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Abstract

Search for efficient energy materials has been at the forefront of mitigating climate
change and meeting ever-growing energy demand. Solar cells have proven to facilitate both
challenges, and significant efforts were dedicated in improving the current state-of-art
technology, i.e., silicon solar cells, but also to look for more efficient and inexpensive
materials. Among them, perovskite solar cells (PSCs) have shown promising results within a

decade and are now at the edge of commercialization.

This thesis focuses on addressing the key challenges in fabricating stable and
efficient PSCs under ambient conditions, a crucial step toward their scalable production and
industrial manufacturing viability. While PSCs exhibit outstanding optoelectronic properties,
their performance and stability are compromised by both extrinsic environmental factors
(moisture, heat, oxygen) and intrinsic material/interface instabilities. This thesis adopts a
comprehensive approach by developing robust ambient-air fabrication protocols to
overcome environmental sensitivity, and surface passivation of electron transport layer and
perovskite towards scalable fabrication of efficient perovskite solar cells. By systematically
addressing these extrinsic and intrinsic stability challenges through material engineering,
interface optimization, and reliable encapsulation methods, this bridges the gap between

laboratory-scale fabrication and industrially relevant manufacturing requirements for PSCs.

Chapter 1 provides an overview of the global energy landscape, highlighting the
environmental impacts of non-renewable resources and the pivotal role of solar energy in

addressing these challenges. Focusing on photovoltaic technologies, it introduces PSCs as a
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promising solution, detailing their crystal structure and optoelectronic properties. The
chapter systematically reviews PSC fabrication, covering perovskite composition selection,
role of charge transport layers, and metal electrode. It concludes with performance
characterization metrics and device improvement strategies, providing a foundation for

advancing PSC technology in subsequent research.

In Chapter 2, the thesis addresses the challenge of extrinsic factors by developing
optimized methods and protocols for ambient-air fabrication. A key component of this work
involves a comparative study of two widely reported perovskite compositions: CSMAFA and
MAFA (Cs: cesium; MA: methylammonium, CH3NHs*; FA: formamidinium, HC(NHz),*). This
chapter reveals that the CsMAFA perovskite exhibits instability in ambient air, attributed to
the hygroscopic nature of cesium. To evaluate long-term operational stability,
an accelerated aging protocol to test encapsulated devices under extreme conditions is also
developed. This chapter achieves a milestone of 20% efficiency for PSCs made in ambient

conditions.

Chapter 3 focuses on the grain boundary degradation in perovskite films, which is
one of the major sources of degradation. A selective passivation strategy using biphenyl-
containing molecules that specifically interact with Pbl,-rich interfaces at grain boundaries
while remaining inert toward the perovskite is developed. This targeted approach results in
significant improvements in optoelectronic properties, extending the radiative
recombination lifetime from 1 us to 2.7 pys. When implemented in ambient-air fabricated
devices, this technique demonstrates excellent reproducibility, with champion device
achieving an efficiency of 21% and consistently high open-circuit voltages of ~1.1 V.
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Chapter 4 introduces chemical bath deposition method for fabricating SnO; electron
transport layers in fully scalable, ambient-air-processed perovskite solar cells. The optimized
deposition approach enables uniform, high-quality SnO, films that enhance charge
extraction and minimize interfacial recombination. PSCs fabricated entirely using scalable
methods under ambient conditions achieve an efficiency of 24.5%. The devices
demonstrated excellent photovoltaic parameters, including an open-circuit voltage of ~1.14,
validating the effectiveness of this scalable SnO; deposition technique for high-performance

all-scalable PSC fabrication.

Finally, this thesis concludes with the conclusion and outlook in Chapter 5.
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Chapter 1.

Energy and Perovskite Solar Cells

1.1 Whydo we need energy?

The need for energy is deeply intertwined with the evolution of human civilization.
In the earliest days of human existence, they relied on energy in its most basic form, for
example, discovery of fire provided warmth and means to cook which improved their
health. After these basic harnessing means of energy and with growth of human civilization,
the energy generation and harnessing systems evolved into more complex forms.

