene (spiro-
MeOTAD) as a solid-state organic hole transport layer (HTL).
Since then, extensive research efforts have been put in by scientists
worldwide which resulted in the unprecedented improvement in
PCE from 3.8%[14] to the recent value of 26.1%,[16] which is already
at par with the commercially available silicon solar cells.

In terms of practical applications, the development of PSCs
has centered on two key challenges, one is PCE and another
is long-term stability. Despite the tremendous progress in
PCE, the state-of-the-art PSCs are still confined to the laborato-
ries by virtue of due to low stability and less scalability.[17]

Perovskite degradation, due to external and internal factors,
imposes the major bottleneck for commercialization. Indeed,
over the past few years, the quest for long-term stability has
become a hot research topic in PSCs, as a result, there is a drastic
increment in the number of publications, from just 1 in 2012 to
2840 in the year 2022 as illustrated in Figure 2. It is noteworthy
that understanding the degradation mechanisms caused by
various degradation factors is crucial for the fabrication of more
efficient and highly stable PSCs. According to several studies,
both intrinsic and extrinsic factors such as light, heat, moisture,
and oxygen are the major factors for performance deteriora-
tion. However, several encapsulation approaches have been
developed to eliminate these external degradation causes.[18,19]

Encapsulated PSCs, in contrast, degrade rapidly under illumina-
tion due to their intrinsic degradation factors such as charge
trapping and ion migration.

Commercially accessible silicon solar cells have great
efficiency and stability, but the manufacturing process is tedious

Figure 1. Systematic representation of the perovskite crystal with ABX3
type structure.[147]

Figure 2. Annual progress of stability of PSCs with the increasing number
of publications each year since 2012 (Source: Web of Science).
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and expensive. Although dye-sensitized solar cells (DSSCs) are
also available in the market, yet their efficiencies are still less
than 15%.[20] The PSCs, in contrast, are cost-effective, light-
weight, and flexible. Along with the inexpensive solution-based
fabrication process, perovskites have a remarkably high defect
tolerant capacity, and suppressed carrier recombination.[21]

Therefore, among all the PV technologies of the twenty-first
century, the PSCs offer a spark of hope for the advancement
of renewable energy sources in terms of solar cells owing to
their unique morphological and optoelectronic properties.
Furthermore, the tunable bandgap of perovskites allows them
to synergize with well-established silicon technology, pushing
PCE beyond the theoretical limit of single junction cells.
Recent advancements in the realm of perovskite/Si tandem devi-
ces have demonstrated efficiencies exceeding 30%,[22] paving the
way for next generation solar energy technologies. Nevertheless,
to be marketable within the industry like Si PV panels, the PSCs
must guarantee to yield stable power for a period of ≈25 years in
outdoor conditions. The stability test for PSCs without encapsu-
lation must be >500 h under 1 sun illumination and 1000 h
under full sunlight.[23,24] Scaling up PSCs from lab-scale to com-
mercially viable modules always remains a hurdle. However, the
researchers are continually attempting to address this challenge
by optimizing techniques and materials for large-area fabrica-
tion.[25,26] Overcoming these challenges will bring cost-effective,
high-performance perovskite solar technology to the wider
market.

Herein, the present review article mainly focuses on some
fundamentals of PSCs and the various solution-based fabrication
processes with a brief emphasis on the theoretical approach
using important simulation software. It aims to analyze the
chronological research evolution of stability in MA, FA, and
guanidinium (GA)-based PSCs, emphasizing both inert
and open environment conditions. Also, the future challenges

and expected solutions in the area of HHP-based solar cells
are planned to outline. It ought to motivate the researchers to
seek out and tackle multidisciplinary research issues with
PSCs at present.

2. Synthesis of PSCs

The typical architecture of a PSC device mainly consists of
indium tin oxide (ITO)/fluorine-doped tin oxide (FTO), electron
transport layer (ETL), perovskite absorber layer, HTL, and the
metal electrodes commonly called planer n-i-p type structure.[27]

In addition, there are a few more varieties of PSC architectures
based on structural configurations, which are further divided into
planar and mesoporous categories. Further, these different vari-
eties of PSCs structure modules are shown in Figure 3.[8] The
perovskite layer is the most essential layer in the PSC device
stack, therefore defect-free films with large grain size, crystal
phase purity, and excellent film coverage are required to provide
improved photovoltaic performance and stability. The efforts are
being made to scale up the PV technology with a number of
aspects being used for large-area PSCs’ production, including
both solution-based and vacuum deposition approaches.
Device performance is highly influenced by a variety of param-
eters such as device architecture, compositional engineering, and
film production process.[28–31] Importantly, PSC’s efficiency is
generally dependent on the materials utilized in the various
layers as well as the film deposition technique employed.[32–36]

The description of some important techniques for the thin
film deposition of PSCs such as solutions-based processing
methods like spin coating and dip coating, and roll-to-roll
printing methods, with a focus on the parameters affecting
the quality and the thickness of the coated thin films on the sub-
strate are as follows:

Figure 3. Various device architectures of PSCs a) mesoscopic n–i–p with semiconductor metal oxide, b) mesoscopic n–i–p with insulating metal oxide
scaffold, c) planar n–i–p, d) planar p–i–n (inverted), e) ETL-free, f ) HTM-free, and g) HTM-free carbon electrode.[8]
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2.1. Spin Coating

Spin coating is a facile and widely used technique for depositing
thin film on rotating flat substrates by centrifugal forces.[37] This
method is mostly used for the fabrication of small area PSCs in
laboratories. The growth of thin film by spin coating can be done
in two ways. For the deposition of the MAPbI3 perovskite absorb-
ing layer in one step spin coating method, PbI2 and CH3NH3I
(MAI) are first dissolved together in dimethylformamide
(DMF) or dimethyl sulfide (DMSO) solvent and mixed well to
make a precursor solution. Then it is spin-coated on the ETL sub-
strate to form a thin film of the photoactive layer. Whereas, in the
two-step spin coating process, PbI2 is deposited first individually
and then MAI film as shown in Figure 4a.[38] Further, the sub-
strate is heated at a particular temperature after spin coating to
produce a well-crystallized layer of perovskite. The quality and
thickness of the thin film can be customized by adjusting the
spin coating duration, acceleration, and spin speed. The film
quality and properties are also affected by the annealing temper-
ature and annealing time. Jiang et al.[39] achieved 20.1% PCE on
1 cm2 PSCs by using a two-step spin coating process. They fixed
the spin coating speed for PbI2 as 1500 rpm and varied for the
upper CH(NH2)2I (FAI) layer as 1000, 1300, 1500, and 1700 rpm.
The scanning electron microscope (SEM) image of various
PBI2/FAI combination layers is shown in Figure 4b. Albeit
the efficiency achieved with the spin coating technique is quite
good, this technique has demerits in large-scale production. The
quality and homogeneity of the deposited film reduced sharply
with an increase in the area.[40] In the context of large substrates,

the film thickness varies from the center to the edge of the
substrate.[41,42]

2.2. Dip Coating

In the dip coating method, the substrate is first immersed in the
aqueous solution of desired coating material. A uniform wet film
is formed on the substrate’s surface after its withdrawal from the
solution at a regulated rate. The deposition of thin film by the dip
coating method is depicted in Figure 5i.[43] Further, the solvent
can be evaporated by heating the substrate resulting in a coated
thin film. The uniformity and thickness of the film depend on the
withdrawal rate, solution concentration, number of dips, angle of
dip, and drying angle. Huang et al.[44] fabricated the TiO2 film
(ETL) and MAPbI3 Perovskite film by the dip coating method
and observed almost equal efficiency with the referenced spin-
coated module. In addition, plane SEM images of both the spin
and dip-coated perovskite films are shown in Figure 5ii along
with the comparison between their absorbance and X-ray diffrac-
tion (XRD) pattern.

2.3. Roll-to-Roll Printing

The roll-to-roll (R2R) printing technology has already been envi-
sioned as a way of ensuring large-scale PSCs commercialization,
and this technique has been followed by extensive efforts in
developing, refining, and augmenting laboratory-scale processes.
This technique incorporates various coating methods which are

Figure 4. a) Two-step spin coating method for the deposition of MAPbI3 perovskite on TiO2 substrate. b) SEM images of perovskite layer with
various PbI2/FAI combinations, (i) Sample A with (1500/1000 rpm), (ii) Sample B (1500/1300 rpm), (iii) Sample C (1500/1500 rpm), (iv) Sample D
(1500/1700 rpm); (scale bar: 2 μm)[35] c) J–V characteristics of the best performing device in large size (1 cm2) in both reverse and forward scan; large
area device and corresponding photovoltaic parameters are shown in the inset of Figure (c).[39]
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used to print different layers of PSCs by using rotating rolls. In
R2R printing, ETL precursor, perovskite precursor, and HTL can
be coated in a sequence as illustrated in Figure 6.[45] Due to the
flow line production, the process is fast and cost-effective relative
to spin and dip coating and presents a rich probability of high
throughput fabrication of flexible solar cells.[46–49] The several
techniques which are compatible with R2R printing are spray
coating, slot die coating, blade coating, ink-jet printing, gravure
printing, and flexographic printing. Among all these, slot die
coating is the most desirable method due to low precursor con-
sumption and supreme layer thickness uniformity.[50]

2.4. Thermal Evaporation Technique

In the previous section, it has been alluded that there are various
deposition methods for fabricating the thin films of HTL, ETL,
and the absorber layer of PSCs. While for their functioning
as the solar cells, metal contacts should be prepared above the
p-n junction which can be done with the help of a thermal
evaporator.

