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Perovskite materials have garnered significant attention within a very short period of time by achieving
competitive efficiency. In addition, this material demonstrated intriguing optoelectronic properties and
versatile applications. Although they have confirmed amazing efficiency in solar cells at the laboratory
scale, mass commercial manufacturing of perovskite solar cells (PSCs) is still a problem due to their poor
longevity. Researchers have identified several intrinsic and extrinsic factors contributing to the instability
of perovskite compounds and PSCs, and various approaches are being used to increase material quality
and stability in order to extend the lifespan of PSCs. Despite these challenges, the potential of perovskite

materials in revolutionizing solar energy remains a central point of scientific investigation and
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factors contributing to the degradation of PSCs which certainly helps us to understand the underlying

DOI: 10.1039/d4ra07942¢ degradation mechanisms. In addition, we discussed some novel approaches that have already been
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1 Introduction

The global necessity for renewable energy has surged because of
the demand for sustainable and eco-friendly energy sources.
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adopted to augment the stability of the devices.

Solar energy - abundant, free, and inexhaustible — has emerged
as a prominent solution. In contrast to finite fossil fuels, solar
energy is renewable and eco-friendly, making it highly desirable
as an energy source."* A rough estimation indicates that the sun
emits solar energy at a rate of 3.8 x 10*> kW s~ and approxi-
mately 1.8 x 10" kW s~ " is being absorbed by Earth.? The daily
supply of solar energy reaching at earth is ample, to the extent
that the current global population could consume it completely
within a span of 27 years.* In 2022, renewable energy sources
were estimated at approximately 30% of the total worldwide
electricity production of 29 000 TW h (https://www.statista.com/
statistics/270281/electricity-generation-worldwide/). Within
this, solar energy contributed almost 4.5%, as reported by the
International Energy Agency (https://www.iea.org/energy-
system/renewables/solar-pv). The amount of this contribution
in 2019 was merely 1.6%.> Hence, photovoltaic technology is
attaining attractiveness due to its huge potential for
harnessing solar energy. The photovoltaic industry comprises
different generations of solar cells and each has its unique
advantages and challenges. In emerging photovoltaics, PSCs
have acquired prominence as a cutting-edge invention
because of their increased PCE, simple manufacturing
method, and low cost.® The perovskite materials have
distinctive features including tunable band gaps, high
absorption coefficients, minimal exciton binding energy,
ambi-polar charge transportation, and long diffusion
distances for charge carriers.”" These fascinating features

© 2025 The Author(s). Published by the Royal Society of Chemistry
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make it possible for scientists to optimize PSCs in ways that are
challenging for other sorts of solar cells. Recently, there has
been an incredible surge in the power conversion efficiency
(PCE) of PSCs by displaying an increment from 3.81% to an
inspiring 26.7% between 2009 and 2024."** This rapid
progression is endorsed by developments in materials,
synthesis techniques and device architectures. In spite of
these impressive advances, challenges including stability and
scalability for mass production remain to be addressed. Even
so, this growth underlines the promising potential of PSCs as
a viable photovoltaic technology. The stability in PSCs is
associated with multifaceted challenges. The PSCs are
inherently susceptible to moisture, heat, oxygen, and light,
which are the cause of degradation and loss of effectiveness
over time.'>'* Additionally, their performance and stability are
influenced by crystal defects, ion migration, hysteresis, and
hydrophobicity.**™*® The research focuses on understanding
the degradation mechanisms and designing materials and
production procedures to mitigate them.*** Research also
spots on different approaches to enhance stability including
encapsulation techniques to shield the perovskite from
moisture and oxygen exposure, as well as the growth of more
stable perovskite compositions and device architectures
tolerable against moisture, oxygen, heat, and light."***

This review extensively explores the various degradation
factors affecting the performance of PSCs, including both
intrinsic and extrinsic factors. It provides a thorough analysis of
the mechanisms behind PSCs' instability. By scrutinizing
existing research, the review identifies a range of strategies and
approaches that have been adopted to stabilize these degrada-
tion processes. The purpose of these mitigation techniques is to
enhance the overall performance and durability of PSCs,
offering insights into materials engineering, interfacial engi-
neering, device architecture optimization, and protective
encapsulation methods. Through this comprehensive explora-
tion, the review will contribute valuable knowledge to the
ongoing efforts in enhancing the stability and longevity of PSCs,
opening the path for more reliable applications in renewable
energy solutions. The essence of our review work is depicted in
Fig. 1.
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2 Degradation of PSCs

Perovskite solar cells currently trail behind commercially
available solar cells primarily because of challenges related to
their stability requirements. Perovskites are characterized as
soft semiconducting materials with chemical components that
exhibit weak bonding through interactions including hydrogen
bonding, van der Waals forces, as well as ionic interactions.>®
Ions generated through the decomposition of the perovskite
can readily migrate to various layers of the PSC when exposed to
factors like moisture ingress, prolonged light exposure, thermal
stress, and external electric fields. This migration contributes to
the deterioration of the perovskite layer, ETL, HTL, and other
components.”* Understanding the specific decomposition
mechanisms is essential to prevent the degradation of perov-
skite constituents and PSC.

The combination of diverse experimental methodologies
alongside theoretical approaches can help to a thorough
comprehension of the degradation mechanisms. Stability
concerns can be categorized into two leading groups: (i)
intrinsic stability, which pertains to issues arising solely from
the molecular and crystallographic structure of the perovskite,
and (ii) extrinsic stability, encompassing problems predomi-
nantly induced by external factors inherent in practical appli-
cations that impact on the stability of both the perovskite layers
and other components of PSCs. These degradation elements are
presented in Fig. 2.

2.1 Extrinsic degradation factors

2.1.1 Moisture induced degradation. The existence of water
or moisture is identified as a predominant factor causing
degradation and consequent destabilization of PSCs. The
degradation of the perovskites involves a chemical process that
uses moisture as a catalyst. Perovskite materials undergo
decomposition when exposed to moisture, primarily due to
their heightened susceptibility to water and their inclination to
hydrolyze owing to their polar nature. The breakdown process
of PSCs owing to moisture exposure was documented by Niu
et al.”® The proposed degradation mechanism of the organic-

Impact of degradation factors

Fig. 1 Brief essence of this review.
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Fig.2 Degradation factors that are affects the performance metrics of
the PSCs.

inorganic halide perovskite was elucidated by relating the XRD
data before and after interaction to moisture.

H,0
CH;NH;l(aq) = CH;NH,(aq) + HI(aq) (ii)
4HI(aq) + 0> = 2Ix(s) + HoO(aq) (iii)

uv
2t =2 Hy()1 1 L) (iv)

As per Niu and his colleagues, the organic-inorganic perov-
skites undergo a decomposition in existence of moisture
causing in the creation of CH;NH;I and Pbl,. Additionally,
CH;NH;I is transformed into CH3;NH, and HI during this
process. As a result of the oxidation process, HI is converted to
I, and H,0. Concurrently, a portion of HI undergoes photo-
chemical reactions, leading to the creation of H, gas and I,. The
initiation of the degradation process is attributed to moisture,
while the decomposition rate is accelerated by the oxidative and
photochemical reactions. The whole process has been
explained in eqn (i)-(iv). The prominent researcher Frost and
his team®” conducted a study illustrating the deterioration of
perovskite structure containing organic species, specifically
MAPDI;, in the existence of moisture. The irreversible disinte-
gration process is depicted in Fig. 3, wherein a water molecule
triggers the breakdown. This decomposition is further influ-
enced by phase changes in both methylammonia and hydrogen
iodide. The primary outcome of this conduit is the formation of
Pbl,, causing the structures to adopt a yellowish hue.

Chen et al.** disclosed how PSCs degraded due to moisture in
detail. In the existence of moisture, the MAPbI; compound
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Fig. 3 Decomposition path of perovskites in existence of moisture.*?

reacts with water to produce MAPbI;-H,O. This formation of
the MAPDI;-H,O intermediate displays a reversible feature,
which represents that the perovskite remains stable and can
operate with reasonable efficiency even though they are exposed
to minimal moisture. However, if the MAPbI;-H,0O/MAPDI;
intermediates come across increased moisture levels, the
MAPbDI;-H,O undergoes irreversible decomposition into Pbl,,
which leads to device deterioration. Under light illumination
and moisture, Pbl, again decomposes into PbIOH. Once PbIOH
forms within the device, it interrupts the interface between ETL
and HTL, rendering the cell ineffective as it breaks down the
junction inside the cell. Another investigation done by Wang
et al.,** demonstrated that exposure to moisture and various
environmental elements results in the generation of volatile
species, including I, vapor. This, in turn, initiates a self-
degradation chain reaction process in MAPbI; based solar
cells. The research also indicated that the presence of iodine
vapor can induce degradation in other cells relying on iodine.
While the creation of Pbl, in the existence of light and moisture
is widely acknowledged, Christians and his team® discovered
that in the absence of light, H,O can form a hydrating complex
with perovskites, proposing a specific reaction pathway.

MAPbI3 + Hzo i (MA)4PbI62H20 (V)

On the other hand, environmental conditions, especially
moisture, can cause rapid deterioration and efficiency loss in
FA-based perovskite solar cells (FA-PSCs), as is the case with
most organic-inorganic perovskite materials. Due to the fact
that water can penetrate the perovskite layer and react with its
components, breaking down the perovskite structure, FA-based
perovskites are extremely susceptible to moisture.** Water
molecules interact with the lead halide framework when
exposed to dampness when they diffuse into the perovskite
layer. Because of this, hydrated perovskite phases, such as
(FA):MA(;_Pbl;-H,0, are formed; they have less favorable
optoelectronic characteristics than the original material. While
prolonged exposure results in irreparable damage, these inter-
mediate hydrates are usually reversible under specific drying
conditions.””

