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ABSTRACT

Our study investigates instability issues in 710y — M APbl3 — Spiro — OMeT ED
(n-i-p type) perovskite solar cells using SCAPS-1D numerical simulation software. The
current-voltage density characteristics (J-V) and key photovoltaic output parameters,
including short-circuit current density (J.), open-circuit voltage (V,.), fill factor (FF),
and power conversion efficiency (PCE) are calculated. The work focuses on the impact
of defects induced by degradation factors such as prolonged illumination, UV radiation,
corrosion, oxidation, and humidity. These defects, namely Ny (recombination center),Npp
(deep donor), Npr (shallow donor), and Nar (shallow acceptor), are identified based on
previous research. The possible defect locations, are at the interfaces; between the electron
transport layer (ETL) and perovskite or the hole transport layer (HTL) and perovskite,
as well as within the bulk perovskite layer. Initial electrical parameters are in agreement
with wide range of experimental values, with J,,=22.92mA/cm?, V,.=1.184V , FF=83.67%,
and PCE=22.72%. However, high-density defects in the bulk layer (all 10'cm=3) have
the most significant impact, reducing PCE to 2.43%. Defects at the ETL/perovskite
interface, with a surface density of 10"cm =2, lower PCE to 16.61%, while defects at the
perovskite/HTL interface result in a smaller decrease of PCE down to 21.73%. These
defects were associated, respectively, to thermal stress, illumination and hysteresis effects.
The introduction of a PbS buffer layer at HTL/bulk interface has improved considerably
the electrical outputs degradation, mainly that related to bulk defects

Keywords: instability issues, perovskite solar cells, SCAPS-1D, interfaces, defects,

cell efficiency
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Introduction

Perovskite solar cells, with their remarkable efficiency and affordability, present a
ground-breaking alternative in the field of renewable energy. These cells exhibit great
potential for general application, as evidenced by their power conversion efficiencies
reaching 25% in laboratory circumstances [1,2]. Their configurable properties make them
highly versatile, enabling incorporation into a wide range of applications, from large-scale
installations to portable devices. Furthermore, they are a viable option for the development
of photovoltaics in the future due to their compatibility with flexible substrates and scalable
production processes [3,4]. Recent research has demonstrated that perovskite solar cells
are a significant development in tackling the world’s energy problems, providing a route
towards ecologically friendly and sustainable power generation [5].

If perovskite solar cell materials are to be used in actual renewable energy systems, their
stability in these applications must be guaranteed. The durability of the absorbing and
charge transport layers poses a major obstacle in the commercialization of this photovoltaic
(PV) technology. Halide perovskite materials, in particular, exhibit instability under real-
world conditions, significantly shortening the lifespan of perovskite solar cells (PSCs) [6].
Environmental conditions like heat, humidity, light, and UV radiation can detrimentally
affect the performance and longevity of perovskite-based devices [7-9]. This instability
predominantly arises from ion migration within the perovskite material, resulting in defects
and non-radiative recombination [7-9]. For instance, the PCE drops sharply from 14.62%
to 2.36% after ninth thermal cycle for a perovskite structure with 790, and spiro-MeOTAD
as ETL and HTL, respectively [10]. Moreover, numerous factors have been suggested to
contribute to the origin of hysteresis. Among them, variations in charge transport resulting
from trapping and de-trapping at deep trap sites formed by defects, and ion migration
and accumulation associated to changes in interfacial field and barriers [11,12].

To attain enduring stability and consistent high performance in PSCs, it is imper-
ative to comprehensively investigate the degradation mechanisms of these layers under
diverse conditions. Such understanding is vital for transitioning this technology from
laboratory experimentation to industrial-scale production [13-15]. Several strategies were
investigated to improve stability, including encapsulation techniques, compositional tuning,
and interface engineering. The application of interface changes and passivation layers

has proven successful in improving stability in operating setting [16,17]. Nevertheless,



these developments, problems still exist, highlighting the continuous research required to
produce reliable and long-lasting perovskite solar cells fit for practical use [18,19].

The aim of this work is to study the instability issues prevalent in perovskite solar
cells using numerical modeling, by simulation software SCAPS. The n-i-p structure of the
solar cell included Titanium dioxide (790;) as ETL, methyl-ammonium (MA) cations
(CH3N H3+), lead (Pby+) cations, and iodide (I-) anions (M APbI3) as the active region for
absorption and Spiro-OMeTAD ((N,N’-bis(2,2’,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9’-spiro-bi-fluorene))) as HTL. Various scenarios are analyzed to understand the impact of
interface defects (ETL/perovskite, perovskite/HTL) as well as the bulk one.

The simulation enables the insertion of multiple defects at the interfaces, imitating
as possible real-world conditions and providing insights into the mechanisms underlying
perovskite instability. Through numerical modeling, researchers can investigate the
complex interactions between materials and interfaces, optimize device design, and propose
strategies to enhance stability and performance. This approach not only accelerates
the development of stable perovskite solar cells but also contributes to advancing the
understanding of fundamental processes governing their behavior.

This dissertation is organized as follows : Chapter 1 is about An Overview on perovskite
solar cells . Chapter 2 explores Instability issue in perovskite solar cells mainly from recent
literature. Chapter 3 study the possible defects monitoring instability issue in the solar

cell by scaps.
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Chapter 1

An Overview on perovskite solar cells

1.1 Introduction

Solar energy is a valuable renewable energy resource, as one hour of continuous sunlight
can fulfill annual power requirements. The photovoltaic (PV) effect was discovered in
1839 by Edmund Becquerel , and Selenium photoconductivity was discovered in 1873.
Albert Einstein introduced the photoelectric effect in 1905. Silicon-based solar cells were
developed in 1918, with the first crystalline silicon-based cell reported in 1954 . Since the
1990s, developed countries have released grants for solar cell development, with second-
generation and third-generation solar cells emerging. Three generations of solar cells have
been developed to demonstrate cost-effective, stable, and efficient devices [1,2].

Researchers are exploring new PV technology that is cost-effective and provides higher
photo-electrochemical efficiency (PCE) compared to first-generation Silicon solar cells .
Thin film-based perovskite solar cells, categorized under the third generation, have gained
popularity due to their desirable properties, improved stability, and PCE. Perovskites
are essentially a family of compounds with an ABXj3 structure. These cells have been
recognized as potential alternatives to Silicon solar cells due to their ease of fabrication, low
cost, high absorption coefficient, controllable band gap, and high charge carrier mobility.

The PCE of perovskite solar cells has reached 3.1% to 25.7% for single junction and
31.3% for tandem architecture. However, factors such as high cost of gold electrodes,
temperature, additives, degradation, toxicity of lead, thermal stress, and interfaces affect
their performance. The maximum lifetime of perovskite solar cells is only a year, which
poses a major obstacle to their commercialization [1,3-5].

In this chapter we present the performance of perovskite solar cells, focusing on historical
background, properties, chemical nature, device architecture, development routes, and

commercialization strategy, with recommendations for further improvement.



1.2 History of perovskite solar cells

1.2.1 Single junction perovskite solar cells

This section details the development history of perovskite material since 1839, including
its demonstration in 2009 and subsequent power conversion efficiencies. The history is
summarized in a pictorial representation in Figure 1.1 and tabulated in Table 1, providing

a comprehensive overview of the progress made in this field [1].
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Figure 1.1: Schematic representation of development history to the solar cells [1].

In 1839, C'aTiO5 was discovered in Russia’s Ural Mountains. Russian mineralogist
Alexander Kammerer transported the sample to Berlin, where it was analyzed by Gustav
Rose. The mineral was named perovskite after Russian mineralogist Count LevAleksevich
Perovski. Its structure evolved to ABX3 . In the 1990s, researchers studied the opto-
electronic properties of organic and inorganic perovskites, finding their desirable features
for solar cells . In 2009, Kojima and others used perovskite as a liquid sensitizer in
dye-sensitized solar cells (DSSCs) , achieving efficiency of 3.8% and 3.1%, respectively. In
2011, M APbI; quantum dots increased efficiency to 6.54%, but instability was caused by
liquid electrolytes . In 2012, incorporating Spiro-OMeTAD as a hydrogen transfer layer
(HTL) improved the device’s performance, achieving a 9.7% PCE and a 500-hour lifetime
[1,5,6].

In 2015, Li-doped mesoporous titania layer (m — T'iOs) was used to achieve a 19.3%
photoelectric efficiency(PCE) . In 2016, a polymer named poly (methylmethacrylate)
(PMMA) was used for fabrication, improving electronic and charge transport properties
and nucleation processes . In 2017, multiple cations with FA and mixed halide anions were
used as absorber layers, achieving 19.7% PCE for devices with 1 ¢m? area and 22.1% for
small scale devices . In 2018, EDTA complexed SnOy/E — SnOs was used as an ETL in
planar perovskite solar cells, achieving 21.6% PCE. In 2019, phenethylammonium iodide
(PEAI) was used for post-treatment of mixed perovskite (F'A;_,M A, Pbl3) based solar
cells, providing a higher PCE of 23.32% . The reported PCE for single junction perovskite
solar cells is 25.7% [3,5-7].
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Figure 1.2: A schematic representation of development history to the PSCs [1].

1.2.2 Multi-junction/ tandem perovskite solar cells

The Shockley Queisser limit, based on detailed balance limits, suggests that single
junction devices can be overcome by tandem architecture . The concept was initially
introduced for III-V compound semiconductors, offering a wide range of optical energy
band gap and lattice parameters. The ab-initio optical energy band-gap was calculated
using detailed balance limits . Two junction (GagsIngsP)/GaAs based tandem solar cells
achieved a PCE of 27.3% using the metal organic chemical vapor deposition method .
Recently, a methyl-substituted carbazole mono layer was applied to perovskite/Si tandem
solar cells, providing a PCE > 29% [1,2,8].

Tandem devices can be classified into three categories based on electrical connections:
two-terminal (2T, three-terminal (3T), and four-terminal (4T) . These devices harvest
more sunlight and have higher performance compared to single junction devices. The
two-terminal (2T) tandem architecture requires a single transparent electrode, reducing
fabrication costs and material usage. The four terminal (4T) tandem architecture stacks
both bottom and top sub-cells independently, providing ease of processing and optimal
fabrication conditions [1,9].

The 4T tandem devices operate via four electrical connections, with at least three
showing high transparency in the wide spectral range and one in the infrared range. This
makes the device less sensitive to spectral variations and reduces choice limitation to top
sub-cell band gap. The phenomenon of luminescent coupling in 2T tandems is crucial, as it
reduces current mis-matching and increases flexibility in sub-cell thickness. This technology
has been shown to significantly decrease current mis-matching in 2T perovskite/silicon
tandems [1,10].

The 2T tandems face drawbacks like current mismatching and 4T devices face higher
fabrication costs and optical losses. 3T tandems can overcome these issues by employing

three terminals for current extraction . These tandems consist of front and back contacts,



Table 1.1: Brief development history of perovskite material and single junction PSCs
concerned [1,2,6].
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with the third terminal extraction either through an interdigitated back contact or middle
contact. Under PV operation, maximum power can be extracted from the 3T device
without current mismatching [1,11].

Perovskite-based tandems have shown promising results, with perovskite-based top
sub-cells achieving PCEs of 17% and 18.6%, respectively. In 2016, monolithic two-terminal
(2T) and mechanically stacked four terminal (4T) tandems combining low and high band
gap perovskites achieved better PCEs. Recently, the recorded PCEs for perovskite/Si
and perovskite/CIGS monolithic tandems reached 31.3% and 24.2%, respectively. The
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Figure 1.3: Typical illustration of electrical connections for (a) four-terminal (4T), (b)
two-terminal (2T), (c) three-terminal (3T) middle and (d) three-terminal (3T) IBC tandem

devices [1].

structure of perovskite materials and factors determining stability and PCE of PSCs are

also discussed [1].
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Figure 1.4: Bar diagram representing (a) PCE for the single junction PSCs during
2011-2022, (b) PCE for PSC based tandems during 2014-2022 and (c) an overview for the
single junction PSC’s PCE along with tandems concerned [1].



1.3 Structure of perovskite materials

Perovskites are compounds with a general crystal formula ABX3 , with A and B
being cations and X being an anion. They are commonly used in solar cell devices, with
two types of halide perovskites: Alkali and Organic-inorganic based halide perovskites is
represented in Figure 1.5. Alkali based halide perovskites have alkali monovalent cation
(A), divalent cation (B), and halogen anion (X). Organic-inorganic based halide perovskites
comprise organic monovalent cation (A) and halogen anion (X) . The structure and phase
of perovskite materials are strongly affected by environmental conditions like temperature,
moisture, and pressure. The most commonly used perovskite in solar cell devices is
Methylammonium lead iodide (C'H3N H3Pbl3) ,which has a volatile nature and can be

replaced by Formamidinium [1,12].

Figure 1.5: structure of unit cell to ABX3 cubic perovskite wherein structures have (a) B
at < 0,0,0 > position, (b) A at position and (c¢) BXg octahedral structure [1].