Thermal evaporation is a high-vacuum technique for fabricat-
ing thin films of different materials on the substrate. Due to its
ease of use, high deposition rate, and low equipment cost, ther-
mal evaporation is a trendy physical vapor deposition technique.

The thickness of the films is typically in the range of a few ang-
stroms (A°) to several hundred nanometers (nm). The method
entails heating a solid source material until it reaches a particular
vapor pressure. Thereafter, the evaporated material reaches the
substrate and adheres to it, forming the necessary coating layer.
A complete setup of a thermal evaporator and an illustration of
thin film deposition by this method is shown in Figure 7.[51,52]

For two reasons, when gas is evacuated from a chamber, vapor
molecules inside it can travel longer distances before colliding
with a gas molecule. During evaporation, collisions with gas mol-
ecules are undesired because they shift the direction of travel of
the substance vapor, affecting the substrate coverage. Second, for
film purity, a high vacuum is essential. Contamination of the
growing film is possible due to background gases in the cham-
ber. This process may deposit a wide range of materials, includ-
ing aluminum, silver, nickel, chrome, magnesium, and many
others.

2.5. Theoretical Approach: Simulation and Analysis of PSCs

So far, we have discussed the experimental part of the PSCs
module. In the context of the theoretical approach, various
first-principles techniques can be used to predict the desired
properties of materials. The density functional theory (DFT) is

Figure 5. i) Sequential step for thin film deposition by dip coating method,[43] ii) SEM images of the a) spin-coated, b) dip-coated perovskite films,
c) UV-Vis absorption spectra, and d) XRD patterns of the dip-coated and spin-coated perovskite films.[44]
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the most preferable modeling method as it provides a good level
of accuracy in the results.[53–56] DFT is a quantum mechanical
approach that can be used to accurately analyze the ground state
and excited state properties of computationally synthesized mate-
rials. In other words, the ab-initio DFT technique can be used to
examine the structural, optical, magnetic, and electronic aspects
of many-body systems using a potential acting on the system’s

electrons. This DFT potential incorporates an external potential
Vext, determined by the elemental composition of the system and
its structure, and an effective potential Veff, due to the interelec-
tronic interactions.

Apart from DFT, various other theoretical approaches can also
be employed to explore and analyze the domain of PSCs. These
alternate approaches complement DFT-based simulations and

Figure 6. a) Smartcoater SC08 for R2R printing, b) R2R coated perovskite film, c) roll-to-roll coated flexible substrate having four slot-die deposited layers,
and d) schematic diagram of a fully inline coating process with R2R slot-die coating process.[45]

Figure 7. a) Complete set-up of a thermal evaporator. Reproduced with permission.[51] Copyright 2012, Springer Nature. b) a schematic diagram of thin
film deposition by thermal evaporation technique.[52] Copyright 2012, Springer Nature.
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give a unique insight into the PSCs. One such more sophisti-
cated approach is many body perturbation theory (MBPT) that
inculcates the very crucial electron–electron interactions and
provides a better insight into the understanding of excited state
properties and evaluates accurate optical spectra and carrier life-
times of charge carriers in PSCs.[57] The typically used approxi-
mation in MBPT is GW approximation which gives correct
predictions about electronic structures and optical properties
by taking into account the self-energy corrections to electronic
band structures.[58]

DFT is mainly concerned about predicting the ground state
electronic properties of perovskites but to understand and predict
the dynamical behavior of electrons, atoms, and molecules in
HHPs, one needs to go beyond DFT. In such scenarios, time
dependent density functional theory (TD-DFT) comes handy.[59]

The quantummechanical framework of TD-DFT plays a very piv-
otal role in understanding the dynamics that goes behind the
interaction of light with the different layers of PSCs. The
exchange-correlation functionals in TD-DFT relies not only on
the spatial density of electrons but also on their time dependent
density.

Quantum Monte Carlo (QMC), though a non-perturbative
approach, is also well suited to study the perovskite materials
owing to their multiple interaction components like electrons,
holes, and defects.[60] Alongside ground and excited state prop-
erties, this quantum mechanical approach also allows us to
model and predict transport properties and recombination rates
of various charge carriers in PSCs, thus providing a very valuable
insight for optimizing the PCE. Apart from that, QMC is a great
tool to study the defect dynamics and their interaction with
charge carriers in PSC, which can be significantly advantageous
in identifying and mitigating the effect of detrimental defects
by developing strategies for enhancing the stability and perfor-
mance of PSCs.

Being a computational method that combines the principles of
quantum mechanics with molecular dynamics, ab-initio molecu-
lar dynamics (AIMD) is a potent tool for understanding the
atomic scale dynamics in PSCs.[61] This method is applied to sim-
ulate the growth of perovskite films from vapors or solutions,
revealing information about the factors that govern the high-
quality film formation in these solar cells. AIMD can give a
comprehensive analysis of the effect of temperature, pressure,
and moisture on the diversified categories of absorber, ETL,
and HTLs of PSCs and the ion-migrations and material degrada-
tion thereafter, thus vital in understanding the performance and
durability of PSCs in real world operating conditions. Moreover,
by simulating different perovskite structures and compositions,
AIMD can aid in the designing and optimization of more effi-
cient and stable perovskite materials for PSCs.

In conjunction with the above approaches, semi-empirical
models also found usefulness in the deliberations on the devel-
opment of PSCs.[62,63] These models join both empirical and the-
oretical approaches to describe the perovskite materials and
predict their performance in PSCs. Insights into the stability,
charge transport, and optoelectronic properties can be conferred
alongside material screening for promising candidates and inter-
face engineering for optimized charge extraction and reduced
combinations at different interfaces of PSCs.

Above all these approaches, more recently machine learning
(ML) and data driven approaches have captured the attention of
materials scientists owing to their potential to revolutionize the
way materials are discovered.[64,65] Due to the accumulation and
availability of a large amount of experimentally and theoretically
obtained data on perovskite materials’ structure, properties, and
behavior, ML offered various innovative ways to understand, opti-
mize, and accelerate the development of PSCs. The materials
informatics are being used to develop models, databases, and
algorithms to enable data-driven perovskites discovery and
designing. The ability of ML models to predict properties of
the perovskite materials based on compositional and structural
features facilitates the identification of desired perovskite for
solar cell applications. The algorithms utilized in various ML
models can quickly screen and prioritize the tailored perovskite
materials with promising properties, considerably diminishing
the resources and time required for experimental synthesizing
and testing, highlighting that ML has become an indispensable
tool for PSCs material discovery and designing.

Numerical simulation is a significant and vital tool for predict-
ing solar cell performance and providing practical direction for
optimizing different geometrical and technical aspects of solar
cells.[66–71] The simulation can demonstrate the physical action,
and the feasibility of a specified physical model, and is a useful
way to examine how device parameters impact the physical
operation and device performance without having to wait
long. Throughout the field of photovoltaics, numerous
simulation models are being used like AMPS, COMSOL
MULTIPHYSICS, GPVDM, SCAPS-1D, SETFOS, SILVACO,
and TCAD. One of the most commonly adopted device simula-
tors for PSCs is SCAPS-1D. Solar Cell Capacitance Simulator
(SCAPS-1D) is one-dimensional simulation software, developed
at the Department of Electronics and Information Systems
(ELIS), University of Gent, for analyzing the performance of thin
film solar cells. The three primary differential equations which
are used in the simulator are Poisson’s equation, transport
equation, and continuity equation.[72]

Nishat et al.[73] calculated the carrier mobility, absorption spec-
trum, and band gap of ETL layer TiO2 using DFT. Further, the
performance of a PSC was evaluated using the extracted proper-
ties in the SCAPS-1D device simulator. Also, Laali et al.[74]

calculated the absorption spectrum of MAPbI3 and MAPbBr3
perovskite layer and ZnO ETL layer by the DFT method and
employed the results in the SCAPS-1D simulator. SETFOS, by
Fluxim, is another major simulation programme for the analysis
of organic photovoltaics (OPV) and organic light emitting diodes
(OLEDs). Lekshmi et al.[75] studied the performance of inverted
PSCs for different HTLs by using SETFOS simulations.

