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ABSTRACT

In this work, the Solar Cell Capacitance Simulator (SCAPS) was used to investigate sta-

bility issues in perovskite solar cells (PSCs) with both P-I-N and N-I-P structures. The fo-

cus was on elucidating the impact of various types of defects caused by degradation pro-

cesses related to illumination, thermal, and bias stresses, and on comparing the degradation

severity in both structures. The defects (electron and hole deep and shallow traps) are cre-

ated in the HTL/bulk interface, bulk, and bulk/ETL interface. The findings highlighted the

critical influence of defect density on key performance metrics such as open-circuit volt-

age (Voc ), short-circuit current density (Jsc ), fill factor (FF), and power conversion efficiency

(PCE). Initially, the N-I-P structure exhibited a slight performance advantage (22.72%) due to

a higher open-circuit voltage; 1.180 V vs. 1.145 V in P-I-N (22.41%). The initial electrical out-

puts prior to degradation showed good agreement with the experimental measurements for

both structures. Under extreme defect conditions (bulk defects induced by thermal stress

NR =ND A= NDT =NAT =1016 cm−3), the N-I-P structure experienced a catastrophic drop in

PCE to 2.430% , while the P-I-N structure maintained, under the similar condition,a PCE of

13.175%. These results suggest that P-I-N structures exhibit better defect tolerance, making

them more suitable for long-term stability in defect-prone conditions.

Keywords: SCAPS, perovskite solar cell, stability issues, efficiency, defects.
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Introduction

Electricity consumption is crucial for modern life, but global demand is surpassing en-

ergy production capabilities. Currently, fossil fuels such as oil, coal, and gas are the predomi-

nant sources of electricity due to their convenience. However, these fuels are finite, meaning

their reserves will eventually be exhausted. Additionally, their combustion releases signif-

icant carbon emissions, posing substantial environmental risks [1, 2]. Transitioning from

fossil fuels to clean, renewable energy sources is paramount and in high demand. Embrac-

ing environmentally friendly technologies alongside renewable energy is essential for global

progress. Advances in energy conversion and management technologies are rapidly improv-

ing across natural and renewable resources like wind, solar, hydro, and biomass. Among

these, solar photovoltaic (PV) technology is particularly notable for its effectiveness and

promise. Solar energy is abundant and widely recognized as the most abundant renewable

energy source on the planet [1, 2].

Photovoltaic (PV) technology directly converts solar energy into electricity, providing a

sustainable solution to meet global energy demands cleanly. Research since the 1950s has

yielded various PV concepts, including monocrystalline, multi- and polycrystalline materi-

als, and advanced technologies like quantum dots and perovskites. Despite advancements,

PVs currently contribute minimally to global energy consumption. Silicon-based cells domi-

nate the market but face limitations such as low absorption coefficients and high production

costs. Researchers aim to enhance efficiency and reduce costs through alternatives like thin-

film and nanocrystal-based cells [1–5].

The efficiency of PV cells, crucial for cost reduction, has a theoretical limit of 33.7% as

calculated by Shockley and Queisser in 1961 for single-junction solar cells under standard

conditions. Achieving this limit remains a focus for advancing PV technology [3, 6] .

Among the various types of 3rd generation PV devices, the perovskite solar cells (PSCs)

have received greater attention from the scientific community. In the year 2009, based on

the DSSC technology, the PSC was introduced as a potential renewable energy PV technol-

ogy. In PSCs, key material is the perovskite which formed by the organic–inorganic mixed

compound [2, 3].

PSCs show promise as a transformative PV technology due to their low cost, high effi-

ciency, and ease of processing. PSCs have rapidly increased in efficiency from 3.8% to 25.8%

within a short timeframe, surpassing many established PV technologies like silicon (Si), cad-
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mium telluride (CdTe), and gallium arsenide (GaAs) based solar cells. However, their stability

has not yet matched that of commercial solar cells. A significant challenge lies in the insta-

bility of perovskite materials, which contain elements prone to degradation. The stability of

perovskite technology is heavily influenced by environmental factors such as humidity, ther-

mal conditions, and light exposure. In addition, challenges remain before their widespread

commercialization, including scaling up production to fabricate efficient large-area modules

and managing concerns related to the toxicity of materials and manufacturing processes in-

volved [2, 7, 8].

The aim of this study is to simulate the stability issues in two structures of perovskite solar

cells (PSCs), namely P-I-N and N-I-P. To achieve this, we employ the Solar Cell Capacitance

Simulator (SCAPS) as a simulation tool to investigate the impact of various defects induced

by degradation processes. Our focus is on understanding how these defects influence de-

vice performance. Through a comprehensive analysis, we aim to elucidate the relationship

between defect formation and performance degradation in both structures. Additionally, a

comparative study between the P-I-N and N-I-P architectures will be conducted to identify

which configuration offers greater stability and reliability. Ultimately, this research seeks to

contribute to the development of more durable and efficient perovskite solar cell technolo-

gies
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Chapter 1

Perovskite Materials: Advances in Solar

Cell Technology

1.1 Introduction

Perovskite solar cells (PSCs) have garnered significant attention as a promising photovoltaic

(PV) technology for cost-effective solar electricity. Their rapid rise in efficiency, achieved

through a low-cost and straightforward fabrication process, has made them competitive with

established technologies [9, 10].

Since the introduction of organometal halide perovskite as a visible-light absorber in

2009, with an initial efficiency of 3.8%, PSCs have made remarkable progress. By 2020, they

achieved a world-record efficiency of 25.5%, comparable to state-of-the-art crystalline sili-

con cells dominating the PV market [11]. This advancement is credited to the unique prop-

erties of organic-inorganic hybrid metal trihalide perovskite materials, such as strong light

absorption, minimal exciton binding energy, and efficient charge carrier transport with long

diffusion lengths [9, 10, 12, 13].

The development of various PV technologies, including PSCs, silicon cells, dye-sensitized

solar cells (DSSCs), and organic solar cells (OSCs), has significantly reduced the cost of solar

electricity, making it competitive with conventional energy sources [9, 10]. This chapter ex-

plores the latest developments and innovations in perovskite-based solar cells, highlighting

their potential to reshape the renewable energy field.

1.2 Fundamentals of Perovskite Materials

A perovskite solar cell (PSC) utilizes a metal halide perovskite compound as its light-absorbing

material. These compounds have a general chemical formula of ABX3, where A and B are

cations of differing atomic radii (with A larger than B), and X is an anion. The crystal struc-

ture of these organic-inorganic hybrid metal halide perovskites is similar to calcium titanium
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oxide (CaTiO3), a mineral first identified by Russian mineralogist L. A. Perovski. In the 1920s,

Goldsmith described the ABX3 perovskite structure based on this mineral, naming it after

Perovski [3, 9, 14, 15].

In metal halide perovskites, the A-site cation is typically monovalent, such as methylam-

monium (CH3NH3
+, MA+), formamidinium ((NH2)2CH+, FA+), cesium (Cs+), or their com-

binations. The B-site cations are bivalent metals from Group IV of the periodic table (e.g.,

Pb2+, Sn2+), while the X site is occupied by a halide anion (Cl-, Br-, I-). In the crystal struc-

ture as shown in Figure 1.1, the B-site cation resides at the center of corner-linked octahedra

formed by X-site anions [3, 9].

The cubic structure of perovskites often undergoes distortion due to the varying ionic

sizes of A-, B2+, and X-, resulting in tunable optical, electronic, magnetic, and dielectric prop-

erties. Research efforts primarily focus on optimizing the A- and X-site configurations, as

changes in the B-site composition, particularly from the conventional lead (Pb), pose chal-

lenges due to instability in the perovskite phase [9, 16].

Figure 1.1: Structural illustration of ABX3 Perovskite [3].

The crystallographic stability of a perovskite material structure is predicted by two fac-

tors; a tolerance factor t and an octahedral factor µ which are defined as [3, 9, 17] :

t = r A + rXp
2[rB + rX ]

(1.1)

µ= rB

rX
(1.2)

where r A, rB and rX are the ionic radii of elements A, B and X. For a cubic high stability

structure; t must be close to 1 and µ between 0.44 and 0.9.

Additional qualities, along with their tunable composition and optoelectronic proper-

ties, contribute to their potential in solar energy applications. Perovskite material for photo-

voltaic exhibit outstanding characteristics such as high absorption coefficients, low exciton

binding energies, tolerance to defects, large diffusion lengths, and high charge mobilities [3].
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MAPbI3 (Methylammonium Lead Iodide), the pioneering perovskite studied extensively

since its first report in 2009 by Miyasaka and colleagues [12], exhibits three distinct phases

depending on temperature: orthorhombic below -113°C, tetragonal from -113°C to approx-

imately 57°C, and pseudocubic above 57°C . The phase transition near 57°C, achievable un-

der sunlight, could potentially influence the performance of perovskite solar cell devices

[3, 18, 19]. It is possible to control the luminescence color of MAPbX3 (where X = Cl, Br, I)

perovskites by changing the halide anions. For instance, MAPbCl3, with a wide bandgap of

approximately 3.1 eV, is suitable for light-emitting diode applications. On the other hand,

MAPbBr3 (bandgap Eg = 2.3 eV) and mixed-halide perovskite MAPbIxBr3-x are preferred for

tandem devices. MAPbI3, with an absorption edge at approximately 780 nm (Eg = 1.53 eV),

is highlighted for its potential use as a light absorber in single-junction photovoltaic devices

(PV) [3].

In addition to MAPbX3 perovskites, there are other notable perovskite materials such

as FAPbX3 (formamidinium lead halide perovskites) and CsPbX3 (cesium lead halide per-

ovskites). Compared to MAPbX3, FAPbX3 is characterized by: Smaller bandgap, Higher ther-

mal stability, higher annealing temperature (∼ 150 °C) due to the larger FA cation, Instabil-

ity of the cubic α-phase at room temperature, prone to transforming into the undesirable

δ-phase with a larger bandgap, Mixed-cation perovskites with smaller MA cation improve

phase stability [2, 3]. In the other hand, CsPbX3 is characterized by: excellent thermal stabil-

ity (stable even at 400 °C), larger bandgap (1.73 eV) suitable for tandem device applications

as the top subcell, similar phase transition issue from the stable α-phase to the undesirable

δ-phase in the presence of moisture [3, 20].

In this study, our focus remains on MAPbX3 due to its status as the pioneering material

in perovskite research, and being the most susceptible to instability issues.

1.3 Fabrication Techniques and Processing

Perovskite device fabrication employs a variety of techniques: vapor deposition, one-step

and two-step solution methods, and hybrid processes. Vapor deposition methods include

co-evaporation and sequential evaporation. Solution methods utilize spin coating (one-

step) and dip coating (two-step). Hybrid processes integrate both vapor and solution tech-

niques [21, 22]. Conventional thin-film solar cells predominantly rely on vapor-phase depo-

sition for large-scale production. While vapor-phase deposition is feasible for perovskite so-

lar cells (PSCs), it is less cost-effective and operationally advantageous compared to solution-

based approaches. The ionic properties of organic hybrid perovskites enable the use of low-

temperature solution methods that are well-suited for scalable manufacturing. Spin coat-

ing stands out in laboratory environments for its straightforward application and high effi-

ciency [3].

Perovskite device fabrication employs one-step and two-step solution-based methods
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utilizing both liquid and gas phases for chemical processing (see Figure 1.2). In the one-step

method, a solution containing CH3NH3I and PbI2, essential for CH3NH3PbI3 perovskites,

is prepared and applied onto a substrate with a transport layer. Heat treatment follows to

ensure the formation of the perovskite layer. The two-step method offers two approaches:

sequential deposition of CH3NH3I and PbI2 solutions followed by annealing, or deposition

of PbI2 followed by immersion in CH3NH3I solution and subsequent heat treatment. The

two-step method is hindered by challenges such as reproducibility and uniformity issues,

favoring the one-step method for solar cell fabrication due to its superior control and relia-

bility in layer formation [21, 22].

Figure 1.2: Typical one and two-steps deposition methods for MAPbI3 Perovskite [22].

1.4 Perovskite Solar Cells

Perovskite solar cells (PSCs) have evolved from classical dye-sensitized solar cells (DSSCs).

A typical PSC structure consists of a perovskite layer, which serves as the active material for

light absorption. This layer is positioned between an Electron Transport Layer (ETL), typi-

cally composed of TiO2 nanoparticles, responsible for collecting photo-generated electrons,

and a Hole Transport Layer (HTL). The HTL is commonly an organic material like spiro-

OMeTAD, though it can also be an inorganic material such as a p-type transparent oxide.