Perovskite materials have a similar crystal structure to Calcium Titanate (CaTiO3),
with cations and anions forming cubic and octahedral geometries [1].
Ry

t =Ry + ——— 1.1
Q(Rb-i-Rx) ( )

An ideal perovskite must be structurally stable, satisfies Goldschmidt tolerance and

octahedral factors, which determine its stability.



The octahedral factor p determines distortion and stability in perovskites, with a stable
structure within the 0.45-0.89 range [1].

_ B
-2

The next section discusses perovskite properties and chemical stability under various

) (1.2)

environmental conditions.

1.4 Properties and chemical nature

Halide-based perovskite materials are ideal for solar cell applications due to their high
absorption coefficient, tunable band gap, electron and hole transportation, diffusion carrier
length, electron mobility, and photoluminescence. These properties can be customized
by controlling concentration, shape, and size, making them suitable for perovskite-based
solar cell development [2,7]. The chemical stability of a perovskite structure under various
environmental conditions is crucial for its durability and sustainability . Organo-metallic
perovskites undergo a chain of chemical reactions under various conditions, degrading into

components or other chemicals. The chemical reaction for methylammonium lead iodide
(CH3N H3PbI) perovskite is as [13]:

CHyNH;I + Pbly <> CH3N Hy Pbls (1.3)

and in the presence of water and oxygen, it decomposes [14]:

CH3NH3PbIy < CHyN Hsl () + Pbly (1.4)
CH3N Hy1(ae) <+ CHsN Hogaey + HI o0 (1.5)
4H I14e) + Oggy < 205y + 2H50 1y (1.6)
2H I(4e) <+ Hygy + Ins) (1.7)

At second stage to the reaction represented by Eq.(1.5), CH3N H3I degrades into
CH3NH, and HI and in third stage by Eq.(1.6), HI further degrades in presence of
Oxygen or may degrade into Hs and I as given by Eq.(1.7) . CH3NH3PbBrs and
CH3N H3Pbl,Cl perovskites also undergo similar degradation mechanisms. The device

architecture is essential for achieving desired PCE in solar cells while maintaining stability
[1,14].
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1.5 Mechanistic processes in perovskite solar cell

The basic energy diagram and elements of the mechanistic process of perovskite solar
cells are represented in Figure.1.6. The key idea behind efficient solar energy conversion is
the combination of ‘carrier generation’ by light absorption and ‘charge separation’. In the
absorber perovskite (see Figure.1.6(a)), electrons undergo excitation. Figure.1.6(b) shows
the electron transport layer (ETL) and hole transport layer (HTL), both in contact with
the perovskite. These electrons and holes are separated by an ETL that is conductive to
electrons and rejects holes, and by an HTL that allows transport of the holes with no
impedance, while blocking electrons, respectively. Such arrangements permit the Fermi
level in the metal contacts to equilibrate with the separate Fermi levels of the electrons and
holes, generating an external voltage, and to extract the carriers, giving a photocurrent in

the external circuit [15].

ETL Perovskite  HTL

(a) (b)
o 00 o
© O LUMO ; "
W e CBY Y ELL £
O ST g
e LUMO %; \ I K
| CB [-3.93 g 1 ) N II . 8
= \ ~ =]
=10 (1) 426 2 " — ot S 3
h 43| =522 £ (4 O
o [ Ag VhoMo v (00
J YVBloooO O
7 _ve HOMOR 0 |
h* o
— MAPbI, Spiro-
TiO, MeOTAD Load

Figure 1.6: (a) Schematic representation of the energy diagram in an PSCs (1) generating
electrons and hole carriers that rapidly relax (2) to the conduction band F¢ of the ETL
TiO and (3) to the HOMO of the HTL, respectively. (b) The scheme of the main process
in PSCs, formed by the perovskite absorber material, supplemented by two selective
contacts, the ETL and HTL [15].

The present mechanistic representation is explained as follows: the perovskite absorbs
light and an excited state (electron—hole pair) is produced. Charge separation can take place
at the interface through two processes: injection of a photogenerated electron into a TOs
or hole injection into a HTL. Charge separation reactions are in kinetic competition with
other reactions, such as exciton annihilation, and lead to photoluminescence, recombination
in the perovskite, as well as recombination of the charge carriers at the different interfaces

15].
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1.6 Device architecture of single junction perovskite

solar cells

Solar cell devices are typically a p-n junction with substrate, electrodes, optical window,
and absorber layers. To enhance power conversion efficiency, different architectures have
been employed in substrate and superstrate structures. The PCE to PSCs depends on
device architecture (mesoporous and planar), growth recipes, and pre- and post-treatments
to the constituent layers . Two types of device architectures are reported for PSCs: planar
structure (n-i-p) and inverted structure (p-i-n) as depicted in Figure 1.7. In a planar
superstrate structure, ETL is coated onto transparent conducting oxide (TCO) coated
glass substrates, followed by the perovskite absorber layer and HTL. Various materials are
optimized for the constituent layers and electrodes, with materials like Titanium Oxide,
Tin Oxide, Zinc Oxide, PCBM, and Aluminum, Silver, Gold, Molybdenum, or Carbon
being applied based on their advantages [16].

(a) n-i-p planar (b) p-i-n planar
~ Metalanode (Au) Metal Cathode (A1)
HTM (Spiro-MeOTAD) ETM (PCBM)
ETM (TiO,) HTM (PEDOT:PSS)
| Transparent cathode (FTO) | Transparent anode (IT0)
Glass Glass
Sunlight

Figure 1.7: Typical device architectures for the PSCs in (a) n-i-p and (b) p-i-n
configurations [1].

In an inverted structure, HTL is coated onto TCO substrate, followed by perovskite
absorber and ETL, and electrode/metal contact deposition. Common materials for ETL
and HTL are PCBM and PEDOT:PSS . Pre- and post-treatments are undertaken to
develop better devices. Proper selection of constituent layers is crucial for performance
and stability. Superstrate architecture uses solar irradiance from the glass side, while
substrate structure uses an opaque base. Top layer must be transparent, cover perovskite

layer, and be treated at low temperatures [17].
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1.6.1 Electron transport layer (ETL)

The electron transport layer (ETL) plays a crucial role in perovskite solar cell devices.
Initially, mesoporous TiO2 was used due to its lower cost, easy processing, and large electron
lifetime. Later, organic and inorganic ETLs like PCBM, T'1O,, ZnO, AlsO3, ZrOs3, SnOs,
S10, were used . Inorganic ETLs are preferred due to their higher stability and lower cost
[1,5].

1.6.1.1 Inorganic ETLs

The first reported PSC was made of an inorganic ETL, T70,, which achieved PCE
3.81% and 3.1% for M APbI; and M APbBrs. Materials evolution led to improved stability
and stability under UV illumination . In 2015, compact Ti0y/(c — T%0)q was used in PSC
devices, achieving higher PCE of 12.2%. In 2018, Ti0O, was enhanced to 16.75% using
compact 110y /(c — Ti0), . However, TiO; is commonly used due to degraded electron
transport materials under UV illumination. ZnO became widely used due to its higher
stability and electron mobility. ZnO nanoparticles and nanorods are increasingly used as
ETLs as an alternative to meso—T10,, as they can be processed at low temperatures. They
have achieved a PCE of 18.9% with better stability compared to 790, ETL-based devices.
Doping with n-type NPs has also improved performance. Al-doped ZnO nanorods have
shown PCEs of 8.5% without and 10.7% with doping . However, chemical instability in ZnO
at low temperatures and instability in the UV region have led to potential replacements
like SnO; [1,5,12,18].

1.6.1.2 Organic ETLs

Fullerene Cjy and its derivatives are commonly used in inverted structures due to their
tunable band gap and high electron mobility. PCs BM and PC7 BM have been used as
ETLs in CH3N H3Pblz based PSCs, achieving 9.92% and 16.32% PCEs, respectively. A
new organic ETL TDTP was introduced , achieving 18.2% PCE. Wang and coworkers
spin coated fullerene bilayers on perovskite layers, achieving 12.2% PCE. The use of
combination of bilayers (2ETLs) like SnOy/Ti05 , SnO2/Zn0O, and Ti0y/ZnO has been
applied to improve stability in perovskite solar cells (PSCs). TiO,/ZnO bilayers have
shown enhanced PCE of 17.2%, while SnOy/TiO, bilayers have achieved greater PCE of
15.2%. SnOy is the most popular inorganic ETLs due to improved stability and PCE,
while PCBM is widely used but degrades easily [16,17].

1.6.2 Hole transport layer (HTL)

The hole transport layer (HTL) significantly influences the stability and photocatalytic
efficiency (PCE) of perovskite solar cells. The choice of an appropriate HTM depends
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on factors like thermal stability, hole mobility, light-to-power conversion efficiency, cost
effectiveness, ease of fabrication, and less sensitivity to humidity and air. hole transport

layers are classified in three types namely: inorganic, organic and polymeric HTLs [19,20].

1.6.2.1 Inorganic HTLs

CZTS, an inorganic HTL, gained popularity as a material in PSC devices, achieving
a PCE of 12.75% Nickel oxide (NiOx) is another popular inorganic HTM with desirable
properties like better chemical stability, lower cost, and desired optical energy band gap .
Tang et al used NiO nanocrystals (NCs) of varying thicknesses in inverted planar device
architecture to PSCs, achieving better PCE of 15.47% compared to other NCs . In order
to present topography and morphology, TEM and SEM images are depicted in Figure 1.8
for pristine and annealed NiO samples [21,22].

Figure 1.8: (a) TEM image of pristine NiO and (b) SEM image of 500°C" annealed NiO
samples [1].

1.6.2.2 Organic HTLs

Spiro-OMeTAD, an organic HTL with suitable ionization potential and wide absorption
spectrum, has been used to enhance PCE and stability in PSC devices. However, its
hygroscopic nature reduces device stability . Spiro-OMeTAD’s fabrication requires large-
scale synthesis, making it costly. In 2018, it resulted in a 22% higher PCE, but stability
and cost remain drawbacks . A novel HTM, Nickel phthalocyanine (NiPc), was used,
achieving 12.2% PCE and boosted stability where the normalized efficiency decay curves
to both the primary and novel HT'M as discussed are shown in Figure 1.9 . This has led to
the development of polymeric materials as hole transport materials, potentially improving

cost effectiveness and power conversion efficiency [19,20,23,24].
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Figure 1.9: Normalized efficiency decay curves for PSCs embracing NiPc and SpiroOMeTAD
as HTL [24].

1.6.2.3 Polymeric HTLs

Polymeric HTLs like P3HT and PTAA are commonly used, but P3HT has lower PCE
compared to PTAA. To improve carrier density and mobility, P3HT has been combined
with Li-TFSI and tBP. Efforts to improve charge carrier transport include removing HTL,
introducing buffer layers, and achieving PCEs like 19.4% and 20.2% in molecularly doped
F4TCNQ .Inorganic HTLs have good opto-electronic properties and stability, but not
outdated organic HTLs. Organic HTLs have good stability but are not cost-effective.
Polymeric HTLs only improve device performance, while HTL-free devices face issues with
charge transport. The main focus is on combining two different HTMs for improved PCE
and stability. Carbon-based HTMs like SWCNT and graphene have achieved a 15.5%
PCE .An overview on types, merits and demerits to various ETLs and HTLs is provided

in Table 1.2 for better understanding. Perovskite absorbers are currently used in solar cell
devices[20,25,2].

1.6.3 Perovskite thin film absorber layers

Perovskite solar cells use a perovskite-based absorber sandwiched between hole and
electron transport layers. The optoelectronic properties of perovskite thin films are
influenced by factors like morphology, crystallinity, and stoichiometry . Physical and
chemical routes are used, including vapor deposition and one- and two-step solution-based
methods. Methods include vapor, solution, hybrid, and diffusion. Samples are kept in a

graphite block at elevated temperatures to diffuse the compound [2,26].
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Table 1.2: Types, merits and demerits to Electron Transport Layers (ETLs) and Hole
Transport Layers (HTLs) which are employed so far in perovskite solar cells [20,25].

Types Merits Demerits
Organic ETLs - Can be used at low temperatures,
(PCBM, ICBA, and having suitable band gap Stability issues.
ThCBM etc.). and good electron mobility.
Inorganic ETLs - Simple fabrication and cost effective, Requires high temperatures
(TiO4, ZnO, having suitable band gap with longer d th havine 1
Aly03,Z109 lifetime and their bilayers are applied o €8¢ are navilig fow
Sn02,5104 etc.) to attain higher PCE. electron mobility.
Organic HTLs - Suitable ionization potential and , Hylg)ln"l(?sco'p i natu'ri 1r.ldh
(Spiro-OMeTAD). wide absorption spectrum. (S:toas tl ity 1ssues with fugher
Inorganic HTLs - 'Chemically sta%ble, economically , PCE ar'ld sta.bility are s'till
(CZTS, NiOx etc.). viable and ecofriendly and lower vis-a-vis to organic

’ provides higher performance. HTLs.