3. Characterization

It is very important to produce stable perovskite thin film for
effective use in the complete solar cell. Thus, it is important
to perform a systematic analysis of the perovskite thin film sepa-
rately. The following section is dedicated to the characterization
of perovskite thin films first and then the complete perovskite
solar cells.
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3.1. Perovskite Thin Films

Perovskite thin films, at the forefront of cutting-edge optoelec-
tronic applications, undergo meticulous characterizations employ-
ing a comprehensive methodology that integrates several
techniques to unveil their structural, compositional, and morpho-
logical attributes, etc. The structural characterization is commonly
accomplished by XRD, a powerful tool that offers insights into the
phase purity, crystallographic orientation, and lattice parameters
of the perovskite films. Further, this method enables the research-
ers to confirm the idealized ABX3 perovskite structure and explore
any possible deviations or imperfections in the material. For a bet-
ter understanding of the film quality and surface properties, it is
imperative to conduct the morphological investigations of perov-
skite films. In this regard, the techniques such as atomic force
microscopy (AFM) and SEM are commonly used to visualize
the grain size, topography, and surface roughness of the perov-
skite thin films. These findings are crucial owing to their direct
influence on the charge transport properties and the overall per-
formance of perovskite based PV devices.[76] Furthermore, the
analysis of perovskite film’s composition involves a detailed exam-
ination of its chemical constituents, addressing aspects such as
presence of defects, dopants, and additives. X-ray photoelectron
spectroscopy (XPS) is a popular technique to scrutinize the ele-
mental composition and chemical states,[77] offering the valuable
insights into the film’s stability and electronic properties.
Understanding the optical properties of perovskite thin films is
essential for improving their performance in diverse applications,
especially in photovoltaics. The UV-Visible (UV-Vis) spectroscopy
plays a pivotal role in exploring the optical properties of the perov-
skite films, providing the valuable information regarding their
absorption and transmission characteristics over a wide spectrum
range. By analyzing the absorption spectrum in the UV-Visible
region, the researchers can identify the onset of absorption, cor-
responding to the energy required for electronic transitions within
the material. In addition, it is useful to determine the band gap of
the perovskite materials, a critical parameter to influence the
optoelectronic performance of the device. The electronic proper-
ties of perovskite films are probed by utilizing the techniques such
as photoluminescence spectroscopy (PL) and conductivity meas-
urements. Significantly, the PL also offers a glimpse of the mate-
rial’s optical properties, including band gap and radiative
recombination, whereas conductivity measurements provide
information about charge carrier mobility and transport behavior.
Moreover, time-resolved techniques such as PL decay measure-
ments help to understand the charge carriers’ dynamics and
the possible degradation pathways. In the pursuit of improving
the stability of perovskite thin films, particularly when confronted
with environmental challenges, characterization methodologies
often include studies on the impact of moisture, light exposure,
and temperature fluctuations. In the nutshell, the methodology
for characterizing perovskite thin films is a multidimensional
approach that includes XRD, SEM, AFM, XPS, UV-Vis spectros-
copy, PL, conductivity measurements, and so on. This intricate
combination of techniques yields a comprehensive understanding
of the structural, compositional, and morphological aspects, ulti-
mately leading to the optimization of perovskite thin films for
diverse optoelectronic applications.

3.2. PSCs

Hybrid halide PSCs have progressed at a breakneck pace, allow-
ing them to compete in PCE with single-crystal Si solar cells in
just a few years. The high PCE (up to 26.1%)[16] along with the
low-cost processes for the fabrication of PSCs have attracted the
attention of many scientists worldwide. The basic working prin-
ciple for the PSCs involves the charge carrier generation, sepa-
ration, and transportation toward the respective electrode. The
light first falls on the perovskite blend that is sandwiched
between the two functional layers (ETL/HTL), resulting in the
formation of charge carriers (electron/hole). The total PCE of
solar cells, which is defined as the percentage of incoming solar
energy that is transformed into electrical power, is often regarded
as the most important performance metric for PV systems. The
current–voltage (I–V ) characteristic is a typical approach to
assess solar cell performance. Outdoor testing in natural environ-
ments replicates reality and is, in that sense, an ideal circum-
stance. However, the intensity of incident solar radiation,
angle of incidence, albedo, spectral distribution, temperature,
and wind speed and direction vary so widely and so quickly that
the scientific requirement of repeatability is rarely met. As a
result, conducting outdoor tests to satisfy precisely defined test
circumstances is impossible. In this regard, for the characteriza-
tion of PV devices, simulated light is usually taken into account.
A solar simulator could be useful for testing small prototyping
devices made in research laboratories, especially if it could cus-
tomize the irradiation at any wavelength interval. A solar simu-
lator referred to the artificial sun, consists primarily of a light
source, usually a xenon arc lamp, and a collection of filters
designed to ensure that the output light’s spectral distribution
is as close to the normal AM 1.5G (global) spectrum as possible.
Furthermore, to obtain I–V characteristics and external quantum
efficiency of solar cell modules, solar simulators are utilized to
illuminate the cells while measuring their attributes. Figure 8[78]

depicts the comparison of the solar spectrum of AM 1.5G with
the spectrum of a xenon lamp solar simulator.

Figure 8. Comparison of AM 1.5G spectrum (blue line) with xenon lamp
solar simulator spectrum (Red line).[78]
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4. Chronological Work on Stability of PSCs

Even though most of the leading laboratories have achieved the
PCE of lab scale PSCs above 25%, but grave questions are inces-
santly knocking on the doors of the research laboratories; fore-
most is, when will these PSCs be utilized for commercial
endeavors? Notably, the stability of the solar cell modules is
one of the formidable obstacles in the path to commercial suc-
cess. In this regard, numerous research specialists from all
around the world are continuously making significant efforts
to improve the stability of PSCs. The perovskite layer is highly
sensitive to external environmental conditions such as moisture
and oxygen, resulting in the rapid decomposition of PSCs.
Furthermore, the stability issue in PSCs also arises from UV
and visible radiations but most of these were reported in ambient
air condition.[79–81] Thus, illumination of light significantly
triggers the disintegration caused by moisture and provides addi-
tional thermal energies and charges.[82,83] Hence, for PSCs to be
stable over time, the need for a superior perovskite layer is imper-
ative and for this, the degradation factor needs to be addressed
first. In general, the chemical components, crystal structure, and
film quality of perovskites, all these factors affect the stability of
the perovskite layer.

Furthermore, based on the change in lattice shape brought on
by distortions, perovskites can be classified into three phases,
“the cubic phase (a= b= c), the tetragonal phase (a= b 6¼ c),
and the orthorhombic phase (a 6¼ b 6¼ c)”. By taking the tolerance
factor into account, it is possible to evaluate the structural form-
ability of the 3D ABX3 type perovskite structures. In addition, the
formula for tolerance factor (t) provides the geometric require-
ment for the formation of an ideal cubic perovskite structure,
which is given by the formula

t ¼ RA þ RX
ffiffiffi

2
p ðRB þ RXÞ

(1)

in turn, RA, RB, and RX are the radii of A, B cation, and X anion,
respectively. However, the ionic radii for some of the ions as
illustrated in Table 1.[8] By fully/partially replacing the ions with
different sized ions, the t-factor can be changed to produce a
cubic crystal structure that is even more stable. For t between
0.8 and 1, ideal cubic structures or perovskite structures with
tilted octahedra are preferred. More specifically, if t lies in the
range, 0.8–0.9, a distorted perovskite structure forms, whereas
for t= [0.9–1], the cubic perovskite structure[84] dominates.
For instance, the most prominent perovskite MAPbI3 has a tol-
erance factor of 0.91 and forms the tetragonal structure at room
temperature but achieves the ideal cubic structure at elevated
temperature (300 K). Furthermore, the stability of PSCs is also
determined by another factor known as the octahedra factor,
which is specified by the formula

μ¼RB

RX
(2)

according to numerous earlier investigations, it is discovered that
the value of the t-factor/μ-factor for 96% halide perovskite lies in
the range of 0.813–1.107/0.442–0.895.

4.1. MA-Based PSCs

All the extensive research that is currently in perpetuation, in the
perovskite PV field, was initiated with the methyl ammonium
lead iodide (MAPbI3). In fact, it is the most researched photoac-
tive material in this field. MAPbI3 has attracted huge attention
from various research groups worldwide due to its exclusive
physical and chemical properties. In addition, MAPbI3 demon-
strates an inverted band structure, and the MAþ ion contribution
to the electronic states is distant from the band edges. To put it
another way, empty and occupied states of CB and VB,
respectively, are well aligned. MAPbI3 and similar structures
are direct band gap semiconductors exhibiting large optical
absorption and luminescence.