Today, energy has become the backbone of modern civilization. From switching on
a bulb to our body, everything in the universe needs energy. It is the primary driving force
for the economic growth, technological advancements and social development. The energy
in our bodies is supplied by the food that we eat, and energy to the bulbs is supplied by the
(electric) generators. While world faces challenges in all forms of energy which is required
for human existence, the most vulnerable sector (in terms of demand and supply) has
become electrical energy. The growing global demand for energy, coupled with the rapid
depletion of fossil fuels, has necessitated a shift toward unconventional and sustainable
energy sources. In today’s world, nearly every aspect of modern life relies on energy to
perform basic functions, making it imperative to identify and harness alternative energy
sources. These alternatives, known as renewable energy resources, are derived from
natural processes and their installed capacity is consistently increasing over years, as

reported by the International Renewable Energy Agency (IRENA)! (Figure 1-1).
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Figure 1-1. Total renewable energy generation capacity growth between 2015 to 2024. The

figure is courtesy to International Renewable Energy Agency (IRENA).?

1.2 World energy overview

The global energy system is characterized by a complex interplay of supply and
demand, influenced by economic growth, population expansion, technological
advancements, and geopolitical factors. Global primary energy (includes both
conventional and renewable sources of energy) consumption increased to more than
180,000 TWh in the year 2023 compared to about 120,000 TWh in the year 2000, and this
trend continues to grow, averaging around 1% to 2% per year.? It is interesting to note that
fossil fuels-based energy still accounts for more than 80% of the global energy mix, and
renewable resources account for about 15% (and nuclear energy ~5%) in 2023 compared
to ~7% in 2000.2 Electricity is a major sector for increased demand in energy where demand
nearly doubled, from 15,277 TWh in the year 2000 to 29,471 TWh in 2023.%3 However, the

reliance on fossil fuels has led to significant environmental challenges, including the
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accumulation of carbon dioxide (CO2) and other greenhouse gases (GHG) in the
atmosphere, contributing to global climate change.*”’

The uneven distribution of energy resources and the geopolitical tensions
surrounding their extraction and trade further complicate the global energy landscape. For
instance, oil and natural gas reserves are concentrated in a few regions, creating
dependencies and vulnerabilities for energy-importing countries. In contrast, renewable
energy resources, such as solar and wind, are more evenly distributed, democratic and
offer a pathway to greater energy independence and security.

1.2.1. Supply and demand of energy

The supply and demand of energy are influenced by a multitude of factors, including
population growth, economic development, technological innovation, and policy
frameworks. On the demand side, the rapid industrialization of developing nations,
coupled with rising living standards, has led to a surge in energy consumption. The
transportation, industrial, and residential sectors are the largest consumers of energy, with
electricity generation being a critical component of the global energy system.®?

On the supply side, the energy mix is dominated by fossil fuels, which provide a
reliable and cost-effective source of energy but come with significant environmental and
social costs. The extraction, processing, and combustion of fossil fuels release large
guantities of CO2, methane, and other pollutants, contributing to climate change and public
health issues. In recent years, there has been a growing emphasis on diversifying the energy
supply by integrating renewable energy sources, improving energy efficiency, and adopting

cleaner technologies.



The imbalance between energy supply and demand is further exacerbated by the
intermittent nature of some renewable energy sources, such as solar and wind, which
require advanced storage solutions and grid management systems to ensure a stable and
reliable energy supply. Addressing these challenges requires a holistic approach that

combines technological innovation, policy support, and international cooperation.
1.3 Resources of energy

Energy resources can be broadly classified into two categories: conventional and
renewable. Conventional energy resources include fossil fuels (coal, oil, and natural gas)
and nuclear energy, which have been the backbone of global energy systems for decades.
These resources are characterized by their high energy density and established
infrastructure but are associated with significant environmental and geopolitical challenges.