Polymeric HTLs . - .
(P3HT, PTAA ctc.). - Good environmental stability Higher cost and lower PCE.

1.6.3.1 Vapor deposition method

The thermal evaporation method, also known as co-evaporation technique, is used
to create perovskite absorber layers. This technique was initially used for mixed /hybrid
CH3N H3Pbl;x Clx perovskite, achieving a 15.4% PCE. However, it requires high vacuum,
increasing operational costs. Solution process methods are widely used for perovskite

device development [28].

1.6.3.2 Omne-step and two-step solution based methods

Chemical-based routes in perovskite solar cell development involve liquid and gas
phases, spin coating or dip coating, and varying absorber and transport layers for desired
PCE, stability, and cost-effectiveness.

In the one-step solution-based method which is pictorially represented in Figure 1.10
The one-step solution-based method involves selecting desired materials for C H3 N Hs1
and Pbl, , preparing a solution using appropriate solvents, coating it on the substrate,
and heat treating the deposited perovskite layer [29].

Others prepared a perovskite absorber layer by dissolving C H3N H3I3 and Pbls com-
pounds in 4-butylrolacetone (GBL), stirring for 12 hours, and filtering. They found
annealed samples showed better PCE compared to pristine samples. Perovskite films did
not change color at annealing temperatures between 60 — 200°C', but at temperatures
above 200°C', they decomposed into CH3N Hzl3 and Pbls. A technique was used to

prepare a perovskite absorber layer, dissolved in Dimethylformamide and diethyl ether
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Figure 1.10: Representation of one step solution-based method for developing
C'H3N H3Pbl3 perovskite absorbers [28].
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Figure 1.11: Graphical view of two-step solution-based method for developing
CH3N H3Pbl3 absorber layers [28].

solvents. The devices achieved a PCE of 19.7%. The impact of solvents on surface
morphology was investigated using one-step approaches.Three solvents (DMF, GBL, and
DMF:GBL) were used to achieve compact perovskite layers in PSCs, resulting in PCE
of over 6%. Excess Pbl, may affect device performance, achieving 19% PCE [30]. The
two-step solution-based method involves preparing and depositing C H3N H3I and Pbl,
solutions sequentially using spin coating, followed by thermal annealing for conversion into
CH3;N H3Pbl; perovskite absorber. However, this method has limitations such as lack
of reproducibility and uniformity, making one-step solution-based methods preferred for
fabrication of perovskite layers in solar cell devices . A graphical view of two-step solution
method is depicted in Figure 1.11. The compositional engineering of perovskite solar cells
(PSCs) significantly impacts the performance and stability of the absorber layer due to

variations in constituent elements [28].

1.7 Compositional engineering to perovskite solar

cells

As stated, the stability and PCE of perovskite solar cells are also affected by varying
typical composition AX B3 of perovskite structure. An impact of compositional variation
on stability and PCE have been reported so far where three kinds of variations could be

made in monovalent cation (A), divalent cation (B) and halide or anion (X) and details on
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the variations along with impact on properties and performance is provided in following

sub-sections.

1.7.1 Monovalent cation replacement

Perovskite absorbers replace Methylammonium M AT monovalent cation with Formami-
dinium (FAT), Cesium (Cs'), Ethylammonium (FA"), and Butylammonium (BA™),
with FA' and Cs*™ primarily used. The substitution of M AT by FAT enhances the
electrical properties, symmetry, and PCE of perovskite absorbers, but also decreases the
band gap . study found that replacing M A+ with FA™ resulted in a higher PCE of 12.81%
for FAPbI3 compared to 7.39% for M APbI3 under similar conditions. A study by found
that replacing M A" with C's™ improves thermal stability but lowers PCE compared to
MA devices due to orthorhombic phase change. The substitution of M A" cations with
larger cations like EAT or BA™ resulted in the formation of an orthorhombic phased
structure, increasing the band gap of perovskite layers. Perovskite devices with hybrid
cation MAx FA;_xPbls absorbers achieved a 14.9% higher PCE by adjusting MA and
FA compositions, resulting in a tailored energy band gap. Consequently, hybrid cation
MAxFA,_xPbls absorbers were applied by changing MA and FA compositions, and as a
result, energy band gap to perovskite absorbers was tailored by achieving higher PCE of
14.9% for composition M Ag¢F Ag4Pblz. Higher PCE and stability are two other goals for
which hybrid or mixed cation perovskite devices are developed. According to, perovskite
devices with hybrid cations have been reported to reach 16.84% PCE and improved
stability for over 180 days . Perovskite devices with variable C's™ cation composition
(Csp(MAg17F Ags3)100—2 Pb(lo.s3Bro17)3) showed improved stability with the intended
PCE of 21.1% [31-33].

1.7.2 Divalent cation replacement

Due to its high stability and PCE, lead Pb*? is a divalent cation that is commonly
utilized in perovskite absorbers. However, because lead is fatal, non-toxic and environmen-
tally acceptable alternatives are needed; as a result, either tin Sn*? or germanium Ge™?
is employed in place of Pb™2 in perovskite absorbers .The GW calculation method and
ab-initio density functional theory (DFT) were used to study the M ASnl3 and M APbI;
perovskites . The results showed that M ASnl; perovskites may have superior charge
carrier transportation and optical properties compared to M APbl3, making it a potential
candidate for lead-free solar cell devices. While Sn and Ge are both environmentally
friendly, they have drawbacks under ambient circumstances since Sn*? is rapidly converted
to Sn** and Ge is rarely used due to its unpredictable behavior in the + 2-oxidation state.
The use of hybrid or mixed divalent cations in perovskite devices allowed for higher PCE.

As a result, devices embracing mixed divalent cations, such as F'APbg 5Sng 513, achieved
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higher PCE of 14.09% as opposed to 12.81% for FAPbI3 devices. In a different study,
devices comprising hybrid CH3sN H3Pbg55n051Cly and CH3N H3Pbg 5510515 perovskite
absorbers showed greater PCEs of 10.20% and 10.61%, respectively, while devices devoid
of Sn showed lower PCEs of 7.39% [25,28,32].
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Figure 1.12: Pictorial representation of compositional replacement for (a) monovalent
cation (A), (b) divalent cation (B) and (c) anion (X) in perovskite solar cells [1].

1.7.3 Anion/halide replacement

In perovskite absorbers, iodine I~ is typically favored since it has a stronger electro
negativity than lead (Pb). Nevertheless, I- can be substituted with bromine Br~, chlo-
rine C'[~, or fluorine F'~. Figure 1.12 shows a graphic representation of compositional
replacements.

Both the Br~ and the C'I~ have a cubic structure in the ambient, suggesting strong
stability; however, the larger crystals in the Br~ cause lattice distortion, which results
in a lower PCE. The diffusion length and charge carrier lifespan might also be increased
by employing C~; however, Clprecursor has reduced miscibility. As a result of these
shortcomings with bromine (Br~) and chlorine (C17) , mixed halide perovskite absorbers
are used in the device in question [34-36].

The varying Br composition C H3N H3Pb(1;_x Brx)s absorber based devices demon-
strated higher PCE of 12.3% for x = 0.2 with stability too. Devices based on the mixed
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halide C H3N H3 PbI,Cl achieved a PCE of 10.9% with improved stability. However, re-
cent research trends point to the necessity of correctly optimizing modifications to the
composition and compositional engineering of perovskite absorbers in order to attain
higher PCE with stability. Figure 1.13 is a schematic representation that summarizes
the compositional variance in PSCs. The following part effectively outlines these factors

along with the potential solutions. Environmental circumstances that deal with device
degradation often affect the PCE and stability in PSCs [35,36].
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Chapter 2

Instability issue in perovskite solar

cells

2.1 Introduction

Perovskite solar cells have emerged as a promising technology for next-generation
photovoltaics due to their high efficiency and low-cost fabrication. However, despite
their remarkable performance, stability remains a significant challenge hindering their
commercial viability. The susceptibility of perovskite materials to moisture, light, heat,
and other environmental factors poses a considerable obstacle to their long-term reliability
and widespread adoption. This chapter explores the various degradation mechanisms
affecting perovskite solar cell stability, along with strategies to mitigate these issues and
enhance device durability. Understanding and addressing stability concerns are crucial
steps toward realizing the full potential of perovskite solar cells for sustainable energy
generation. As given in chapter 1, the structure of PSCs includes a heterojunction device
comprising a perovskite active layer, a charge transport layer (CTL), and an electrode
[1], [2]. The first PSCs were studied using MAPDI3, a perovskite, which is a light-
absorbing material for dyesensitized solar cells, instead of organic dyes. PSCs can be
divided into three structures based on the direction of electron movement with respect to
the transparent electrode: mesoporous n-i-p, planar n-i-p, and planar p-i-n. In general,
various compounds, such as SnOy [3], TiO; [4], ZnO [5] , and phenyl-C61-butyric acid
methyl ester (PCBM) [6], are used as the electron transport layer (ETL) [7]. Moreover,
2,20,7,70-tetrakis|N,N-di(4-methoxyphenyl) amino]-9,90-spiro-bifluorene (spiro-OMeTAD)
8], poly(3,4- ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) [9], NiOx
[10], and copper(I) thiocyanate (CuSCN) [11] have been used as the hole transport layer
(HTL).

The perovskite that is used as the active layer in PSCs has anAB X3 structure, and
there are primarily single cations (CHsNH; p(MA,), HC(NH,)2 p (FA,), Cs,, Rb,) at
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the A-site, and metallic cations (Pba,, Snay,, Bisy,, Ges,) at the B-site. In addition, the Xd
site is composed of halide anions I, Br, and Cl [12], [13]. Thus, the M APbI3 perovskite is
used in PSCs because it has a structure that satisfies the Goldschmidt tolerance factor
(t)[14].

Despite the excellent efficiency of PSCs, perovskite has disadvantages in that it can be
easily decomposed by moisture, heat, ultraviolet rays, oxygen, and electric fields [15]. This
makes it difficult to satisfy the solar cell conditions that must operate stably for more than
25 years. In addition, it is difficult to produce a uniform large-area perovskite film without
pinhole [16]. These instabilities and difficulties in upscaling make the commercialization of
PSCs difficult. Essentially, it is essential to increase the stability and efficiency of PSCs to
achieve commercialization. Therefore, numerous studies in various fields, such as structural
engineering, additive engineering, fabrication deformation, and interface engineering, are
currently ongoing to increase the stability and efficiency of PSCs [17], [18]. Currently, the
highest PSC efficiency achieved is 25.7% [19].

2.2 Research progress in the stability of PSCs

The long-term stability of the absorbing layer/charge transport layer (ETL/HTL) is
a significant challenge for commercializing PV technology. Halide perovskite materials
are unstable, limiting the lifetime of PSCs. Understanding degradation in different
conditions is crucial for achieving long-term stability and high PCE in PSCs (Figure 2.1).
Intrinsic problems, such as chemical instability, originate from the perovskite material.
The structure of perovskite material influences its optoelectronic characteristics, including
bandgap, absorption cross-section, and charge carrier motilities Crystal distortion caused
by phase changes can reduce photovoltaic efficiency.

Perovskites undergo state transitions, including cubic, tetragonal, and orthorhombic
structures. Phase transitions from temperature and external pressure must be considered
when fabricating and operating PSCs. A-site mixing can create larger phase stability, and
issues can be resolved using additivities, mixed halide perovskite, or microstructural phase
control engineering[20], [21]. Extrinsic environmental factors like water, oxygen, UV light,
and heat cause perovskite layer degradation, impacting PSC stability [22], [23]. Strategies
include additivities, barrier layers, and surface modifications. Recent progress in ETL
stability includes 2D /3D hetero-structured[24], [25].

2.2.1 Stability against moisture-induced degradation

Moisture-induced stability is the primary factor for the degradation of perovskite
materials, with the decomposition mechanism involving water-induced hydrolysis of the

perovskite layer. This process involves the formation of Pbl, and loss of C H3N Hy and HI
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Figure 2.1: Intrinsic and extrinsic issues in the stability of the PSCs [21].

(Eq.2. 1,2)[21],[26].

The stability of photovoltaic solar cells (PSCs) is impacted by the perovskite layer’s
degradation, which can alter the device color from dark brown to yellow. To prevent this,
researchers have used a barrier layer and an ultra-thin AlyO3 layer at the interface. This
improved stability is demonstrated in TEM images (Figures 2.2(a-b)). The efficiency of an
ultra-thin Al,O3 layer on C H3N H3Pbl;_s5/Cls/ETL of PSCs was 18%, with an estimated
3% increase in efficiency compared to the pristine device (Figure 2.2(c)). XRD patterns
of CH3N H3PbI; 5/Cls/ETL under 40% and 60% humidity conditions are presented in
Figures 2.2(d-e). The perovskite film degrades after 10 days in moisture, while an AlyOs
layer-coated device enhances stability [27], [28], [29].