The chronological advances in PCE and stability of PSCs with
different MA - based perovskite absorber are shown in Table 2.
As we discussed earlier, Miyasaka and his co-worker for the
first time in 2009[14] investigated HHP CH3NH3PbI3 and
CH3NH3PbBr3 as a visible light sensitizer on mesoporous
(meso) TiO2 film and obtained PCE of 3.81% and 3.13%, respec-
tively. However, in the stability test, continuous illumination of
light resulted in a photocurrent degradation for an open cell
exposed to air. The use of liquid electrolytes as an HTL was
the root of device instability. Thus, in 2012, Kim et al.[23]

employed the solid Spiro-OMeTAD as an HTL and fabricated
a solid-state mesoscopic heterojunction solar cell. Under illumi-
nation with standard AM-1.5G sunlight, they reported a PCE of
9.7%. The device stability was remarkably improved with the use
of a solid HTL. They reported, in the long-term stability test in
air, that the device was stable for over 500 h at room temperature
without encapsulation. Afterward, it grabbed the attention of the
scientific community worldwide, and extensive research efforts
were started. Further, in the same year, Snaith et al.[15] achieved
a PCE of 10.9% for meso-superstructured solar cell. This

Table 1. Ionic radii for some important A, B, and X ions for PSCs.

‘A’ cation Radius
[pm]

B
cations

Radius
[pm]

X
anions

Radius
[pm]

Ammonium [NH4]
þ 146 Pb2þ 119 Cl� 181

Methylammonium
[(CH3)NH3]

þ
217 Sn2þ 69 Br� 196

Azetidinium [(CH2)3NH2]
þ 250 I� 220

Formamidinium
[NH2(CH)NH2]

þ
253

Dimethylammonium
[(CH3)2NH2]

þ
272

Ethylammonium
[(C2H5)NH3]

þ
274

Guanidinium [C(NH2)3]
þ 278

Tetramethylammonium
[(CH3)4N]þ

292

Csþ 167

Rbþ 152

Kþ 137
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Table 2. Chronological advances in stability and PCE of PSCs with different MA-based perovskite absorber layer.

Perovskite Layera) PCE [%] Stability Condition Year References

MAPbI3 9.7 Stable for 500 h In air at room temp.; Unencapsulated 2012 [23]

MAPb(I1�xBrx)3 12.3 No loss after 20 days Under ambient conditions; with RH 35% (55% on the 4th day) 2013 [85]

MAPb(I1�xBrx)3�yCly 11.1 80% stable for 720 h N2 filled glove box; under dark conditions 2014 [86]

(5-AVA)x(MA)1�xPbI3;
[5-ammoniumvaleric acid
(5-AVA) iodide]*

12.8 Stable for >1000 h In ambient air under full sunlight; room temp. 2014 [24]

MAPbI3�yCly 15.1 Maintained 95% of initial PCE after
720 h (30 days)

In argon filled glove box; Without encapsulation 2014 [148]

MAPbI3�x(SCN)x 11.07 92% of initial PCE after 1 h Upon continuous 1 sunlight illumination 2015 [149]

CH3NH3PbI3�xClx;
[0.5 vol% of EAI] *

10.2 Stable around 80% for over 360 h Under accelerated heating (65 °C) in a dark condition
of Ar environment

2015 [150]

MAPbI3; [With 4-ABPCI] * 16.7 Stable output over 1 week Under 10% simulated sun light soaking or 55% humidity in dark 2015 [151]

MAPbI3 18.3 More than 90% of initial PCE after 1000 h Short-circuit condition, under 1 sun illumination 2015 [42]

CH3NH3PbI3�x(SCN)x 15.1 Retained over 85% of original PCE after 500 h Without encapsulation; stored in open air; RH ≈70% 2016 [87]

CH3NH3PbI3–xClx;
[PVP/CYTOP]*

12.7 81.2% stable after 820 h In air; Temp. 22–25 °C; RH ≈24–30% 2016 [152]

MAPbI3; [PEG]* ≈16.0 Stable for 300 h High relative humidity 70%, unencapsulated 2016 [153]

MAPbI3; [3% FEAI]* 18 92% stable for 2880 h (120 days) In air at room temp.; unencapsulated 2016 [109]

MAPbI3 [HCl]* 17.9 16.9% PCE after 30 days In air at room temp. 2016 [110]

MAPbI3 20.3 No loss after 120 h Air condition, RH ≈40% 2016 [154]

MAPbI3 [With ionic
Liquid MAAcþ TSC]*

19.19 90% of initial PCE after 1000 h
80% of initial PCE after 500 h

With continuous light soaking under simulated AM 1.5
irradiance

Thermal test (constant temperature of 85 °C)

2017 [155]

MAPbI3 21.2 93.3% after 1000 h of full sun illumination Under 1.5G Illumination with metal halide lamp including
UV radiation, with encapsulation

2017 [96]

MAPbI3 19.6 90% of initial PCE after 720 h (1 month) Ambient conditions (RH 50–60 °C), without encapsulation 2018 [156]

MAPbI3 20.1 80% of initial PCE after 760 h Ambient air, under harsh heat conditions of 85 °C,
without encapsulation

2018 [157]

MAPbI3 19.56 More than 96% of initial PCE after100h Under an elevated temperature of 95 °C, without encapsulation,
N2 environment

2018 [158]

MAPbI3 20.13 More than 70% of initial PCE after 500 h Ambient condition, 1 sun continuous illumination;
without encapsulation

2018 [159]

MAPbI3 12.5 No loss over 4000 h Under continuous 1 sun illumination from xenon lamp-based
solar simulator (no UV filtering)

2019 [160]

MAPbI3 19.41 80% of initial PCE after 720 h Ambient air, RH≈ 45% under dark; without encapsulation 2019 [161]

MAPbI3 20.25 86% of initial PCE after 1300 h At 85 °C under dark; with encapsulation 2019 [162]

MAPbI3 20.1 90% of initial PCE after 1000 h With RH 45% at 85 °C, with encapsulation 2019 [163]

MAPbI3 10.01 90% of initial PCE after 1 month Ambient air (Temp: 25 °C, RH:20–40%), without encapsulation 2020 [164]

MAPbI3 16.77 85% of initial PCE after 1000 h Without encapsulation; at 25 °C, RH≈ 50% 2020 [165]

MAPbI3 17.17 96% of initial PCE after 2000 h With encapsulation; Ambient condition; 80% RH, 30 °C 2020 [166]

MAPbI3 [BZACl]* 19.8 90% of initial PCE after 30 days Ambient air, RH≈ 45%; Without encapsulation 2021 [167]

MAPbI3 [MAOCN]* 21.28 Retained 95% of initial PCE after 30 days Ambient air, RT, RH≈ 10%; without encapsulation 2021 [168]

MAPbI3; [4TA]* 20.24 Maintained 93% of initial PCE over 30 days Without encapsulation ; in air; humidity ≈ 55% 2022 [169]

MAPbI3
[PEABr]*

19.24 83% of initial PCE after 30 days In N2 filled glove-box; without encapsulation 2022 [170]

MAPbI3 18.82 95.7% of initial PCE after 1000 h
92.4% of initial PCE after 1340 h

Under continuous illumination at maximum power point
condition at temp. 55� 5 °C.

Ambient atmosphere, temp. 85 °C, RH≈ 85%

2022 [171]

MAPbI3 [DMDCS]* 20.69 More than 80% of initial PCE after 1000 h In ambient air; RH≈ 40%, without encapsulation 2023 [172]

a)*= Additive, RH= Relative Humidity.
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efficiency enhancement was accomplished by the use of a wide
band gap (7–9 eV) insulator Al2O3 that acts as a scaffold. It has
also been shown that it is feasible to augment the intrinsic sta-
bility of halide perovskite by changing the stoichiometry to halide
anions. Therefore, Noh et al.[85] tuned the chemical composition
of halide anion of MAPb(I1�xBrx)3 perovskites by replacing I—

with Br—. As iodide contained metal halide was more vulnerable
to humidity, they examined the MAPb(I1�xBrx)3 (x= 0, 0.06,
0.20, and 0.29) without any encapsulation under ambient condi-
tions while maintaining the 35% humidity for 20 days but a high
relative 55% humidity on 4th day as shown in Figure 9b.
Whereas, as illustrated in Figure 9a, higher iodide concentration
with respect to bromine has larger absorbance. Interestingly, the
MAPb(I1–xBrx)3 (x= 0, 0.06) with less Br concentration based
hybrid solar cells experienced serious degradation of PCE after
exposure to 55% humidity, whereas their PCE showed great sta-
bility for higher Br concentration (x≥ 0.2) under inspection for
20 days. The less sensitivity to humidity may be linked with the
transformation from the tetragonal phase of MAPbI3 to a com-
pact and stable cubic phase due to the replacement of larger I
atoms with smaller Br atoms. Further in 2014, Suarez et al.[86]

studied the performance of MAPbX3 derivatives by insertion
of Br and Cl and partially replacing the iodide. They prepared
the devices of MAPb(I1�xBrx)3�yCly on different mesoporous
scaffold TiO2 and Al2O3 thin films. They observed the low charge
recombination rate for the Al2O3 electrode in comparison with
the sample prepared on mesoporous TiO2. Additionally, they
examined the tuning of the bandgap of MAPbX3 from 1.57 to
2.229 eV by altering the Br concentration (X= BryI1�y, y ranges
from 0 to 1) and improved lifetime of devices. Whereas, the
device without Br demonstrated an efficiency drop of around
20% of the initial PCE (11.1%) examined inside the glovebox
under an N2 environment and dark conditions. Poor stability
due to moisture hindered the success of PSCs in industrial appli-
cations since a controlled environment is needed for device oper-
ation and fabrication. Thus, in 2016, Yan and co-workers[87]

employed the (PbSCN)2 (lead (II) thiocyanate) in the fabrication
of PSCs in ambient air. In comparison with MAPbI3,
high-quality CH3NH3PbI3�x(SCN)x film was prepared in relative
humidity over 70% on meso-TiO2 by a two-step sequential

deposition method. This unencapsulated device showed much
more stability than the PbI2 precursor-based device. The average
PCE obtained was over 13%, with a maximum value exceeding
15% and the device retained 85% of PCE for more than 500 h in
ambient air.