Renewable energy resources, on the other hand, are derived from natural
processes that are continuously replenished. These include solar, wind, hydro, geothermal,
and biomass energy. Unlike fossil fuels, renewable energy sources produce little to no
greenhouse gas emissions during operation, making them a key component of strategies
to combat climate change. Additionally, renewable energy resources are abundant and
widely distributed, reducing the risk of supply disruptions and enhancing energy
security. 01!

1.3.1 Renewable energy

Renewable energy not only addresses the increasing energy demand but also plays

a critical role in mitigating the adverse effects of climate change. Conventional energy

sources, such as coal, oil, and natural gas, are major contributors to air pollution, GHG
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emissions, and the contamination of water and soil. In contrast, renewable energy sources
have minimal to no negative environmental impact. For instance, global CO, equivalent
emissions from the power sector were 10.9 gigatons in 2005 and are projected to rise to
18.7 gigatons annually by 2030 if current trends continue.?> However, a report suggests
that more efficient utilization of renewable energy could reduce CO; emissions by up to 70%
by 2050.13 Such a reduction would significantly mitigate climate change and help achieve
the global target of limiting warming to below 2°C by curbing GHG emissions.**

The importance of renewable energy for sustainable development cannot be
overstated. Table 1-1 highlights the top 10 countries with the highest CO; emissions as of
2009, which collectively account for nearly 70% of global emissions.!> China alone
contributes 25.4% of total global CO; emissions, although its per capita emissions remain
relatively low compared to other top emitters. United States has the highest per capita CO;
emissions among these nations. This disparity underscores the need for a global effort to
transition to renewable energy, particularly in high-emitting countries, to ensure a
sustainable and equitable future.

By prioritizing renewable energy, the world can not only meet its energy needs but
also protect the environment, reduce health risks associated with pollution, and combat
the escalating threat of climate change. This transition is essential for achieving long-term

sustainability and ensuring a healthier planet for future generations.



Table 1-1. Top 10 countries with the highest CO2 emissions by 2009.%°

Annual CO; emissions Per capita
Country (million tons) % of global total (tons)
China 7710.50 25.4 5.83
United States  5424.53 17.8 17.67
India 1602.12 5.27 1.38
Russia 1572.07 5.17 11.23
Japan 1097.96 3.61 8.64
Germany 765.56 2.52 9.30
Canada 540.97 1.78 16.15
South Korea 528.13 1.74 10.89
Iran 527.18 1.73 6.94
UK 519.94 1.71 8.35

1.3.2 Types of renewable energy

Renewable energy encompasses a diverse range of technologies and resources,
each with unique characteristics and applications. The major types of renewable energy
resources include:

1. Solar energy: Harnessed from sunlight using photovoltaic (PV) cells or solar thermal
systems, solar energy is one of the most abundant and widely available renewable
energy sources.

2. Wind energy: Generated by converting the kinetic energy of wind into electricity
using wind turbines, wind energy is a rapidly growing sector with significant
potential for large-scale deployment.

3. Hydropower: Derived from the energy of flowing or falling water, hydropower is a
mature and reliable renewable energy technology, accounting for a significant

share of global electricity generation.



4. Geothermal energy: Tapped from the heat stored beneath the Earth's surface,
geothermal energy is used for electricity generation and direct heating applications.

5. Biomass energy: Produced from organic materials such as plant and animal waste,
biomass can be converted into electricity, heat, or biofuels.

Each of these renewable energy sources has its advantages and limitations, and
their suitability depends on factors such as geographic location, resource availability, and
technological feasibility.

From the above-mentioned types of renewable energy resources hydroelectricity,
solar energy and wind energy are widely popular and installed commercially in many parts
of the world. Our scope in this thesis is largely related to solar energy; therefore, we will
now elucidate the importance of solar energy.

1.4 Solar energy

Human civilization has seen rapid growth in the past few decades. It is evident by
the fact that for the first time in recorded human history, more than half of the world’s
population has been living in the cities since 2007.'® With the unprecedented rise in
urbanization & industrialization, and growth in the population of the world, demand for
energy is also linearly increasing.