When exposed to light, the perovskite layer generates excitons that separate into free

electrons and holes within the absorber layer. Electrons migrate towards the ETL, while

holes move towards the HTL. By connecting the PSC to an external circuit, it can generate

electric power based on the photogenerated current and voltage. Figure 1.3 provides a visual

representation of this process.

Perovskite solar cells (PSCs) exhibit various device designs based on their fundamental

building blocks and fabrication methods. The main architectures are mesoporous and pla-

nar, each with unique characteristics and applications ( Figure 1.4) [22].
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Figure 1.3: Basic structure of PSC.

Figure 1.4: Architectures of perovskite SC in n-i-p and p-i-n configurations [22].

1.4.1 Mesoporous Scaffold Architecture

• This architecture is predominant in PSCs and is similar to the structure of solid-state

dye-sensitized solar cells (DSSCs).

• Nanoparticles are sintered onto a TiO2 layer to create porosity, allowing the perovskite

material to self-assemble within the mesoporous TiO2 network.

• The mesoporous TiO2 is crucial for facilitating electron transfer between the perovskite

layer and the fluorine-doped tin oxide (FTO) electrode.

• The mesoporous PSCs are categorized into two types: standard (n-i-p) and inverted

(p-i-n) configurations, based on the sequence of layer deposition.

1.4.2 Planar Architecture

• This design closely resembles conventional silicon-based solar cells.
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• Planar PSCs are categorized into two types: standard (n-i-p) and inverted (p-i-n) con-

figurations.

• It generates higher VOC and JSC compared to mesoscopic cells but suffers from J-V hys-

teresis issues.

• Advances in fabrication techniques have allowed for highly efficient planar PSCs with-

out the need for a mesoporous layer.

1.4.3 ETL and HTL materials

ETLs are particularly useful for extracting electrons and blocking holes from the active layer

of PSCs. These n-type semiconductors possess the fewest vacant molecular orbitals and the

highest electron mobility. Examples include fullerene derivatives like PC61BM and C60, as

well as inorganic metal oxides like TiO2, SnO2, and ZnO [2].

Similarly, HTLs are crucial for extracting holes and blocking electrons. Numerous p-type

semiconductors have been proposed as HTLs, including both organic and inorganic mate-

rials such as spiro-OMeTAD, PEDOT , P3HT, CuSCN, NiOx, Cu2O, CuO, and many others [2].

Finding the optimal ETL and/or HTL for achieving highly stable PSCs remains a significant

challenge [2].

1.4.4 Electrical characterization

A solar cell’s principal characteristics are typically defined by its current-voltage (J-V) curves

and electrical outputs. The J-V curve, a plot of current density (J) versus voltage (V), is cru-

cial in assessing the performance of a solar cell (see Figure 1.5 ). Key parameters derived

from this curve include the open-circuit voltage (Voc), which is the maximum voltage the

cell can produce when not connected to a load; the short-circuit current density (Jsc), rep-

resenting the maximum current per unit area generated when the voltage across the cell is

zero; the fill factor (FF), which indicates the squareness of the J-V curve and is a measure of

the quality of the solar cell; and the power conversion efficiency (PCE), which quantifies the

cell’s ability to convert sunlight into electrical energy. These electrical outputs are essential

for evaluating and comparing the effectiveness of different solar cell materials and designs.

According to the simple model of an ideal solar cell, the J-V characteristic can be described

by the following equation [23]:

J (V ) = J0 · (e
qV

kB T −1)− Jph (1.3)

From which Voc can be estimated as:

Voc = kB T

q
· ln

(
Jsc

J0
+1

)
(1.4)
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Figure 1.5: J-V characteristic and electrical outputs of a solar cell.

The power conversion efficiency (PCE) is given by:

PC E(%) = Jm ·Vm

Pi ns
(1.5)

and the Fill Factor by:

F F (%) = Jm ·Vm

Jsc ·Voc
= B

A
(1.6)

Figure 1.6: Example of J-V characteristics measured for (a) standard and (b) inverted PSCs
[24]

Figure 1.6 as reported in reference [24], presents the measured J-V characteristics, show-

ing a power conversion efficiency (PCE) of 20.9% for the n-i-p cell, with a Jsc of of 24.4

mA/cm2, an Voc of 1.13 V, and a fill factor of 0.76 . The p-i-n cell demonstrated a PCE of

19.1% , with a Jsc of 22.8 mA/cm2, an Voc of 1.10 V, and a fill factor of 0.76.
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1.5 Advancements and Challenges in Perovskite Solar Cells

1.5.1 PSC Modules

Despite the rapid increase in efficiencies of small-area perovskite solar cells (PSCs) in recent

years, large-area PSCs still lag behind. This performance loss in larger devices is due to fac-

tors such as nonuniform films, higher series resistance, lower shunt resistance, and dead

areas—regions that do not contribute to power generation, often due to interconnections

and obstructions [3].

To mitigate resistance losses, a common strategy is to divide large cells into smaller sub-

cells with series interconnections. Researchers have been developing PSC modules with

these interconnections to bridge the efficiency gap between small-scale cells and large-area

modules. However, transitioning from laboratory-scale to practical modules presents chal-

lenges, including defining module area (the physical dimensions and active area of a photo-

voltaic module for power generation), laser-scribing, interconnections, standardized testing,

and encapsulation. Laser-srcibing means the separation of individual solar cells within a

module. By creating scribe lines, large solar cells can be divided into smaller subcells, which

can then be interconnected in series to improve overall module efficiency [3] (Figure 1.7).

Figure 1.7: PSCs small module illustration [3]

Additionally, considerations for the cost of PSC modules and the development of large-

area tandem devices are essential for commercialization [3, 22].

1.5.2 Tandem Devices

The commercialization of perovskite/silicon tandem solar cells depends on scaling up from

initial small-area prototypes. Early research focused on devices below 1 cm 2, with early

tandem cells achieving modest efficiencies due to limitations in perovskite subcell perfor-

mance [3]. In recent advancements, a wider-bandgap perovskite variant (CsFAPbI3-xBrx) was

pivotal, achieving a certified power conversion efficiency (PCE) of 23.6% [3, 25] for a 1 cm 2

10



Perovskite Materials: Advances in Solar Cell Technology

2-T Perovskite/Si tandem solar cell . Oxford PV achieved a significant breakthrough with a

record-breaking PCE of 28% [3].

Figure 1.8: Illustration of Tandem Solar cell

The improvement in efficiency from 20% for a single perovskite solar cell to 28% for the

tandem CsFAPbI3-xBrx/silicon hybrid solar cell is attributed to the organic-inorganic hybrid

nature of the CsFAPbI3-xBrx layer. In addition, Tandem solar cells combine two or more semi-

conductors with different band gaps. In the case of CsFAPbI3-xBrx and silicon, CsFAPbI3-xBrx

has a larger band gap than silicon, allowing it to absorb higher-energy photons (blue and

green light) that silicon cannot efficiently absorb. By stacking CsFAPbI3-xBrx on top of sil-

icon, both materials can complement each other’s absorption spectra, ensuring more effi-

cient utilization of the solar spectrum.
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Chapter 2

Stability Issues In Perovskite Solar cells

2.1 Introduction

Recent advancements in organometal halide perovskite solar cells (PSCs) underscore the po-

tential of these devices to achieve high power conversion efficiencies (PCE) and lower pro-

duction costs, making them viable competitors to silicon-based photovoltaic (PV) technol-

ogy, which offers long-term stability and lifespans of over 25 years [26, 27]. Initial studies by

Miyasaka et al. [28] demonstrated a 3.81% efficiency using CH3NH3PbI3 as a light-absorbing

material with a TiO2 mesoporous structure. Subsequently, Etgar et al. [29] improved the de-

sign by demonstrating CH3NH3PbI3’s dual functionality as both a light harvester and hole

transport material (HTM), achieving a 5.5% efficiency.

To address early stability issues, researchers turned to solid-state HTMs. In particular,

spiro-MeOTAD was introduced by Kim et al. [30], resulting in a 9.7% efficiency and signifi-

cant improvement in stability by eliminating the degrading liquid electrolyte. This marked

a pivotal development, as previously PSCs experienced rapid degradation upon exposure

to moisture and ambient conditions [31]. Continued research on mixed halide perovskites,

such as CH3NH3PbI3−xClx , has led to increased stability and improved charge transport,

achieving efficiencies up to 10.9% [32].

With innovations in material composition and device architecture, efficiencies have cli-

mbed steadily. Seok et al. [33] reported a PCE of 12.3% with CH3NH3PbI3−xBrx , where the

bromine’s smaller ionic radius enhanced structural stability. By 2014, Jeon et al. [34] achieved

a PCE of 20.1% through a combination of methylammonium (MA) and formamidinium (FA)

cations. High-performance devices with PCEs of 20.26% on rigid substrates and 17.41% on

flexible substrates were subsequently reported by Chen et al. [35, 36] using Cu-doped NiOx

as an HTL.

Further developments have introduced hole transport bilayers , such as NiO/Cu:NiO bi-

layers, which enhance hole transfer and suppress recombination at the NiO/perovskite in-

terface, achieving a stable PCE of 18.3% after 350 hours [37]. More recently, Min et al. [38]
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fabricated PSCs with interlayer modifications that reduced interface defects, resulting in a

record PCE of 25.8% and maintaining 90% of initial efficiency after 500 hours of continuous

light exposure [2, 39].

Despite these efficiency improvements, PSCs face stability challenges, especially under

environmental stressors such as humidity, temperature, and light. Perovskite materials are

inherently unstable due to weak interactions within the crystal lattice, such as van der Waals

forces and hydrogen bonds [40,41]. The long-term stability of PSCs depends heavily on con-

trolling these environmental factors [2]. For PSC technology to become commercially viable,

stability under real-world conditions must match that of silicon and other established PV

technologies [2, 39, 42].

Figure 2.1: Timeline of the development of the PSCs conversion efficiency.

This chapter is organized as follows:

• Major Stability Issues in Perovskite Solar Cells: Environmental Degradation, Structural

Instability and Ion Migration , and Lead Leaching Toxicity.

• Alternative Stable Materials for Perovskites.

• Engineering Techniques for Stability Enhancement: Encapsulation Technologies and

Interfacial Engineering.

2.2 Major Stability Issues in Perovskite Solar Cells

The challenge of achieving long-term stability in metal halide perovskite-based solar cells,

which are supposed to last for over 25 years, remains significant. The stability of perovskites

is hindered by various degradation mechanisms. Perovskites are highly sensitive to envi-

ronmental factors such as humidity, oxygen, and light. They tend to absorb water easily,

especially when not properly encapsulated, leading to degradation. Additionally, light expo-

sure can break weak chemical bonds in the perovskite structure or its interface with contact
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layers, creating defects such as halogen vacancies, which facilitate the migration of halogens

and further degradation [39, 42–45]. In Table 2.1 was presented a summary of some PSCs

device architectures and theirs stability [39]. Figure 2.2 is an imaginary illustration which

summarizes the different intrinsic and extrinsic types of the degradation.

Figure 2.2: Degradation in PSCs by: (1) illumination, (2) heat, (3) electrical bias, and (4) at-
mosphere (moisture and oxygen). (a) halide/phase segregation, (b) formation of hydrates,
crystal decomposition (c) releasing volatile molecules methylamine (MA), I2, NH3, and HI
or (d) forming precipitates (Pb0, I2, etc.), and (e) morphology changes [44].

Table 2.1: Summary of some device architectures and theirs stability for PSCs [39]
Device Structure Stability/h Temp. Atmosphere
TiO2/CH3NH3PbI3-liquid electrolyte/Pt 0.17 RT Air
TiO2/CH3NH3PbI3/spiro-MeOTAD/Au 500 RT Air
TiO2/CH3NH3PbI3/spiro-MeOTAD/Au 500 45 °C Air
Al2O3/CH3NH3PbI2Cl2/spiro-MeOTAD/Au 1000 40 °C N2 atmosphere
TiO2/CH3NH3PbI3/PDPPBTE/Au 1000 RT Air
ZrO2/CH3NH3PbI3/C 1000 RT Air
M-TiO2/CH3NH3PbI3/C 2000 RT Air

2.2.1 Environmental Degradation

2.2.1.1 Humidity and Oxygen

External environmental conditions, such as moisture and oxygen, pose significant challenges

to the long-term stability of materials, including photovoltaic (PV) components. The risks of

corrosion and oxidation must be considered when designing stable materials for PV tech-

nologies. Metal-organic halide perovskites (MOHPs), a key component in perovskite so-

lar cells (PSCs), are particularly sensitive to these environmental stressors [44]. When per-

ovskites are exposed to moisture, water molecules penetrate the polycrystalline film, typi-

cally through surface defects and grain boundaries. This results in reversible or irreversible
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reactions, such as the formation of hydrates through hydrogen bonding, which destabilize

the crystal structure, leading to loss of optoelectronic properties [46]. While reversible hy-

dration can restore the original perovskite structure, irreversible degradation occurs when

new grain boundaries form or when reaction products like lead iodide (PbI2) precipitate [47].