It was also adequately reported that the HTL was also a critical
part of stable and highly efficient PSCs. In a broad sense, HTL
can be classified into four types: small molecules, organic, inor-
ganic, and polymeric.[88] Small molecules HTL often exhibit the
merits of a highly pure film with reproducibility. The most often
employed small molecule HTL among them is Spiro-OMeTAD.
However, it has low conductivity and poor hole mobility. Thus, to
improve the conductivity, the doping of different additives, e.g.,
lithium bis(trifluoromethanesulfonyl)imide salt (Li-TFSI) and
4-tert-butyl pyridine (t-BP) were carried out for maximizing
the hole mobility along with suppression of charge recombi-
nation.[89] However, the hygroscopic nature of Li-TFSI has
exasperated the degradation of PSCs. A novel structural
design HTL, Trux-OMeTAD, was presented by Huang
et al.[90] which had immense hole mobility, proper surface
energy, and aligned boundary energy level with the perovskite
absorbing layer. They fabricated a p-i-n architecture PSC
device using Trux-OMeTAD as a p-layer, which demonstrated
an enhanced PCE of 18.6% with good stability. In addition,
polytriarylamine (PTTA) and poly(3-hxylthiophene-2,5-diyl)
(P3HT) were tested to substantially improve the device stabil-
ity.[91] Zhao et al.[92] noted that the dopants were vulnerable to
the lifetime of the device and also able to enhance the cost.
They fabricated an inverted planer PSC by using a non-doped
PTTA which exhibited an excellent PCE of 18.11% together
with better stability. In 2016, Yang and coworkers[93]

employed a p-type NiO(x) as an HTL along with ZnO nano-
particles as ETL, on solution-processed lead halide PSCs.
The p-i-n device structure and energy band alignment are
depicted in Figure 10a which showed an uncertified maxi-
mum PCE of 16.1%, with an average of 14.6%. They reported
that the device retained about 90% of the initial efficiency
after 60 days in the air at room temperature as shown in
Figure 10b whereas PCE of the device with PEDOT:PSS as
HTL degraded abruptly. Ultimately, HTL is significantly vital

Figure 9. a) UV–Vis absorption spectra of MAPb(I1–xBrx)3 (x= 0, 0.06, 0.13, 0.20, 0.29, 0.38, 0.47, 0.58, 0.71, 0.84, 1.0). b) PCE variation of MAPb(I1–xBrx)3
(x= 0, 0.06, 0.20, 0.29) with number of days. The samples were stored in air without encapsulation at room temperature but with controlled humidity of
35% for 20 days, but 55% on the 4th day.[85]
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to the construction of devices since it directly influences their
performance and stability.

A lot of work has also been done on the ETL for advancement
in stability of PSCs. The prevalent TiO2 layer requires a high tem-
perature above 400 °C for deposition.[94] Therefore, Dong et al.[95]

in 2014 deposited a ZnO film by atomic layer deposition method
at 70 °C and achieved a PCE of over 13%. In addition, in 2017,
Seok and his group member[96] investigated the completely novel
ETL, lanthanum (La)-doped BaSnO3 (LBSO), and achieved an
outstanding PCE of 21.2% with MAPbI3 as an absorbing layer.
It was reported that LBSO-based PSC was highly stable andmain-
tained over 93% of the original PCE after full sun illumination
for 1000 h. Apart from these, SnO2,

[97–99] Zn2SnO4,
[100] CdSe,[101]

MoS2,
[102] WO3,

[103] and ZrO2
[104] were also used as ETL to

fabricate PSC devices. Further, some more techniques were also
been investigated to improve the lifetime of the devices. Amongst
all, solvent engineering,[105–107] additive engineering,[108–110] and
interface engineering[111,112] are the most useful approaches.

4.2. FA-Based PSCs

An absorber layer is the heart of the solar cell that can determine
perovskite structure and its stability. Although, MAPbI3 per-
formed quite well as an absorber layer and offered an outstand-
ing efficiency, but there were several issues with it in the context
of stability. MAPbI3 is highly hygroscopic as it decomposed into
MAI salt and PbI2 phase.

[113] The removal of metal halide further
accelerated the device deterioration. In place of MAþ, when a big-
ger formamidinium ion (HC(NH2)2

þ) was substituted, the toler-
ance factor got increased to 0.99. The FA ion inclusion slightly
decreased the band gap to 1.49 eV, from 1.59 eV for MAPbI3, as
its larger size expanded the lattice and slanted the lead iodide
octahedra.[6,114,115] It was observed that FA cations’ interactions
with PbI6 octahedra were stronger than those of MA cations
because FA was more likely to form hydrogen bonds.[116] The
formation of hydroiodic acid (HI) was also reported when
MAPbI3 was exposed to light by releasing proton fromMA cation

Figure 10. a) Device architecture and energy band alignment of PSC, b) normalized PCE comparison of ITO/PEDOT:PSS/perovskite/PCBM/Al (black)
and ITO/NiOx/perovskite/ZnO/Al (red) structures as a function of storage time in an ambient environment (30–50% humidity, T= 25 °C), c) perovskite
layers SEM image grown on a NiOx surface, d) perovskite coated with ZnO films, e) cross-sectional image of a device (without Al electrode contact).[93]
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with I—. Whereas, due to the resonance property of FAþ through
N─C bonds, FA cation released less proton.[117] Therefore,
FAPbI3 was considered to have more photostability than
MAPbI3.

Beginning with the original FAPbI3 perovskite in 2014, and
advancing to different A-site cationic mixtures and various mixed
halide analogs, the stability of the HHPs solar cells was improved
consistently and ultimately reached up to 4000 h. Several mile-
stones are noteworthy in the stability roadmap of FA-based
HHP solar cells: In 2015, Leyden et al.[118] fabricated the
FAPbI3-based PSCs using the chemical vapor deposition tech-
nique and investigated the effect of perovskite film’s chlorine
content on the stability of PSCs. Also, perovskite with FAI
was found to be more thermally stable than MAI containing
perovskite as shown in Figure 11a. The resulting device achieved
an overall efficiency of 14.2% and retained a PCE of 11.8% after
being kept in nitrogen filled glove box for 155 days without
encapsulation. Thereafter, in 2016, Zhao and co-workers
reported PSCs with an incredible advancement in efficiency
and stability by introducing benzylamine in the perovskite film
as a surface passivating molecule.[119] Impressively, the addition
of benzylamine considerably improved the resulting device’s
moisture resistance and enhanced its electronic properties as
shown in Figure 11. As a matter of fact, PSCs based on
benzylamine-modified perovskite film revealed a PCE of
19.2% and sustained no degradation even after 2800 h
(4months) of air exposure. Further, in 2017, a 19.9% overall
PCE was reported for (FAPbI3)0.97(MAPbBr3)0.03 based perov-
skite device with an efficient solution-processed SnO2 ETL.
Under dry air conditions, these cells displayed stability for
40 days.[99] As listed in Table 3, inorganic cesium (Cs) cation

was partially substituted in the FA site of FAPb(I1�xBrx)3
perovskite by Mcgehee and his group in the same year,[120] thus,
resulting in better thermal stability. The properly encapsulated
device maintained over 90% of its initial PCE (≈14%) after pass-
ing through 200 temperature cycles between �40 and 85 °C.