Lead iodide (PbL,) is formed, and other organic cations, such
as FA", are released when the perovskite crystal lattice breaks
down due to continuous moisture exposure. Significant effi-
ciency loss in the solar cell results from this breakdown process,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which is frequently linked to visible yellowing of the perovskite
layer, which is indicative of Pbl, production. Like methyl-
ammonium (MA"), the cations formamidinium (FA") is also very
susceptible to hydrolysis in the presence of moisture. The
byproduct formamidinium formate, which cannot be reas-
sembled into the perovskite structure, is what FA" can hydrolyze
to. As a result, the substance degrades permanently. Higher
humidity levels speed up the rate of deterioration. FA-based
perovskites deteriorate more quickly in conditions when the
relative humidity (RH) is higher than 50%. Degradation can
happen in a matter of hours in very humid situations (RH >
809).%6%

Although FA-based perovskites are more resistant to mois-
ture than MA-based perovskites, they nevertheless break down
when exposed to moisture over an extended period of time.*
While stability can occasionally be increased by adding bromide
or chloride, performance trade-offs are common.***" Degrada-
tion can be postponed and moisture intrusion greatly reduced
with proper encapsulation.’” Polymers, glass, and moisture-
barrier coatings are common materials used for encapsulation
because they can reduce the rate at which water penetrates.
Applying hydrophobic coatings (such as self-assembled mono-
layers or fluorinated compounds) or surface passivation
processes can shield the perovskite layer from direct moisture
exposure. Alumina (Al,03), titanium dioxide (TiO,), and other
oxide layers are examples of inorganic layers that can function
as protective barriers. The decline in photovoltaic performance
is the main effect of moisture deterioration on FA-based PSCs.
Important performance indicators deteriorate dramatically,
such as total power conversion efficiency (PCE), fill factor (FF),
open-circuit voltage (V,.), and short-circuit current density (Jsc).
Perovskite material degradation results in reduced light
absorption, increased non-radiative recombination, and the
introduction of trap states, all of which lower cell efficiency.***

It has been shown that adding mixed cations (FA/MA/Cs) and
halides (I/Br/Cl) to the perovskite formulation enhances mois-
ture stability. For example, doping with cesium (Cs") increases
crystallinity and decreases the possibility of moisture-induced
lattice disintegration.*” It is possible to lessen the vulnera-
bility to moisture infiltration by controlling the interfaces
between the perovskite and transport layers—both the electron
and hole transport layers. For example, the perovskite layer can
be shielded by using hydrophobic materials in the transport
layers. It has been demonstrated that by passivating flaws and
enhancing film quality, additives like fullerene derivatives or
organic compounds like 4-tert-butylpyridine (¢BP) can improve
the moisture resistance of FA-based perovskites. The opera-
tional stability of FA-based PSCs can be extended by operating
them in regulated, low-humidity conditions. In particular, this
is crucial for applications in areas with high humidity.*

2.1.2 UV-light induced degradation. Effective packaging
can mitigate the impact of atmospheric stressors like oxygen
and humidity. However, for a semiconductor to work as a solar
material for more than 25 years, it needs to hold innate stability
against light exposure along with other degradation factors.
Confirming that a material remains stable under extended
exposure to light is typically the first step in assessing the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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appropriateness of the selected active material for use in
photovoltaic devices. The prominent researcher Ito and his
colleagues®* identified a pathway for the decomposition of the
perovskite structure during UV light irradiation, supported by
evidence from UV-vis and XRD data. The process of decompo-
sition is outlined in eqn (vi)-(viii).

217 & I, +2e” (vi)
3CH31\IH3Jr «> 3CH3NH2(g)T + 3HJr (Vll)
I"+1,+3H" + 2 « 3HI? (viii)

The electron affinity of TiO, leads to the collection of elec-
trons from the iodide within the perovskite, causing the disin-
tegration of the perovskite and the generation of I,. In eqn (ii),
the pK, of the methylammonium ion is determined to be 10.8
with the aid of water, indicating that the equilibrium is inclined
towards the left of the equation. However, the consistent
removal of hydrogen ions and the evaporation of CH;NH, can
promote a shift in equilibrium towards the right in eqn (ii). In
the absence of perovskite structures, this shift becomes more
achievable. Consequence of this change, the extracted electrons
can return from the TiO, surface, minimizing I,, and giving rise
to the evaporation of HIL.**

Another renowned research group comprised of Snaith and
his colleagues® has investigated the photon-induced instability
of both encapsulated and non-encapsulated PSCs. Their find-
ings revealed that encapsulated PSCs decay at a higher pace
than non-encapsulated ones. The application of transient
absorption spectroscopy indicated a significant decrease in the
charge collection rate of the TiO,-based encapsulated perov-
skite cells compared to non-encapsulated ones. This decline
may be attributed to the entrapment of injected electrons from
the perovskites into the interstitial states in the TiO,. The
degradation mechanism is closely connected to the TiO,g
surface chemistry. Crystal defects in titania result in the pres-
ence of numerous vacancies, where O, molecules from the
surroundings are adsorbed. This process facilitates the reloca-
tion of electrons from TiO,_,, leading to the formation of
a Ti(iv)'O, -complex. The revealing of the TiO, to UV light
initiates the generation of an electron-hole pair. Vacancies
within the valence band accept electrons from oxygen mole-
cules, separating them from the titania. The free electrons
generated through this photo-induced process in the conduc-
tion band subsequently recombine with the holes present in the
HTL, significantly impacting the overall performance of the
device.”*® Fig. 4 schematically illustrates the photo-induced
degradation process.

About 3-5% of the solar spectrum is UV light, which can start
a number of photochemical processes inside the PSC structure.
This can lower the efficiency of FA-based perovskite solar cells
and accelerate device breakdown. When exposed to UV light,
FA-based PSCs degrade in a variety of intricate ways that
frequently involve both intrinsic and extrinsic factors. It has
been noted that UV radiation causes structural alterations in the
perovskite lattice. In particular, phase segregation into the
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Fig. 4 Possible way of photo-induced decomposition: (a) UV induced-deterioration of the PSC without interfacial layer among TiO, and
perovskite material; (b) reduced UV-induced deterioration after inserting Sb,Ss between TiO, and perovskite material, figure reproduced with
permission from ref. 21. (c) Schematic representation of the UV-induced deterioration of TiO, layer owing to absorption of O, from atmosphere

at interstitial defects, figure reproduced with permission from ref. 45.

hexagonal non-perovskite 3-phase, which is thermodynamically
more stable than the photoactive a-phase, is a common occur-
rence in FA-based perovskite materials like FAPbI;.*” According
to research by Wang et al. (2022) and later investigations, photo-
generated charge carriers may cause UV-induced phase segre-
gation, which would lower the overall performance of solar
cells.*® High-energy photons produced by UV radiation have the
ability to disrupt chemical interactions inside the perovskite
structure, especially at interfaces and grain boundaries.*® This
may result in interstitial defects and vacancies, which serve as
non-radiative recombination sites and lower the lifetime and
mobility of charge -carriers. Furthermore, UV radiation
promotes ion migration, especially of iodine ions. Iodine ions
migrate inside the perovskite structure when illuminated, and
this action increases when exposed to UV light, resulting in
irreversible deterioration of device performance.*

UV-induced deterioration is particularly detrimental at the
interface between the perovskite layer and the nearby charge
transport layers, which are usually electron transport layers
(ETLs) such as titanium dioxide (TiO,). Common ETL materials
like TiO, absorb UV light and produce electron-hole pairs that
might react with the perovskite layer and degrade it. According
to research by Ji et al. (2020), the FA-based perovskite can
further decompose by catalyzing oxidation processes with UV-
activated TiO,.”* Organic components in FA-based perovskites
may dissociate when exposed to UV light. Perovskite degrada-
tion can be accelerated by UV light, especially in humid situa-
tions, which can worsen the generation of volatile species such
as HI, I,, and methylamine. According to Chen et al. (2022),
these photochemical reactions in which UV light serves as
a catalyst for the production of these volatile compounds are
a crucial component in the breakdown of perovskites.*

2.1.3 Temperature induced degradation. Examining this
factor is essential for stability analysis during device
manufacturing. Annealing constitutes a crucial stage, and the

632 | RSC Adv, 2025, 15, 628-654

devices will be utilized in the outdoor environment, subjecting
them to elevated temperatures. The eminent research team
formed with Philippe et al.** accomplished a research to
examine the influence of higher temperatures on perovskite.
The PSCs were examined in an ultra-high vacuum environment
to eliminate the influence of air and water. It was noted that,
under elevated temperatures, the perovskite undergoes a trans-
formation into PbI,. The decomposition process of the perov-
skite is presented in eqn (ix)-(xi)

PbCl, + 3MAI — MAPbI; + 2MACI (ix)
PbCl, + 3MAI — Pbl, + MAI + 2MACI )
MAPbI; — Pbl, + CH;NH, + HI (xi)

Another research team lead by Kim®* carried out an in situ
examination which revealed that the employment of encapsu-
lation does not shield the hybrid halide perovskite from
degradation owing to temperature. The degradation initiates at
100 °C, involving the transformation of the -phase into the o-
phase at elevated temperatures. The impact of temperature on
the perovskite compound can be supported by examining the
optoelectrical, and chemical characteristics of these layers.
Another prominent expert in PSCs named Phillipe* investi-
gated the impact of temperature on both pure MAPbI; and
mixed MAPbI;_,Cl, by utilizing photoelectric spectroscopy. The
films underwent heating within an ultra-high vacuum chamber

to eliminate air and moisture. The variations in the o and 5
the temperature gradually
increased, as demonstrated in Fig. 5. The analysis of the film,

conducted from room temperature to 200 °C, revealed a decline

ratios were documented as

) I N . .
in both the b and b ratios from 2.0 to 0, supporting the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The variation of I/Pb and N/Pb due to temperature.
Figure reproduced with permission from ref. 53.

conclusion that the perovskite layer undergoes a transition to
the byproduct Pbl,.

In addition, Bruno and his team®* investigated the decom-
position reactions and inferred that MAPbBr; MAPbCI;, and
MAPDI; all undergo decomposition into lead halide, along with
the release of gaseous hydrogen halide and methylamine, even
at relatively lower 60 °C temperatures. They proposed that these
materials might not be appropriate for prolonged applications
based on their findings. Moreover, Zhao et al.>® conducted
another research on the thermal stability of MAPbI; and the
MAPDI; film underwent examination within a dark and
moisture-free atmosphere at temperatures from 85 to 120 °C for
a duration of 10 days, revealing no signs of degradation. This
observation implies that the material itself possesses intrinsic
stability. However, when subjected to thermal cycles for both
inverted (FTO/NiO/MAPbI;/PCBM/BCP/Au) and normal (FTO/bl-
TiO,/mp-TiO,/MAPbI;/Spiro-OMeTAD/Au) configurations,
rapid decomposition was witnessed for the normal configura-
tion, whereas the inverted structure exhibited minimal degra-
dation after 80 thermal cycles. Furthermore, Conings and his
colleagues® inspected the impact of temperature on the
perovskite layer (MAPbI;) under numerous atmospheric
conditions. Variations in the structure of the perovskite layers
were noted under N,, O,, and ambient conditions. The alter-
ations in the structure of the perovskites can be detected by
assessing the conductivity of the material through conductive
atomic force microscopy. The conductivity of the perovskite
experiences a swift decline as the temperature rises, potentially
attributed to the creation of a wide bandgap material, Pbl,. The
decomposition process induced by temperature can be
expressed by eqn (xii).””*®

CH;NH;3Pbl; — CH;NH,(g)1 + HI(g)T + Pbly(s) (xii)

The configuration of Au/Spiro-OMeTAD/MAPDI;/m-TiO,/
FTO was analysed by Leong et al.,> for understanding the effect
of temperature. The cell's performance demonstrates an
improvement for temperatures below 330 K, but a notable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decline is observed in the temperature range of 330 K to 360 K.
Variation of V,. was also investigated and V,. remained in the
saturation regime at low temperatures (7 < 250 K), and it
exhibited a linear decrease with the rise in temperatures in the
range of 250 K to 360 K. During the fabrication of perovskite
based on quadruple cations, incorporating Rb, Duong et al.®
noted the separation of Rb cation and the transmission of
elemental gold to the HTL at 85 °C. They observed an escalation
in the impact of thermal decomposition in the existence of
light. Another research team led by Foley® investigated the
impact of temperature on the perovskite's energy levels and
observed that as the temperature augmented from the range of
28 °C to 85 °C, both the conduction band minimum and valence
band maximum decreased by the amount of 77 meV and 110
meV, respectively.