Similarly, oxygen exposure, when combined with light, accelerates degradation in perovskite

films, especially affecting charge transport layers that interact with oxygen [42]. This under-

scores the importance of understanding the degradation mechanisms of perovskite materi-

als under varying environmental conditions.

Oxidation-induced degradation also impacts the charge transport layers of PSCs, which

typically consist of organic small molecules or polymers, and sometimes inorganic materi-

als such as metal oxides. Organic materials like spiro-OMeTAD require oxidation to enhance

their conductivity, which can be beneficial to device performance under controlled condi-

tions [42]. However, oxidative degradation of these materials can lower carrier mobility, af-

fecting device efficiency. Metal oxide transport layers, such as TiO2, are prone to oxygen-

induced degradation, especially when exposed to UV light, which can generate reactive oxy-

gen species that catalyze the decomposition of nearby materials, including the perovskite

absorber layer itself [42, 48]. In the presence of both oxygen and light, perovskite materials

degrade more rapidly, underscoring the need for careful consideration of both environmen-

tal and packaging factors to ensure the long-term stability and performance of perovskite

solar cells [48,49]. Figure 2.3 is a simple illustration for degradation by oxidation and humid-

ity [50].

Figure 2.3: Degradation of MAPbI3 by oxidation and humidity [50].
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2.2.1.2 Light Induced Degradation

The stability of organic–inorganic hybrid (OInH) perovskite solar cells under light exposure

is a critical factor for their longevity and efficiency. One of the primary causes of degradation

in OInH-PSCs is ultraviolet (UV) light, which can instigate several degradation mechanisms

that compromise device performance over time [39, 42–45] (see Figure 2.4 ). UV-induced

degradation processes are associated with electron recombination, which creates localized

trapping sites, reduces the depletion layer, and alters TiO2 band excitation, leading to ox-

idation of halide ions in the perovskite or hole transport material (HTM) [39]. Other con-

tributing factors, such as oxygen, heat, and visible light, can also drive degradation, yet UV

light remains one of the dominant sources, underscoring the need for stable UV-absorbing

materials that protect both the absorber and substrate [42].

Degradation mechanisms under UV illumination can be further analyzed through the

surface chemistry of TiO2. Mesoporous TiO2 possesses surface defects (e.g., Ti3+) that serve

as electron traps. These electrons bind to O2 molecules, forming oxygen–titanium com-

plexes and causing degradation by adsorbing oxygen on TiO2 surfaces [43]. During bandgap

excitation, holes recombine with these trapped electrons, desorbing oxygen and creating

new traps. Over time, this can lead to oxidation and halogen elimination, resulting in the

breakdown of the perovskite into dihalogens (e.g., I2, Br2, Cl2) and other byproducts. For

instance, the light-induced degradation of MAPbI3 may yield PbI2, marking an irreversible

breakdown that limits the material’s lifespan [39, 42–45].

To achieve durable photovoltaic devices, the perovskite absorber and charge transport

layers must demonstrate intrinsic stability under light. Although encapsulated MAPbI3 films

exposed to prolonged simulated sunlight have shown no visible decomposition, other stud-

ies report that perovskite layers experience complex photoinduced changes, such as halide

segregation, ion migration, and compositional degradation [44]. Despite these challenges,

certain photoinduced changes can benefit device performance by enhancing properties like

conductivity and open-circuit voltage. For instance, CIGS solar cells demonstrate metastable

defect reactions under light soaking that increase their efficiency—a phenomenon that has

also been observed in perovskite cells [42].

In addition to the absorber, the stability of charge transport layers under illumination is

crucial for device performance. Organic transport materials, while relatively robust in inert

environments, can degrade through radical formation and bond cleavage upon excitation.

Fullerenes, often used as electron transport layers, are known to undergo photodimerization

under light, though they retain stability under prolonged illumination in certain configura-

tions. In photodimerization, the light provides energy that enables two adjacent molecules

to form covalent bonds, resulting in a single dimeric molecule. In contrast, TiO2 layers are

highly susceptible to UV-induced degradation, leading to rapid trap-induced recombination

and performance loss, even under inert conditions. Solutions to this issue include the use of
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alternative materials like fullerene or tin oxide electron transport layers or applying UV fil-

ters, which can significantly enhance stability by preventing photoexcitation of TiO2 [39,42].

Finally, light-induced effects on ion distribution within metal halide perovskites have

been identified as a critical factor influencing performance. Studies show that exposure to

light can activate iodide migration in perovskite films, potentially affecting the film’s pho-

toluminescence and open-circuit voltage. This photobrightening effect is often related to

ion diffusion and the presence of point defects such as halide vacancies. When combined

with oxygen and humidity, light exposure can also lead to surface passivation effects, en-

hancing photoluminescence and stability. However, this delicate balance between passiva-

tion and degradation suggests that non-penetrative passivation techniques may offer better

long-term stability without risking further damage to the perovskite structure [39, 42, 44].

These insights underscore the complexity of managing degradation pathways in OInH-

PSCs and the importance of choosing materials and structures that support long-term sta-

bility.

Figure 2.4: light-induced degradation mechanism in MAPbI3 [51].

2.2.1.3 Temperature Induced Degradation

Increasing the annealing temperature from 40°C to 100°C for 30 minutes improved the per-

formance of a perovskite QD-sensitized TiO2 film. However, further increasing the tempera-

ture from 100°C to 160°C resulted in a decrease in efficiency, from 4.73% to 3.71%, primarily

due to a reduction in photocurrent density. External quantum efficiency (EQE) spectra re-

vealed that the reduced photocurrent density at higher temperatures (160°C) is attributed to

a significant loss in EQE in the long wavelength region (above 500 nm) [39, 42, 43].

Both the annealing temperature and the storage temperature are crucial parameters in-

fluencing the degradation of OInH-PSC devices. Although no specific literature reports on

this, it is evident that OInH-PSC devices must undergo tests such as thermal stress tests at

80°C for 1000 hours to ensure their viability for practical applications. In operation, the de-
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vice temperature could exceed 80°C, particularly due to continuous illumination from a solar

simulator (e.g., 0.1 W cm−2 sunlight), which heats the sample film [39, 42, 43].

Apart from light, moisture, and oxygen-induced degradation, OInH-perovskites also ex-

perience thermal degradation. This degradation can lead to the formation of PbI2 and or-

ganic salt by-products. The thermal stability of CH3NH3PbI3 is confirmed to exceed 300°C,

yet recent studies have shown that organic decomposition temperatures can be as low as

140°C. Decomposition of methylammonium iodide can generate HI and CH3NH2, which

could remain within the perovskite network and interfere with photovoltaic processes. Fur-

thermore, the presence of degradation products like PbI2 poses another problem. PbI2 has

poor optical properties, weak light absorption, and a higher bandgap, all of which contribute

to device degradation [39, 42, 43].

The mechanisms behind the expansion and compression of the perovskite structure at

different temperatures remain unclear. High temperatures can also cause issues such as in-

terlayer diffusion, metal counter-electrode diffusion, ohmic contact degradation, and overall

device architecture degradation. As a result, new OInH-perovskites with enhanced intrinsic

temperature resistance are better suited for future development in OInH-PSC-based photo-

voltaic technologies. For example, FAPbI3 has been shown to have better temperature resis-

tance than MAPbI3 [39, 42, 43]. A Schematic illustration of thermal degradation processes in

MAPbI3 was presented in Figure 2.5 [52].

Figure 2.5: Schematic illustration of thermal degradation processes in MAPbI3 [52].

Thermal Stability in an Inert Atmosphere

The thermal stability of perovskite solar cells and understanding how stability scales with

temperature is critical for several reasons: (1) annealing is required to form many perovskite

films and contacts, (2) module encapsulation processes often exceed 140°C for short pe-

riods, (3) solar cells routinely reach 65°C in hot climates, and (4) testing at high tempera-

tures accelerates chemical reactions and degradation processes that could take years in the

field [39, 42, 43].
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Perovskite Structural Stability (Phase Stability)

A major concern with OInH- perovskites is their ability to maintain the desired photoactive

structure during processing, encapsulation, and use, without reverting to a non-photoactive

phase or segregating into multiple phases. The structural stability of ABX3 perovskites is

often described using the Goldschmidt tolerance factor, t (see eq. (1.1)), where perovskite

structures are stable when t is between 0.71 and 1. This suggests that FA cations are too

large for the perovskite structure, while Cs cations are too small, causing them to form the

non-photoactive yellow delta phase at room temperature. In contrast, methylammonium

(MA)-based perovskites have a tolerance factor of 0.91, allowing them to exist in a black,

photoactive tetragonal or cubic structure across operational temperatures ranging from -

15°C to 65°C [42–44].

Although pure FAPbI3 can be quenched (cooling the material at a rapid rate) into a meta-

stable black perovskite phase at room temperature, it typically reverts to the non-photoactive

delta phase after several hours or days. Similarly, CsPbI3 does not form a metastable black

phase and instead reverts to the yellow delta phase. However, limiting crystal size in quantum-

dot films or adding surface additives can stabilize the metastable alpha phase of CsPbI3 at

room temperature. Thus, MAPbI3 compounds are more structurally stable than FAPbI3 and

CsPbI3, though they are less resistant to thermal decomposition. This drives the push to sta-

bilize alternative perovskite compounds through mixing at the A-site, B-site, or X-site. These

mixtures may provide structurally stable perovskite phases with the added benefit of tunable

bandgaps for improved optoelectronic properties [42–44].

The A-site cation has the most significant impact on thermal stability due to its effect

on the interactions between the lead-halide octahedra and the higher volatilities of organic

compounds compared to inorganic salts. FAMA, FACs, and FAMACs compounds are struc-

turally stable across a wide alloying range at room temperature and exhibit improved pho-

tovoltaic performance compared to single-cation perovskites. A recent innovation has been

the inclusion of rubidium in both triple-cation and quadruple-cation perovskites. A sub-

sequent rubidium-free composition, Rb0.05Cs0.1FA0.85PbI3, achieved efficiencies above 20%

and excellent stability under illumination in nitrogen. The stability of rubidium-containing

compounds is attributed to increased entropy of mixing and the elimination of the volatile

MA cation. However, the exact mechanisms of rubidium incorporation are still under inves-

tigation, and some studies suggest rubidium-containing compounds may form non-photoactive

secondary phases [42–44].

Thermal Stress

Temperature is an unavoidable stressor in photovoltaic applications, as sunlight radiation

includes infrared heating energy. International standards typically consider heating between

60°C and 85°C as normal during operation, but devices must withstand even higher temper-
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atures, particularly in hot climates or when integrated into technologies that generate addi-

tional heat during operation [43, 44].

There is consensus in the literature that PbI2 is the thermal degradation product of MAPbI3.

However, the degradation path depends on the stress level and measurement environment.

An intermediate PbI2-like structure forms first and serves as a precursor to PbI2 formation,

similar to how this intermediate structure facilitates MAI intercalation. Thus, thermal degra-

dation is often referred to as the reverse of perovskite formation. The breaking of Pb–I–Pb

bonds in the [001] direction creates channels that allow species such as metallic lead (Pb0),

iodide (I−), CH3NH+
3 , HI, and CH3NH2 to migrate within the material. This migration fa-

cilitates the formation of intermediate structures or even amorphization, which ultimately

leads to the more stable PbI2 [43, 44].

At low thermal stress (<130°C), this process occurs as a layer-by-layer transformation, be-

ginning with the formation of dangling bonds on the surface of perovskite crystallites. This

layer-by-layer decomposition can be slowed by passivating the dangling bonds or by improv-

ing crystal integrity at surfaces and grain boundaries. At higher thermal stress (130–150°C),

the process becomes faster and may bypass intermediate states, leading directly to an amor-

phous phase before finally forming PbI2. Degradation of MAPbI3 occurs at all elevated tem-

peratures, but some of the stress may be reversible until the final formation of Pb [43, 44].