Hangoma et al. studied moisture-induced degradation of PSCs and improved device
stability using a PCBM layer (Figure 2.2(f)) [30]. Optical micro-scopic images revealed
that device electrodes rapidly degraded with exposure to moisture, as depicted in Figure
2.2 (g). Moisture enters PCBM-ETL layer, diffuses into perovskite layer, and decomposes
to MAI/HI or I, negatively impacting device PV performance due to PCBM/AI interface
degradation (Figure 2.2(h)). A device was fabricated using stearic acid as a barrier between
the electrode and ETL to enhance stability against moisture in the perovskite layer (Figure
2.2(i)). Figure 2.2(j) displays the XRD pattern of the untreated and stearic acid-treated
device submerged in water [21], [27],[31].

The stearic acid-treated device retained 80% of its original efficiency for 2 hours in

water, while the pristine device only retained 10% (Figure 2.2(k)). The stearic acid-treated
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Figure 2.2:  (a) Bright field cross-sectional TEM image of glass/ITO-/c-
Ti0,/CHyN H3Pbl(3_5)Cls/ALD Al,O3/Spiro-OMeTAD device, (b) dark field TEM
image of the magnified perovskite/ALD AlyO3/Spiro-OMeTAD interface, (¢) PCE of the
device tracking for 30 min with and without ALD Al,O3 barrier layer at the interface of per-
ovskite/ETL. XRD pattern of the perovskite films before and after exposure to moisture (d)
without ALD Al,O3, (e) with ALD Aly,O3 barrier layer at the interface of perovskite/ETL.
(f) Schematic device structure, glass/ITO/PEDOT: PSS/perovskite/PCBM/Al, and inset
the cross sectional SEM image before prolonged exposure to air, (g) Optical microscopic
and top-down SEM images of the device before and after exposure to the moisture, (h) J-V
characteristics of glass/ITO/PEDOT:PSS/ perovskite/PCBM /Al device before and after
exposure to the humidity,(i) Schematic illustration of the PSCs with a surface-treated
PCBM using stearic acid monolayers,(j) XRD pattern of the pristine and stearic acid
treated devices after exposure to the moisture, (k) Normalised PCEs of the treated and
non-treated devices when exposure to water [31].
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PCBM layer effectively masks the moisture sensitivity of the perovskite film stability.
Huang et al. developed inverted solar cells using a blend of M APblI5 solution and exfoliated
montmorillonite [21], [32], [33].

ExMMT protects perovskite film from moisture for 195 days, improving photovoltaic
stability. Exfoliated montmorillonite incorporated perovskite forms a protective shell,
enhancing solar cell stability. Wang et al. fabricated C'sPbl Bro-based PSCs using a
modified Cs-NiOx/N749 HTL layer, improving device performance and humidity stability

[34]. Hu et al. developed an inverted planar heterojunction PSC based on a tri-cation
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Cs-FA-MA perovskite, introducing a narrow bandgap NFA interface layer, Y6, which
effectively suppressed phase separation and moisture-induced degradation (Figure 2.3(a))
[35]. The PCE of PSCs with Y6 and PCBM interface layers showed initial efficiency of
95% for 1400 minutes, while PCBM-based PSCs degraded 95% in 60 minutes (Figure
2.3(b)). Y6 ETL devices showed long-term stability and retained 72% efficiency (Figure
2.3(c)). The NFA interface layer of Y6 was utilized as a near-infrared absorbing moisture
barrier in PSCs, enhancing device efficiency from 19% to 21% and enhancing stability to
humidity [21], [27].

Encapsulation offers protection against moisture-induced degradation of PSCs by
requiring a material with good process ability, low water absorbency, and good permeability.
Encapsulation materials should exhibit excellent chemical inertness, mechanical strength,
and adhesion. Studies have shown that encapsulated devices retain 70% of their initial
efficiency in excess humidity, and provide perovskite stability when exposed to moisture
and light [36].

The fabricated device with an n-i-p structure (Glass/FTO/SnO,/ Perovskite/Spiro-
OMeTAD/Au) is designed to protect PSCs from moisture-induced degradation (Figure
2.3(e)).

The device is exposed to flowing N2 containing 85% RH at 25°C' in a controlled
environment box, and the LBIC measurements show the effectiveness of the encapsulated
SnOy layer (Figure 2.3(d)). The study found that devices without a SnO; protection layer
rapidly degraded to 50% within 160 minutes and completely degraded in 560 minutes, while
those with a SnOs-protected layer functioned without significant degradation within 1800
minutes (Figure 2.3(f)). Encapsulation with a SnO, layer improved device stability and
efficiency under extreme humidity conditions, with a significant improvement in thickness
(Figure 2.3(g)) [27].

Li et al used 4-[(trifluoromethyl) sulphanyl]-aniline (4TA) to create a polycrystalline
perovskite film for improving the stability of PSCs against humidity, demonstrating
hydrophobicity after water application (Figs2.3(h-i)). The hydrophilic film, M APbI; —
4T A, demonstrated resistance to moisture intrusion, with M APbI; — 4T A-based devices
maintaining 93% of their initial efficiency, while M APbIs-based devices lost 77% over
30 days at 55% relative humidity and 25°C' temperature (Figure 2.3(j)). The efficiency
of M APbI; decreased due to Pbl, formation, while the M APbI; — 4T A-based device
remained unaffected in humidity conditions (Figures 2.3(k-1)) [27]. The M APbl;—4T A film
exhibits minimal lead concentration compared to M APbI3 at 70% humidity, demonstrating
its long-term stability against moisture-induced degradation, demonstrating an effective
method for improving the stability of PSCs (Figures 2.3(m-n)) [21], [24], [27].
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Figure 2.3: (a) Schematic illustration of ITO/PTAA /perovskite/ETL/C60/BCP/Ag
fabricated with and without multi-functional interface layer of Y6, (b) PCE of the PSCs
with Y6 and PCBM ETL under AM 1.5G 1 sun illumination with the relative humid
environment of 60 65%, (¢) PCE of PSCs with Y6 and PCBM ETL in a RH of 65% at
room temperature under dark [35], (d) Laser Beam Induced Current (LBIC) measurement
with the image of devices with and without encapsulation under flowing N, containing 85%
RH at 25 °C, (e) schematic cross-section of encapsulated PSCs device with SiOs,(f) J-V
characteristics of encapsulated and unencapsulated PSCs, and (g) normalized LBIC signal
as a function of exposure time [36]. (h-i) water contact angles of M APbI3 and M APbI;-
4TA films after applying the drops of water, (j) PCE of M APbI; andM APbI3-ATA at
55% RH, (k) and (1) XRD pattern of M APbI; and M APbI3-ATA devices after 30 days
exposed at 55% RH and 25 °C, (m) and (n) SEM-EDS measurement for the detection
of Pb concentration under 70% of RH of M APbI; and M APbI3-4TA for 15 and 50 days,
respectively[21],[24].

2.2.2 Stability against thermal-induced degradation

Thermal stability of PSCs is crucial due to their thermal sensitivity, causing decom-
position of perovskite materials to Pbls, with volatile organic cations easily lost at high
temperatures,likely due to an inert atmosphere. proceeding with the following equation
[37].
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Figure 2.4: (a) Photograph of the encapsulated device along with a cross-section of
schematic structure for both types of normal n-i-p and inverted p-i-n structure, (b) PCE of
both standard FTO/bl-TiOs/mp-TiOy/ M APbI3/spiro-MeOTAD/Au (black) and inverted
structure FTO/NiO/M APbI3;/PCBM/BCP/Au (Red) at 85°C' in dark environment. The
J-V characteristics of the as-prepared and thermally aged device at 85 °C' when (c¢) removed
only the aged Au electrode and re-deposited a new Au electrode and (d) removed both Au
and spiro-MeOTAD and re-deposited new spiro-MeOTAD layer and an Au electrode [39].
(e) Normalized PCE of PSCs with and without caffeine additivity at 85°C' in nitrogen box,
(f) XRD pattern of PSCs with and without caffeine additivity at 85°C', (g) thermogravimet-
ric analysis of heat flow as a function of the temperature of caffeine, M APbI3 and M APbI;
with caffeine [38]. (h) PCE of device A: FTO/NiOx/perovskite/20PCPB/BCP/Au and
device B: FTO/NiOx/perovskite/ PCBM/BCP/Au at 85°C [24]. (i) Schematic design
for the biuret-containing MAPbDI3 structure, (j) PCE of MAPbI3 and biuret-containing
M APUbI; based solar cell at 85°C' in nitrogen box. (k) Photographs of ZnO (ETL) and
ZnO-MACI (ETL) based PSCs heated at 85°C' thermal stress. XRD pattern of (1) ZnO
(ETL), and (m) ZnO-MACI (ETL) based PSCs (n) M APbI; perovskite film, M APbI;
with surface-coated SAN copolymer film, SAN copolymer incorporated M APbI3 film
evaluated at 100 °C' for 24 h, (o) Schematic illustration of the device structure of thermal
test of devices at 100 °C', PCE of M APbl3 and with SAN surface coated and incorporated
M APUbI; of two SAN concentrations (p) 0.5 and (q) 1 mg/mL[37].

Zhao et al. studied the thermal stability of M APbl3-based inverted and non inverted PSCs
at elevated temperatures (Figure 2.4(a)). They found that the standard n-i-p structure
showed rapid degradation, while the inverted p-i-n structure showed little degradation

when exposed to 85°C' and room temperature for 2 hours (Figure 2.4(b)) [27]. The study
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Figure 2.5: (a-b) Schematic illustration of the PSCs under UV irradiation
(a)Ti04 /perovskite (b) TiO9(CsBr)/perovskite, (c) Energy level diagram with the struc-
ture of FTO/c — TiO2(C'sBr)/ perovskite/spiro-OMeTAD/Au device, (d) Normalized
absorbance of T'iO, /perovskite films with and without modification under UV Irradiation
(where the inset showed the corresponding photographs), (e) Normalized PCE of PSCs
with and without modification under UV Irradiation. (f) Schematic illustration of the
operation of PSCs coated with a luminescent polymeric layer, (g) The normalised efficiency
of uncoated, front coated and the front/back coated PSCs under UV irradiation, and
their (h) corresponding XRD pattern after 6 months of UV exposure, (i) The schematic
structure of the planar PSCs with UV-absorber, (j) XRD pattern of the perovskite film
with and without UV absorber layer, and (k) The normalized PEC of the pristine device
and modified PSCs with KH 570 interface layer and UV absorbance upon UV irradiation
environments at room temperature without encapsulation. (1) Schematic of PSCs based
on ZnO-ZnS ETL encapsulated with graphene, and (m) Normalized PCE of ZnO and
Zn0O-7ZnS ETL-based PSCs encapsulated with graphene under UV irradiation with 70%
RH at 25 °C, (n) Under UV illumination, the ageing test with normalized PCE of the
corresponding PSCs and KH 570 [21], [41].

found that the photovoltaic efficiency (PCE) of a standard structure with 770, and spiro-
MeOTAD decreased significantly after the 9th thermal cycle due to charge accumulation

and interfacial resistance, indicating the thermal stability of perovskite materials (Figures
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Figure 2.6: (a) The schematic structure of PSCs with cross-sectional SEM image, and
(b) Normalized PCE of ZnO and CeOx-doped ZnO-based PSCs under continuous UV
irradiation. (c¢) Normalized current density (Js.) of 790y and MZO-based PSCs under
UV irradiation. XRD pattern of (d) MZO-based PSCs, (e) TiOs-based perovskite and
(f) The ratio of diffraction peak heights of Pbly with TO,- and MZO-based perovskite
films before and after UV exposer. (g) The schematic structure and (h) Normalized
PEC of PSCs based on hydrogen-bonded dopant-free hole transport material. (i) The
schematic structure of complete NiOx/PTAA bilayer HTL of PSCs, (j) Normalized PCE
of PSCs with NiOx, PTAA, and NiOx/PTAA bilayer HTL under UV exposure with
43% RH [44]. (k) XRD pattern of pristine and UV aged perovskite films, the SnOy and
Csl — SnOs-based ETL and the corresponding photos as inset, (1) Normalized PCE of
PSCs based on SnOy and C'sI — SnOy ETL under UV irradiation. (m) Normalized PCE
of Ti0Oy and LD-T'iOy-based PSCs under UV irradiation[45].