FA-based PSCs are ideal for applications where stability
across a variety of environmental conditions, especially
temperature, is crucial because they typically lead to increased
stability and improved optoelectronic characteristics. Phase
transitions and breakdown are two negative impacts of
temperature changes that can still affect FA-based PSCs, ulti-
mately impeding their long-term stability and commercial
viability.®* The stronger hydrogen bonding within FA ions gives
FA-based perovskites greater resilience against breakdown,
making them thermally more stable than MA-based perov-
skites.®® FA-based perovskites have been shown to retain struc-
tural stability up to about 100-150 °C.**** However, at high
temperatures, FA-based perovskites might change from the
photoactive black perovskite (a-phase) to non-photoactive
phases (like 3-phase), which would reduce their efficiency.*®

Studies show that at high temperatures, FA-based perov-
skites can change from the a-phase to the d-phase. The phase
transition is undesirable because it generates inactive phases,
which lowers the stability and efficiency of the cell. Anion
alterations (e.g., Br incorporation) and cation engineering (e.g.,
Cs or MA) have been investigated to stabilize the a-phase and
prevent phase transitions. Because of its greater binding within
the perovskite crystal lattice and lack of volatility, the FA ion has
been claimed to be more stable than the MA ion. Nevertheless,
given extended heat exposure, especially in humid conditions,
FA-based perovskites can still break down into lead iodide
(PbI,). Research using encapsulation techniques has shown
that by shielding the perovskite layer from oxygen and moisture
intrusion, encapsulated FA-based PSCs have a greater resistance
to heat degradation.>*%>°¢

2.1.4 Oxygen induced degradation. While oxygen is always
present during both material synthesis and device operation,
the interaction between oxygen and the perovskite layer has
been largely overlooked, receiving limited attention. The crea-
tion of highly reactive superoxide species, linked to the transfer
of charges between oxygen molecules and the photo-excited
halide perovskites has been observed in many published liter-
ature.®”* The stability of photoactive layers, MAPbI; is signifi-
cantly affected by the combined influence of oxygen and light.
When the layer is subjected to both light exposure and dry air,
the photoactive layers on mp-Al,O;/MAPbI; undergo rapid
decomposition, resulting in the creation of methylamine, I,,
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and Pbl, as decomposition products. The following eqn
(xiii)-(xv) represents the possible pathway for degradation
induced by superoxide.*

MAPbI3 only light, no moisture MAPbI; (Xlll)
MAPbI
02 —_— 02 (XIV)

deprotonation
————

. 1
MAPbI3 + 02 - MSNHZ + PbIz + — 21 + Hzo (XV)

When MAPDI; undergoes optical excitation, it gives rise to
the formation of MAPbI; and it contains both photo-induced
holes and electrons. Subsequently, superoxide is produced as
aresult of electron relocation from MAPbI, to O,. The generated
superoxide initiates an attack on the perovskite absorber,
resulting in the production of decomposition products such as
lead iodide, methylamine, iodine, and water. In a subsequent
research by N. Aristidou and his co-researchers” by employing
a variety of experimental and computational techniques, they
have gained mechanistic insights into the photo-degradation
induced by oxygen. Their findings indicate that rapid oxygen
transmission into MAPbI; films is concurrent with the photo-
induced generation of highly interactive superoxide species.
The perovskite films characterized by small crystallites exhibit
elevated superoxide yields but lower stability. The Ab initio
calculation also suggests that iodide vacancies serve as favored
locations in promoting the photo-induced production of
superoxide radicals from oxygen. Bryant et al.,** observed the
primary cause of the limited operational stability in MAPDI;
PSCs under atmospheric conditions and identified the degra-
dation tempted by exposure to oxygen and light. When MAPbI;
solar cells without encapsulation are exposed to dry air and
light, they undergo swift degradation within a few minutes to
hours. This rapid deterioration is similarly observed when an
electrically biased current flows in the dark in the existence of
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oxygen. The degradation reaction commences with the depro-
tonation of the methylammonium cation within the perovskite,
facilitated by a photo-generated interactive oxygen species
known as superoxide (O,). This superoxide is produced
through the interaction of photon-generated electrons within
the perovskite structure and molecular oxygen.

On the other hand, the prominent research group led by
Correa-Baena conducted theoretical and experimental investi-
gation to decipher the role of oxygen in the degradation of FA-
based perovskite structures.”” They conducted two experi-
ments in the presence of moisture-nitrogen and moisture-
oxygen. Their findings reveal that degradation is slower when
perovskites are exposed to H,O in nitrogen compared to oxygen.
A key interaction between H,O and O, in air accelerates phase
transformations, where H,O dissolves formamidinium iodide
(FAI), leading to the volatilization of FA" and iodide ions.
Exposed Pb-I surfaces then undergo oxidation by O,, forming
stable iodate species that bond with Pb, leading to further
infiltration of H,O and phase destabilization.

I+ gOz —10,” (xvi)
Pbl; 4 3 x 0, —Pb(10;), (xvii)
Pb(10;5), > Pb(103), + Vpy, (xviii)

where, ‘n’ in eqn (xvi) represents the stoichiometric coefficient.
These results suggest that O, can modify Pbl,- terminated
surfaces by oxidizing iodide to iodate species and creating PbI,
vacancies shown in eqn (xvi)-(xviii). These vacancies may allow
H,O molecules to enter the structure and dissolve the next FAI
layers in an iterative process. Fig. 6 illustrates a schematic
representation of the phase transformation process in FACs-
based perovskite in the presence of H,O-N, and H,0-O,
environments.

To address degradation, they proposed a strategy involving
the use of an encapsulation technique. Specifically, they applied

o Po(oy,

Y . L <|'>solid i

FAPbl;  CsPbls

' PEROVSKITE |
[ ? '
| \

J %br ’ 1
J * !
| 4/4 |
eV i
l |

C$0.17FAD.83Pb|3

Fig. 6 Degradation of FA based perovskite through vacancy formation, iodide oxidation, and phase segregation into non-perovskite phases
under exposure to H,O-N, and H,O-O, environment. Figure reproduced with permission from ref. 71.
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a hydrophobic phenethylammonium iodide (PEAI) coating,
which acts as a barrier against moisture and oxygen from the
environment. This approach effectively stabilizes the perovskite
material, maintaining its efficiency even when exposed to H,O
and air.

In addition, another research group comprised of Z. Zhang
et al. conducted a degradation study of FA -based perovskite due
to exposure in the light-oxygen environment.” They have found
that the FASnI; perovskite degrades more severely when
exposed to light/O, than only O,, which they attribute to the
superoxide generation through the reaction between O, and
photoexcited electrons. The route of formation of superoxide
and degradation of FA-based perovskites are provided in eqn
(xix)—(xxiii).

only light, no moisture

FASnI; FASnI, (xix)
FASnI, _
02 _— 02 (XX)
4FASnI; + 0, — 4CHyN, +4SnL, +1, + 2H,O (xxi)

The produced water subsequently engages in additional
degradation pathways as outlined below

H,0

FASnl; FAI + Snl, (xxii)

Ultimately, all produced SnI, undergoes oxidation as follows.

SIlIz + 027 - SH02 + Iz (XXlll)

Note that the aforementioned reaction mechanisms in eqn
(xix)—(xxiii) were hypothesized by Z. Zhang et al”® If these
assumptions become valid, the corresponding FASnI; PSCs are
likely to experience significant efficiency degradation owing to
FA" deprotonation, the oxidation of Sn>" to Sn**, and iodine
loss. Although O, alone may contribute to the degradation of
FASnl;, the investigation concludes that superoxide-induced
degradation is the dominant degradation process in FASnl;
perovskite solar cells under light-O, exposure. Moreover, they
provided a promising solution to suppress the superoxide
formation by incorporation of halide-containing additives.
Theophylline-Br is an effective additive for passivating iodine
vacancies and reducing superoxide formation in FASnI; films,
which leads to improved efficiency and stability of FASnI; PSCs.