Undoubtedly, major efforts have been made by material sci-
entists worldwide in subsequent years to develop highly efficient
and more stable perovskite-based PV devices. Significantly, Liu
et al.[121] notified Cs/FA mixtures in perovskite films in 2018,
demonstrating the better ambient stability of PSCs based on
the silica encapsulation approach. Consequently, the resulting
PSC with a generic form FA0.85MA0.15PbI3 of perovskite material
exhibits a PCE of 18.8% and impressive stability with 97% reten-
tion even after 1000 h storage in an ambient environment (25 °C;
10% relative humidity). Furthermore, a highly effective andmore
thermally stable PSC was fabricated by Jeon et al.[122] by taking
into account the fluorene-terminated HTL. Additionally, they
incorporated MAPbBr3 into FAPbI3 perovskite, which produced
a certified PCE of 23.2% and improved thermal stability com-
pared to the device using Spiro-OMeTAD as the HTL, retaining
nearly 95% of its initial PCE for more than 500 h following ther-
mal annealing at 60 °C. Also, under continuous illumination, this
encapsulated device maintained 92.6% of initial PCE after 310 h.
Further, Lin et al.[123] observed that the efficiency of p-i-n struc-
tured PSCs, with organic ETL and HTL, was improved by an
ionic solid, a piperidinium salt. Further, during aggressive aging,
the supplement inhibited compositional separation into impurity
phases and pinhole production in the perovskite active material.
By incorporating the additive [BMP]þ[BF4]

�, the final device,
with and without encapsulation, was able to successfully main-
tain 95% and 80% of its original PCE under full light

Figure 11. a) Images of unmodified FAPbI3, A-FAPbI3, BA-FAPbI3, and PA-FAPbI3 films for different durations of exposure (fresh, 3 days, 4 months) under
50� 5 RH% air. b–e) XRD patterns of unmodified FAPbI3, A-FAPbI3, BA-FAPbI3, and PA-FAPbI3 films after same exposure in moisture air. Except for the
BA-FAPbI3 film, which was exposed for 4 months, all other films were exposed for 3 days. * and # highlight the XRD peaks corresponding to the (110)
plane of α-FAPbI3 and δ-FAPbI3, respectively.[119]
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Table 3. Chronological advances in stability and PCE of PSCs with different FA-based perovskite absorber layer.

Perovskite Layera) PCE (%) Stability Condition Year References

FAPbI3 14.2 PCE 11.8% after 155 days Nitrogen-filled glove box;
unencapsulated

2015 [118]

FA0.9Cs0.1PbI3 16.5 67% degradation after 30 min N2 filled glove box; with illumination;
Encapsulated

2015 [117]

MAxFA1�xPbI3 ≈13.6 Stable for 30 days Inert atmosphere in the glove box and
under illumination

2015 [173]

FAPbI3 11.44 Maintained 87% of initial PCE after 1 h Under continuous light illumination
(AM1.5 global solar light at
100 mW cm�2); without

encapsulation; RH≈ 30–40%

2016 [174]

FAPbI3 19.2 No loss after >2800 h Ambient air with RH≈ 50� 5% 2016 [119]

(FAPbI3)0.97(MAPbBr3)0.03 19.9 Stable for 40 days Dry air condition 2017 [99]

Cs0.17FA0.83 Pb(I0.83Br0.17)3 ≈14 Maintained 90% of initial PCE
after 200 temperature cycle

Temperature cycle between �40 and
85 °C; with encapsulation

2017 [120]

FAxMAyCs1�x�yPb(I1�zBrz)3 12.2 Maintained approximately 88% of avg.
initial PCE after 1000 h

Ambient air; continuous operation
with no ultraviolet filtering

2018 [125]

Cs0.05FA0.81MA0.14PbBr0.45I2.55 19.89 >80% after 700 h Ambient air 2018 [175]

FA0.85Cs0.15PbI3 18.8 97% retention after 1000 h 25 °C; 10% RH 2018 [121]

Cs0.17FA0.87Pb(I0.83Br0.17)3 16.43 No loss after 14 h Ambient condition; continuous 1 sun
illumination; RH≈ 50%

2018 [176]

Cs0.17FA0.83Pb(I0.83Br0.17)3 >14 Maintained 99% of initial PCE after 1000 h Damp-heat test(Temp. 85 °C,
RH≈ 85%); with encapsulation

2018 [177]

(FAPbI3)0.95(MAPbBr3)0.05 23.2 Maintained 95% of initial PCE for more than 500 h
Maintained 92.6% of initial PCE after 310 h

Thermal stress at 60 °C temp.
Encapsulated; under continuous

illumination

2018 [122]

(FAPbI3)0.95(MAPbBr3)0.05 22.7 Maintained 80% of initial PCE after 1008 h
95% retained after 1370 h

85% RH; room temp.;
unencapsulated

1 sun Illumination; encapsulated

2019 [128]

Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 20.9 Maintained 90% of initial PCE after 700 h Encapsulated; temp. 85 °C; RH≈85% 2019 [178]

Cs0.05(FA0.92MA0.08)0.95Pb(I0.92Br0.08)3 21.2 No loss after 1000 h Encapsulated; under AM 1.5G
illumination

2020 [179]

Cs0.17FA0.83Pb(I0.77Br0.23)3 17.3 Maintained 80% of initial PCE after 1010 h
Maintained 95% of initial PCE after 1200 h

Ambient air; temp. 60 °C; RH≈ 50%;
full spectrum sunlight; without

encapsulation
Ambient air; temp. 85 °C; full

spectrum sunlight; with
encapsulation

2020 [123]

FAPbI3 24.82 87% efficient after 500 h RH≈ 50%; without encapsulation,
ambient air

2020 [180]

Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 22.02 Maintained 90% of initial PCE after 1100 h
Maintained 92% of initial PCE after 1000 h

Ambient condition; RH≈ 75%
1 sun illumination; Temp. 85 °C; N2

filled glove box; with encapsulation

2020 [181]

Cs0.05FA0.8MA0.15 Pb(I0.85Br0.15)3 19 No loss after 1800 h
No loss after 75 cycles

Damp heat test(�40 to 85 °C)
Humidity freeze testing (RH≈85%)

2020 [182]

Cs0.1FA0.9PbI3 12.3 Maintained 90% of initial PCE for over 800 h Under continuous light illumination;
Dry N2 filled glove box

2020 [183]

FA1�xMAxPbI3 18.8 Maintained 90% of initial PCE after 1 month (720 h) Under 1 sun illumination; Dry N2

environment; Temp. 25 °C
2020 [184]

Cs0.05MA0.14FA0.81PbI2.55Br0.45 19.6 Showed 89% of initial PCE after 1000 h Without encapsulation; ambient air;
25 °C Temp.; RH≈ 25%

2020 [185]

(FAPbI3)x(MAPbBr3)1�x 23.0 Maintained more than 85% of initial PCE after 2000 h Ambient condition; continuous light
illumination

2021 [124]

Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 21.4 Retained 80% after 4000 h N2 atmosphere; continuous 1 sun
illumination

2021 [126]
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illumination after 1200 and 1010 h of operation at 85 and 60 °C,
respectively. It is important to note that organic A-site cations are
crucial for structural stability. It impacts the structure indirectly
due to their distant electronic levels from the band edge.
Therefore, Xue et al.[124] showed that the extended electronic
state, induced by π-conjugation, which altered the perovskite
frontier orbital. The resulting device exhibited a PCE of 23%
and was able to maintain 85% of the initial PCE after 2000 h
of continuous light illumination. Also, Luthar and his col-
leagues[125] tested the large composition engineering simulta-
neously for A-site cation and halide anion. They fabricated a
FAxMAyCs1�x�yPb(I1�zBrz)3 structure-based PSC and reported
improved phase stability compared to FA or CsPbI3. The best-
unencapsulated device, among all the tested devices, retained
94% of original PCE (12.2%) after continuous operation in ambi-
ent air even without any UV light filtration. In addition, the PSCs
have limited interface stability and life span due to the low
formation energies of the absorber layer, which result in
low toughness and soft materials. Thus, to increase the
mechanical reliability, Dai et al.[126] used an iodine-terminated
self-assembled monolayer that resulted in a 50% enhancement

of interface adhesion toughness between perovskite film and
ETL. They optimized the mixed composition perovskite
Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 which was 21.4% efficient
initially and retained 80% of the original PCE after 4000 h oper-
ation in N2 environment under continuous light exposure.
Furthermore, interfacial defects between the charge transporting
layer and perovskite light absorbing layer are also responsible for
the efficiency and stability declination of PSC devices. These
defects impede charge extraction and transportation which sig-
nificantly decrease the device performance. Therefore, to mini-
mize these interfacial defects, efforts were made globally in
various adequate ways, particularly by surface passivation.[127–129]

Recently, Min et al.[130] passivated the perovskite layer through
the formation of an atomically coherent interlayer by linking
the Cl-bonded SnO2 with a Cl-doped perovskite precursor. The
interlayers substantially lowered the interfacial defects and
enhanced the charge transport property which resulted in the
fabrication of a device with a certified PCE of 25.5%. In addition,
the device also successfully maintained 90% of the original PCE
after 500 h operation under continuous light illumination even
without any encapsulation.

Table 3. Continued.