2.2.2 Structural Instability and Ion Migration

2.2.2.1 Hole Transport Layer

Hole transporting layers such as spiro-MeOTAD, PEDOT:PSS, and other polymers, as well

as inorganic materials, are significantly more stable than liquid electrolytes. However, de-

vices based on these materials are also susceptible to chemical degradation, during which

photooxidation processes and hole–electron pair recombination may occur. This section

focuses on the most commonly used HTMs, spiro-MeOTAD and PEDOT:PSS [39].

Spiro-MeOTAD

Spiro-MeOTAD is widely used in OInH-PSCs for hole transporting purposes. It is coated be-

neath the counter electrode and can easily be exposed to the atmosphere, leading to degra-

dation due to air exposure, continuous light irradiation, elevated temperature, and dust. Qi

and colleagues investigated the causes of degradation in OInH-PSCs using spiro-MeOTAD as

the hole selective material [53, 54]. Due to its amorphous properties, spiro-MeOTAD allows

small molecular species from the air to spread and pass through miniscule pinholes in the

material, which are too small to be seen with an optical microscope [53, 54]. The decline in

Jsc and FF is possibly caused by OInH-perovskite layer degradation, which can be due to air

molecules (O2, H2O, etc.) migrating and interacting with OInH-perovskite via the pinholes
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and/or outdiffusion of mobile ions in the OInH-perovskite film via the pinholes in the spin-

coated spiro-MeOTAD [53]. These pinholes create pathways for foreign molecules such as

water and other gases to diffuse through the thin film, leading to impurities in the solar cells

and a drop in efficiency.

The presence of oxidized spiro-MeOTAD is required for OInH-PSCs, but oxygen reduc-

tion reactions might also occur, changing the oxidized spiro-MeOTAD concentration and

device characteristics during operation. For future development of devices with long-term

stability, it is important to exclude oxygen reduction. Further work is needed to determine if

this can be achieved by sealing the devices after preparation under ambient atmosphere or

by fabricating and sealing the devices to exclude oxygen and moisture.

PEDOT:PSS

Poly(ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) is generally used in

the form of a water solution/suspension for solar cells as the HTM [55] and has recently been

used in inverted OInH-PSCs as a hole selective material [56,57]. The hygroscopic property of

PEDOT:PSS destabilizes the interface and results in device deterioration. Compared to PE-

DOT, the amount of PSS usually dominates in the polymer mixture, and the diffusion of PSS

into other layers can occur, possibly resulting in degradation. For instance, PSS may undergo

oxido-de-sulfonato-substitution forming phenolate, which can then react with PSS, forming

two PSS chains linked via a sulfonic ester group [58]. Additionally, corrosion is enhanced

not only in connection with low work function metals such as Al or Ca used as a counter

electrode but also with an ITO electrode [59].

Dauskardt and coworkers verified how the hygroscopic properties and poor adhesion of

PEDOT:PSS onto the active layer cause a general loss of device performance in roll-to-roll

processed normal geometry organic photovoltaic devices. The objective was to show that

thermomechanical stress in a real-life device would suffer [60].

2.2.2.2 Metal Counter Electrode

Gold, silver, and aluminum metals are commonly used as counter electrode materials in

mesoporous, planar, and inverted OInH-PSCs [56]. The drawbacks of silver include its cor-

rosion in contact with halide ions from the OInH-perovskite light absorber, forming silver

halides such as AgCl in humid environments, and short circuits or shunting paths with meso-

porous TiO2, leading to device degradation [39] (Figure 2.6 [61]). The high cost of a Au elec-

trode also requires a high-vacuum evaporation technique, limiting its future application.

Low-cost carbon may be an ideal material to substitute Au as a back contact with OInH-

perovskite heterojunction (HJ) solar cells at low temperature, because its function is similar

to that of Au [39].
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Figure 2.6: Schematic illustration of metal counter electrode degradation processes in OInH-
PSCs [61].

2.2.2.3 Effect of Interface

Degradation in OInH-PSC devices is primarily caused by moisture ingress, high tempera-

tures, and UV exposure. However, significant degradation is still observed even in well-

encapsulated devices or when tested in inert environments, suggesting that intrinsic factors

within the device also play a role. One such factor is the unstable electronic structure at the

organic/cathode interface, which results from the gradual diffusion of metal into the organic

films. A similar degradation process occurs at the ITO anode/organic interface, where reac-

tive oxygen species generated by UV treatment of the ITO substrate gradually break down the

organic layer. Other degradation mechanisms may be linked to the organic/electrode inter-

face, as well as time-dependent chemical reactions at the donor/acceptor interface, leading

to device deterioration. Additionally, the spatial isolation of organic films from electrodes

and the reduction of the energetic transport barrier may contribute to this degradation [39].

Ion Migration

Electromigration rates are influenced by factors such as temperature, electric field, and illu-

mination. Four essential conditions for electromigration are: the presence of mobile ions, a

voltage gradient, a continuous supply of moisture, and soluble ions. Silver, with its low ac-

tivation energy, is particularly prone to migration. Electromigration severity increases with

the applied potential gradient and the time taken for silver to reach active materials. Silver

migration can cause short circuits and device failure, particularly in humid conditions. In

Pb-based perovskite materials (ABX3), cations at both the A-site and B-site can be replaced

by other cations, depending on their valence and ionic radius. Since the ionic radius of Ag+

is similar to that of Pb2+, it may replace Pb2+ in MAPbX3 OInH-perovskite materials, though

this has not yet been experimentally confirmed. This substitution could also contribute to

structural distortions in the MAPbX3 layer during device operation. The low melting point

of silver may explain the structural changes and abnormal grain growth near the interface in

OInH-perovskites [53, 54].
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Reactivity

Chemical reactions and interdiffusion at the interface can significantly affect the overall sta-

bility of the device. Interface instability is an area that has been relatively underexplored in

OInH-PSC devices. Potential sources of degradation at the interface include: (i) corrosion of

silver leading to the formation of silver halides; (ii) the creation of shunting paths between

silver connections and mesoporous TiO2 in the absence of oxygen; (iii) photo-oxidation of

the HTM organic materials, which degrades electron/hole transport properties and reduces

photovoltaic stability; (iv) decomposition of the OInH-perovskite at the TiO2/CH3NH3PbI3

interface upon light exposure, as TiO2 has a strong ability to extract electrons from iodide

(I−); and (v) the formation of metal oxides, which can ultimately lead to device failure. Do-

campo and Snaith demonstrated that in the absence of oxygen, silver contacts can form

shunting paths with mesoporous TiO2, creating a Schottky barrier. Further, Snaith and col-

leagues showed that metal migration through the HTM layer is partially responsible for rapid

device degradation. They found that using an insulating mesoporous "buffer layer" of Al2O3

beneath the HTM prevents this migration, while also allowing for precise control over HTM

thickness. This approach helps maintain device stability, even after 350 hours of opera-

tion [62, 63].

2.2.2.4 Bias Voltage-Induced Degradation

In commercial solar panels, photovoltaic cells are typically connected in series to increase

the output voltage. These panels generally operate close to their maximum power point

(MPP), provided that all individual cells have similar efficiencies and receive uniform illumi-

nation, resulting in comparable maximum power point voltages (VMPP). VMPP is the volt-

age near the open-circuit voltage (Voc ) where the product of voltage and current (power) is

maximized. However, when electrical charges accumulate and are not extracted, they can

induce instabilities. For instance, in the presence of O2, free electrons may form reactive su-

peroxide species (O−
2 ), which degrade the perovskite material [44]. When panels experience

partial or total shading, shaded cells may operate in reverse bias to maintain current flow.

Reverse bias conditions can create high electric fields that trigger ion drift, compromising

perovskite stability. Eventually, such reverse bias conditions can cause breakdown voltages

that lead to device failure [44] .

Several in situ studies have investigated the effects of bias voltage stress on the stabil-

ity of PSC devices or thin films with symmetric electrodes. Li et al. performed an in situ

photoluminescence (PL) study to quantitatively measure the rate of ionic motion. A bias of

approximately 2 x 104 V m−1 was applied between two parallel electrodes separated by 150

µm, resulting in a darkening of the PL intensity that spread from the positive to the nega-

tive electrode over time. By tracking the simultaneous current loss under the applied bias,

the authors calculated the ion migration speed to be 10 µm/s. The defects generated by this

23



Stability Issues In Perovskite Solar cells

migration significantly limited the radiative recombination in the film between the lateral

contacts [64].

Advanced transmission electron microscopy (TEM) techniques have also been employed

to visualize the degradation of MAPbI3 under bias conditions. Jeangros et al. concluded

that the primary contributors to bias-induced degradation of MAPbI3 solar cells were the

formation of PbI2 nanoparticles and voids, migration of iodide into the hole transport layer

(HTL), and the volatilization of iodide and organic molecules under a 6 V forward bias, as

observed through STEM and high-angle annular dark-field (HAADF) imaging. They found

that degradation predominantly occurred at the MAPbI3/HTL interface, likely due to energy

dissipation processes that depend on the polarity of the layers at their intersection [65].

In another study, Kim et al. used a TEM stage capable of both heating and applying elec-

trical bias to observe the amorphization of a 300 nm lamella (prepared by focused ion beam,

FIB) of a complete PSC suspended between two gold electrodes during the first 5 minutes

of a 1 V forward bias. Using high-resolution TEM (HRTEM), they observed that under a +1

V bias, the perovskite grains gradually lost their crystallinity, as though the crystalline layer

was dissolving. The PbI2 phase present did not exhibit crystallinity loss, and no morpholog-

ical changes were noted, though changes were visible at the lattice spacing resolution. To

rule out beam damage, these HRTEM results were cross-verified with selected area electron

diffraction (SAED) before and after 5 minutes of biasing at 1 V. SAED revealed clear amor-

phous ring formation after the biasing. Interestingly, the device fully recovered after resting

in the dark, and complete recovery occurred after heating to 50°C for just 3 hours. The au-

thors proposed a mechanism in which halide ion migration and defect generation lead to

crystal collapse as the Pb plane decomposes. These findings have significantly advanced the

understanding of perovskite degradation under bias conditions and suggest that mild ele-

vated temperatures could be used to heal bias-induced damage [66]. In Figure 2.7 [67]) was

presented a schematic illustration of bias voltage-induced degradation.

2.2.3 Lead Leaching Toxicity

High-performance photovoltaic solar cells (PSCs) currently use Pb-based perovskites as the

light-absorbing layer. However, these perovskites are unstable and can be easily decom-

posed by water to release PbI2, which is 14 orders of magnitude more water soluble than toxic

cadmium in CdTe cells. Exposure to Pb can lead to serious cardiovascular, developmental,

neurological, and reproductive diseases, making it crucial to assess the environmental im-

pact before commercializing PSCs [3].

Hailegnaw et al. studied the possible environmental effects of PSCs, evaluating the worst-

case scenario where the Pb-based perovskites were completely exposed to rain [68]. The

pollution scenario introduced by perovskites is classified as "low levels" of contamination

(around 400 ppm), but any release into the natural environment should be avoided or mini-
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Figure 2.7: Illustration of an example of bias voltage-induced degradation in OInH-PSCs [67].

mized [68].

Numerous attempts have been made to develop Pb-free light absorbers for PSCs, with

Sn being considered the best candidate to replace Pb. The perovskite crystal structure of

MASnI3 has been extensively investigated, with solar cells using MASnI3 perovskite display-

ing efficiencies of 5.23% and 6.4%, respectively. The bandgap of MASnI3 can be tuned from

1.30 to 2.15 eV by partially substituting I with Br. The Voc of PSCs increased from 0.68 to

0.88 V as Eg increased, and the best-performing PSCs with a PCE of 5.73% were obtained [3].

The room-temperature crystallization features help in cost control for commercializa-

tion due to the simplified process. However, the fast crystallization of Sn-based perovskites

acts as an impediment to the formation of uniform films, as partial surface coverage can

introduce a high charge recombination pathway between ETL and HTM due to their direct

contact. High-quality PSCs with Sn-free perovskites could potentially reduce the environ-

mental impact of Pb and improve the performance of solar cells [3].