2.4 (c-d)). Wang et al. improved PSCs’ photovoltaic methyl ester and PCPB by adding
caffeine, retaining 80% of initial PCE and 50% of PCE after 500 hours of exposure (Figure
2.4(h)). Shi et al. used a bifunctional additive (biuret) to enhance the thermal stability of
PSCs in high-temperature working environments. The biuret acted with Pb** and iodide,
forming an iodoplumbate complex and enhancing the thermal durability of M APbI; film
(Figure 2.4(i)). The biuret containing M APbI3-based PSCs retained 94% of its initial

efficiency after 288 hours, while without biuret, it only retained 50% of its original efficiency
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Figure 2.7: (a) Schematic structure of mechanically stacked four-terminal tandem. The sys-
tem comprises a high-efficiency a-Si:H/c-Si HJ solar cell and a high-efficiency C H3 N H3 Pbl;
top cell with a metal-free MoOx /ITO transparent electrode. (b) External quantum effi-
ciency (EQE) and (c) current density—voltage curves of two individually connected subcells
in a four-terminal perovskite/Si TSC [51]. (d) Schematic view of a fully textured mono-
lithic perovskite/SHJ tandem, (e) Secondary electron SEM image of the perovskite layer
and cross-section view of the full perovskite top cell deposited on the SHJ bottom cell,
(f) AFM surface morphology 3D views of bare c¢-Si pyramids and ¢-Si pyramids covered
with the perovskite layer. (g) EQE of perovskite/SHJ monolithic tandem cells with
double-side-textured (DST) or front-side-polished (FSP) bottom cells, (h) EQE spectra of
a current-matched fully textured monolithic perovskite/SHJ tandem cell, (i) corresponding
certified J-V data [42], [53], [55].

(Figure 2.4(j)) [27], [37-38].

Liu et al. found that ZnO-based PSCs improved thermal stability by modifying the
Zn0O — M APbI; interface with methylammonium chloride. This enhanced crystallinity
and reduced degradation, while Zhou et al used a polystyrene-co-polyacrylonitrile-based
additive technique. The XRD pattern of MAPI perovskite films with and without SAN
polymer showed Pbl, crystal formation after 6 hours of thermal exposure, while films with
SAN showed no crystal formation. The schematic diagram for a PSC device’s thermal
stability test at 100 °C'. The study examines the photovoltaic efficiency (PCE) of thermally
aged PSCs of SAN-applied MAPI perovskites. The results show that PSCs without SAN
polymer decreased to 70% after 6 hours and below 60% after 24% thermal stress exposure.
The addition of SAN polymer significantly improved thermal stability of MAPI-based
PSCs [21], [24], [27].
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Figure 2.8: (a) Schematic cell structure of the bifacial 4-terminal PVK/c-Si HJ TSC with
albedo reflection, (b) current—voltage curves under 1 Sun irradiation standard alone ¢-Si HJ
solar cell (black color), PVK filtered c¢-Si HJ solar cell (blue color) and the PVK solar cell
(red color), (c¢) Quantum efficiency of the PVK top sub-cell and PVK-filtered ¢-Si HJ solar
cell, (d) A photo image of a solar cell Zig for bifacial 4-terminal TSC measurement. (e) The
solar cell Zig with an a-Si:H/c-Si HJ solar cell, (f) An actual image of the semi-transparent
PVK solar cell, (g) A configuration of the front and albedo light source; the distance
between the cell holder and the albedo light source can be adjusted. (h) The solar cell
Zig with PVK/c-Si HJ TSC and bi-directional light irradiation turned on. (i) The actual
image from the back-side view of the bifacial 4-terminal PVK/c-Si HJ TSC with a light
source turned on [54], [56].

2.2.3 Stability against UV light-induced degradation

UV light significantly influences the stability of perovskite solar cells (PSCs), leading to
degradation and the production of methylamine, Pbl,, and I, reaction products. Studies

by Abdelmageed et al. suggest a chemical reaction mechanism for this degradation [21].

CHyNHyPbly < CHyNHyI + Pbl, (2.4)
1
2CH3NH3[ + 502(}7,1/) <~ 2CH3NH2 + IQ + HQO (25)
1

Researchers have developed a method to improve the stability of perovskite solar cells
(PSCs) under UV light exposure. They coated a cesium bromide layer between the electron
collection and perovskite absorber layers to enhance the stability of PSCs (Figure 2.5(d)).
The normalized absorbance of TiOy/perovskite and TiO4(C'sBr) /perovskite films showed
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little decay in the first 20 minutes, but after 95 minutes of UV exposure, the absorbance
increased to over 98%. The structure also showed no signs of degradation (Figure 2.5(e)).
The normalized PCE of a planar heterojunction device (PSC) was found to be over 70%
higher than its initial value even after 20 minutes of UV exposure (Figures 2.5(a-b)),
indicating that the CsBr interface modification significantly enhanced the device’s stability
and performance under UV light soaking conditions [40-41].

Bella et al. improved PSCs’ stability against UV irradiation by coating them with
photocurable fluoropolymers (Figure 2.5(f)). The efficiency of uncoated, front-coated, and
front /back-coated devices was compared for six months (Figure 2.5(g)). Uncoated devices
lost 70% efficiency after three months, while front-coated devices retained 98% [27]. The
study demonstrates excellent stability of front/back coated perovskite films under UV
irradiation with a 50% RH environment (Figure 2.5(h)). The luminescent photopolymers
improve the efficiency and stability of PSCs. A coupling agent KH570 was introduced
to improve stability, along with a UV absorber layer (Figure 2.5(i)). The XRD pattern
showed no degradation of perovskite under UV irradiation (Figure 2.5(j)) while the color
of PSCs with UV-absorber modification remained unchanged. The PCE of PSC devices
without modification rapidly reduced to nearly zero Figure 2.5(k)) [27] .

Chen et al. found that the ZnS interlayer with the cascade ETL and surface passivation
layer at the ZnO /perovskite interface improves the stability of PSCs encapsulated with
graphene (Figure 2.5(1)). Graphene-encapsulated PSCs retained over 87% of their initial
efficiency under UV irradiation, while ZnO ETL-based PSCs dropped rapidly (Figures
2.5(m-n)) [27], [42]. Meng et al. introduced CeOx-doped ZnO ETL to improve PSCs’ UV
and thermal stability (Figure 2.6(a)). ZnO/CeOx-based PSCs maintained 86% of their
initial efficiency under UV illumination, while ZnO-based PSCs lost 51% (Figure 2.6(b)).
Han et al. used MZO nanocrystals as ETL to fabricate UV-stable PSCs, retaining 76% of
initial Jsc after 1 year of air ageing and 8 hours of UV irradiation (Figure 2.6(c)). The
diffraction peak intensity increased under UV-light irradiation (Figures 2.6(d-e-f)) [27],
[43].

TiO, can accelerate perovskite degradation under UV irradiation by producing O*~.
MZO can suppress this by protecting the perovskite layer. Li et al. reported efficient
PSCs-based dopant-free hydrogen-bonded hole transport material (Fig.2.6(g)) retaining
87% efficiency after 500 hours of illumination (Figure 2.6(h)) [27] . The study demonstrates
that NiOx/PTAA bilayer HTL-based PSCs maintain 87% of their original efficiency under
UV irradiation, despite rapid degradation of NiOx and PTAA-based devices (Figure 2.6(i-
j)). The redox reaction at the NiOx/perovskite interface passively reduces degradation,
enhancing PSC stability. CsI — SnOs-based PSCs are also reported as efficient and
UV-stable materials (Figure.2.6(k)) [40], [42].

UV irradiation caused a change in the color of SnOs-based devices, indicating perovskite

degradation. C'sI — SnOy-based PSCs retained 88% of their initial PCE after 500 hours of
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UV illumination, while SnOs-based PSCs had only 38% (Figure 2.6(1)). Csl modification
of SnO, reduced defects at the perovskite bulk and interface. Huang et al. demonstrated
a ligand-engineered partition (LD) for efficient and stable PSCs, with LD — TiO; retaining
87% of their original PEC after 1200 hours of continuous UV exposure (Figure 2.6(m))
[45-47].

2.3 Tandem junction solar cells

Solar cells were initially single-junction cells with one p-n junction. Multijunction solar
cells, also known as TSCs, use multiple p-n junctions of different materials to improve
efficiency [48]. TSCs are currently dominant in solar technology. Perovskite-based TSCs
have shown significant performance in harvesting solar energy, with PCEs exceeding 30%.
The latest work in PV magazine reported a maximum efficiency of 31.25%, surpassing
conventional Si TSCs [49]. The previous world record was 29.8% achieved by HZB scientists
in 2021 [50]. Loper et al. reported the perovskite/silicon TSC structure, which achieved
a maximum efficiency of 13.4% (Figure 2.7(a)) [51]. They fabricated two different PSCs
with MoOx/Ag and MoOx/ITO structures, with conversion efficiency of 11.6% and
6.2%), respectively. The combined perovskite/silicon TSC showed broad absorption in the
400-1000 nm range, achieving a maximum efficiency of 7.2% (Figure 2.7(b)).

The study demonstrates the efficiency of perovskite/Si TSC solar cells, with a total
transmittance ratio of 26.7%. The efficiency was achieved with a total transmittance
ratio of 550/1000 nm [52]. The fully textured perovskite/Si TSC demonstrated maximum
efficiency at 25.2% [53]. The device structure and microscopic SEM images are shown in
Figure 2.7(c-d-e). The study analyzed the microstructure of bare ¢-Si pyramids covered
with a perovskite layer and evaluated their optical performance using EQE spectra (Figure
2.7(f-g)). The results showed a current loss of 3.14 mAcm ™2 in the wavelength range of
360-1200 nm (Figure 2.7(h)) and a maximum efficiency of 25.4% (Figure 2.7(i)). The
perovskite/Si TSC achieved broader wavelength absorption and improved IR light trapping
[27].

The perovskite/TSC has a maximum efficiency of over 30% using a bifacial 4-terminal
heterojunction structure (Figure 2.8(a)) [54]. A perovskite/Si TSC was designed on FTO
glass, while a Si solar cell was prepared on n-cSi wafer. The PVK-filtered a-Si:H/c-Si
HJ solar cell showed a performance reduction due to a conversion efficiency of 8.68%
(Figure 2.8(b)). The conversion efficiency of the four-terminal perovskite-HIT structure
was 25.78% (Figure 2.8 (c). The bifacial solar cell was developed to evaluate the current
density-voltage characteristics of the four-terminal TSC (Figure 2.8(d)). Images of a
bifacial solar cell Zig and a semi-transparent PVK solar cell are shown in Figure 2.8(e)
[27], [42].

The superficial microstructure of bare ¢-Si pyramids covered with the perovskite layer
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was determined from AFM topography (Figure 2.8(f)). The optical performance of the
device was evaluated by measuring the EQE from the polished front side to the double-side
textured architecture (Figure 2.8.(g)). The current loss was reported to be 3.14 mAcm =2
in the wavelength range of 360-1200 nm (Figure 2.8(h)). The EQE spectra for both
perovskite (top cell) and silicon (bottom cell) exhibited the maximum absorption at their
respective wavelength and achieved the broader wavelength for the perovskite/Si TSC [27],
[56][57].

Figure 2.8(i) shows the conversion efficiency of the bifacial four-terminal arrangement
was calculated by combining the conversion efficiencies of the PVK cell and PVK-filtered
a-Si:H/c-Si HJ bottom sub-cell. Perovskite/Si TSCs have achieved over 30% efficiency
compared to traditional Si-based TSCs, but stability remains a primary concern. Re-
searchers are working to increase PSCs’ stability using various approaches, including
introducing inorganic and stable materials, teaching materials in perovskite structure, and
encapsulating perovskite with materials like epoxy. Inorganic perovskites exhibit lower
PCE but better stability in ambient conditions. Inorganic materials for ETL and HTL

layers also enhance device performance [57-60].

2.4 Factors affecting the performance of perovskite

solar cells and possible solutions

Unlike silicon solar cells, PSCs can only last up to a year. Factors affecting PSC
stability include thermal instability, moisture, oxygen, toxicity, electrical biasing, additives,
interfaces, and illumination. A two dimensional bar diagram comprising the lifetime of

Silicon and perovskite solar cells is shown in Figure 2.9.

2.4.1 Thermal instability in the perovskite solar cells

Thermal treatment is essential for thin film devices and PSCs to improve physical
properties but may cause instability by degrading the perovskite absorber. Studies show
that M APbI3 perovskite devices exhibit stability at room temperature, but decomposition
occurs at elevated temperatures. The replacement of MA cation with FA provides thermal
stability, as demonstrated in a study where M APbI3 and F'APbI; perovskite absorbers
were thermally annealed at 150°C [62-64].

2.4.2 Moisture and Oxygen driven degradation

Perovskite absorbers in PSC devices often degrade due to moisture and oxygen exposure
[65]. Hydrophobic passivation, a process where a hydrophobic material is used, can help

address moisture degradation problems. Spin coating a PTFE layer on the device can
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Figure 2.9: 2D bar diagram comparing the lifetime of perovskite and Silicon solar cells
[61].

prevent negligible decomposition for up to 30 days. An additional Al,O3 layer can also
prevent degradation. Oxygen ions from the ETL, like 7705, can also contribute to device

degradation. Compositional engineering can minimize oxidation effects [66-68].