2.2 Intrinsic degradation factors

Ion migration, crystal defect and hysteresis have been discussed
as intrinsic instability factors even though they are inter-
connected to some extent. However, each of them can also be
influenced by other factors. For example, several reasons are
considered for hysteresis in perovskites including charge carrier
trapping and de-trapping, ion migration, ferroelectric polari-
zation, and capacitive effects.”” Some researchers suggest that
ion migration, crystal defects and hysteresis act as intrinsic
factors leading to degradation in perovskites,””* though this
area still requires extensive investigation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2.1 Crystal defects. The defects within the perovskite film
can impact the performance of PSCs."”® The V,. of PSCs
correlates directly with the separation of holes and electrons
quasi-Fermi levels within the illuminated perovskite layer. This
separation is dictated by the charge density. Defect-induced
non-radiative recombination processes diminish the steady-
state charge density, consequently diminishing the quasi-
Fermi level splitting and leading to a lessening in PSC volt-
ages.”® In addition, the FF of the device, dependent upon
voltage, will also decline. The defects within the perovskite
structure can be categorized according to how they are formed.
These defects arise from atomic vacancies, interstitials, and
antistites substitutions. Additionally, defects of a higher
dimensional nature result from dislocations, grain boundaries
(GBs) and precipitates. Defects can further be classified into
various types, including point defects, line defects, planar
defects, and bulk defects.”” The researcher Yin and his
colleagues investigated defect properties through theoretical
calculations, affirming the association between point defects
and carrier diffusion as well as their impact on the V,, in PSCs.”®
Defects present in the film can also result in increased non-
radiative recombination, thereby influencing the efficiency of
charge extraction and subsequently reducing the J. of the PSCs.
The well-known research group led by Leblebici” successfully
identified intra-grain heterogeneity in Ji and V,. using
conductive atomic force microscopy. They noted decreased Js.
and V, values at GBs in comparison with those into the bulk of
the perovskite film. This observation suggests that the defect
density at GBs and surfaces significantly contributes to the
deterioration of photovoltaic performance in PSCs. Another
research team made up with Nie and co-authors® highlighted
that PSCs characterized by larger grain sizes and reduced trap
densities exhibit improved Ji,. and V,. They attributed the
increase in J,. to a thicker active layer, which enhances light
absorption capabilities, while the augmentation in V,. is
ascribed to the reduction in trap density. The poor connection
between the transportation layer and the perovskite resulting
from 3D defects may induce significant series resistance,
consequently decreasing both the FF and Ji.*' Metal halide
perovskites face a limitation in approaching the Shockley-
Queisser photo-electrochemical limit for solar cells owing to the
existence of profound defects within the film. These defects,
originating from the solution-processed polycrystalline perov-
skite formation method, manifest at GBs and within the grain
structure, causing swift non-radiative decay. It suggests that this
rapid decay could contribute to the disintegration of the
perovskite. The existence of impurity-based defects can result in
the creation of recombination centres, specifically Shockley-
Read-Hall recombination centres. This has a notable influence
on the V,. by reducing the lifetime and overall photovoltaic
performance. In addition, the existence of defects into the
perovskite film and on its surface helps to the unusual hyster-
esis perceived in the J-V features of PSCs. Defects within the
perovskite create a favourable path for the ions migration due to
steric hindrance. In addition, the charge traps, induced by the
inductive effect of these defects, become filled during forward
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biasing and discharge under short-circuit settings. Conse-
quently, the repetitive cycles of charging and discharging result
in the hysteresis behaviour exhibited by PSCs. The renowned
researcher Park and his colleagues suggest that the hysteresis
manners may also be attributed to the existence of Frenkel
defects. These defects arise when iodide ions move to the
octahedral interstitial sites Oy,.2> The bulk and surface defects
expedite the decomposition of perovskite compounds, particu-
larly in environments like air and elevated temperatures.

2.2.2 Tons migration. Ions migration poses a significant
concern for the performance of PSCs. Under bias voltage or
thermal drift, ions (either anions or cations) within halide
perovskite materials have the ability to move, leading to device
instability. The following Fig. 7 depicts a schematic diagram
illustrating various movements of ions and defects within the
structure of a perovskite device.

Defects and ion migration, such as the existence of iodine
vacancies at the interface, can trigger degradation at the inter-
face. This migration of defects impacts the operational mech-
anisms of the device and ultimately results in device failure
during operation.'®"” With others research groups, the prom-
inent research group comprised with Hoke and his colleagues
observed significant phase separation in MAPDbBr,I;_, films
under light exposure.®>** Ion migration results in alterations to
the local crystal structure and the reallocation of traps within
perovskite films, consequently influencing device performance.
Ion migration induces the creation of defects within the
perovskite, including vacancies and interstitial defects, exacer-
bating ion migration further. This feedback loop results in
component loss, lattice collapse, and other detrimental effects,
ultimately compromising the long-term stability of the device
during operation.* Furthermore, ions within the perovskite can
move into neighbouring functional layers including HTLs,
ETLs, and electrodes. Compounding this issue, unlike revers-
ible ion migration in the perovskite, ion migration-induced
corrosion of functional layers is irreversible. The renowned
researcher Besleaga® demonstrated that iodine(r) can exit the

Forward Scan

®®V\f_/ o c\&

@ hole
HTL Intrinsic perovsklte layer @ electron
Interfacial layer Interfacial layer @ Positive ion

Reverse Scan Negative ion

®®Y e = . - \_( ©@ Y Interfacial trap
582 - 0 A\
o) © > €
HTL l Intrinsic perovskite layer l ETL

Interfacial layer Interfacial layer

Fig. 7 Schematic diagram shows the different ions movements in
perovskite device structure during forward and reverse scan, which
can lead the hysteresis phenomenon and degrade the device stability
as well as performance. Figure reproduced with permission from ref. 9.
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perovskite material irreversibly and can drift via the HTL and Ag
electrode, subsequently forming a stable compound known as
Agl. Additionally, certain studies also propose the occurrence of
a chemical reaction between the organic HTL and migrating
iodine or methylammonium, leading to a gradual decrease in
the HTL conductivity, consequently impacting the PSCs'
performance. The prominent research team led by Zhao
discovered that methylammonium ions (MA") infiltrated into
Spiro-OMeTAD during the operation of the device. This infil-
tration weakened its ability to transport holes, leading to the
rapid degradation of PSC performance.*” Wang and co-authors
similarly observed that the aged Spiro-OMeTAD or PTAA in solar
energy converter lost its p-type characteristics following the
introduction of iodine into HTLs.*

On the other hand, another research team led by R. O.
Nughays and collaborators explored the carrier dynamics,
surface defects, and ion migration in perovskite materials with
varying compositions of formamidinium (FA) and methyl-
ammonium (MA).** The experimental investigation focused on
FA-rich (FA,sMA, 4,Pbl;) and MA-rich (FA,4MA, ¢Pbl;) compo-
sitions, while theoretical studies used DFT to analyze ion
migration in pristine FAPbl;, MAPbI;, and a mixed-cation
system (FAq sMA, sPbl;) to simplify the analysis.

The study revealed that FA-rich crystals exhibit longer charge
carrier lifetimes, whereas MA-rich crystals show faster recom-
bination, attributed to a higher density of surface defects in the
latter. These defects hinder efficient charge carrier transport,
hence limiting performance. To explore the impact of cation
selection on ion migration, DFT calculations were performed on
pristine FAPbI; (FA-rich), MAPbI; (MA-rich), and mixed-cation
FAosMA, sPbl; compositions. Migration pathways for FA",
MA", and iodide (I7) ions were also analyzed, revealing that FA"
ions exhibit the lowest energy barrier for migration from bulk to
the surface, while MA" ions have the highest. Conversely, from
surface to vacuum, MA" ions showed lower diffusion energy,
potentially leading to surface vacancies. In addition, iodide ions
demonstrated varied energy barriers depending on the
composition: FAPbI; showed the lowest energy for bulk-to-
surface migration (0.26 eV) but higher energy (0.41 eV) from
surface-to-vacuum, while MAPDI; displayed a higher bulk
energy (0.383 eV) but a low surface energy (0.185 eV), encour-
aging vacancy formation.

In mixed-cation systems, the I energy barriers were inter-
mediate, with migration behavior dependent on the dominant
cation. Crystals with higher FA" content facilitated surface
passivation by enabling iodide migration to the surface while
preventing escape due to higher energy barriers. This behavior
supports the role of iodide ions in reducing surface vacancies
and enhancing stability. The findings highlight the critical
influence of cation composition on ion migration, with FA-rich
crystals exhibiting more effective passivation and stability
compared to MA-rich systems. These insights advance under-
standing of ion dynamics in perovskite single crystals, offering
pathways for performance optimization. The gist of the inves-
tigation is presented in Fig. 8.

2.2.3 Hysteresis. Hysteresis negatively impacts the consis-
tency of photovoltaic operation and the durable stability of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Energy barrier for cations ions (FA*, MA*) diffusion into two different regimes named bulk to surface and surface to vacuum, for

pristine-FAPblz and MAPDbI3 and the mixed cation FAg sMAg sPbls; (b) the energy barrier for iodide ions from the bulk to the vacuum reveals that in
FA-rich compositions, I ions exhibit the lowest energy for migration from the bulk to the surface, but the highest energy from the surface to the
vacuum, preventing them from escaping the surface and forming vacancies. Figure reproduced with permission from ref. 89.

hybrid PSCs. The eminent research group comprised of Snaith
and other co-authors™ first reported on hysteresis in 2014,
linking it to factors including the perovskite material proper-
ties, selective contact materials, along with the external scan-
ning parameters including scanning rate as well as applied
electric field. Even though the precise origin of hysteric effects
remains uncertain, various mechanisms have been anticipated
to explain this phenomenon in PSCs. Various factors, such as
ferroelectric polarization,” ion migration linked with changes
in the interfacial field and barriers which occur owing to the
gathering of ions at interfaces, slow temporary capacitive
effects,” as well as the trapping and non-trapping of carriers at
interfaces,”” ferroelectric polarization,” are considered poten-
tial explanations for the occurrence of hysteresis in PSCs.***%*”
It is widely acknowledged that the accumulation of defects at
the perovskite/transport layer interface causes hysteresis by
influencing the electric field distribution within the device.
Numerous theoretical and experimental studies have deter-
mined the time scales associated with the migration of defect
species in perovskites by analysing hysteresis behaviours as
a function of temperature and the sweep rate during J-V
measurements.”*” However, the exact origin of these ionic
defects remains a topic of ongoing discussion. To comprehend
hysteresis in perovskite solar cells, identifying the location of
ionic defects and estimating their concentration within the
device is crucial. Impedance spectroscopy is a particularly
effective technique for obtaining this information. Typically,
impedance spectra for perovskite solar cells exhibit both high-
and low-frequency responses. The high-frequency response has
been linked to factors such as geometric capacitance, chemical
capacitance, dipole depolarization, or ionic diffusion within the

© 2025 The Author(s). Published by the Royal Society of Chemistry

perovskite active layer.*’** On the other hand, the low-
frequency response has been associated with factors such as
the impedance of trap states, device degradation, dielectric
effects, electron accumulation at the contacts, and ionic
diffusion.'*>%*

The prominent research group led by S. Tammireddy inves-
tigated ionic conduction in Csg ¢5(FA¢.s3-MAg.17)0.05Pb(Io.0Bro.1)3
perovskite solar cells using impedance spectroscopy and sweep-
rate-dependent J-V measurements as a function of tempera-
ture.”® To confirm the location of defects, they performed
impedance spectroscopy on an MAPbI;-based device as refer-
ence. They have observed both low- and high-frequency
responses in impedance spectra and linked their origins to
ionic defects. However, these partially conflicting interpreta-
tions hinder a clear understanding of defects in perovskites,
complicating the analysis of their impact on device hysteresis.
To overcome this challenge, they employed a combination of
sweep-rate-dependent J-V measurements and impedance spec-
troscopy, offering a unique approach to reconcile conflicting
assumptions and directly correlate defect signatures with
hysteretic behaviour. As a result, two bulk defects, B and vy, were
identified, both linked to long-range ionic conduction. Defect f3,
likely iodine-related, is associated with dielectric relaxation and
causes positive hysteresis, while defect vy, constrained by the
perovskite/transport layer interface, leads to negative hysteresis.
The N-shapes observed in J-V curves of polycrystalline
Cs0.05(FA0.83-MA  .17)0.95PD(IooBro1); based device at lower
sweep rates are attributed to ion accumulation and redistribu-
tion near the hole transport layer. The impedance spectroscopy
and J-V analyses suggest that defect y is a negatively charged
ionic defect, such as an iodide interstitial, and both defects may
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(@) The impedance, permittivity, modulus, and conductivity characteristics of the Csg os(FAg.83-MA 0.17)0.95Pb(l0.9Bro1)s solar cell was

analysed at 360 K. Two distinct responses, labelled as B and v, were observed in the intermediate and low-frequency regions, respectively. (b) J—
V sweeps of the Csg g5(FAg.83-MAg 17)0.95Pb(lp.9Bro.1)3 solar cell evaluated as a function of sweep rate at 360 K. (c) The hysteresis area as a function
of frequency is categorized in A—F. Figure reproduced with permission from ref. 73.

originate from the same ionic species. These findings, repre-
sented in the Fig. 9, establish a clear connection between ionic
conduction and hysteresis in perovskites.