It is true that fully Pb-based PSCs have achieved a maximum power conversion efficiency

(PCE) of approximately 9%. However, when transitioning to mixed Pb-Sn perovskites, signif-

icantly higher PCEs have been reported, with values reaching around 20% and even sur-

passing this threshold. While the prospect of fully replacing Pb with Sn in perovskite solar

cells offers an exciting route toward enhancing sustainability and reducing toxicity, chal-

lenges remain in optimizing the material properties of Sn-based perovskites. Nonetheless,

the promising results from mixed Pb-Sn systems suggest that further advances could make

the complete substitution of Pb by Sn a viable and effective solution for next-generation solar

technologies.
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2.3 Alternative Stable Materials for Perovskites

The Goldschmidt tolerance factor (t ) is a dimensionless parameter used to predict the sta-

bility and geometrical distortion of perovskite structures (AB X3) based on the ionic sizes of

the cations and anions. For a stable 3D structure, t should be within the range of 0.80 < t <
1.0. Values outside this range lead to non-perovskite structures. The tolerance factor also

helps predict the crystal phase: cubic (t ≈ 1), tetragonal (0.9 < t < 1.0), or orthorhombic

(0.8 < t < 0.9). Phase stability is crucial for material performance, as unstable phases, like

the d-phase of FAPbI3, can impair charge transport. Compositional engineering can adjust

tolerance factors to enhance phase stability and improve the performance and stability of

perovskites, especially in photovoltaic applications (Figure 2.8 [69] ).

Figure 2.8: Relation between the perovskite structure and the Goldschmidt tolerance factor
[69].

2.3.1 Mixed-Halide Perovskites

The research field has expanded to include complex halide perovskite stoichiometries, pro-

viding greater stability than simple MAPbI3. However, the issue of halide segregation has

been a concern since 2015 [70], with the Hoke effect revealing the formation of an I-rich

phase on MAPb (Brx I1−x)3.This has implications for device stability, as it reduces the maxi-

mum achievable voltage of mixed-halide-based solar cells [71].The study of the mechanism

behind halide segregation has largely focused on the A-site cation composition of the per-

ovskite. The number of carriers recombining via trap states is believed to be the main driving

force. Mixed-halides perovskites dominate the research in solar cells due to their promising

device performance. However, they also suffer from unique phase segregation behavior [72],

which is detrimental to their device stability. Phase segregation is closely related to defects

in the perovskite, with a high concentration of halide defects usually having stronger phase
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segregation behavior. Several effective approaches have been developed to prevent phase

segregation, such as Duong et al. applying a stoichiometric engineering method to suppress

phase segregation in mixed-halides perovskite films, Hu et al. engineering perovskite crys-

tallinity and grain size, and Abdi-Jalebi et al. using potassium iodide to passivate defects and

grain boundaries [73].

2.4 Engineering Techniques for Stability Enhancement

Various methods has been performed to enhance the moisture stability of perovskites, in-

cluding incorporating Br into MAPbI3, incorporating an inorganic cation at A site, and incor-

porating 5% Rb into FAPbI3. Low-dimensional perovskites, such as quasi 2D-Ruddlesdon

Popper Perovskites, are known for their high stability and improved photovoltaic properties

[74]. These perovskites can be used individually or combined with 3D perovskites for light

harvesting (Figure 2.9 [75]). They are represented by the general formula (R−N H3)2Mn−1 An

X 3n+1 where (Mn−1 An X 3n+1) stands for conductive layers of parent 3D Perovskites like MA

PbI3, FAPbI3, etc and R-NH3 for a large aliphatic or aromatic ammonium spacer cation like

Phenylethylamine (PEA), Butyl amine (BA), etc.

Figure 2.9: Structure illustration of 2D, Quasi 2D, and 3D- Perovskites [75]

Additive assisted treatment is another effective way to enhance the stability of perovskites.

The addition of acetic acid as an antisolvent reduces the perovskite film roughness and pas-

sivates the defect state. The presence of a carbonyl group in acetic acid helps passivate the

defect states [76]. Perovskite-polymer composite films have been studied to improve effi-

ciency and reduce degradation [77]. A surface blocking layer, Sb2S3, between the ETL and

the absorber layer had significantly enhanced PCE and Jsc stability against light exposure in

TiO2 Sb2S3 CH3NH3PbI3 PSC [78, 79]. In addition, a thin conductive reduced graphene ox-

ide (rGO) spacer layer was introduced between the HTL and the Au back contact to overcome

the instability of PSCs [78].
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2.4.1 Encapsulation Technologies

The commercialization of PSCs requires encapsulation to protect them. Encapsulants must

be easy to deposit, dimensionally stable, and low-cost. Mechanical behavior and light trans-

mission capacity are crucial factors. Oxygen transmission rate and water vapor transmission

rate are important, with values in the range of 10−6 - 10−4 cm3 1 atm respectively. The degra-

dation rate (DR) of PSC is critical for its long-term stability. Tests like the Calcium test and

RGB color measurement test evaluate the efficiency of encapsulants as moisture barriers.

Popular methods include glass-glass encapsulation, common epoxy resin, Cu C-tape, thin-

film encapsulation (TFE), ultrathin plasma polymer, and solvent-free and low temperature

melting encapsulation using paraffin. Studies show that PSCs with SiO2 layer, UV-curable

epoxy resin, and desiccant sheet are stable [78, 80]. The decrease in PCE value of PSC is re-

lated to WVTR (water vapor transmission rate) value and the relation is given by [80]:

DR(d%) = DRmax .W V RT n

(W V T R50)n +W V T Rn
(2.1)

where DR stands for degradation rate of PSC, DRmax is the maximum degradation rate,

WVTR50 is the WVTR value when DR is 50% of DRmax and n is the coefficient of the Hill

function that controls the sigmoidicity (the S shape) of the curve.

2.4.2 Interfacial Engineering for efficiency and stability

Interfacial engineering is a crucial strategy for improving the efficiency and stability of Pho-

tovoltaic Cells (PSCs). Materials for interfacial engineering include polymers, ligands (a

molecule that binds to another (usually larger) molecule), small functional molecules, low-

dimensional (low-D) perovskites, and perovskite quantum dots (QDs). Polymer materials

act as insulation components and defect passivators in perovskite materials, preventing ex-

trinsic degradation factors. Perovskite surface defects can be passedivated by forming strong

bonds with ligands, protecting against degradation [81]. The bandgap and redox potential

of small molecules can be easily tuned. The low crystallinity of small molecules allows for

better electronic contact with the perovskite layer, reducing interface defects. Low-D (2D)

perovskites protect against extrinsic degradation factors and prevent the decomposition of

3D perovskite absorbers due to higher formation energy. This higher energy means that 2D

perovskites are more stable in terms of their chemical structure. As a result, they are less

likely to decompose or be affected by external factors. As results, interfacial engineering can

significantly improve the light and thermal stability of PSCs by using all these 2D materi-

als [82].
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Chapter 3

Defects in Perovskite Solar Cells and

Passivation Strategies

3.1 Introduction

Any displacement of atoms from their designated positions in a periodic crystal lattice re-

sults in the formation of defects. Polycrystalline perovskite films typically exhibit a high de-

fect density due to the solution processing method and low-temperature annealing. The

stoichiometry of the material plays a significant role in influencing defect formation in per-

ovskites [43]. The presence of Frenkel and Schottky defects in MAPbI3 at thermal equilib-

rium has already been confirmed [43]. Not all defects are detrimental. Defect or trap states

located above the conduction band or below the valence band generally have no harmful

effect. However, defect states within the bands can act as trap states. Shallow trap states

can impede charge carrier movement by trapping and releasing them, while deep trap states

disrupt the de-trapping process and contribute to non-radiative recombination. Although

perovskites are recognized for their defect-tolerant nature, the presence of certain defects

still limits their progress toward commercialization [43].

Non-radiative charge recombination typically occurs through deep level traps or Auger

recombination, but this is relatively weak in perovskite solar cells under 1-sun illumination.

When imperfections create deep level traps, they trap electrons or holes, which cannot es-

cape thermal activation and are annihilated with an oppositely charged carrier through non-

radiative recombination, as described by the Shockley–Read–Hall (SRH) theory [83, 84].

There are four main types of imperfections in Organic-Inorganic Hybrid (O-InH) ma-

terials: intrinsic point defects, impurities, two-dimensional extended defects, and three-

dimensional defects like lead clusters. These defects can lead to interesting applications,

such as narrow-band photodetectors. However, most point defects with low formation ener-

gies result in shallow level traps, which can influence the photovoltaic performance of PSCs

due to their ionic nature and high ion migration speed [83, 85, 86].
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Various methods for passivating imperfections in PSCs have been developed to reduce

non-radiative charge recombination and suppress ion migration. These methods include

coordinate bonding, ionic bonding, and conversion of extended imperfections to wide bandgap

materials [83].

3.2 Defects in MAPbI3 Perovskite

Imperfections in Organic-Inorganic Hybrid Perovskite (O-InHP) films can affect photovoltaic

parameters of perovskite solar cells (PSCs), such as open circuit voltage (Voc ), short-circuit

current density (Jsc ), fill factor (FF), and power conversion efficiency (PCE). The Voc is ex-

tracted from the splitting of electron and hole quasi-Fermi levels. Non-radiative recombina-

tion processes decrease the steady-state charge density, reducing the splitting of quasi-Fermi

levels, and consequently, the Voc of solar cells also decreases. The dominant non-radiative

recombination process occurs through the Shockley–Read–Hall (SRH) process due to the

trapping effect of deep-level defects. Defect passivation in PSCs helps improve the interface

between the perovskite layer and charge transport layers by reducing defects. This can lower

the contact resistance at the interface, improve the morphology of the perovskite film (re-

ducing pinholes and shunt paths), and lead to a higher fill factor in the solar cell, resulting in

better overall efficiency [83, 87].

Figure 3.1 shows the primary imperfections on the surface or grain boundaries of per-

ovskite crystals that may cause deep-level traps, such as undercoordinated halide ions, un-

dercoordinated Pb2+ ions, lead clusters, and intrinsic point defects like Pb–I antisite defects

(PbI−3 ). These defects result from growth or processing conditions and can form shallow-

level traps, such as I or MA vacancies in the bulk of the material. The required passiva-

tion of charged defects in perovskite solar cells is different from that in covalent-bond based

semiconductors like silicon. Unique passivation methods, such as coordinate bonding or

ionic bonding, can neutralize and deactivate deep-level traps resulting from charged de-

fects [83, 88].

The defects located at the grain boundary and surface of perovskite determine their non-

radiative recombination properties. The presence of higher defect density at the grain bound-

ary was confirmed by De Quilettes et al., using microscale PL measurements [89]. High cova-

lency of Pb2+ could induce the formation of Pb clusters, which form deep trap states between

the valence band (VB) and conduction band (CB). In cases where the film is iodine-rich, such

cluster formation will lead to a higher amount of radiative recombination. The layered struc-

ture of perovskite-based devices leads to further formation of defect states. The presence of

defect states at the junction of the perovskite and carrier layer will complicate the process.

At the heterojunction, minority carrier recombination might occur due to the misalignment

between the band positions. Charged ionic defects will further cause bending in the band,

as reported by De Quilettes et al. They observed slight upward bending of the TiO2 band at
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Figure 3.1: Imperfections in MAPbI3 perovskite [83].

the perovskite boundary due to the accumulation of positive charge [43, 89].

Sharp-level traps originating from easily formed point defects are not detrimental to the

photovoltaic performance of perovskite materials. However, the migration of such charged

point defects under an electric field could cause the accumulation of charged ions at in-

terfaces and unintentional doping effects. This can result in local band bending, current

density–voltage hysteresis, phase segregation, and degradation of perovskites or metal elec-

trodes [83, 90]. The dominant types of defects present in perovskite solar cells and their

concentration are sensitive to the device fabrication processes and perovskite compositions.

Perovskite precursors with non-stoichiometric PbI2 and MAI ratios can induce extended de-

fects with different types of defects and change the formation energy of point defects. Ther-

mal annealing for longer periods or at higher temperatures can also result in the evaporation

of organic cations and halides, leaving undercoordinated Pb2+ ions at the surface or forming

PbI2 [83, 90].