Every year we get more energy from the Sun than all energy resources available on
Earth combined. For example, total energy from oil reserves is estimated to be 240 TWy
and we get 23,000 TWy every year from the Sun (Figure 1-2).17 Hence, solar energy is free,

cheap, and abundantly available for use.



Global Enefgy Potential

900 TWy

consumption
~21TW

;vaeothermaI 03-2TW

90-300 TWy

Hydro 3-4 TW

Biomass 2-6 TW

L Every Year Total Reserve J

Figure 1-2. Global energy potential of different renewable and non-renewable resources.

Note that the reserves for renewable energy resources are available every year while from

conventional resources they are available as total.?”

1.4.1 Development of solar cells

A solar cell is a device that converts sunlight into electrical energy. The origins of
this technology trace back to 1839, when Alexandre-Edmond Becquerel first discovered
the photovoltaic effect—a phenomenon where light exposure generates voltage or electric
current. He observed this effect in an electrochemical cell under illumination, marking the
first step toward harnessing solar energy.*®

In 1876, W. G. Adams and R. E. Day advanced the understanding of photovoltaic
principles by observing the same effect in a solid-state selenium device. This discovery laid

the groundwork for further exploration into photovoltaic technology.



The potential of solar energy conversion was realized in 1883, when C. E. Fritts developed

III

a “photocell” capable of converting solar radiation into electrical energy. The theoretical
understanding of this process was established in 1905 by Albert Einstein, who explained
that light is composed of discrete packets of energy, called photons. These photons can
eject electrons from a material if their energy exceeds the material’s work function. This
explanation of photoelectric effect earned Einstein the 1921 Nobel Prize in Physics. Despite
this breakthrough, early devices, including semiconductor metal junction solar cells
developed in the late 1920s and early 1930s, demonstrated power conversion efficiencies
(PCE) of less than 1%. PCE measures a solar cell’s power output relative to the power input
from sunlight.

A breakthrough came in the 1950s with the development of the first silicon-based
solar cells, which achieved an efficiency of 6%. This marked the beginning of the modern
solar cell industry, as silicon-based devices offered higher efficiencies and practical
applications. Today, silicon solar cells have surpassed 27% efficiency and dominate the
commercial market. Figure 1-3 shows the efficiency of different solar cells including Si

which is represented by blue color code. This chart is maintained by National Renewable

Energy Laboratory (NREL), United States.
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from 1976 to present. This plot is courtesy of the National Renewable Energy Laboratory, Golden, CO.%°

-11 -



In 2009, another significant milestone was achieved with the development of the
first perovskite solar cells (PSCs). These devices, based on perovskite-structured materials,
have seen rapid advancements, with their efficiencies now 27% (Figure 1-3).2° Gallium
Arsenide (GaAs) solar cells are although high performing but extremely costly that they are
only limited to space applications. Then, there are silicon solar cells being the industry
champion thus far. Despite having relatively acceptable device performance, silicon solar
cell manufacturing process is complicated and less energy efficient.

1.5 Perovskite structure

Perovskite is named after a Russian mineralogist Lev Perovski (1792-1856). Any
material that has the same crystal structure as that of mineral calcium titanium oxide
(CaTiOs) with ABXs chemical formula is called perovskite.2%2?

Halide perovskites have a cubic cell structure and general formula of ABXs (Figure
1-4), where A-site is generally a monovalent cation such as methylammonium (CH3NHs*),
formamidinium (HC(NH2)2*) and Cs* which is surrounded by an octahedral cage of [PbXs]*,
B-site has a bivalent metal cation such as Pb?*, Sn?* and X is the halogen anion like CI, I,
Br-.3 In perovskite structure BXs octahedra is formed by B and X with B (metal cation) in the
center and X (halogen anions) in the corner and upon extension of BX¢ octahedra a three-
dimensional structure is formed.??72¢ Organic/inorganic metal lead halide compounds such
as methylammonium lead iodide (MAPbIs), formamdinium lead iodide (FAPbIs3), and cesium
lead iodide (CsPbls) are some of the specific examples of perovskite semiconductor which

hold particular interest because of their excellent optoelectronic properties.?’~2° This
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structure is adopted for various complex compounds. This thesis will mainly focus on the

heavy metal containing perovskite such as lead (Pb).