3 Stability of perovskite solar cells
3.1 Stability against moisture

Enhancing the moisture resistance of PSCs can be effectively
achieved through the modification of the collecting electrode.
Among various metal electrodes, copper (Cu) emerges as an
encouraging contender because of its potential for widespread
implementation on a large scale and its demonstrated long-
term stability.’*® The well-known researcher Zhao'”” employed
the doctor-blade method to incorporate a copper (Cu) electrode
into PSCs. In their study, the devices featuring the Cu electrode
exhibited impressive performance, achieving a PCE exceeding
20%. Furthermore, these devices sustained 98% of their initial
PCE even after being kept for over 800 hours in atmospheric
conditions (25 °C, approximately 55% relative humidity), all
without the need for encapsulation. In contrast, PSCs equipped
with Al or Ag electrodes experienced a notable decrease in effi-
ciency, with approximately 20% loss of the initial PCE observed
after 200 hours of storing in ambient air.'*® The global scientific
community has extensively researched the improvement of
moisture-resistant PSCs. Typically, the fabrication process for
PSCs requires the use of an inert atmosphere to ensure optimal
performance and longevity in the presence of moisture. The
research team made up of Tai and his colleagues'® presented
a novel approach to fabricating PSCs in ambient circumstances,
regardless of humidity levels. In their method, they substituted
(Pb(SCN),) for the conventional PbI,,

precursor and

638 | RSC Adv, 2025, 15, 628-654

dimethylsulfoxide served as the solvent. The researchers ach-
ieved promising results with an average efficiency of 13.49%
from a total of 20 devices prepared under relative humidity
conditions exceeding 70%. In another study led by Troughton
et al.,"* ethyl acetate was adopted as an antisolvent during the
spin-coating process. Ethyl acetate served a dual purpose, acting
both as a wetness soaking throughout the spin coating and
contributing to the overall moisture resistance of the fabricated
PSCs. The reported PCE reached up to 15%, even under chal-
lenging conditions with a relative humidity of 75%. The well-
known researcher Li*** proposed the incorporation of phos-
phonic acid additives in the fabrication process. They applied
a spin coating tactic to deposit the precursor solution contain-
ing MAPDI; in the existence of butylphosphonic acid 4-ammo-
nium chloride. The additive phosphonic acid played a dual role
by establishing cross-links between adjacent grains via
hydrogen bonding between -NH; and -PO(OH),. Additionally, it
demonstrated heightened resistance to moisture. Moisture-
resistant HTLs have been employed as a strategy to address
the susceptibility of perovskite devices to moisture. These layers
not only serve their primary function but also act as effective
encapsulants, providing an additional protective barrier against
moisture-induced degradation."*> The well-established research
group comprised of Habisreutinger and his co-authors™?
employed a P;HT/SWNT nanohybrid mesh as the HTL, filled
with a hydrophobic polymer PMMA. The devices underwent
exposure to a stream of flowing water and subsequent testing,
demonstrating nearly identical performance to the pre-
exposure state. In a recent paper published in 2024 and con-
ducted by Azam et al.,*** they investigated a unique technique to
improve the efficiency and longevity of the MAPbI; PSCs via the

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07942f

Open Access Article. Published on 07 January 2025. Downloaded on 2/8/2026 12:47:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review RSC Advances
a 10%4 — omgms [ _ 100 S
—a— 0 mg mL'I ( ) (b) — | ":8 :::I -1 («ll ; —— Omg ml 1
; —— 1 mg mL-1 'g — L.5mgml.~ g ................. —— 1 mgml -1
: -1 I\ e g T g
i —o— 1.5 mgml ‘\:«.103’ g U.IW X
: |
g s 2 1
E = ; 1E-41
10?; =) 1
650 700 750 800 850 0 100 200 300 400 -1.5 -1.0 -0.§ 0.0 ?.5 1.0 15
WaveLength (nm) Time (ns) Voltage (V)
5 25
&R (e) B0 mg mL-] | (f) With TPPP(CI)
.E B | mgml -1 h
< 20 20 SR e J 30 Days
< === -~ v
g -~ W E '
b L e -
.“E.ls 9 ()mgml’: Els - = e \E 5
Z —o— 0.5 mgmL” i . 2| :-'-n' 15 Days
é 101 —— Img mL-] 8 10 g
E: 5. o I.Smgml'l 5. _:.
-
E
© -+ - . - - —at 0
00 02 04 06 08 1.0 1.2 0 10 20 30 10 20 30 40 50
Voltage (V) Time (Days) 20 (Degrees)

’

Fig.10 (a) The PL spectra; (b) TRPL spectra of original MAPbls, and with 1 and 1.5 mg mL~* of TPPP(CL), (c) dark current density and voltage graph
for 0 and 1 mg mL™t TPPP(Cl); (d) The J-V curve with 0, 0.5, 1.0, 1.5 mg mL™t TPPP(CI) additive; (e) The durability of devices with and without
additive TPPP(Cl) kept in dark with RH 50-60% and 25 °C temperature for 30 days; (f) XRD measurement on 0, 15, and 30 days under the normal
environment of perovskite film with 1.0 mg mL~* additive TPPP(CL). Figure reprinted with permission from ref. 114.

application of an additive named tetraphenylphosphonium
chloride (TPPP(Cl)). Consequence of the incorporation of
TPPP(Cl) into the perovskite, the perovskite film's crystallinity is
increased by the presence of TPPP(Cl), and halide ion defects
can be passivated by the Cl from TPPP(Cl), which eventually
reduces defect density and enhances the charge -carrier
mobility. Their fabricated device showed excellent stability
owing to the utilization of TPPP(Cl), and the device was able to
retain 89% of the original PCE for more than 30 days in normal
conditions without the use of any kind of encapsulation. In
Fig. 10, the essence of this work is displayed.

3.2 Stability against UV-light

To address the effect of UV light, several approaches have been
employed extensively. The first approach involves diminishing
or neutralizing trap sites, while the second approach aims to
preclude UV light to reach the ETL, particularly TiO,. Lastly, the
third strategy entails substituting the TiO, scaffold with an
alternative material or eliminating TiO, entirely. By substituting
the TiO, layer with alternative ETLs, incorporating a protective
barrier between the light absorber and ETL, and implementing
encapsulation techniques, the effect of UV light could be
nullified. The assessment of wide bandgap SnO, materials as an
alternative to TiO, for ETLs has been investigated, alongside
research into other innovative materials. The eminent
researcher named Roose'*® showed that by substituting TiO, for
a SnO, electron-selective contact allows for the stable operation
of PSCs during UV light irradiation in an inert setting. Another

© 2025 The Author(s). Published by the Royal Society of Chemistry

renowned research group made up of Li and his co-workers®®
employed Cesium bromide (CsBr) for interfacial surface
management between the ETL and the perovskite absorber,
resulting in a notable enhancement in UV stability. In another
research conducted by Ouafi et al,"*® reported that enhancing
the stability of MAPbI; under UV exposure can be achieved by
effectively incorporating bromide atoms into the perovskite
structure. Specifically, the MAPbI;_;,Br;, perovskite demon-
strates notably improved stability, particularly when the
amount of bromide exceeds 20%. This improvement is thought
to be associated with a structural change from the tetragonal to
the stable cubic phase. In a non-encapsulated setting, S. Ito
et al.>* perceived a significant decrease in the efficiency of PSC
devices and almost nearly 0% PCE was observed after 12 hours
of exposure. However, by incorporating a Sb,S; buffer layer into
the PSC, the efficiency augmented to approximately 65% of its
original value. This enhancement can be attributed to the
function of the Sb,S; obstructive layer, which prevents UV-
induced photocatalysis in ETL (TiO,) through offering a sort
of passivation. Moreover, this additional layer aids in preserving
the crystalline structure of MAPDbI; to be changed from black to
completely yellow. In addition, Leijtens et al.** witnessed that
the degradation of the TiO, ETL in the device occurs when
exposed to the complete radiation spectrum with a projected
intensity (I) of 100 mW cm™> at 40 °C. In their study, they
subjected unsealed, and sealed devices with an added UV filter
to UV light in an inert settings and compared their efficiencies.
Surprisingly, the sealed device showed less stability compared
to the unsealed device, while the sealed device with a UV filter
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demonstrated superior performance in terms of efficiency.
Another phenomenon perceived during the light-soaking
experiments is the rebound of current density. In the study on
photo-degradation, Lee et al.*'” observed a rebound in current
upon UV irradiation, which was ascribed to traps being
passivated by PbI, into MAPbI; based devices, leading to
improved charge conduction. Nonetheless, while initial irradi-
ation may show a bounce back of cell parameters, prolonged
exposure ultimately results in permanent deterioration in the
devices. Numerous researchers have showcased stability for
approximately 1000 hours or under more irradiation, with
minimal to no decline in performance. The well-known
research group comprised of Zheng and his groups™® formed
novel mixed-dimensional PSCs by incorporating HOCH,CH,-
NH;I (EAI) into the (FAPbI,)ogs(MAPbBI;)o5 3D perovskite
structure. The mixed-dimensional devices exhibit significantly
enhanced resistance to humidity, heat, and UV light. Following
constant UV irradiation for 13 hours, all unsealed devices
maintain PCEs at approximately 60% of their initial values
(18.79%). In an investigation conducted by Sun et al,"*® re-
ported that a silane coupling agent was applied between the ETL
and the MAPDI; layer, while a UV absorber was utilized to shield
the MAPDI; from harmful UV energy, which can compromise its
stability. This configuration yields outstanding performance
and chemical durability, resulting in an average PCE loss of
2.2%. Even when not encapsulated, the devices maintain over
80% of their original PCE even after being subjected to non-stop
UV illumination for 24 hours at 60% RH, demonstrating
heightened UV-light resilience and notable stability. Ensuring
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the long-term stability of devices requires addressing all factors
contributing to degradation. Encapsulation stands out as a top
strategy for providing comprehensive protection against
external influences. In addition to encapsulation, there is
a rising trend in transparent photovoltaics to meet aesthetic
preferences, allowing for the exploration of multi-junction
designs with finely tuned bandgaps. Composition engineering
and innovative interfaces offer further avenues for mitigating
photo-degradation concerns, as well as addressing issues
related to moisture and oxygen exposure. The renowned
researcher Suo'® utilized a sulfonium-based compound,
specifically dimethylphenethylsulfonium iodide (DMPESI), for
treating FAPDbI; perovskite films after deposition. After the
treatment, the films exhibit enhanced stability during light
exposure and maintain the desired a-black phase even after
aging for two years in an ambient atmosphere without encap-
sulation. The PSCs treated with DMPESI demonstrate a perfor-
mance decline of less than 1% over more than 4500 hours under
maximum power point tracking (MPP), and also indicate
a theoretical Ty, exceeding 9 years under constant 1 sun light
illumination. This work has been depicted in Fig. 11.