Perovskite Layera) PCE (%) Stability Condition Year References

Cs0.15FA0.85Pb(I0.95Br0.05)3 22.3 Maintained 97.5% of initial PCE after 1000 h Continuous 1 sun illumination with
maximum power point tracking at

45 °C; without encapsulation

2022 [186]

CsxFA1�xPbX3 24.1 Maintained 80% of initial PCE after 1000 h
80%/78% of initial PCE after 500 h

Under continuous light illumination
in N2 environment; without

encapsulation
Thermal treatment at 70 °C/85 °C

2022 [187]

FAPbI3 23.94 95% of initial PCE after 100 days
90% of initial PCE after 1050 h

Ambient air with RH≈ 20–30% in
dark, without encapsulation

Under constant 1 sun illumination in
N2 environment at room temperature

2022 [188]

FA0.85MA0.15PbI3 24.29 91% of initial PCE after 1440 h
83% of initial PCE after 500 h

Ambient air; without encapsulation
Under N2 atmosphere at 85 °C;

without encapsulation

2022 [189]

FA0.15MA0.85PbI3 22.54 92% of initial PCE after 400 h Without encapsulation; ambient
conditions; 25 °C Temp.; RH≈ 10–

20%

2023 [190]

CsxFA1�xPbX3 23.6 Maintained 95% of initial PCE after 2200 h
92% of initial PCE after 250 h

After illumination in MPP conditions
at room temperature; with

encapsulation
Under MPP tracking at 85 °C under

atmospheric conditions

2023 [191]

FA0.9Cs0.1PbI3 24.64 89% of initial PCE after 500 h
93% of initial PCE after 500 h
95% of initial PCE after 1500 h

Continuous 1 sun illumination under
atmospheric conditions; with

encapsulation
Thermal treatment at 85 °C in N2

environment; without encapsulation
Without encapsulation; ambient air;

25 °C Temp.; RH ≈25%

2023 [192]

a)RH – Relative humidity, MPP – Maximum power point.
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4.3. Efficient Large Guanidinium Mixed MA/FA PSCs

Although, a PSC demonstrates an unprecedented rapid develop-
ment in PCE, close to the predicted theoretical limit, but their
long-term stability is still a major challenge that concealed their
outstanding efficiency. As we discussed earlier, various efforts
have been made in the direction of stability enhancement. In
the continuity of A-site cation compositional engineering, several
organic cations are indeed being investigated as the possible
contenders. In 2015, Giorgi et al.[131] first studied the thermal
stability of perovskites with large GA cations. They theoretically
studied the effect of nearly zero dipole moment GA cation
[(NH2)3C

þ] by DFT, to counter the hysteresis problem in
current–voltage curves as the lead iodide cavity is appropriately
filled with its molecular size. The ionic radii of GA along with
other organic cations are listed in Table 1. The corresponding
tolerance factor of GAPbI3 can be calculated by the tolerance
formula given in Equation (1), which turned out to be 1.04,
hence, it is difficult to form GAPbI3 in pure form.

In 2016, Yang and co-workers[132] addressed the passivation
effect through the partial addition of GA in MAPbI3 and achieved
a PCE exceeding 17% as shown in Table 4. The incorporation of
GA resulted in the reduction of defect activation energy and an
increment in carrier lifetime within the device. They compared
the performance of GA-based devices with pristine MAPbI3
stored in the dry oxygen environment for 180 h and observed
a rapid decrease in original PCE for pure MA-based device.
Whereas, the addition of GA exhibited stability of over 80%.
Nazeeruddin and his group, in 2017,[133] tested the thermal sta-
bility of MA1–xGAxPbI3 (x= 0, 0.125, 0.15, 0.25) PSC in an argon
atmosphere and under continuous light illumination at 60 °C.
For x= 0.25, the PCE of the device was found to be 17.14%
and this device exhibited enhanced stability among all considered
compositions, with a slight reduction in PCE even after 1000 h as

shown in Figure 12d. Also, with 14% guanidinium content, they
measured average 19.21% PCE in the air under 1 sun illumina-
tion as depicted in Figure 12c. Further, in the continued search
for an optimal GA amount, Gao et al.[134] achieved a champion
efficiency of 20.38% with a GA fraction of 5.26% in MAPbI3.
After storage for 900 h at a temperature 20 °C with a relative
humidity of 15%, the unencapsulated device retained 90% of
its initial PCE in air. Owing to the incorporation of large size
GA cation expands the lattice and elongates the Pb–I bond.
Consequently, the band gap widening from 1.49 to 1.53 eV
was observed. Alloyed A-site cations play a significant role in
defining the band gap, crystal structure, and phase stability along
with ion migration.

In 2022, Li with his group[135] studied the activation energy for
iodide ionmigration with different fractions of GAþ substitution.
They doped an equal amount of FAþ along with GAþ in MAPbI3
and synthesized a triple cation perovskite (MA0.8FA0.1GA0.1PbI3).
It exhibited 22.17% PCE with excellent operational stability with
only 10% degradation in efficiency under continuous light illu-
mination for 1200 h. Furthermore, it demonstrated a PCE of
19.18% with the 14 cm2 active area mini solar module.[135]

Defects in the perovskite layer may lead to stability and perfor-
mance reduction as well as hysteresis phenomenon during I–V
measurements. Therefore, a passivation treatment was per-
formed through the inclusion of bulky cations GAþ and phenyl-
ethylammonium (PEAþ) acting as additives in MAPbI3 thin
film.[136] In comparison to the control film, the triple cations
perovskite film may have lower trap densities and improved car-
rier transport as a result of the internal interactions between
mixed bulky cations. Therefore, the mixed-cation-based module
demonstrated a remarkable PCE of 20.64%. Interestingly, the
device retained 62.7% of its initial performance, in ambient sur-
roundings with 60–80% relative humidity, after 720 h of
storage.[136] GA-doped quadruple cation perovskite was also

Figure 12. a) Guanidinium (Gua) cation-incorporating PSC device structure, b,c) Fill-factor and PCE vs GA concentration, upper bar, and lower bar
represent maximum and minimum value, respectively, and circle shows average PCE value and d) MA1�xGuaxPbI3 thermal stability test at 60 °C with
continuous light illumination.[133]
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studied by Zhang et al.[137] by tuning the GA concentration
in Cs0.05(FA0.83(MA1�xGAx)0.17)0.95Pb(I0.83Br0.17)3 for (x= 0 to
1) and investigated the corresponding phase, morphology,
chemical composition, and stability. A higher fraction of GA
induced the 2D phase of FAGAPbI4 and 1D δ-FAPbI3
which had both positive and negative impacts on device
performance. The experimental result revealed that Cs0.05(FA0.83

(MA1�xGAx)0.17)0.95Pb(I0.83Br0.17)3 (x= 0.2) exhibited the cham-
pion efficiency of 20.29% with Voc 1.12 V. It had also been
observed that the unencapsulated devices at 80 °C and 40%
relative humidity, with 0.6 and 0.2 GA content maintained more
than 70% and 60% of their original PCE after 1440 h, respec-
tively. Besides, the improved stability was associated with the
better passivation effect of 1D/2D phases (Table 4).

4.4. Stability Problems and Its Solution Strategies

Despite the remarkable advancements made in PSCs so far, the
main question is still knocking at the door of perovskite research
laboratories, how long it will take for the commercialization of
the PSCs? The PSCs have emerged as potential contenders
for next generation PV technologies owing to their outstanding
PCE[16] and cost-effective fabrication processes.[8] However, the
commercial viability of these PSCs is hindered by inherent

stability challenges. More significantly, preserving the stability
of PSCs is more vital for commercialization than increasing
PCE close to Shockley–Queisser (SQ) limit at present. Over time,
scientists have meticulously investigated the instability issues in
these solar cells, seeking to unravel the factors responsible for
instability and the effective solution strategies for it.[138–141]

One of the predominant stability concerns revolves around the
moisture sensitivity of perovskite materials,[138] which can lead
to degradation over time. To address this, the researchers are
actively exploring encapsulation techniques such as the use of
advanced moisture-resistant barrier films and hydrophobic
coatings to shield the perovskite layer from moisture ingress,
ensuring sustained stability in varying environmental condi-
tions.[141,142] Another critical stability issue is the thermal sensi-
tivity of perovskite materials, making them prone to degradation
and performance loss with temperature fluctuations.[139] The
solution strategies include the development of stable perovskite
formulations that exhibit reduced sensitivity to temperature
changes. Additionally, the integration of thermally robust charge
transport materials is being investigated to enhance the overall
thermal stability of PSCs.[143] Furthermore, the vulnerability of
PSCs to UV light poses yet another stability issue. Prolonged
exposure to UV radiation can cause degradation, lowering the
device’s efficiency over time.[139] In this regard, the researchers
are investigating the incorporation of UV-stabilizing additives

Table 4. Chronological advances in stability and PCE of PSCs with different GA-based perovskite absorber layer.