@ A : MA (CH;NHy"), Cs*
@ B : Pb%, Sn?

o X :Cl, Br,I

Figure 1-4. Crystal structure of metal halide perovskites. Following ABX3 chemical formula,
it has organic or inorganic A-site cations such as CH3NHs* on its corners, metals such as Pb

in the center and halide anions such as I on the face of cubic structure.

1.6 Advantages of halide perovskites

There are certain advantages of perovskite materials for an application in

optoelectronic devices, particularly solar cells which are discussed below:

1) Solution processability
PSCs have emerged as a highly promising photovoltaic technology, largely due to
their solution processability, which simplifies fabrication and significantly reduces
production costs.3%31 The process begins with the preparation of a perovskite ink, typically
composed of lead halides (e.g., Pbl. or PbBr;) and A-site organic cations (e.g.,
methylammonium iodide (MAI, CH3NHsl) or formamidinium iodide (FAI, HC(NH,)2l))

dissolved in polar solvents such as dimethylformamide (DMF) or dimethyl sulfoxide (DMSO).
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The choice of solvents and precursors is critical, as they influence the crystallization kinetics,
film morphology, and overall performance of the perovskite solar cell.

A few microliters of this ink are deposited onto a clean substrate, such as glass
coated with indium doped tin oxide (ITO) or flexible polymer substrates and then spin-
coated to ensure uniform spreading and controlled thickness of the perovskite layer. Spin-
coating is a simple and cost-effective technique that allows precise control over film
formation. Following deposition, the substrate is annealed on a hotplate at moderate
temperatures (typically 100-150 °C) to evaporate the solvents and induce crystallization,
resulting in a high-quality perovskite thin film with excellent optoelectronic properties.

This low-temperature processing is a significant advantage, as it enables the use
of flexible and lightweight substrates, such as polymers, which are incompatible with high-
temperature processing. Additionally, the low energy consumption and scalability of this
process make perovskites highly attractive for large-scale manufacturing and integration
into next-generation photovoltaic devices. Some of the reported solution processed

deposition methods are shown in Figure 1-5.32

Chemical Bath Spin-coating Dip-coating

v A V=7

Slot-casting Spray-coating Screen Printing Inkjet Printing Aerosol Jet

Figure 1-5. Schematic describing various solution processing methods. Reprinted with

permission from ref.32 Copyright 2011 Royal Society of Chemistry.
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In stark contrast, the fabrication of silicon solar cells involves energy-intensive
processes.3>34 The production of silicon wafers begins with the growth of a silicon ingot
using the Czochralski process, which requires temperatures exceeding 1500 °C.3>3¢ The
silicon ingot is then sliced into thin wafers using advanced cutting technologies, such as
diamond wire sawing, a process that generates significant material waste.3”38 The high-
temperature processing of silicon not only increases production costs but also limits the
choice of substrates to rigid materials, such as glass or crystalline silicon. Furthermore, the
fabrication of silicon solar cells involves multiple steps, including diffusion doping, anti-
reflection coating deposition, and metallization, all of which require specialized equipment
and high energy input.3*! These factors contribute to the high cost of silicon solar cell
production. A schematic diagram of the Si solar cell fabrication steps is shown in Figure 1-

6.

/ Silicon Ingot Silicon Wafers Silicon Cell \

- /

Figure 1-6. Schematic describing how silicon solar cells are made from silicon ingots.

The solution processability of PSCs is a game-changing feature that sets them apart
from traditional silicon solar cells (a complete PSC life cycle from ink preparation to

fabrication and its application is shown in Figure 1-7).%2 The ability to fabricate high-quality
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perovskite films at low temperatures using simple and scalable techniques makes

perovskites a promising candidate for next-generation photovoltaics.*34®
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Figure 1-7. The life cycle of perovskite materials. Reproduced from ref.*’, used under

Creative Commons CC-BY license 4.0.