2.4.3 Toxicity of Lead-based perovskite solar cells

Lead (Pb) is a major concern in perovskite solar cell devices, but reducing its content
or replacing it can help avoid its fatal nature. Sn-based mixed /hybrid inverted planar
devices show better stability and charge collection with lower recombination rate. Inorganic
K BaTeBi0Og perovskite absorbers predicted better charge transport and optical properties,
but experimental validation was limited. Lead-free, inorganic C'soT"vBrg perovskite-based
planar devices predicted a PCE of 18.15% but, simulation codes do not consider grain

boundaries, making validation challenging [69-71].

2.4.4 Bias-dependent degradation of perovskite solar cells

Solar cell devices have a build-in-potential, causing ions to migrate towards the interface
between perovskite layers and electrodes, affecting device performance [72-74]. Degradation
is faster under open circuit conditions, while short circuit and maximum power point condi-
tions lead to slower degradation. Day-night cycling affects biasing and degradation mecha-
nisms, with fatigue behavior observed in C H3N H3Pbl3 devices. Degradation experiments
on Glass/ITO/TiOy/CH3N H3Pbly /| SpiroOMeTAD/Au and Glass/ITO/SnOs/Csg.05
(CH3NH3)o15 ((CH(NH3)2)085)0.05 Pblass Broas/SpiroOMeTAD)/Au devices showed

irreversible and reversible processes under electrical biasing conditions [75-77].
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2.4.5 Role of additives in the perovskite solar cells

Additives like polymers, ZnPc, bidentate, Tpy, fullerene, and Li-TFSI significantly
impact PCE and stability of PSC devices. Polymers, like PEG, are known for their
solubility in solvents, making them moisture-resistant and achieving better PCE. Guo
et al. incorporated PVP in precursor solutions for hybrid CH3 N H3Pbl3_x)Clx based
devices, achieving 7.34% PCE and thermal stability [78-80].

2.4.6 Role of interfaces/contacts in the perovskite solar cells

The interfaces between the absorber layer and charge transport layers (ETLs and
HTLs) are crucial for proper charge collection and performance in perovskite solar cell
devices. Defects at these interfaces can trap charge carriers, requiring the introduction of
a buffer layer like Al,Os5 [81].

2.4.7 Degradation of perovskite solar cells under illumination

Perovskite devices undergo photo-induced degradation when exposed to UV light.
T105 is commonly used as the ETL in PSC devices, which can be degraded under UV
illumination. The degradation mechanism under UV illumination can be explained by Eqs.
(1.7)-(1.9). This degradation occurs when electrons are extracted from the TiO2 layer,

breaking the perovskite structure and forming I~ ions [82-83].

21~ <+ I, + 2e (2.7)
3CH;NH; < 3CHs;NH, T +3H* (2.8)
I+ L +3H"+2e<« 3HI (2.9)

The titania ETL layer can be protected from degradation by removing it from fabricated
PSCs and preventing UV irradiance exposure through encapsulation [84-85]. Factors
affecting PSC performance are depicted in Figure 2.10, with solutions to mitigate them in
Table 2.1.
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Table 2.1: Factors affecting PSC device performance along with their solutions [75], [77],
186].

Factors Solutions

By replacing cation MA by

By using hydrophobic HTLs

By applying additional layer between
absorber and HTL.

By replacing Pb by Sn or Ge.

By reducing Lead content or Lead

Thermal instability
Moisture and Oxygen

Toxicity

. . free structure.
Electrical Biasing . .

.. Proper optimization of charge extraction
Additives .
and diurnal cycles.

Interfaces By using polymers with good

o w
[llumination Y & boly &

solubility in precursors.

By inserting buffer layer between
perovskite and charge transport layers.
Proper encapsulation of titania ETL.

Thermal instability

Hlumination \ / Maoisture

Interfaces

Addirives Electrical hiasing ToxiciD}

Figure 2.10: Schematic illustration of the factors which affect PSC device performance
[21].
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Chapter 3

Study of instability issue by SCAPS

3.1 Introduction

Perovskite solar cells have emerged as a promising technology in the field of photovoltaics
due to their high power conversion efficiencies and low-cost fabrication processes. However,
one of the major challenges hindering their commercialization is their inherent instability,
particularly when exposed to moisture, heat, or light over extended periods. Understanding
and mitigating these instability issues are crucial for the widespread adoption of perovskite
solar cells [1].

SCAPS (Solar Cell Capacitance Simulator) is a powerful simulation tool widely used
for studying the performance and characteristics of various types of solar cells, including
perovskite solar cells. By employing SCAPS, researchers can simulate the behavior of
perovskite solar cells under different operating conditions and investigate the underlying
mechanisms contributing to their instability [2].

This study aims to explore the instability problems associated with perovskite solar
cells using SCAPS simulation. By simulating the degradation processes triggered by envi-
ronmental factors such as moisture ingress, thermal stress, and light exposure, researchers
can gain valuable insights into the degradation mechanisms. Understanding the impact of
these degradation-induced defects on device performance is crucial for devising strategies
to enhance stability and prolong device lifetime. In this study, we employ SCAPS (Solar
Cell Capacitance Simulator) to investigate the stability issues in perovskite solar cells, with
a focus on elucidating the influence of different types of defects created by degradation
processes. Through comprehensive analysis, we aim to gain insights into the intricate
interplay between defect formation and device performance degradation, ultimately paving

the way for the development of more stable and reliable perovskite solar cell technologies.
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3.2 SCAPS

SCAPS-1D has been developed to simulate the operation of thin-film solar cells. SCAPS
is originally developed for cell structures of the CulnSe2 and the CdTe family. Several

extensions 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) [3].

SCAPS is a Windows-oriented program, which is opened with the "Action Panel” (Figure

3.1).

(2] SCAPS 3.2.00 Action Panel

O bd

— Working point————— Series resistance Shunt resistance—; —— Action list All SCAPS settings —
Temperature (K) ﬁ 300.00 yes es!
Voltage (V) ﬁﬂ.ﬂﬂﬂﬂ e i ‘ Load Action List l ‘ Load all settings l
§1.UUE+D Rs Ohm.em™2  Rsh §1.UUE+3
Frequency (Hz) 1.000E-6 N ‘ Save Action List l ‘ Save all settings l
Number of points gS Sfcm™2 Gsh §1.UDE—3
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Figure 3.1: The SCAPS start-up panel: the Action panel or main panel.

Set problem
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(b)

Figure 3.2: (a) Defining problem panel and (b) selecting an example.
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3.2.1 Definition of the problem

By clicking the button set problem (Figure 3.2(a)) in the action panel, we can chose
load in the lower right corner of the new opened panel (Figure 3.2(b)) to select an example

to study which can be modified in the cell properties [3].

3.2.2 Define the working point

The working point specifies the parameters which are not varied in a measurement

simulation, and which are relevant to that measurement (Figure 3.3). Thus:

—VVorking point
Temperature (K) ; 300.00 |
Voltage (V) =i 0.0000 |
Frequency (HzZ) :.1' T1.000E+6 |
Number of points :5 |

Figure 3.3: Define the working point.

e Temperature (T): Necessary for all measurements. N.(7'), N,(T'), the thermal
velocities, the thermal voltage KgT and all their derivaties are the only variables
which have anexplicit temperature dependence. These parameters must be inserted

manually for each temperature[3].

e The voltage V: is unnecessary in [-V and C-V simulation, but it is taken as the
dc-bias voltage in C-f simulation and in QE()) simulation. SCAPS always starts at
0V, and proceeds at the working point voltage in a number of steps that also should
be specified [3].

e The frequency f: is neglected in I-V, QF()\) and C-f simulation. But C-V measure-

ment is taken into account|3].

e The illumination: is used for all measurements. For the QE()) measurement, it
determines 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/m? )
illumination with the ’air mass 1.5, global” spectrum, but there is a large choice of

monochromatic light and spectra for specialized simulations[3].

3.2.3 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
QFE()) can be simulated [3]. Adjust if necessary the start and end values of the argument,
and the number of steps (Figure 3.4).
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Figure 3.4: Define the working point.

3.2.4 Starting the calculation(s)

By clicking the button 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 [3].
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Figure 3.5: Results panels.

3.2.5 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 (buttons save graphs, show data (the numbers are shown on screen) or save data
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(the numbers are saved to a file). One of specialized output panels can be switched (Figure
3.5) [3]. Simulation procedure using SCAPS software can be summarized by the scheme

presented in Figure 3.6.

E Lanch SCAPS j

¥

E Define problem j

¥

Epccli‘_\' the working condi!lo@
¥
Eiect measurements to calcnl:@

¥

C Start the calculations j
¥
E Display simulated plots j

Figure 3.6: Simulation procedure using SCAPS software.

3.3 Defects in perovskite-halide materials

3.3.1 Compositional engineering

The instability of the perovskite material M APbl3 is due to the smaller size of the
MA-ion, which makes it adopt the less symmetrical tetragonal phase [4]. Replacement of
the MA-ions either partially or fully with a suitable ion size at the A site will change it
toward a symmetrical lattice structure, which will improve the stability [4,5]. The mixture
strategy and the change of component at the A site, such as using a mixture of MA and
formamidinium (FA) as well as the cations with acetamidinium (Ace) and MA, can deliver
a high PCE of 19.5% and a promoted device stability. The substitution of larger Ace
cations induced distortion of the lattice cubic structure with a changed tolerance factor
[6]. The compositional engineering of PSCs via substituting MA with Ace has not yet
been investigated to enhance the stability of devices. The mixture strategy of FA and
MA increases the lattice expansion and strengthens the interaction with I- ions as well as
increases the tolerance factor. The PSC efficiency of 21.24% was realized by mixing MA
with FA with low stability under illumination because of the unstable yellow phase in the
perovskite material due to the incorporation of the FA cation [7].

The enhancement of light stability via the full replacement of MA cations at the A site
with cesium (Cs) can be realized due to the intrinsic nature of Cs [4]. The enhancement
of light stability with C'sPbl3-based PSCs with an efficiency of over 16% has already been
realized after 3000 h of light soaking [8,9].
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The main issue of C'sPblz-based PSCs is their low efficiency. More investigations are
necessary on the site-based substitution method to enhance the efficiency and stability of
PSCs by tuning the tolerance factor in the range of 0.9-1. A mixed Cs/MA /FA-based
PSC efficiency of around 21% was realized under illumination with enhanced stability. The
Cs/MA/FA mixture-based PSCs need further investigation for achieving stable and high-
efficiency devices. The efficiency of Rb/Cs/FA-based PSCs was realized at over 20%under
illumination with good stability due to the better crystallinity and the suppressed yellow
phase of FAPbI; [10,11]. The cation-mixing strategy facilitates the growth of the desired
crystal structure with the required orientation, mitigates trap states through the formation
of a smooth perovskite film, reduces charge recombination, enhances electron extraction
and transport and improves the thermal stability [12].

Iodine (I) is the most used anion at the X site in perovskite materials. Under illumi-
nation, perovskites with /— anions suffer from oxidation. Oxidation under light soaking
can be reduced by mixing the halides. The band gap of perovskite materials can be tuned
by mixing halides, improving their stability, and accelerating charge transport [4]. The
crystallization of M APbI3 can be enhanced by Cl— at the X site. It can accelerate charge
transfer, and the carrier diffusion length increases the carrier collection, thus enhancing
the PSC device efficiency and stability [13]. The bonding strength of MA-Pb is increased
via the combination of Br and I, which compresses the lattice as well as enlarges the
crystal grain size, improving both the thermal stability and efficiency. With the formation
of a high-quality M APbI;_,Br, absorber layer, the PSC efficiency is increased up to
19.2% [14]. The concentration of Br in M APbI;_,Br, needs to be optimized to achieve
high-efficiency and stable PSCs. An excess of Br at the X site creates recombination
centers due to the generation of I-rich inclusions. Special attention should be paid to
X-site compositional engineering for the better performance and stability of PSCs. Anion
substitution at the X site is playing a critical role in the improvement of thermal and light
stability [4].

The simultaneous substitution of both A and X sites can be more effective for the
improvement of PSC efficiency and stability [15-17]. For example, the substitution of I
by Br at the X site leads to a reduction of octahedral tilting and lattice distortion, and
simultaneously adding Cs at the A site helps with formation of the cubic phase with
tolerance factor modulation for a high-quality perovskite film. The perovskite C'sPbBrs
material shows excellent stability under illumination [4].

However, these material-based PSCs have a low efficiency because of their large bandgap
of 2.3 eV and their narrow-spectra absorption of less than 550 nm [18]. Mixing Br with I
at the X site in C'sPbBrs, such as in C'sPbl;_,Br,, can increase the PSC efficiency up to
18.5% due to the reduction of bandgap energy and crystallinity as well as non-radiative
recombination suppression [19]. Cl-doping in the C's PbI3 material contributed to enhancing
the PSC efficiency (up to 19%) and stability under illumination [20]. The mixing of Cs and
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FA at the A site with the Br/I mixture at the X site, such as in F'Agg3C's9.17Pbl57Bros-
based PSCs, has achieved an efficiency of 20.32% due to perovskite phase crystallization
and halide segregation reduction [21]. On the basis of a C's/FA/M A mixture at the A
site and a Br/I mixture at the X site, a PSC efficiency of 21.5% was realized due to the
formation of a high-quality perovskite film with a larger grain size and a reduction of
defect states [22].