3.3 Defect Migration and Device Stability

The migration of defects under electric fields or illumination can cause device degradation

and hysteresis phenomena during I–V measurements. The migration process is influenced

by activation energies, which vary depending on the defect type and crystallographic di-

rection [91].The instability of the perovskite material MAPbI3 is due to the smaller size of

the MA-ion, which makes it adopt the less symmetrical tetragonal phase. Replacement of

the MA-ions, either partially or fully, with a suitable ion size at the A site will change it to-

ward a symmetrical lattice structure, which will improve stability. Iodine (I) is the most com-

monly used anion at the X site in perovskite materials. Under illumination, perovskites with

I− anions suffer from oxidation. Oxidation under light soaking can be reduced by mixing

the halides. The bandgap of perovskite materials can be tuned by mixing halides, improving

their stability, and accelerating charge transport [92, 93].
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The device stability is also related to the lead (Pb) element at the B site in PSCs because

of the soft nature of Pb–I bonding and Pb2+ ions. Under illumination and/or at higher tem-

peratures, the Pb2+ ions tend to form Pb atoms and generate deep defect states, which leads

to severe degradation. Replacing Pb2+ ions at the B site with tin (Sn), either fully or partially,

is one of the options for promoting the stability of PSC devices. The oxidation of Sn2+ ions

creates fewer grain boundary defects, improves the crystal quality, and generates a higher

VOC, which enhances both the efficiency and stability of PSCs [92, 94, 95].

There are 12 possible native point defects in the MAPbI3 structure, such as vacancies

(VM A, VPb , and VI ), interstitials (MAi , Pbi , and Ii ), and anti-site occupations (MAPb , MAI ,

PbM A, PbI , IM A, and IPb), which have been widely studied (Figure 3.2) [92,96]. The common

observation about point defects in MAPbI3 is that defects with high energy can contribute

to the formation of deep levels in the bandgap, and low-energy defects can contribute to

the formation of shallow defect states. Deep-level point defects may not contribute a high

density of non-radiative recombination centers. However, there is some variation in opinion

about which point defects can contribute to deep levels, including IPb , IM A, Pbi , PbI , VI , and

PbM A. The defect formation energies of IM A, PbI , and VI are low enough to contribute a sig-

nificant density of recombination centers. The formation energy of the PbI anti-site defect is

low under iodine-rich conditions. The stable charge state of the PbI defect can make a tran-

sition at the Fermi level. Acceptors of shallow point defects are VPb , VM A, MAPb , and Ii under

some growth conditions with low formation energies, and MAi , VI , and MAI are donors of

shallow point defects. The donors and acceptors of shallow point defects can convert the

MAPbI3 material from p-type to n-type by intrinsic doping. Under stoichiometric growth

conditions, the cation and anion vacancies may also dominate the defect formation. If the

defect formation energies are low, unintentional doping can be minimized by compensating

the vacancy with opposite charge carriers [92, 96].

Figure 3.2: The transition energy levels of (a) intrinsic acceptors and (b) intrinsic donors in
MAPbI3 [83].
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The four native defects, Vx , VA, VPb , and Pbi , in the perovskite crystal and the probable

migration path for these four point defects were identified from the theoretical calculations,

as shown in Figure 3.3 [92]. The proposed migration pathways are designed based on com-

parable migration energies for different defects with the displacement of the same chemical

species. For example, MA-related defects (e.g., MAPb or MAi ) should display a similar ac-

tivation energy as that calculated for VM A. In fact, the activation energies of VI and Ii are

essentially the same [91, 92, 97].

Figure 3.3: Schematic diagram of the MAPbI3 perovskite structure and diffusion paths of the
point defects [92].

The calculated activation energies of VI and Ii are predicted to be 0.08 eV, which is suf-

ficient for a full hop to take place in each crystallographic direction. In the absence of an

external field, the charged defect can migrate forward or backward in any crystallographic

direction. Under illumination within the operating conditions of PSCs, the charged defect

(positive/negative) favors migration towards the side of the perovskite film that contacts the

hole/electron transporting layer. The interstitial defects VI and Ii can migrate towards the

hole/electron contacts that are stabilized due to electrostatic interaction with the electrode.

The defects can reach the electrode within tens of nanoseconds, which is much faster than

the scanning rate in photovoltaic current–voltage (I–V) measurements [92, 97].

Figure 3.4 summarizes the generated probable defects, dipoles, and ions in perovskite

solar cells under illumination, which can lead to device degradation and the hysteresis phe-

nomenon during I–V measurements. During I–V measurements, concerning the scan rate/direction,

various processes with respect to ion migration, ferroelectricity, charge trapping, and asso-

ciated capacitive effects can occur simultaneously, leading to the resultant hysteresis. To

overcome the hysteresis problem, as well as enhance the PSC efficiency and device stabil-

ity, it is very important to control and minimize the various defects and ions in the device

structure under illumination [92, 97].
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Figure 3.4: The various defects and ions generated under illumination in the perovskite solar
cell device structure [92].

3.4 Passivation Strategies

Various passivation methods have been developed to reduce defect densities and enhance

device performance. Techniques like coordinate bonding, ionic bonding, and material con-

version are effective in passivating deep-level traps. Coordinate bonding involves the in-

teraction between a Lewis base (electron donor) and a Lewis acid (electron acceptor). In

perovskite materials, this technique can be used to stabilize the material and passivate de-

fects. For example, crown ethers can be used as Lewis base modulators to coordinate with

lead ions (Pb2+) in the perovskite structure. This coordination helps to stabilize the per-

ovskite precursor and reduce the formation of harmful by-products, leading to improved

defect passivation and overall performance. Ionic bonding involves the electrostatic attrac-

tion between positively and negatively charged ions. In perovskite solar cells, ionic liquids or

other ionic compounds can be used to passivate defects. For instance, imidazolium-based

ionic liquids can form strong ionic bonds with lead (Pb2+) and cesium (Cs+) ions, effectively

reducing defects and improving the stability and efficiency of the perovskite material. This

technique also helps in enhancing the hydrophobicity (chemical property of a molecule that

is seemingly repelled from a mass of water) of the perovskite surface, making it more resis-

tant to moisture. Material conversion involves transforming the perovskite material into a

more stable or defect-free form. This can be achieved by carefully adjusting the composition

of the perovskite material or by using alternative materials. For example, researchers have

explored using tin (Sn) or germanium (Ge) instead of lead (Pb) to create less toxic and more

environmentally friendly perovskite materials. Additionally, converting the perovskite ma-

terial into a low-dimensional or stable form can help in reducing defects and improving the

overall performance of the solar cells [83, 92].
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3.4.1 Passivation of Defects in Perovskite Films

3.4.1.1 Ionic Compounds

Perovskite films have primary defects, including point defects with high formation energies

and vacancy defects with low energies. Due to their ionic crystal structure, coordination

compounds with charged ions form ion bonds for defect passivation [98].

Cations Organic-inorganic hybrid perovskite solar cells can be improved by using ion dop-

ing to passivate vacancy defects. Ions like cesium and rubidium can replace A-site ions in

perovskites, making crystallization more stable and less susceptible to environmental in-

fluences [99]. Alkali metal ions like potassium, sodium, and lithium can also be used for

defect passivation. Na+ can diffuse into the perovskite layer to enhance its photocatalytic

efficiency (Photocatalysis is a process where light energy, typically from the sun or artificial

light sources, is used to accelerate a chemical reaction). For instance, the presence of Na+

ions can help in the separation of photo-generated electron-hole pairs. This reduces the

recombination rate of these pairs, enhancing the efficiency of the photocatalytic process.

K2+ ions can combine with uncoordinated halide ions to passivate vacancy defects of A-site

cations, while potassium ions can prevent the formation of Frenkel defects. Divalent or triva-

lent metal cations are also used as passivators. Al-acac3 can reduce strain in polycrystalline

films, while Ni2+ can reduce vacancy defects of Pb and I [100]. However, defect levels can in-

troduce non-radiative recombination, which can negatively impact PCE and device stability.

Doping rare-earth elements into perovskite films can achieve high PCE and stability, even

after continuous sunlight irradiation for 1500 hours [101].

Anions Anions are used to passivate defects in perovskite films, such as Pb and halide va-

cancies [102]. Excessive iodide or iodine can inhibit halide vacancy formation, while bro-

mide ions can adjust the bandgap of perovskite [103]. Barrier bending occurs and defects

at grain boundaries are passivated after introducing bromide. Barrier bending specifically

refers to the distortion or bending of the energy bands at the interfaces between different

regions of a material or at the grain boundaries in polycrystalline materials. This occurs be-

cause grain boundaries often contain imperfections, like vacancies, dislocations, or impuri-

ties, which create localized electric fields. These fields cause the energy bands to bend near

the boundary. Additives like PbCl2 can passivate defects at grain boundaries or surfaces, but

may damage device stability [104]. Rubidium chloride can convert excess PbI2 into inactive

complexes, achieving a certified ultra-high PCE of 25.6%.

3.4.1.2 Organic Molecules

Organic molecules with specific functional groups can improve film quality, PCE, and stabil-

ity in perovskite devices. Despite their larger molecular sizes, these molecules interact with

35



Defects in Perovskite Solar Cells and Passivation Strategies

ions on the perovskite film surface, regulating crystallization and repairing defects [105].

Organic Ammonium Salt As a constituent of perovskite materials, organic ammonium

salts can also stimulate defect passivation [106]. Son et al. introduced excess MAI into a

perovskite precursor solution (Figure 3.5) and found that Excess MAI can passivate dan-

gling bonds at grain boundaries, suppressing non-radiative recombination and reducing

hysteresis in devices [107]. Excess MAI at the interface between perovskite and hole trans-

port layers affects energy level adjustment. Materials with excess MA in H2O can trigger

anti-degradation reactions [108].

Figure 3.5: Illustration of the coating process utilized to create CH3NH3PbI3 films with and
without excess MAI [107].

Lewis Acid Perovskite films contain electron-rich defects, known as Lewis bases, which can

be passivated by introducing an electron-withdrawing Lewis acid. This results in reduced

non-radiative recombination and improved photovoltaic performance. Fullerenes and their

derivatives are widely used for passivating these defects, as they are favorable for carrier

transport due to their high electron mobility [109,110]. The development of novel fullerenes

with specific functions can further enhance the photovoltaic efficiency of perovskite solar

cells (PSCs) [111].

3.4.2 Passivation of Defects on the Surface of Perovskite

Perovskite solar cells have a sandwich structure, with the perovskite absorption layer be-

tween electron and hole transport layers. Interfaces between perovskite films and transport

layers can cause defects, affecting performance and stability. Defect density at grain bound-

aries is higher than bulk, leading to recombination losses and degradation. Reducing defect

density is crucial for improving PCE and stability [112].
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3.4.2.1 Perovskite/Hole Transport Layer Interface

The hole transport layer and perovskite layer interface is a major location for defects, causing

degradation and reduced device stability. Defect passivation is crucial for high-performance

perovskite solar cells. Research materials for passivation include organic small molecules,

polymers, and low-dimensional perovskite structures [113]. Methods like thiophene dicar-

boxylic acid, phosphine oxide, crown ether complexation, and secondary reactions have im-

proved device stability, reduced defect site reactivation, and enhanced hydrophobicity. Flu-

orine’s hydrophobic nature also enhances stability [114, 115].

3.4.2.2 Electron/Perovskite Transport Layer Interface

Metal oxides like Ti O2 and SnO2 in conventional structure devices have defect sites that can

cause voltage losses and instability [116]. To address these issues, materials like amphoteric

ion molecules, small organic molecules, fullerene, and metal compounds are used. Ampho-

teric ionic molecules can passivate interface defects by establishing chemical interactions

with the perovskite layer and/or ETL [117]. Examples of such modifications include ammo-

nium fluoride and potassium tetrafluoroborate, which have been shown to improve cover-

age, growth, and charge transfer in perovskite films [118].
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Chapter 4

Stability issue- Comparison between P-I-N

and N-I-P PSCs

4.1 Introduction

Perovskite solar cells (PSCs) have garnered significant attention in the field of photovoltaics,

thanks to their impressive power conversion efficiencies and cost-effective fabrication meth-

ods. Despite their potential, a key obstacle to their commercialization is their inherent insta-

bility, particularly when exposed to external factors such as moisture, heat, or light over pro-

longed periods. Addressing and resolving these stability issues is essential for the widespread

adoption and success of perovskite solar cells [119].

SCAPS (Solar Cell Capacitance Simulator) is an advanced and widely utilized simulation

tool for analyzing the performance and characteristics of various solar cell types, including

perovskite solar cells. By SCAPS, the scientific community can advance the development

of perovskite solar cells and other photovoltaic technologies, ultimately contributing to the

global shift towards renewable energy solutions. Researchers can accurately simulate the

behavior of perovskite solar cells under different operating conditions, providing valuable

insights into the underlying mechanisms that contribute to their instability [120].