There are various ways in which perovskite materials might
deteriorate due to UV radiation, which is the higher-energy
portion of the solar spectrum. Under UV radiation, organic
cations like FA are prone to breakdown, which leads to the
destabilization of the perovskite structure. UV photons can
create ROS, and once ROS are formed, the perovskite layer and
surrounding materials (such as hole-transport layers) may be
progressively degraded. Moreover, UV radiation can accelerate
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Fig. 11 (a) J-V curves of the control (black) and DMPESI (3 mg mL™) treated (red) devices for reverse scan and forward scan; (b) PCE of the
device with DMPESI treatment at MPP as a function of time at ambient settings without encapsulation; (c) dark shelf stability of unencapsulated
without and with DMPESI PSCs under ambient settings at 20-40% RH; (d) temperature cycling (25-85 °C) test of encapsulated without and with
DMPESI devices; (e) damp heat test (85 °C & 85% R.H.) of the encapsulated without and with DMPESI devices; (f) long-term operational stability of
the unencapsulated without and with DMPESI devices under MPP tracking with continuous one sun irradiation under N, flow at normal

temperature. Reproduced with permission from ref. 120.
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ion migration (of iodine ions, for example), which can cause
phase segregation and perovskite film degradation, which can
have an impact on stability and performance."*>***

Inorganic or mixed-cation perovskites, UV-blocking coat-
ings, passivation layers, and other techniques have all been
developed to increase the UV stability of FA-based perovskite
solar cells. It may be possible to shield the perovskite from
damaging UV light by adding UV-filtering layers on top of the
perovskite layer. This can be accomplished by applying UV-
stable polymers or coatings that absorb UV radiation before it
reaches the perovskite and by utilizing transparent oxide layers
(such as zinc oxide or titanium dioxide) that selectively block UV
light. By stabilizing the crystal structure and inhibiting ion
movement, passivating the surface of perovskite films with
substances such as small molecules or fullerene derivatives
might lessen the effects of UV deterioration."”*** The UV
stability of the perovskite also can be increased by combining
FA with other inorganic cations, such as cesium (Cs). Compared
with exclusively organic FA-based perovskites, cesium-based or
mixed-cation perovskites have demonstrated superior resilience
against UV-induced phase segregation and degradation.'”
Since moisture and oxygen intrusion worsen the damage from
UV radiation, encasing the solar cells in materials that block
these elements can also slow down the rate at which the UV
deteriorates. Research on FA-based perovskites has revealed
that when these solar cells are exposed to UV light for an
extended period of time without taking precautions, their effi-
ciency might drop dramatically. It is possible to prolong the
stability of FA-based PSCs under continuous illumination for
several hundred hours by implementing passivating and UV-
blocking techniques.'”

Aiming for improved UV stability, FA-based perovskite solar
cells are still being developed. For commercialization, it will be
essential to combine UV protection techniques with other
stability enhancements, such as improved encapsulation and
material engineering.’**** More resilient designs that strike
a compromise between effectiveness and long-term durability
under actual conditions including UV exposure are anticipated
as a result of ongoing research.

3.3 Stability against oxygen

The key factor leading to the restricted lifespan of MAPbI; PSCs
under normal environmental conditions is the degradation
induced by exposure to oxygen and light. Unprotected MAPbI;
based solar cells deteriorate quickly, typically within minutes to
a few hours, when subjected to both light as well as dry air.
Under conditions where there is an electrical bias driving
current flow, even in the absence of light, rapid degradation of
the PSCs is still observed when oxygen is present. The eminent
research team led by D. Bryant®* showed that the degradation
caused by exposure to light and oxygen can be mitigated by
employing interlayers capable of extracting electrons from the
perovskite prior to their interaction with oxygen to produce O, ",
thus slowing down the degradation process. They have shown
that enhancing electron extraction results in a decrease in the
production of O, and enhances the stability of the devices. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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durability over time of optoelectronic devices incorporating
hybrid lead halide perovskite will depend on the effectiveness of
encapsulation and the presence of barrier layers. Another well-
established research group led by Senocrate'® examined the
effects of oxygen on halide perovskites, particularly MAPDI;.
They have investigated the solubility of oxygen and its overall
reaction with halide perovskites, both in the absence of light
and the existence of light. After combining cations with the
perovskite, the degradation rate decreased significantly.

3.4 Stability against temperature

A successful approach for achieving thermal stability in devices
involves the utilization of innovative materials or blends that
exhibit greater thermal stability compared to their methyl-
ammonium counterparts. Utilizing compositions that incorpo-
rate partially substituted ions like formamidinium and cesium
could be employed to produce robust devices. Additionally,
employing encapsulation and improved interlayer techniques
are effective methods for mitigating thermal degradation and
issues related to ion migration. Subjecting layers like ZnO to
heat treatment prior to deposition enhances efficiency and
thermal stability by reducing the displacement of methyl-
ammonium at the interface.'” In pursuit of enhanced stability,
numerous new HTLs have been investigated, including PTAA
and KR131, which is a derivative of 5,10,15-trihexyl-3,8,13-tris(4-
methoxyphenyl)-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c] carba-
zole.” The incorporation of large aromatic PEA cations has
been utilized to generate thermally stable 2-dimensional PSC,
which retained 65% of their initial efficiency even after being
subjected to 100 °C for 70 hours.”* The construction of multi-
dimensional perovskite structures, blending elements of both
3-D and 2-D configurations with an intermediate dimension,
resulted in the development of thermally stable PSC by lowering
defect density.”®* Chen et al.*** combined n-butylammonium
along with the 4-phenylbutan-1-aminium and methyl-
ammonium to produce structures of (PBAg 5BA¢ 5),MA;Pb,l;3,
demonstrating a PCE of 16.0%. The resulting structure main-
tained 60% of its initial PCE even after being subjected to heat
at 85 °C for 30 days. Another researcher named Hu"** developed
an active layer Csg1FAg9oPbI; by blending cesium and for-
mamidinium. Within this layer, a 2D (PEA),Pbl, nano-sheets
were incorporated into the photoactive layer, which hinders
phase transformation. A PCE of 20.44% was achieved, and the
structure maintained 82% of this PCE following an aging test of
800 hours at 85 °C. In another study done by Huang et al.,"*
a PSC with a composition of FA, g5Cs¢.15PbBrg 1515 g5 was formed
by using methylamine additives in the chlorobenzene anti-
solvent. Initially, it achieved a PCE of 19.6%. Under prolonged
exposure to 85 °C in a dark environment filled with nitrogen,
the PSC maintained an efficiency of 88% over 500 hours. In
addition, the eminent research team formed with Afroz et al.»*®
utilized oxalic acid as an additive in the perovskite solution
through the crystal growth and they proposed that the inclusion
of this compound improved crystallization, resulting in perov-
skite crystals characterized by higher grains, less surface
defects, and reduced boundaries. The devices enhanced with
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the additive exhibited superior thermal stability, maintaining
90% of their original PCE after 9 hours at 100 °C temperature
and 60% RH, which decreased to 70% after 19 hours. In
contrast, the control device without the additive experienced
a degradation of PCE to 14% within 9 hours. Another research
group consisted of Choi et al.,"”” reported a notably successful
approach in enhancing the performance of PSCs involves
implementing a zwitterion-modified tin dioxide (SnO,) layer as
the ETL and utilizing an HTL that does not require dopants.
This strategy ensures improved thermal stability for the PSCs. A
zwitterionic ~ compound,  specifically  3-(1-pyridinio)-1-
propanesulfonate, is employed to modify the SnO, ETL layer.
This zwitterion generates interfacial dipoles. The PSC employ-
ing the dopant-free HTL achieved an unprecedented efficiency
of 20.5%, surpassing all other dopant-free polymeric HTLs
utilizing environmentally friendly solvents. Additionally, the
resultant PSCs demonstrated exceptional thermal stability even
without encapsulation. Recently, Ma et al,"*® conducted an
experiment to regulate crystal development and enhance the
overall quality of the film through Zirconium tetrachloride
(zrCl,) doping into CsPbL,Br. By replacing a portion of the Pb**
ions in CsPbI,Br with Zr*" ions inhibit the undesired trans-
formation from the crystallized a-black phase to 3-phase,
leading to enhanced stability of the phase.