Perovskite layera) PCE [%] Stability Cond. Year References

GA0.15MA0.85PbI3 17.1 80% of initial PCE after 7.5 days (180 h) Dry oxygen environment 2016 [132]

GA0.14MA0.86PbI3 20.15 Stable over 1000 h At 60 °C temp. and under Ar atmosphere 2017 [133]

FA(1�x�y)CsxGAyPbI3 17.7 60% of initial PCE after 180min of exposure 85% RH, 1 sun illumination in air 2018 [193]

MAPbI3.10% GASCN* 16.70 90% of initial PCE after 14 days Without encapsulation 2019 [194]

Cs0.05(FA0.83(MA1�xGAx)0.17)0.95
Pb(I0.83Br0.17)3

20.29 60% of initial PCE after 60 days
90% of initial PCE after light-soaking for 300 min

Exposing to an environment of 25 °C, and 25%
humidity

Under AM 1.5G illumination in ambient
environment.

2019 [137]

GA0.05Cs0.15FA0.8Pb(I0.85Br0.15)3 21.3 80% of initial PCE after 8 h Under 1 Sun-illumination 2019 [195]

GA0.053MA0.947PbI3 20.38 90% of initial PCE after 900 h At a humidity of 15� 5% and a temperature of
20� 5 °C in air.

2020 [134]

Cs0.05GA0.05MA0.90PbI3 21.22 50–55% of initial PCE after 600 h Without encapsulation 2021 [196]

MAPbI3.GAI* 19.25 84% of initial PCE in more than 24 days Atmospheric environment (temperature:
25–30 °C, humidity: 30–40% RH); without

encapsulation

2021 [197]

MA0.8FA0.1GA0.1PbI3 22.17 90% of initial PCE after 1200 h Under continuous light-soaking 2022 [135]

MAPbI3.5 mgmL�1 GABF4* 20.54 86% of initial PCE after 150 h Exposing to continuous 1 sun AM1.5G
illumination of Xe-lamp in N2 environment at

25 °C, without encapsulation

2022 [198]

85% of initial PCE after 50 days Without encapsulation

MAPbI3.GACl*/PEACl* 20.64% 82.4% of initial PCE after 720 h N2 filled glove box at room temperature 2022 [136]

62.7% of initial PCE after 720 h In an ambient environment with RH of 60–80% at
room temperature

MAPbI3.10% GABr 16.70% Retained >97% of initial PCE after 400 h Under continuous 1 sun illumination at ambient
conditions (RH= 60–65% and 34–36 °C)

2023 [199]

a)*- Additive, RH – Relative Humidity.
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and protective coatings. These approaches aim to reduce the
impact of UV radiation on perovskite stability, thereby extending
the operational lifespan of PSCs. In addition, ion migration
within the perovskite layer has also been recognized as a cause
of the deterioration of PSCs’ stability.[144] Uncontrolled ion
movement can result in performance losses over time.
Notably, an effective solution to this issue involves the introduc-
tion of additives and compositional engineering to reduce ion
migration phenomena within the perovskite layer.

Chemical stability remains a persistent challenge since many
perovskite materials have inherent chemical instability, resulting
in decomposition.[145] The researchers are dedicated to the con-
tinual optimization of perovskite compositions and the investiga-
tion of novel materials with enhanced chemical stability. In
contrast, the poor interactions between the different layers of
PSC architecture result in device instability. Interestingly, inter-
face engineering can be a more fruitful approach to overcome
this problem. Various attempts are made continuously to opti-
mize the interface between the charge transport layer and the
perovskite materials in order to improve overall device stabil-
ity.[146] All these efforts contribute to the continuous evolution
of perovskite technology, bringing it closer to widespread
commercialization. In the nutshell, addressing the stability chal-
lenges of PSCs is pivotal for unlocking their full potential in prac-
tical applications. This comprehensive understanding of stability
challenges and the corresponding evolution of effective solutions
underscore the ongoing efforts to propel PSCs toward commer-
cial viability and widespread adoption in the renewable energy
landscape.

5. Challenges and Future Aspects

The wake of global energy crisis, including those related to sup-
ply, price, and pollution associated with traditional sources of
energy, the international community has been seriously consid-
ering the use and development of renewable energy as an alter-
native solution. Renewable energy, if developed, has potential to
supply required energy for economic development at zero envi-
ronmental cost. The increasing importance attached to the issue
is derived from the fact that sustainable development is almost
impossible without the use of sustainable energy sources. For a
sustainable and efficient energy landscape, a systematic and dili-
gent exploration of domain of renewable energy is vital. Solar
energy is poised to become an indispensable part of sustainable
energy, but until all the persistent challenges linked with solar
energy are surmounted, the promise of pollution-free energy
from the sun will remain distant. To harvest more of this free
energy, new efficient materials need to be discovered and stud-
ied. Pertaining to this, the combinations of perovskite materials
explored above can contribute tremendously to the advancement
of solar technology under common atmospheric conditions.
Since their inception in 2009, persistent improvements have
been made in PSCs but the more recent developments in their
composition, interface designing, fabrication, and synthesis tech-
niques have led to attainment of a PCE of 26.1%, which is higher
than that of DSSC and CdTe-based solar cells. Despite the nota-
ble advancement achieved by these solar cells, it is prudent to

acknowledge that their present performance is still far from
reaching the potential that PSCs hold.

The critical and intricately connected triad of stability, effi-
ciency, and large scale production requires heightened attention
and concerted efforts to propel further advancements in this
field. Achieving stability and high efficiency in PSCs involves
complexities in navigating the intricacies at multiple levels. To
begin with, getting consistency in material quality and reproduc-
tion of the fabrication process can be very challenging when the
production of PSC is transitioning from laboratory to industry.
The venerability of PSC for degradation leaves them susceptible
to efficiency reduction. The long term and permanent solutions
for existing issues of stability, that allows commercial viability lie
in maneuvering the complex process of interface engineering
between different layers, quality enhancement in large scale
manufacturing processes, and efficient and scalable encapsula-
tionmethods. Besides that, working on the development of stable
and effective materials for other dominant layers (HTL, ETL) of
PSCs is indispensable for further improvement and realization
of high performance in these solar cells. Hence, various combi-
nations of materials are yet to be tested from both theoretical and
experimental levels for an optimal combination with enhanced
efficiency and increased stability.

The exciting future aspects of PSCs lie in their suitability in
integration with other solar cell materials like Si or organic mate-
rials in the form of tandem solar cell architecture to attain even
higher PCE by exploiting the complementary absorption spectra
of different materials and maximizing the energy absorption.
Developing novel perovskite formulations will definitely aid in
engineering strategies to enhance their stability and sustain high
performance under all environmental conditions. Further, a pri-
ority should be placed on getting more insight into the under-
standing and controlling of the charge carrier recombination
and transport dynamics within these solar cells, necessitating
further research efforts. Their ability to integrate with energy
storage devices can also be explored to create self-contained solar
powered systems. Their flexibility, lightweightness, and semi-
transparent nature can potentially change the construction
industry by facilitating their use as building-integrated photovol-
taics. The advanced algorithms used in ML hold great promise in
optimizing perovskite material design, fabrication processes, and
identification of optimal parameters, thus, paving the way for
more reliable, efficient, and sustainable energy solutions.

6. Conclusion

In the nutshell, it can be concluded that this review opens a new
direction by proposing HHP-based solar cell as an alternative of
Si solar cells. Although commercially available Si solar cells have
quite high efficiency and stability, yet their manufacturing pro-
cess is very difficult and highly expensive. In addition, DSSCs are
available in the market, but their efficiency is still less than 15%.
The PSCs, in contrast, are less costly, lightweight, and flexible.
Apart from the inexpensive solution-based fabrication process,
these perovskites have a huge defect tolerant capacity, and
suppressed carrier recombination. After reviewing the literature,
we found that various attempts have been made to increase
efficiency and stability. This efficiency has been increased
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drastically up to 26.1% in a very short interval of time. The HHP-
based PSCs are on the right track to yield the desired PCE with
the advancement in material developments. These PSCs can be
used in tandem solar cells, thereby increasing the PCE to over-
come the SQ efficiency limit. As bandgap of the perovskite can be
tuned by simply changing composition and hence such materials
have good applications in single junction and tandem solar cells.
For example, the bandgap of MAPbI3 can be tuned between the
values 1.6 –2.3 eV by simply substituting I with Br. Another
example is FAPbI3 with a bandgap in a range from 1.48 to
2.23 eV. Further, the enhancement in efficiency is possible with
interface engineering, compositional, and band engineering of
materials used in the PSCs. Therefore, among all the PV tech-
nologies of the twenty-first century, the PSCs offer a new spark
for the advancement of renewable energy sources in terms of
solar cells owing to their unique morphological and optoelec-
tronic properties. Nevertheless, in order to attract a market
within the industry like Si PV panels, the PSCs must guarantee
to yield stable power for a period of around 25 years in outdoor
conditions. Thus, in this review, we have analyzed the progress
in the operational stability of PSCs and postulated the possible
device degradation mechanism. We hope that this review will
provide new insights to young researchers toward the long term
environmental stability of PSCs and will extend the promotion of
their commercialization.
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