The objective of this study is to conduct a comparative analysis between N-I-P and P-

I-N perovskite solar cells to determine which configuration demonstrates greater stability

against degradation under operational conditions. Mainly, this work is a continuation of a

previous work (Master’s dissertation) that resulted in a published paper [79]. In the previous

work, the stability issues were studied in a N-I-P structure of a perovskite solar cell (N-I-P

PSC). The current work aims to study the stability issue in the P-I-N solar cell and then make

a comparison with the N-I-P cell. Therefore, the primary cell targeted for study is the P-I-N.
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As detailed in Chapters 2 and 3, degradation is influenced by several factors such as con-

tinuous illumination, temperature, humidity, and other environmental conditions. By sim-

ulating the degradation processes caused by these factors, researchers can obtain valuable

insights into the underlying mechanisms of degradation. Understanding the impact of these

degradation-induced defects on device performance is crucial for devising strategies to en-

hance stability and extend the device’s lifetime.

In this study, we employ the Solar Cell Capacitance Simulator (SCAPS) as a simulation

tool to investigate stability issues. Our focus is on elucidating the influence of different types

of defects created by degradation processes. Through comprehensive analysis, we aim to

gain insights into the involved relationship between defect formation and device perfor-

mance degradation in both P-I-N and N-I-P structures. Ultimately, this research will pave

the way for the development of more stable and reliable perovskite solar cell technologies.

4.2 SCAPS

SCAPS-1D has been developed to simulate the operation of thin-film solar cells. SCAPS is

originally developed for cell structures of the CuInSe2 and the CdTe family. Several exten-

sions however have improved its capabilities so that it is also applicable to crystalline solar

cells (Si and GaAs family) and amorphous cells (a-Si and micromorphous Si) [121]. SCAPS is

a Windows-oriented program, which is opened with the ‘Action Panel’ (Figure 4.1).

Figure 4.1: The SCAPS start-up panel: the Action panel or main panel.
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4.2.1 Definition of the problem

By clicking the button set problem(Figure 4.2)in the action panel, we can chose load in the

lower right corner of the new opened panel to select an example to study which can be mod-

ified in the cell properties [121].

Figure 4.2: Definition of problem panel and selection of example.

4.2.2 Define the working point

The working point specifies the parameters which are not varied in a measurement simula-

tion, and which are relevant to that measurement (Figure 4.3) [121]. Thus:

• Temperature (T): Necessary for all measurements. Nc (T ) , Nv (T ), the thermal veloci-

ties, the thermal voltage KB T and all their derivaties are the only variables which have

anexplicit temperature dependence. These parameters must be inserted manually for

each temperature.

• The voltage V: is unnecessary in I-V and C-V simulation, but it is taken as the dc-bias

voltage in C-f simulation and in QE(λ) simulation. SCAPS always starts at 0V, and pro-

ceeds at the working point voltage in a number of steps that also should be specified.

• The frequency f: is neglected in I-V, QE(λ) and C-f simulation. But C-V measurement

is taken into account.

• The illumination: is used for all measurements. For the QE(λ) measurement, it de-

termines the bias light conditions. The basis settings are: dark or light, choice of the

illuminated side, choice of the spectrum. The default is one sun(=1000 W⁄m2 ) illumi-

nation with the ‘air mass 1.5, global’ spectrum, but there is a large choice of monochro-

matic light and spectra for specialized simulations.

4.2.3 Selection of the measurement(s) to simulate

In the action-part of the Action Panel, the following measurements: I-V, C-V, C-f and QE(λ)

can be simulated . We can adjust if necessary the start and end values of the argument, and

the number of steps (Figure 4.4) [121].
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Figure 4.3: Definition of the working point.

Figure 4.4: Selection of the measurement(s) to simulate.

4.2.4 Starting the calculation(s)

By clicking the button, we calculate: single shot in the action panel. The Energy Bands Panel

opens, and the calculations start. Meanwhile, SCAPS offers a free movie how the conduction

and valence bands, the Fermi levels and the whole caboodle are evolving [121].

4.2.5 Displaying the simulated curves

After the calculation(s), SCAPS switches to the Energy band panel (or the AC-band panel) in

which the band diagrams, carrier densities, current densities are shown. The results (but-

tons save graphs, show data (the numbers are shown on screen) or save data (the numbers

are saved to a file). One of specialized output panels can be switched (Figure 4.5) [121].

Simulation procedure using SCAPS software can be summarized by the scheme pre-

sented in Figure 4.6.
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Figure 4.5: Results panels.

Figure 4.6: : Simulation procedure using SCAPS software.

4.3 Material inputs and defects used to simulate the working

condition

There are 12 possible native point defects in the MAPbI3 structure, such as vacancies VM A,

Vpb , and VI ; interstitials M Ai , Pbi , and Ii ; and anti-site occupations M Apb , M Ai , PbM A,

Pbi , IM A, and Ipb , which have been widely studied [92, 122]. For more details see chapter 3.

In this chapter, the investigation of degradation will be carried out on the basis of four

types of defect selected from the 12 listed below. These include the recombination center

(NR ) situated at Ev +0.6 eV , which is electrically neutral, the shallow donor trap (NDT ) sit-

uated at Ec -0.1 eV (known for trapping electrons), the deep donor trap( NDP ) situated at Ec

-0.38 eV, and the shallow acceptor trap (NAT ) situated at Ev +0.1 eV (which serves as hole
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traps).

This analysis will consider various probable locations of these defects; at the HTL/bulk

interface, the bulk and the ETL/bulk, for both P-I-N and N-I-P configurations. In addition,

further material inputs are given in Table 4.1 and Table 4.2 for the respective structures P-I-

N and N-I-P, illustrated in Figure 4.7. The P-I-N PSC comprises PEDOT (an organic p-type

material) as the hole transport layer (HTL), located at the front of the cell. This means it is

on the illuminated side. Then, there is the active layer, responsible for photon absorption,

exciton formation, and dissociation, which is the perovskite layer. Following that is the elec-

tron transport layer (ETL) formed by PC60BM, an organic n-type material. The N-I-P PSC is

quite different regarding the ETL and HTL materials. Indeed, an N-I-P PSC does not simply

mean inverting a P-I-N PSC. This is because the materials used should be suitable for both

the illumination and collection sides. For example, in the N-I-P PSC, the ETL used is TiO2,

an inorganic, transparent n-type semiconductor, while the HTL is SpiroOMeTED, a p-type

organic material. The choice of ETL and HTL materials in both structures was inspired from

previous research works [79, 123–128].

Table 4.1: Material’s inputs used in the simulation for the P-I-N PSC [123].

Parameter PEDOT MAPbI3 PC60BM

d (µm) 0.1 1.8 0.1
Eg (eV) 3.0 1.55 2.0
Nc (cm−3) 1 ·1019 2 ·1018 2.5 ·1021

Nv (cm−3) 1 ·1019 2 ·1019 2.5 ·1021

qχ (eV) 2.4 3.6 3.850
µn (cm2/Vs) 4.5 ·10−4 40 2 ·10−1

µp (cm2/Vs) 1 ·10−3 10 2 ·10−1

ND (cm−3) / / 2 ·1018

NA (cm−3) 5 ·1018 / /

Table 4.2: Material’s inputs used in the simulation for the N-I-P PSC [124, 125].

Parameter TiO2 (ETL) MAPbI3 Spiro-OMeTAD

d (µm) 0.1 1.8 0.1
Eg (eV) 3.2 1.55 3.3
Nc (cm−3) 1 ·1021 2 ·1018 1 ·1019

Nv (cm−3) 2 ·1020 2 ·1019 1 ·1019

qχ (eV) 4.1 3.9 2.0
µn (cm2/Vs) 20 40 2 ·10−3

µp (cm2/Vs) 10 10 2 ·10−4

ND (cm−3) 2 ·1018 / /
NA (cm−3) / / 2 ·1018
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Figure 4.7: The studied structures of the P-I-N and N-I-P PSC.

4.4 Results and discussion

4.4.1 Initial case

In the initial scenario, we are referring to the state before any degradation or instability oc-

curs, which is characterized by low defect densities. The obtained J-V characteristics for both

P-I-N PSC and N-I-P PSC are illustrated, respectively, in Figure 4.8 . The obtained simulations

were also compared to experimental measurement from other works [126–128].

Figure 4.8: J-V characteristic calculated by SCAPS for initial case, i.e. low defect densities: (a)
in P-I-N PSC ,( b) in N-I-P PSC.

We observe nearly a similarity in the electrical output parameters for both cells and an

acceptable comparison with experimental measurements. In general, the N-I-P PSC cell ex-

hibits slightly higher efficiency than the P-I-N PSC cell in both simulation and experimental

results.
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Table 4.3: Initial electrical outputs (Before degradation) compared to experimental measure-
ments. Data for the P-I-N PSC are from [126, 128] and data for the N-I-P PSC are from [127].

Structure JSC (mA/cm2) VOC (V) FF (%) PCE (%)

P-I-N
Simulation 23.57 1.14 83.02 22.41
Measurement 1 23.51 1.03 83.00 20.10
Measurement 2 23.10 1.09 77.00 19.40

N-I-P
Simulation 22.92 1.18 83.67 22.72
Measurement 23.79 1.09 79.23 20.54

4.4.2 Effect of defects at the HTL/bulk interface

Figure 4.9 depicts how the presence of recombination center NR , shallow donors NDT , and

shallow acceptors NAT affects the J-V characteristic when these defects are incorporated at

the interface between the perovskite layer and the HTL. The extracted electrical outputs in

each case are summarized in Table 4.4 to Table 4.6. According to the obtained results, no

significant effect of the HTL/bulk defects is remarked.

Figure 4.9: J-V characteristic of the P-I-N PSC calculated by SCAPS when defects are at the
HTL/bulk interface: (a) recombination center, (b) shallow donor and (c) shallow accepter.
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Table 4.4: Effect of HTL/bulk interface defects on electrical output of the P-I-N PSC when
defect density of NR was varied from 1011 to 1014 cm−2.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NR = 1011 cm−2 23.574 1.145 83.024 22.408
NR = 1012 cm−2 23.575 1.145 83.024 22.408
NR = 1013 cm−2 23.575 1.145 83.024 22.408
NR = 1014 cm−2 23.575 1.145 83.025 22.408

Table 4.5: Effect of HTL/bulk interface defects on electrical output of the P-I-N PSC when
defect density of NAT was varied from 1011 to 1014 cm−2.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NAT = 1011 cm−2 23.574 1.145 83.090 22.425
NAT = 1012 cm−2 23.571 1.145 83.468 22.518
NAT = 1013 cm−2 23.558 1.144 83.826 22.595
NAT = 1014 cm−2 23.527 1.144 83.855 22.571

Table 4.6: Effect of HTL/bulk interface defects on electrical output of the P-I-N PSC when
defect density of NDT was varied from 1011 to 1014 cm−2.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NDT = 1011 cm−2 23.575 1.145 83.024 22.408
NDT = 1012 cm−2 23.575 1.145 83.024 22.408
NDT = 1013 cm−2 23.575 1.145 83.024 22.408
NDT = 1014 cm−2 23.575 1.145 83.024 22.408

Table 4.7: Effect of HTL/bulk interface defects on electrical output of the P-I-N PSC when all
defect densities NR , NDT , and NAT are equal to 1014 cm−2.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

NR = NAT = NDT = 1014 cm−2 23.527 1.144 83.855 22.571

When all defects are present at a density of NR =NAT =NDT =1014 cm−2 (Figure 4.10, Table

4.7 and Table 4.8), the results are as follows: in the P-I-N structure, Jsc decreases very slightly

to 23.527 mA/cm2 , Voc remains at 1.14 V, FF increases slightly to 83.855 %, yielding to a slight

increase in PCE of 22.571 %. In the N-I-P structure, Jsc remains at 22.927 mA/cm2 , while Voc

drops to 1.091 V . However, FF shows a notable increase, reaching 86.851 %, and a slight re-

duction in PCE occurs to 21.725 %. These results indicate that, although the P-I-N showed a

slightly lower PCE compared to the N-I-P in the initial state, it is less sensitive to HTL/bulk

interface defects.
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Figure 4.10: : Comparison of the effect of HTL/bulk interface defects in P-I-N PSC and N-I-P
PSC .

Table 4.8: Comparison of the effect of HTL/bulk interface defects in P-I-N PSC and N-I-P
PSC when all defect densities NR , NDT , and NAT are equal to 1014 cm−2.