As a result, the film exhibits significantly enhanced resis-
tance to humidity and thermal fluctuations. Moreover, the
introduction of ZrCl, mitigates non-radiative recombination
and establishes a compatible energy-level arrangement with the
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Spiro-OMeTAD as HTL. The fabricated device demonstrates
remarkable efficiency reaching around 16.60%, accompanied
by a notably high V. of 1.29 V and the unencapsulated devices
exhibit impressive resistance to both humidity and thermal
conditions, maintaining over 91% of the initial efficiency after
1000 hours of aging test in ambient air and it also retained 92%
of the initial PCE after non-stop heating at 85 °C for 500 hours
in a N, environment. Fig. 12 exhibited the summary of the work.
Moreover, in-service PSCs face efficiency and durability chal-
lenges due to heat accumulation under light irradiation. A new
strategy enhances thermal conductivity and diffusivity by add-
ing multi-walled carbon nanotubes (MWCNTS) to the perovskite
film, enhancing heat dissipation and reducing thermal stress.'*®
MWCNTs boost the film's crystallinity, reduce defects, and
lower operational temperatures, reducing from 42.5 °C to 38.5 °©
C. This temperature reduction mitigates performance loss,
which leads to higher PCEs of 11.78% for CsPbIBr,, 15.14% for
CsPbL,Br, and 22.13% and 23.05% for regular and inverted
(FAo.83MAg.17)0.95CS0.0sPb(Ip.0Bro.1)s. The optimized devices
maintain >94% efficiency over 2800 hours in air without
encapsulation, with improved thermal stability (1.5 times) at
85 °C for 1300 hours and enhanced operation stability (40-fold)
over 350 hours. This approach offers a promising path toward
more efficient and stable perovskite-based solar technologies.
Despite FA's intrinsic stability benefits MA,
temperature-induced instability still poses a problem for FA-
based PSCs. In order to stabilize the perovskite structure at
high temperatures, researchers have created mixed cation
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Fig. 12

(a) Schematic energy-level diagram of CsPbl,Br PSCs without and with the 0.4% ZrCl, dopant; (b) PL of the without and with 0.4% ZrCl,-

doped CsPbl,Br films. (c) TRPL of the without and with 0.4% ZrCl,-doped CsPbl,Br films. (d) J-V curves of the PSCs without and with the 0.4%
ZrCl, dopant. (e) Air storage stability and (f) thermal stability of the PSCs without and with 0.4% ZrCl,. Figure reprinted with permission from ref.

138.
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perovskites by combining tiny quantities of Cs* and MA" with
FA. For example, Cs/FA mixed-cation perovskites have demon-
strated increased resilience to heat degradation and phase
transitions.*® Furthermore, it has been demonstrated that
adding halide ions like Br~ stabilizes the a-phase and reduces
undesirable phase transitions. Glass and polymer encapsula-
tion are two encapsulation techniques that have been thor-
oughly researched to stop degradation induced by exposure to
moisture and heat. After prolonged exposure to high tempera-
tures, encapsulated FA-based perovskites exhibit noticeably
better thermal stability, maintaining up to 85% of their initial
efficiency. It has been discovered that adding additives to FA-
based perovskite films, such as formic acid or lead thiocya-
nate (Pb(SCN),), improves stability by encouraging improved
crystal formation and lowering defect densities. These
compounds enhance moisture resistance and thermal stability
by lowering hysteresis. According to tests conducted at oper-
ating temperatures between 60 and 85 °C, FA-based PSCs retain
about 80% of their efficiency for 500 hours.**°

Interface engineering is important for gaining high thermal
stability since the performance deterioration is mostly caused
by ion migration and interface degradation rather than bulk
phase shifts. Accelerated aging studies conducted at 100 °C
reveal that non-encapsulated FA-based perovskites degrade
quickly. Advanced encapsulation or cation and anion engi-
neering, on the other hand, greatly reduces degradation rates.
Despite extended heating, encapsulated devices can preserve up
to 90% of their original efficiency.******* Further developments
in additive integration, encapsulation, and compositional
engineering have promise for improving the thermal stability of
FA-based PSCs and bringing them closer to commercial
feasibility.

3.5 Stability against crystal defects

Beyond simply recognizing the primary factors contributing to
the deterioration PSCs, it is imperative to prioritize enhancing
stability through effective strategies to a degree that renders the
technology commercially viable and appealing. Perovskite films
featuring larger grain sizes have been shown to possess decreased
trap state density and fewer recombination centres, which
contribute positively to the enhanced performance of PSCs."*>'*
The size of grains in polycrystalline perovskite films is closely
linked to the rate at which crystallization occurs during the film
development process. Several studies suggest that a slower crys-
tallization process likely decreases the number of nucleation
events and promotes larger grain sizes."*>'** A viable approach to
reduce the crystallization rate involves employing the solvent
annealing technique, which entails subjecting perovskite films to
thermal annealing in the presence of N,N-dimethylformamide or
dimethyl sulfoxide vapors.*** Because both MAI and Pbl, possess
high solubility in DMF/DMSO, the ions and molecules within the
precursor are able to diffuse over larger distances in a moist DMF/
DMSO vapor environment. This results in a slower crystallization
process and the enlargement of grain sizes, reaching approxi-
mately 1 um. Consequently, the charge-recombination lifetime of
devices subjected to solvent annealing increased to 7.2 ps,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significantly longer than the 1.7 ps observed in thermally
annealed devices, indicating a reduction in defects within the
resulting perovskite films. Pyridine, known for its effective defect
passivation within perovskite films, was employed in combina-
tion with the solvent annealing procedure, leading to the
formation of MAPbI; films featuring grain sizes of up to 5 pm.
Moreover, the defect density in the resulting films was decreased
to half of that found in traditionally thermally annealed
films.****” Several investigations have revealed that introducing
a small quantity of H,O into the precursor solution enhances the
solubility of Pbl,. Treating perovskite films under specific
humidity conditions has been shown to diminish the defects
density.”**'*® The research team formed with Zhou and his
colleagues utilized the one-step spin-coating method to deposit
perovskite films and conducted thermal annealing under
controlled humidity conditions (30% RH) in air. They observed
decreased non-radiative recombination in films exposed to
humidity compared to those annealed in dry air settings."*
Another method is to regulate the development of perovskite
films involves employing the Lewis acid-base adduct approach,
which entails introducing a Lewis base as an electron-pair donor
to coordinate with the lead precursor.'™ The research group led
by Jeon showed that™* by introducing a small quantity of MA can
trigger the formation of the fundamentally stable black phase of
FA perovskite, resulting in PSCs based on (FAPbI;); ,(MAPbBTr3),
achieving efficiencies surpassing 20%. By incorporating addi-
tional inorganic cesium, the resulting triple cation perovskites
exhibit significantly enhanced reproducibility and improved
device performance, achieving a high stabilized power output of
21.1%.*%

Furthermore, the research group led by X. Yao incorporated
flexible alkenamides terminated Ti;C,T, MXenes as an additive
into perovskite films to initiate an elastic grain boundary that
effectively regulates lattice strain and passivates defects.”* This
integration stabilizes the lattice structure and grain boundaries,
leading to notable increases in PCEs for all-inorganic CsPbIBr, and
CsPbL,Br PSCs, reaching 11.06% and 14.30%, respectively. These
enhancements also impart excellent long-term durability to the
cells, even under challenging conditions. The details are depicted
in Fig. 13. Moreover, Du et al.,”® published a paper in 2024 and
they have shown that modifying interfaces proves to be a success-
ful approach for enhancing the performance of PSCs. They utilized
a material named 3,5-dibromobenzoic acid (3,5-DBBA) at the
interface between the ETL and absorption layer. Their research
also revealed that the bromine in 3,5-DBBA effectively neutralizes
0" vacancies and unpaired Sn*" defects within SnO,, optimizing
the interface interaction between the ETL and the perovskite layer.
Eventually, this process inhibits the non-radiative recombination
of holes and electrons, which leads to enhancements in carrier
lifetime along with extraction efficiency. Owing to this process, the
Voe of PSCs saw an elevation of 3.5%, accompanied by an increase
in PCE of around 16%.

3.6 Stability against ions migration

The well-known issue of photocurrent hysteresis is widely
recognized to be caused by ionic migration. Photocurrent
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hysteresis poses major challenges in accurately characterizing
device performance, and there are also worries that ion migra-
tion compromises the stability of solar cells. Three primary
strategies exist to mitigate ion migration in PSCs: (1) enhancing
the formation energies of anion and cation vacancies; (2)
effectively passivating defects at GBs and surfaces to raise the
activation energy (E,); (3) minimizing GBs through controlled
crystal growth. The prominent research group formed by Jaffe
and his colleagues™® conducted photoluminescence measure-
ments on MAPDbBTr; gl , powder in 2016. They observed that the
extent of halide segregation lessened as pressure increased,
suggesting that compressing the material reduced halide
migration. Mosconi and other co-authors*” showed that the
methylammonium cation could facilitate defect migration by
redistributing its charge distribution in conjunction with the
movement of ions. The research team comprised of Zhao and
co-authors'® suggested that the protonation effect would
substantially reduce the activation energy (E,) required for
methylammonium cations migration. In another research
conducted by Lin et al.,** suggested that incorporating 5% Cs"
ions into MAPDI; could inhibit ion migration within perovskites
by creating extra energy barriers. This effect might be linked to
the reinforcement of the inorganic Pbls octahedral networks
through Cs" incorporation.

Grain boundaries serve as channels for ion migration,
making the minimization of GBs a viable approach to suppress
such migration. Notably, perovskite single crystals, devoid of
GBs, offer a means to significantly diminish ion migration. Xing
et al.,'*® conducted measurements of temperature-dependent
conductivity on both a perovskite single crystal and poly-
crystalline perovskite films with grain sizes of approximately 0.3
pm and 1 pm, respectively. They found that the activation
energy of ion migration for the single crystal, small grains, and

644 | RSC Adv, 2025, 15, 628-654

large grains were 1.05 eV, 0.27 eV, and 0.50 eV, respectively. This
suggests that a larger grain size is advantageous for mitigating
ion migration. The researcher Ke'** introduced a small quantity
of Pb(SCN), with the perovskite precursor to notably enhance
the grain size and crystalline quality of perovskite films. This
enhancement was attributed to the generation of HSCN and
CH;3;NH, gases resulting from the reaction between methyl-
ammonium (MA") and SCN™~ during the annealing process. The
renowned research team comprised of Cai and his co-workers'®
incorporated a suitable multifunctional molecule, 2,2-difluor-
opropanediamide (DFPDA), into the perovskite precursor to
regulate the crystallization rate of perovskite and achieve high-
quality films with reduced defects. Another effective strategy for
mitigating ion migration involves interface engineering,
wherein mobile charged defects are passivated and pathways
for ion migration are eliminated. The researcher Zhao and his
colleagues'®® incorporated cesium acetate between the perov-
skite and the HTL. This intervention effectively inhibited ionic
migration, such as that of methylammonium ions, during
device operation, thereby safeguarding the HTL from ion
penetration. Another group of Liu et al.,*** applied a KCI layer
underneath the perovskite precursor solution during deposi-
tion. They verified that the KCI as a passivation layer does not
interact with or diffuse into the perovskite layer from the
analysis of EDX Spectroscopy and ToF-SIMS. KX, particularly
KCl, effectively passivates both positively and negatively
charged defects by utilizing K" and C1~ ions, thereby abolishing
the hysteresis observed in perovskite devices. In 2024, Dey
et al.,** investigated the effects of replacing lead with tin on the
ion migration characteristics of halide perovskite devices by
using a blend of experimental as well as computational
methods. The decrease in short circuit current observed at
lower scan rates (below 50 mV s~ ) suggests that ion migration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is predominant in both lead-based and lead-tin mixed halide
PSCs. Nonetheless, the kinetics of ion transport appear to be
hindered in mixed lead-tin systems, as indicated by hysteresis
measurements dependent on scan rate. The findings are also
supported by temperature-dependent impedance spectroscopy
analyses conducted on the manufactured devices, both at open
circuits and under light irradiation. These analyses indicate
a significant reduction in ionic diffusion with the partial
substitution of lead with tin. The results of this study are
depicted in Fig. 14.