Mixing and selecting appropriate ions with an optimal concentration at both the A
and X sites, we can simultaneously achieve light-stable and high-efficiency PSCs. Both
high-efficiency and light-stable PSCs can be realized using the compositional engineering
strategy with a preferred perovskite crystal orientation, a uniformity of film morphology
with a large grain size, and a reduced trap density [4].

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 Pb*T ions [23]. Under illumination and/or
at a higher temperature, the Pb** ions tend to form into Pb atoms and generate deep
defect states, which leads to severe degradation [24,25].

Replacement Pb*™ ions at the B site with tin (Sn) either fully or partially is one of the
options for promoting the stability of PSC devices [24,26]. The oxidation of Sn** ions
creates fewer grain boundary defects, improves the crystal quality, and generates a higher
Voc, which enhances both the efficiency and stability of PSCs [27]. The replacement of Pb
with Ca at the B site has also promoted the efficiency to 19.3% and enhanced the stability
under illumination [28]. C'aly enhances both the efficiency and light stability of PSCs due
to the passivation of defects, and the formation of a smooth, uniform, and dense film with
large crystal grains. The partial substitution of Pb by strontium (Sr) has also suppressed
the heat degradation of PSCs due to mitigation of the defect density, preventing perovskite
decomposition, and generating compact perovskite films [29].

The substitution of Pb?* ions with cadmium ions (C'd*T) can also improve the stability
of PSCs due to the stronger Cd-I ionic bonds, which have a higher binding energy. An
impressive PSC efficiency of 21.9% and sustainable stability under light illumination
are achieved via the replacement of Pb with Cd at the B site [30]. Optimization of
ion substitution at A, B, and X sites for the development of compositional engineering
along with alternative materials will improve both the stability and the efficiency of PSCs
for commercial applications. Moreover, some studies have demonstrated that external
additives such as PCBM and N H,CI in the perovskite structure can also have an effect

on reducing defects and improving the stability of perovskites [31-33].

3.3.2 Defects in perovskite

There are 12 possible native point defects in the M APbI3 structure, such as vacancies
VMA, VPb, and VI, interstitials M A;, Pb;, and I;; and anti-site occupations M Apy,, M Ay,
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Pbyra, Pby, Ina, and Ipy, which have been widely studied [4] [34-41]. The common
message about point defects in M APbl; are that these defects with a 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 [4].

Deep-level point defects may not contribute a high density of non-radiative recombi-
nation centers. However, there is some variation in opinion about which point defects
can contribute to deep levels including Ipy, Inra, Pb;, Pbr, Vi, and Pbya [34,40,41]. The
defect formation energies of Iy;4, Pbr, and V; are low enough to contribute a significant
density of recombination centers [34,36].

The formation energy of the Pb; anti-site defect is low under iodine-rich conditions. The
stable charge state of the Pb; defect can make a transition at the Fermi level. Acceptors
of shallow point defects are Vpy, Vira, M Apy, and I; under some growth conditions with
low formation energies, and M A;, V;, andM A are donors of shallow point defects [36,41].
The donors and acceptors of shallow point defects can convert the M APbl3 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 [39]. If the defect formation
energies are low, unintentional doping can be minimized by compensating the vacancy
with opposite charge carriers [4].

The four native defects, V,, v,, Vpp, and Pb;, in the perovskite crystal and the probable
migration path for these four point defects were identified from the theoretical calculations,
as shown in Figure 3.7(b) [43]. The proposed migration pathways are designed based
on comparable migration energies to different defects with the displacement of the same
chemical species [4].

For example, MA-related defects (e.g., M Ap, or M A;) should display a similar acti-
vation energy as that calculated for Vj;4. In fact, the activation energies of V; and I;
are essentially the same. The migration process of Vp, in M APbI3 is quite slow (1.2 s71)
due to its high activation energy, E,, of 0.80 eV. The activation energy of 0.46 eV for
VMA has been measured experimentally [44]. The migration rate of 6.5x10°s~! at room
temperature for Vi 4 is estimated from the activation energy value [4].

The calculated activation energies of V; and I; are predicted to be 0.08 eV, which is
sufficient for a full hop to take place in each crystallographic direction. In the absence
of an external field, the charged defect can indistinctly 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 I; 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 [4].
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Figure 3.7: .(a) Crystal structure of organic-inorganic metal halide perovskite, where the
A position contains an organic cation (CH3N Hs,), B is a metal cation (Pb), and X is
a halide anion (I) [42]. (b) Schematic diagram of the M APbI; perovskite structure and
diffusion paths of the point defects; V4 (cation vacancy), V; (iodide ion vacancy), Vpy
(lead ion vacancy), and Pb; (lead interstitial) defects [43]. (c¢) Calculated charge-state
transition levels within the band gap for 12 intrinsic defects in C H3N H3 Pbl; [4].
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Figure 3.8: Schematic diagram showing the various defects and ions that are generated
under illumination in the perovskite solar cell device structure, which leads to degradation
of the device and the hysteresis phenomenon during I-V measurements from [44].

Figure 3.8 summarizes the generated probable defects, dipoles, and ions in perovskite

solar cells under illumination, which can lead to device degradation and the hysteresis
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phenomenon during [-V measurements. During [-V measurements, concerning the scan
rate/direction, various processes with respect to ion migration, ferroelectricity, charge
trapping, and associated capacitive effects can occur simultaneously, which lead to the
resultant hysteresis [44]. To overcome the hysteresis problem, as well as enhancing the
PSC efficiency and device stability, it is very important to control and minimize the various
defects and ions in the device structure under illumination [4].

The investigation of degradation will focus on defects, selecting four types from the 12
listed below. These include the Recombination center situated at F, + 0.6 eV , which is
electrically neutral, the shallow donor trap situated at E. — 0.1 eV (known for trapping
electrons), the deep donor trap situated at E. — 0.38 eV, and the shallow Acceptor trap
situated at F, + 0.1 eV (which serves as hole traps). This analysis will consider various

probable locations of these defects, as outlined in Table 3.1.

Table 3.1: Probable locations of the considered defects.

ETL /perovskite Bulk-perovskite HTL /perovskite

interface interface
Recombination center Probability 1 Probability 2 Probability 3
Shallow donor Probability 4 Probability 5 Probability 6
Deep Donor Probability 7 Probability 8 Probability 9
Shallow Acceptor Probability 10 Probability 11~ Probability 12

Table 3.2: Material’s inputs used in the simulation [45,46].

TiOo(ETL)  MAPbI;  SpiroOMeTAD  PbS

(em) 0.1 18 0.1 0.006
B, (eV) 3.2 1.55 3.3 144

N, (em™?) 110% 21018 110 7.3110%
N, (em™?) 21029 2101 110* 7.3110%7
gx (eV) 4.1 3.9 2 3.87

tn, (em/Vs) 20 40 21073 50

p, (em/Vs) 10 10 210~ 20

Np (em™3) 210'® / / /

Ny (em™3) / / 210'® /

3.4 Results and discussion

3.4.1 Initial case with low defect density

Figure 3.9 presents the electrical outputs generated by the investigated perovskite solar
cell, which were calculated utilizing SCAPS simulation. Notably, the design under study

mirrors the prevalent design favored by numerous other works, for instance [46-48].
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Figure 3.9: J-V characteristic calculated by SCAPS for initial case, i.e. low defect densities.
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Figure 3.10: The structure of the perovskite solar cell simulated by SCAPS.
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Figure 3.11: Defects definition in SCAPS at interface and bulk.

[lustrated in Figure 3.10, this structure comprises Titanium Dioxide (7%02) serving
as the Electron Transport Layer (ETL), Methylammonium Lead lodide (M APbI3) as the
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Figure 3.12: Band gap energy in dark (a) and under illumination (b).

fundamental perovskite material for light absorption and carrier generation, and Spiro-
OMeTAD, an organic semiconductor, functioning as the Hole Transport Layer (HTL).
In the initial scenario, we are referring to the state before any degradation or instability
occurs, which is characterized by low defect densities. Defects are defined in SCAPS as
shown in Figure 3.11. The first case is for the interface defects while the second is for
the bulk one. A defect is defined by indicating its nature (neutral, acceptor or donor),
capture cross section, energy position and density (see Figure 3.11). The band gap energy
diagram in dark (equilibrium) and under illumination (short circuit condition) is presented
in Figure 3.12. The electrical outputs obtained are consistent enough with other previous

measured results as shown in Table 3.3.

Table 3.3: Electrical outputs obtained in this study compared to other works.

Jse(mA/em?) V. (V) FF% PCE%

22.92 1184 8367 2272 This work
20.40 1.14 87 20.35 [46]
23.69 1113 773 2040 [47]
23.79 1.09 7923 2054 [48]

3.4.2 Effect of defects at ETL/Bulk interface

In this section, we will examine the impact of defects caused by instability or degradation
factors. Figure 3.13 illustrates the influence of recombination centers (Ng), shallow donors
(Npr), and shallow acceptors (Nar) on the J-V characteristic when these defects are
introduced at the interface between the Electron Transport Layer (ETL) and the perovskite
layer. The result is summarized in Table.3.4. The foremost notable feature is that NR
exerts the most pronounced influence on V., followed by N4r and then Npr. However,

Jse 18 affected only by Nup. The explanation for the influence on Jsc is as follows: At the

o7



j— —_ u v 1 v 1 v 1 v 1

E —o— Initial E (b)

5 5] ——Ng=10""em? g 5

E ——Ng=10"%cm2 E

2 A =403 m-2 > ——Initial

10 Na710 Gm w0 N =0"em?

@ ——Ng=10"%cm2 g ot

a a ——Np=10"%em 2

§ 1% & 11 ——N,,=10"%m?

= E

3 3 —o—Np;=10"%cm2

Q a DT

2] @ © .
I [T A D AT A TS A N D
I v 1 v 1 v 1 v 1 v T d I T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 12
Voltage (V) Voltage (V)

—_— u T T T T

3

E (¢)

I 5 i

E

2 ——Initial

a-104 4 N, =10"cm? 7

[

=] —4—Np=1012em 2

=

§ 18] Ny =10 em? .

3 —o—N,=10"em?

=20 -

I 1 1 1 1 T

Voltage (V)

Figure 3.13: J-V characteristic calculated by SCAPS when defects are at the interface
ETL/perovskite: (a) recombination center, (b) shallow donor and (c) shallow accepter.

ETL/Perovskite interface, the minority carriers consist of free holes, as deduced from the
band gap energy diagram. It is a well-established fact that in n/p-based devices (including
n-i-p), minority carrier movement predominantly commands the current. Moreover, the
front side of the solar cell is the primary site for free carrier photo-generation. Consequently,
this elucidates why N4r, acting as shallow hole traps, solely induces a reduction in J,..

Besides, the V. variation with defects can be explained as follows: It is well established
that V., is the result of the collection of photo-generated carriers, primarily at the
depletion region, onto both the n and p sides under light bias and open circuit conditions.
Recombination centre has it energy level positioned at mid-bandgap. This enables it
to capture and subsequently recombine both types of charge carriers—electrons and
holes—thereby diminishing the overall number of carriers collected at the n and p sides.
This clarifies why Ng has the most significant effect on V,.. Subsequently, N7, which acts
on minority carriers (holes), exerts the second most prominent reducing effect. Finally,
Npr; that affects majority carriers.

Consequently as shown in Table 3.4, the most affecting defect is Ng that reduces V. to
0.946 V and the cell PCE to 18.18% , at its high density. Then, N7 that decreases J,. to
21.69 mA/cm?, V,. to 0.985 V and PCE to 18.44%. Finally Npr that reduces V. to 1.067
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V and PCE to 21.06%. However, FF increases for the high densities of both N4r and
Npr to 86.28% and 86.32%, respectively. This means that there is an improvement of the
ratio Py / (Ve - Jse) even with the reduction of the PCE. It is noticed that Py = Jy - Viy
is the maximum power provided by the solar cell and J,; and V), are the corresponding
current density and voltage.

Table 3.4: Effect of interface ETL/perovskite defects on electrical output of the solar cell

when defect density is 10 em =2 .

Joe(mAjem?) Vo (V) FF% PCE%

Initial ~ 22.92 1.184 83.67 22.72
Ngr 22.91 0.946 83.87 18.18
Npr 22.85 1.067 86.32 21.06
Nar 21.69 0.985 86.28 18.44

When the considered defects all are present together and have a high density of 10
cm?, the obtained outputs are as follow : J,,=22.91 mAcm=2 ; V,.=0.897 V; FF=82.37%
and PCE=16.61%. The significant decrease is in V,. and in PCE. By comparing this
decrease magnitude in PCE with illumination-induced degradation reported in [49] in which
the stated PCE degraded from ~ 23 to ~ 14 %, it is possible to relate the ETL/perovskite

defects to illumination degradation.