Structure JSC (mA/cm2) VOC (V) FF (%) PCE (%)

P-I-N
Initial 23.574 1.145 83.024 22.408
Degraded 23.527 1.144 83.855 22.571

N-I-P
Initial 22.927 1.180 83.670 22.720
Degraded 22.927 1.091 86.851 21.725

4.4.3 Effect of defects in the bulk

Figure 4.11 illustrates the influence of recombination centers (NR ), deep and shallow donors

(NDP , NAT ), and shallow acceptors (NAT ) on the J-V characteristic. These defects are in the

bulk perovskite layer. The extracted electrical outputs are summarized in Table 4.9 to Table

4.12. We can summarize the obtained results as follows:

Table 4.9: Effect of the bulk defects on electrical output of the P-I-N PSC when defect density
of NR is varied from 1014 to 1016 cm−3.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NR = 1014 cm−3 23.567 1.106 79.901 20.825
NR = 1015 cm−3 23.495 1.018 72.724 17.398
NR = 1016 cm−3 22.796 0.937 58.222 12.432

In the case of NR :
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Figure 4.11: J-V characteristic of the P-I-N PSC calculated by SCAPS when defects are in the
bulk of the perovskite: (a) recombination center, (b) deep donor, (c) shallow donor and (d)
shallow accepter.

• As the defect density increases, all electrical parameters (JSC , Voc , FF, and PCE) degrade

significantly

• The PCE drops from 22.408% to 12.432%, indicating that NR defects introduce severe

charge recombination.

• The Voc shows the most drastic decrease from 1.145 to 0.937 V, indicating increased

non-radiative recombination losses.

In the case of NDP :

• NDP defects cause significant degradation in Jsc and Voc , leading to a reduction in ef-

ficiency.

• The impact on FF is less severe compared to NR defects, implying a different recombi-

nation mechanism.

• The PCE reduces to 14.329% at 1016 cm−3, showing that deep-level defects play a cru-

cial role in non-radiative recombination.
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Table 4.10: Effect of the bulk defects on electrical output of the P-I-N PSC when defect density
of NDP changes from 1014 to 1016 cm−3.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NDP = 1014 cm−3 23.567 1.106 79.742 20.783
NDP = 1015 cm−3 23.455 1.018 74.194 17.721
NDP = 1016 cm−3 20.209 0.956 74.162 14.329

Table 4.11: Effect of the bulk defects on electrical output of the P-I-N PSC when defect density
of NDT is varied from 1014 to 1016 cm−3.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NDT = 1014 cm−3 23.571 1.139 83.267 22.361
NDT = 1015 cm−3 23.539 1.114 84.684 22.209
NDT = 1016 cm−3 21.439 1.079 83.571 19.326

Table 4.12: Effect of the bulk defects on electrical output of the P-I-N PSC when defect density
of NAT is varied from 1014 to 1016 cm−3.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NAT = 1014 cm−3 23.577 1.144 83.134 22.426
NAT = 1015 cm−3 23.574 1.138 84.311 22.626
NAT = 1016 cm−3 23.099 1.115 84.738 21.827

Table 4.13: Effect of the bulk defects on electrical output of the P-I-N PSC when all defect
densities NR , NDT , NDP , and NAT are equal to 1016 cm−3.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

NR = NAT = NDT = NDP = 1016 cm−3 19.413 0.931 72.871 13.175

Table 4.14: Comparison between P-I-N PSC and N-I-P PSC of the bulk defect’s effect when
all defect densities NR , NDT , NDP , and NAT are equal to 1016 cm−3.

Structure JSC (mA/cm2) VOC (V) FF (%) PCE (%)

P-I-N
Initial 23.574 1.145 83.024 22.408
Degraded 19.413 0.931 72.871 13.175

N-I-P
Initial 22.927 1.180 83.670 22.720
Degraded 4.559 0.853 62.521 2.430

In the case of NDT :

• NDT defects have a moderate impact on PSC performance.
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Figure 4.12: Comparison of the effect of the bulk defects in P-I-N PSC and N-I-P PSC.

• Unlike NR and NDP defects, FF remains high, indicating that charge transport is not

significantly affected.

• The drop in Voc and Jsc at 1016 cm−3 suggests recombination still occurs, but less

severely than in NR or NDP defects.

• The PCE decreases to 19.326%, making NDT defects less detrimental compared to the

previous two types.

In the case of NAT :

• NAT defects show minimal impact on PSC performance, even at high densities.

• FF even increases slightly, possibly due to better charge transport.

• The overall efficiency remains high (21.827% at 1016 cm−3), indicating NAT defects are

less detrimental than NR , NDP , and NDT .

The electrical outputs obtained when all defects in the perovskite absorber have a high den-

sity of 1016 cm−3 are: Jsc =19.413mA/cm2, Voc =0.931 V, FF = 72.87%, and PCE = 13.17 % (see

Table 4.13, Figure 4.12 and Table 4.14.). This demonstrates the significant impact of a high

bulk defect densities on the electrical performance of the P-I-N PSC. According to a previous

paper [79], the bulk defects were related to thermal stress and induced a severe degradation

of the PCE to 2.43 % in the N-I-P PSC, as presented in Figure 4.12 and Table 4.14. If we com-

pare the effect of the bulk defects as the result of thermal stress in the P-I-N PSC and the

N-I-P PSC, we can easily conclude that the P-I-N is more robust.
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4.4.4 Effect of defects at Bulk/ETL interface

Figure 4.13 illustrates the influence of recombination centers (NR ), shallow donors (NDT ),

and shallow acceptors (NAT ) on the J-V characteristic. These defects are at the interface be-

tween the Electron Transport Layer (ETL) and the perovskite layer. The extracted electrical

outputs are summarized in Table 4.15 to Table 4.18

Figure 4.13: J-V characteristic calculated by SCAPS when defects are at the bulk/ETL inter-
face: (a) recombination center, (b) shallow donor and (c) shallow acceptor.

The obtained results can be summarized as follows:

In the case of NR :

• Jsc remains constant at approximately 23.574 mA/cm2, indicating that NR defects do

not significantly hinder charge generation.

• Voc decreases progressively from 1.145 V to 0.884 V as defect density increases, sug-

gesting that NR defects act as recombination centers, reducing the built-in potential

• FF% initially increases slightly at 1012 cm−2 but decreases at higher defect densities,

indicating an initial improvement in charge transport that is negated by excessive re-

combination at very high defect densities.
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• PCE drops from 22.408% to 17.463%, showing a nearly 22% efficiency loss due to NR

defects.

Table 4.15: Effect of the bulk/ETL interface defects on electrical output of the P-I-N PSC
when defect density of NR is varied from 1011 to 1014 cm−2.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NR = 1011 cm−2 23.574 1.087 83.864 21.489
NR = 1012 cm−2 23.574 1.009 84.905 20.197
NR = 1013 cm−2 23.574 0.943 84.781 18.845
NR = 1014 cm−2 23.571 0.884 83.813 17.463

Table 4.16: Effect of the bulk/ETL interface defects on electrical output of the P-I-N PSC
when defect density of NDT is varied from 1011 to 1014 cm−2.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NDT = 1011 cm−2 23.568 1.122 84.500 22.344
NDT = 1012 cm−2 23.504 1.079 86.412 21.918
NDT = 1013 cm−2 23.214 1.045 86.647 21.029
NDT = 1014 cm−2 22.834 1.025 86.366 20.206

Table 4.17: Effect of the bulk/ETL interface defects on electrical output of the P-I-N PSC
when defect density of NAT changes from 1011 to 1014 cm−2.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Initial 23.574 1.145 83.024 22.408
NAT = 1011 cm−2 23.581 1.086 83.745 21.447
NAT = 1012 cm−2 23.636 0.982 82.996 19.255
NAT = 1013 cm−2 23.119 0.938 84.634 18.355
NAT = 1014 cm−2 22.343 0.919 84.868 17.426

Table 4.18: Effect of the bulk/ETL interface defects on electrical output of the P-I-N PSC
when all defect densities NR , NDT , and NAT are equal to 1014 cm−2.

Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

NR = NAT = NDT = 1014 cm−2 23.601 0.827 82.495 16.105

In the case of NDT :

• Jsc slightly decreases from 23.574 mA/cm2 to 22.834 mA/cm2 at 1014 cm−2, suggesting

a minor impact on charge collection.
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Table 4.19: Comparison of the effect of the bulk/ETL interface defects in P-I-N PSC and N-I-P
PSC when all defect densities NR , NDT , and NAT are equal to 1014 cm−2.

Structure JSC (mA/cm2) VOC (V) FF (%) PCE (%)

P-I-N
Initial 23.574 1.145 83.024 22.408
Degraded 23.601 0.827 82.495 16.105

N-I-P
Initial 22.927 1.180 83.670 22.720
Degraded 22.913 0.879 82.370 16.605

Figure 4.14: : Comparison of the effect of the bulk/ETL defects in P-I-N PSC and N-I-P PSC.

• Voc decreases but remains higher than in the NR case, dropping from 1.145 V to 1.025

V, implying that NDT defects contribute to recombination but not as severely as NR

defects.

• FF% improves significantly at moderate defect levels (86.647% at 1013 cm−3) before

slightly decreasing at higher densities. This suggests that NDT defects initially enhance

charge extraction before excessive recombination takes over.

• PCE falls from 22.408% to 20.206%, showing a relatively smaller efficiency loss ( 10%)

compared to NR defects.

In the case of NAT :

• Jsc remains stable at lower defect densities but drops more noticeably at 1014 cm−2

(22.343 mA/cm2), indicating that NAT defects may affect charge collection more than

NR or NDT defects.
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• Voc declines from 1.145 V to 0.919 V, showing a significant voltage loss similar to NR

defects.

• FF% increases at moderate defect levels but stabilizes around 84.868% at 1014 cm−2.

• PCE decreases significantly from 22.408% to 17.426%, a reduction of 22%, indicating

that NAT defects strongly affect efficiency.

• NAT defects influence both charge recombination and collection, leading to signifi-

cant performance losses. Their effect is similar to NR defects.

When all defect types are present at high densities, their negative effects are compounded,

resulting in severe recombination and voltage loss. P-I-N degrades to PCE = 16.105%, while

N-I-P to 16.605%, suggesting that the N-I-P architecture is slightly more resistant to defect-

induced degradation.

4.5 Conclusion

This study systematically examined the impact of the HTL/bulk, the bulk and the bulk/ETL

defects on the performance of perovskite solar cells (PSCs) with both P-I-N and N-I-P archi-

tectures. The findings highlight the critical influence of defect density on key performance

metrics, including open-circuit voltage (Voc ), short-circuit current density (Jsc ), fill factor

(FF), and power conversion efficiency (PCE). Initially, N-I-P had a slight performance advan-

tage due to higher Voc (1.180 V vs. 1.145 V in P-I-N).

Under extreme defect conditions (NR =ND A= NDT =NAT =1016 cm−3), N-I-P suffered a

catastrophic PCE drop to 2.430%, while P-I-N retained at PCE 13.175%. This suggests that

P-I-N structures exhibit better defect tolerance, making them more suitable for long-term

stability in defect-prone conditions.
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Conclusion

Perovskite solar cells (PSCs) are a promising technology in the field of solar energy due

to their low cost, high efficiency, and ease of manufacturing. Their efficiency has seen a

significant increase from 3.8% to 25.8% within a short time frame, surpassing many estab-

lished technologies like silicon, cadmium telluride, and gallium arsenide-based solar cells.

However, their stability remains a challenge compared to commercial solar cells, as per-

ovskite materials contain elements prone to degradation due to environmental factors such

as humidity, temperature, and light exposure. Furthermore, there are still obstacles to the

widespread commercialization of this technology, including the need to scale up production

to fabricate large-area modules efficiently, as well as concerns regarding the toxicity of ma-

terials and manufacturing processes involved.

To address these challenges, the Solar Cell Capacitance Simulator (SCAPS) was used in

this study to analyze the stability of perovskite solar cells. The focus was on studying the im-

pact of defects caused by degradation processes in both P-I-N and N-I-P structures, aiming

to understand the relationship between defect formation and device performance degra-

dation. The findings revealed that defect density plays a critical role in influencing perfor-

mance metrics such as open-circuit voltage (Voc ), short-circuit current density (Jsc ), fill fac-

tor (FF), and power conversion efficiency (PCE). Under extreme defect conditions, the N-I-P

structure suffered a significant drop in PCE to 2.430%, while the P-I-N structure maintained

a PCE of 13.175%. These results suggest that P-I-N structures exhibit better defect tolerance,

making them more suitable for long-term stability in defect-prone environments. Therefore,

P-I-N structures could be the optimal choice for future perovskite solar cell technologies.
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