3.7 Stability against hysteresis

The output current was found to be notably impacted by the
time-dependent capacitive current, ultimately leading to the
perceived hysteresis in the current-voltage characteristics.'®®
Concerning solar cell operation, a substantial capacitive current
can result in either underestimation or overestimation of
parameters due to the challenge of reaching a steady-state
condition. This difficulty in achieving stability prevents the
precise determination of photovoltaic parameters under
specific conditions. Additionally, the unclear origin of transient
behaviour hampers the complete utilization of MAPbI; material
and consequently restricts its potential applications in other
fields. Various technical strategies have been suggested to
mitigate hysteresis, including enhancing the interfacial charge
relocation process, impeding ions migration, and minimizing
defect density.'*” Increasing grain size'®® and employing GBs
engineering'®® have been also identified as effective means to
diminish hysteresis. The conventional structure featuring an
electron-transporting TiO, and a hole-transporting Spiro-

© 2025 The Author(s). Published by the Royal Society of Chemistry

OMeTAD showed significant hysteresis in comparison to the
inverted structure utilizing NiO and PCBM,'*'”* which exhibi-
ted minimal hysteresis. One of the important approaches to
improve the quality of the perovskite layer involves optimizing
processing conditions, compositions, and the utilization of
additives, which can also aid in reducing hysteresis. The well-
known research group formed with Zhang and co-authors*
incorporated potassium thiocyanate as an additive into the
perovskite precursor, resulting in better device performance
and PSCs free from hysteresis. Grain boundaries and defects
can be altered by combining 2D and 3D perovskite structures,
which will eventually lower the hysteresis. Utilizing potassium
thiocyanate aids in enlarging the grain size and enhancing the
quality of the MAPBI; film. The researcher Chen'’* testified that
by mixing a small quantity of phenethylammonium iodide
(PEAI) into the precursor solution containing methyl-
ammonium iodide and Pbl,, a significant reduction in the
substantial hysteresis of the original MAPbI; was achieved.
Incorporating 2D PEA,Pbl, into MAPDI; resulted in a significant
reduction of hysteresis. The DFT calculations further suggest
that the higher barrier energy of PEA,Pbl, more effectively
impedes the migration of iodide vacancies compared to
MAPDI;, contributing to the suppression of hysteresis. The
researcher Pan and his colleagues'” discovered that depositing
a 2D perovskite layer (C,3H,4Br,N),Pbl, on top of the 3D layer
(Cs0.05FAp.95PbI, 7Bry 3) could yield a stable device without
hysteresis. The 2D layer plays a crucial role in passivation along
with the hole extraction, resulting in the suppression of non-
radiative recombination losses as well as the reduction of trap
density. Many researchers regard interface engineering as an
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effective method for mitigating hysteresis.”*® Interface engi-
neering methods have been utilized to minimize hysteresis
including doping or surface treatment of TiO,. During the
fabrication process of PSCs, yttrium(u) chloride treatment has
been applied to the ETL layer, which results in improved
photovoltaic performance along with reduced hysteresis. The
yttrium(m) chloride-treated TiO, layer aids in aligning the
energy levels and raising the conduction band, facilitating easy
transfer and extraction of photo-generated electrons from the
perovskite layer to TiO,. Furthermore, the presence of Cl™
diminishes the aggregation of defects at the interface between
TiO, and perovskite, enhances the adhesion between TiO, and
perovskite, thus reducing interface recombination and sup-
pressing hysteresis.””* In another paper, Zheng and other
researchers showed that by applying a thin layer of MgO along
with protonated ethanolamine, they effectively passivated the
surface of ZnO, thereby transforming it into an efficient ETL
material for PSCs with negligible hysteresis."”® They identified
three significant outcomes of this modification aimed at miti-
gating hysteresis: (i) MgO prevents the rearrangement of
charges at the interface, thus improving both the efficiency and
durability of the PSC; (ii) protonated ethanolamine facilitates
efficient electron transfer from the perovskite to ZnO, effectively
eliminating hysteresis in the PSC; (iii) the modification ensures
a compatible interface between ZnO and perovskite, effectively
addressing the instability issues observed at the ZnO/perovskite
interface. The prominent researcher Snaith and his co-
authors'”® opted for Cg in lieu of a c-TiO, layer as an effective
ETL for PSCs to mitigate hysteresis. Additionally, they employed
photoluminescence decay analysis to investigate electron
transfer at the interfaces of perovskite/Cg( as well as perovskite/
TiO,. Their findings suggest that the electronic interaction
between perovskite and Cg, is notably stronger in comparison to
that between perovskite and TiO,. The research group made up
with Dipta”” and co-authors utilised a method for enhancing
the efficiency of n-i-p structured PSCs by employing a double-
sided passivation technique. Biphenyl-4,4-dicarboxylic acid
was utilized to passivate the electron-collecting side, while n-
octyl ammonium bromide was employed for passivating the
hole-collecting side. The fabricated cell showed an increase in
PCE from 18.7% in the control condition to 20.9% with the
introduction of double-sided passivation. Surface imaging
revealed enhancements in surface boundaries after passivation,
leading to improved V,. and FF. Moreover, their study also
revealed that passivation acts as a barrier against ion migration,
thereby enhancing J-V hysteresis along with stability.
Perovskite solar cells have achieved remarkable efficiency
and potentiality as a low-cost fabrication. However, despite its
promising aspects, the commercial feasibility of PSCs is delayed
by their inherent instability. Enhancement of the PSCs’ stability
is essential for realizing their potential in practical applications.
The stable PSCs confirm a longer operational life, which makes
them more competitive with conventional silicon-based solar
cells. For widespread adoption, PSCs must exhibit durability
under real-world conditions. By addressing stability issues by
means of material engineering, passivation techniques, encap-
sulation, additive engineering, device architecture modification
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and optimization, and environmental conditioning, the dura-
bility and performance of PSCs could be significantly enhanced.
By replacing volatile components with more stable alternative
ones can enhance the thermal and chemical stability of perov-
skites. For instance, replacing methylammonium (MA) with
formamidinium (FA) or cesium (Cs) can improve thermal
stability. Using mixed cation and mixed anion compositions
can also create more robust perovskite structures resistant to
degradation.'® In addition, applying passivation layers on the
surface of perovskite films can decrease the defect density and
enhance the moisture resistance. Materials like phenethy-
lammonium (PEA) iodide, biphenyl-4,4-dicarboxylic acid, pyri-
dine, KCl has shown its promise in passivating perovskite
surfaces.*®'*7'%* Also, passivating GBs with compounds or the
functional groups of sulfonate or thiol can prevent moisture
ingress and ion migration, which are treated as degradation
pathways.'”® Furthermore, introducing additives like fullerene
derivatives, 2D materials, or ionic liquids into the perovskite
layer can improve stability by suppressing defect formation and
ion migration."™ Moreover, optimizing the interfaces between
the perovskite and charge transport layers can diminish non-
radiative recombination and enhance stability. Besides, using
UV filters or designing the PSCs to minimize UV exposure can
prevent photo-induced degradation. Additionally, performing
fabrication under controlled humidity and temperature condi-
tions can prevent the incorporation of detrimental species into
the perovskite layer. Finally, employing encapsulation tech-
niques by means of barrier materials like ethylene vinyl acetate
(EVA) or glass can protect PSCs from environmental factors
such as moisture, oxygen, and UV radiation.'® For flexible PSCs,
advanced polymers and multilayer encapsulation strategies can
provide effective protection while maintaining flexibility.

4 Summary and prospective

The efficiency of perovskite solar cells has quickly surpassed
26.7% for laboratory-scale devices. However, improvements in
stability and reliability are urgently needed for successful
commercialization. This review comprehensively explored the
degradation factors which influencing the performance of PSCs,
including both inherent and extrinsic factors. Key degradation
elements such as moisture, temperature, UV-light and oxygen as
extrinsic and crystal defects, ion-migration, hysteresis and
hydrophilicity as intrinsic have been identified and discussed in
detail. In addition, this study conducted a thorough analysis of
the degradation mechanisms in PSCs and elucidated the
underlying influence of both extrinsic and intrinsic factors on
the instability of PSCs. By reviewing existing research, it iden-
tified various strategies and approaches employed to mitigate
degradation and enhance performance of the PSCs. Encapsu-
lation, interfacial layer engineering, additive engineering,
compositional engineering, and dimensional modification
approach have been adopted in literature and applied to
suppress the degradation factors and enhance stability and
efficiency of PSCs. By identifying and addressing these stability
issues and solutions, this review signals promising paths for
future research and development in the field of PSCs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Different perovskite structures face degradation issues in
different scales and exhibit new degradation pathway with new
chemistry due to their different in chemical structures, which
requires different strategies to handle. To date, all degradation
processes have remained poorly known. Various characteriza-
tion approaches including spectroscopy, electrochemistry, and
electron microscopy are used to investigate the degradation
mechanisms in PSCs. Combining these strategies with appro-
priate theoretical background can assist to improve under-
standing of deterioration. More study should be conducted to
improve knowledge of degradation mechanisms. Therefore,
knowledge will be extremely useful in implementing measures
to increase the efficiency and stability of PSCs. Several strategies
have been utilized to overcome the elements of instability.
Additive engineering appears to be one of the most promising
current trends. More study should be conducted on different
innovative additives, such as Lewis acid/base, interfacial layer,
and surface modifiers. These have been shown to have
a significant impact on the perovskite film, as well as to improve
stability against moisture and heat. In addition, small func-
tional molecules, polymers, ligands, perovskite quantum dots,
low-dimensional perovskite, and other materials can be used to
control the degradation factors and passivate the flaws of the
perovskite structure, so contributing to the increase of stability.
Furthermore, appropriate charge transporting layers also could
carry a significant importance to blockade the degradation
factors. Moreover, combining encapsulation techniques with
advanced material engineering could yield PSCs with superior
resilience to environmental and intrinsic stressors. Addition-
ally, deeper exploration of perovskite material compositions,
structural optimizations and optimizations of synthesis process
could unlock further improvements in stability and perfor-
mance. Prospective studies could also prioritize the investiga-
tion of degradation in real-world operating conditions to guide
the design of PSCs suited for commercial and industrial
applications.
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