3.4.3 Effect of defects in bulk-Perovskite

Figures 3.14 illustrates the influence of recombination centers (Ng), deep and shallow
donors (Npp, Npr), and shallow acceptors (Nar) on the J-V characteristic when these
defects are introduced in the bulk perovskite layer. The electrical outputs variations are

summarized in Table 3.5.

Table 3.5: Effect of bulk defect on electrical output of the solar cell when defect density is
1016 em=3 .

Joe(mA/em?) V. (V) FF% PCE%

Tnitial  22.92 1.184  83.67 22.72
Nr 22.53 0933  72.16 15.18
Npp 747 0.899  64.66 4.34

Npr 14.37 1.065  77.20 11.83
Nar 22.81 1.124 8789 22.53

According to the obtained results, it appears that Npp with a density of 106 ¢m =3

exerts the most pronounced degrading effect on the cell performance. The bulk of the cell
is an intrinsic region that comprises the depletion region. It seems that in the intrinsic
layer, the deep electron traps has the dominant effect. All the outputs degraded severely,
mainly J. that reaches 7.47 mA/cm? and PCE that decreases to 4.34 %. Then, the
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Figure 3.14: J-V characteristic 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.

second important influence is that of the Shallow donor (Npr). For instance, Jg. and
PCE are reduced to 14.37 mA/cm? and 11.83 %, respectively. In the third position,
comes N that has the most effect on V,. that decreases significantly to 0.933 V, FF
to 72.16% and PCE to 15.18%. Finally, the minor effect is that of Napr. One possible
interpretation of this observation is that in the intrinsic region, where photo-generation
is favored, electrons exhibit higher mobility than holes. As a result, they predominantly
dictate the electrical behavior. Consequently, electron traps, particularly the deeper ones,
exert a more significant influence.

A question arises as to why Ng has a minor or negligible effect on J,. compared to its
impact on V,. 7 a possible answer is that at the short circuit condition, there is only a
photo-generation that occurs continuously, and the recombination center is located deep
at the mid-gap so its interaction with photo-generated carriers (given rise to J.) will be
minor compared to less deep traps like Npp or Npr. However, the open circuit condition
highlights the collection of carriers after their traversal across the intrinsic layer, making

them more susceptible to the influence of recombination centers.
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The electrical outputs obtained when all defects in the perovskite absorber layer
(intrinsic layer) have a high density of 10 cm ™2 are: J,.=4.56 mA/cm? ; V,,=0.853 V ;
FF=62.53 % and PCE=2.43%. This demonstrates the significant impact of high defect
accumulation on the electrical outputs of the solar cell. All outputs decrease sharply
compared to the initial state and the PCE in this case drops to 2.43% , which is close
to 2.36% reported in [50]. Consequently, the bulk defects can be probably related to a

perovskite material subjected to thermal degradation.

3.4.4 Effect of defects at Perovskite/HTL interface

Figures 3.15 depicts how the presence of recombination center Ng, shallow donors
Npr, and shallow acceptors Nar affects the J-V characteristic when these defects are
incorporated at the interface between the perovskite layer and the Hole Transport Layer

(HTL). A summary of the resulting outputs can be found in Table 3.6.
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Figure 3.15: J-V characteristic calculated by SCAPS when defects are at the interface

perovskite/HTL: (a) recombination center, (b) shallow donor and (c) shallow accepter.

On a global scale, the impact of perovskite/HTL defects on the electrical outputs
of the cell remains minimal. At this interface, the minor carriers primarily consist of

electrons. J,. remains practically constant. However, there is a slight decrease in V.,
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Table 3.6: Effect of interface perovskite/HTL defects on electrical output of the solar cell
when defect density is 10'* em =2 .

Jee(mA/em?)  V,.(V) FF% PCE%

Initial ~ 22.92 1.184 83.67 22.72
Ng 22.92 1.148 85.50 22.50
Npr 22.93 1.112 84.20 21.48
Nar 2291 1.174 84.41 22.64

notably dropping to 1.112 V in the case of Npy. Conversely, FF experiences a slight
increase, particularly when NR = 10em ™2, where it reaches 85.50%. Notably, PCE
exhibits a relatively significant decrease, dropping to 21.48% for Npr = 10*em 2.

Also when all defects are present at a density of 10'em =2, the electrical outputs are :
Jse=22.92 mA/cm? ; V,.=1.091 V; FF=86.85% and PCE=21.73%. J,. remains virtually
unchanged, while V. experiences a slight decrease to 1.091 V. However, FF notably
increases to 86.85%, leading to a slight decrease in the PCE to 21.73%. Interestingly,
this PCE value is marginally better than the 21.48% obtained in the previous case of
Npr = 10%em =2, likely due to the improved FF.

The hysteresis effect reported by S-A Kim et al [48] that reflects instability related
to forward and reverse bias in ITO/TiO,/perovskite/spiro-OMeTAD/Au is presented in
Table 3.7. In addition, in the same table a comparison is achieved for deviation between
reverse and forward outputs [48] with defects effects reported in this work. According
to our simulation results, it can be suggested that hysteresis effect is related mainly to

defects at perovskite/HTL interface.

Table 3.7: Possible defects responsible of Hysteresis effect.

Jse(mA/cm?) Voe(V) FF% PCE%

Reverse [48]. 23.79 1.09 79.23 20.54

Forward [48]. 23.81 1.07 77.19 19.66
AJs(mAjem®) AV, (V) AFF%  APCE%

[48] 0.02 0.02 2.04 0.88

Our work (Npr) 0.01 0.072 0.53 1.24

Our work (All defects) — / 0.093 3.18 0.99

3.5 PDbS buffer layer to reduce instability-induced
defects effect

In this section and based on experimental study carried out by S-A Kim et al [48], we
suggest the introduction of PbS buffer layer between M APbI3 (bulk) and spiro-OMeTAD
(HTL). Indeed, in a remarkable good agreement with what has been reported in [48], there
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is a significant improvement on the electrical outputs subject to defect’s degradation as

shown in Figure 3.16.

— n L] L] I I L]
™
£ —— Pb Sdnitial
ﬁ 5] ———PbSETL/Perov Def i
E —'==PhS-Perov Def
- —7—PbS-HTL/Perov Def
2 10
= 10 4 4
=
7]
[a]
2 -15 4 -
7]
=
=
O 20 - -
'25 T T 1 1 Ll
0.0 0.2 04 0.6 0.8 1.0 1.2

Voltage (V)

Figure 3.16: J-V characteristic calculated by introducing PbS buffer layer at HTL /bulk
interface to reduce defects effect at the different locations considered in this study; interfaces
and bulk.

Table 3.8: Effect of PbS buffer layer at perovskite/HTL interface on electrical output of
the solar cell subject to degradation-induced defects.

Jse(mAJem?)  V,(V) FF% PCE%

Initial 22.94 1.175 83.88 22.61
ETL/Bulk defects  22.50 0.883 85.82  17.06
Bulk defects 20.67 0.950 75.22 14.78
Bulk/HTL defects  22.94 1.136 85.76  22.35

According to the summarized results in Table 3.8, despite in the initial state there is a
slight decrease in the solar cell performance in comparison to the case without PbS layer,
in the degraded state however there is a remarkable improvement. For instance for the
ETL/bulk defects case, PCE increased from 16.61 to 17.06%. For bulk defects, a significant
improvement occurred in PCE that increased from 2.43 to 14.78%. For HTL/bulk also a
slight increase in PCE from 21.73 to 22.35% was achieved.
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3.6 Conclusion

In this chapter, we have explored the instability issues associated with perovskite
solar cells using SCAPS simulation. We investigated the impact of defects introduced
at interfaces within the solar cell structure and the bulk perovskite layer. Across the
investigated sections, the influence of defects on the electrical outputs of perovskite solar
cells is examined comprehensively, shedding light on critical factors impacting device
performance due to stability issues.

In the section addressing defects at the ETL/Perovskite interface, it is evident that
recombination centers (Ng) have the most significant effect on V., followed by shallow
acceptors (Nar) and shallow donors (Npr), with each defect type affecting distinct
electrical parameters. The significant reduction in V,. (1.184 to 0.897 V) and PCE
(22.72 to 16.61%), in the presence of all defects (recombination and shallow interface
defects), highlights the critical role of interface ETL/ perovskite defects in limiting device
performance. These defects were attributed to illumination-degradation since the interface
is the first important place subject to light incidence.

Moving to defects within the bulk perovskite layer, deep donors (Npp) emerge as
the primary contributor to performance degradation, significantly impacting all electrical
outputs. The intrinsic region’s susceptibility to electron traps was ascribed to thermal
degradation and induced a severe drop in PCE to 2.43%.

At the Perovskite/HTL interface, while defects exert a less impact, variations inV,,.
and PCE are relatively notable, particularly with the presence of shallow donors (Npr).
PCE has been reduced to 21.48% . In this case, the interface defects were suggested to be
responsible of hysteresis effect. On the other hand, the intricate interplay between defects
and electrical parameters, such as the observed improvement in fill factor despite PCE
reduction, underlines a complex optimization setting for the device.

The introduction of a PbS buffer layer at HTL /bulk interface has improved considerably
the electrical outputs degradation, mainly that related to bulk defects. In summary, these
findings emphasize the multifaceted nature of defect influence due stability issues on
perovskite solar cell performance, mainly that induced by illumination, thermal effect and
hysteresis. The work highlights the need for targeted defect mitigation strategies to unlock

the full potential of these promising photovoltaic materials.
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Conclusion

In conclusion, our study delved into the instability issues present in TiOy — M APbI3 —
Spiro — OMeTED (n-i-p type) perovskite solar cells, employing SCAPS-1D numerical
simulation software. Through the computation of current-voltage density characteristics
(J-V) and the determination of key photovoltaic output parameters such as short-circuit
current density (Js.), open-circuit voltage (Vj.), fill factor (FF), and power conversion
efficiency (PCE), we explored the consequences of defects induced by various degradation
factors including prolonged illumination, UV radiation, corrosion, oxidation, and humidity,
etc. ... These defects, identified as Ng (recombination center), Npp (deep donor), Npr
(shallow donor), and N4z (shallow acceptor), were found to primarily manifest at critical
interfaces within the solar cell structure—specifically, between the electron transport
layer (ETL) and perovskite, the hole transport layer (HTL) and perovskite, and within
the bulk perovskite layer. Our findings revealed that while initial electrical parameters
aligned closely with experimental values, the presence of high-density defects within the
bulk layer (at 1016 cm-3) exerted the most substantial adverse impact, precipitating a
drastic reduction in PCE to 2.43%. Moreover, defects at the ETL/perovskite interface,

2 resulted in a notable decline in PCE to

characterized by a surface density of 10%cm ™~
16.61%, whereas defects at the perovskite/HTL interface induced a comparatively smaller
reduction, leading to a PCE decrement down to 21.73%. These defects were associated,
respectively, to thermal stress, illumination and hysteresis effects. The introduction of a
PbS buffer layer at HTL/bulk interface has improved considerably the electrical outputs
degradation, mainly that related to bulk defects. This comprehensive analysis underscores
the critical importance of defect qualification strategies, particularly within the bulk
perovskite layer, to enhance the stability and performance of perovskite solar cells. Future
research events should aim to further elucidate the underlying mechanisms governing
defect formation and migration, paving the way for the development of more resilient and

efficient photovoltaic technologies.
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ABSTRACT

Our study investigates instability issues in 710y — M APbl3 — Spiro — OMeT ED
(n-i-p type) perovskite solar cells using SCAPS-1D numerical simulation software. The
current-voltage density characteristics (J-V) and key photovoltaic output parameters,
including short-circuit current density (J.), open-circuit voltage (V,.), fill factor (FF),
and power conversion efficiency (PCE) are calculated. The work focuses on the impact
of defects induced by degradation factors such as prolonged illumination, UV radiation,
corrosion, oxidation, and humidity. These defects, namely Ny (recombination center),Npp
(deep donor), Npr (shallow donor), and Nar (shallow acceptor), are identified based on
previous research. The possible defect locations, are at the interfaces; between the electron
transport layer (ETL) and perovskite or the hole transport layer (HTL) and perovskite,
as well as within the bulk perovskite layer. Initial electrical parameters are in agreement
with wide range of experimental values, with J,,=22.92mA/cm?, V,.=1.184V , FF=83.67%,
and PCE=22.72%. However, high-density defects in the bulk layer (all 10'cm=3) have
the most significant impact, reducing PCE to 2.43%. Defects at the ETL/perovskite
interface, with a surface density of 10"cm =2, lower PCE to 16.61%, while defects at the
perovskite/HTL interface result in a smaller decrease of PCE down to 21.73%. These
defects were associated, respectively, to thermal stress, illumination and hysteresis effects.
The introduction of a PbS buffer layer at HTL/bulk interface has improved considerably
the electrical outputs degradation, mainly that related to bulk defects

Keywords: instability issues, perovskite solar cells, SCAPS-1D, interfaces, defects,

cell efficiency
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