While challenges such as stability and scalability remain, ongoing research aims to
address these issues and unlock the full potential of PSCs for sustainable and cost-effective
energy production.#”->° The combination of low fabrication costs, compatibility with
flexible substrates, and high efficiency positions PSCs as a transformative technology in the
renewable energy landscape.
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2) Bandgap tunability

Bandgap tunability in semiconductors is a critical property that enables their
application in a wide range of optoelectronic devices, including light-emitting diodes
(LEDs) and tandem solar cells (Figure 1-8).>! In perovskite materials, bandgap tunability can
be achieved through three primary mechanisms:

i.  Elemental composition,
ii.  Crystal structure modification.

These mechanisms allow the bandgap of perovskites to be finely tuned across
nearly the entire visible spectrum, making them highly versatile for optoelectronic
applications.

For solar cells, this tunability is particularly advantageous in the design of tandem
solar cells, which consist of two or more sub-cells with different bandgaps. By combining
a wide-bandgap sub-cell  with  a narrow-bandgap sub-cell, tandem solar cells
minimize thermalization losses and maximize the utilization of the solar spectrum. This

approach has led to significant advancements in photovoltaic efficiency.>?->°

CsPb(Cl/Br), CsPb(I/Br), MA(Sn/Pb)l,
CsPbCl, CsPbBr, CsPbl, MAPbI, MASnl;  MASn, gPb,,l;

Norm. PL

400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100
Wavelength (nm)

Figure 1-8. Bandgap tunability in all inorganic and hybrid perovskites. The image is

reprinted from ref.>! with permission from Wiley, copyright 2018.
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Currently, perovskite—Si, perovskite—copper indium gallium selenide (CIGS),
and perovskite—perovskite tandem solar cells have garnered considerable attention.>’-6°
Among these, perovskite—Si tandem solar cells have achieved remarkable efficiencies
exceeding 33%, showcasing their potential for next-generation photovoltaics.®!
Additionally, the solution processability of perovskite—perovskite tandem solar cells offer a
pathway for the fabrication of low-cost, high-efficiency, and flexible solar cells, further
enhancing their appeal for commercial applications.

3) Photophysics
A photoactive layer, perovskite in our case, essentially performs the following three
functions.
i.  Efficiently absorbs sunlight,
ii. Creates and separates electron (e”) and hole (h*) pairs, and
iii.  Efficiently transports the carriers to charge selective layers.

Firstly, perovskite offers high optical absorption coefficient which is the intrinsic
property of a material.®%%3 Being a direct bandgap material, the absorption coefficient of
perovskites is much higher than that of an indirect material such as Si (Figure 1-9). It means

that same amount of light can be captured in a much thinner perovskite photoactive layer

(0.5-1 um) than a much thicker silicon material (100-500 pm).646°

The exciton binding energy of perovskite materials is a critical parameter that
determines the energy required to separate electron-hole (e™-h*) pairs (excitons) into free

charge carriers. For efficient photovoltaic operation, it is essential to have a low exciton
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binding energy, as this facilitates the dissociation of excitons into free carriers upon light

absorption, enabling their collection at the charge-selective contacts.
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Figure 1-9. Absorption coefficients of silicon and perovskites. It shows that the absorption
coefficient of perovskite materials is higher than the Si. Reprinted from ref.?® with

permission from American Chemical Society, copyright 2022.

In perovskite materials, the exciton binding energy is remarkably low, typically
ranging between ~15-40 meV.®’ This value is comparable to the thermal energy at room
temperature (ksT = 25.7 meV), where ks is the Boltzmann constant (8.617 x 10 eV/K) and
T is the temperature in Kelvin (298 K). Such a low binding energy ensures that excitons can
be easily dissociated into free carriers even at ambient conditions, contributing to the high
performance of perovskite solar cells.

Perovskite semiconductors exhibit a remarkable characteristic known as defect
tolerance, which contributes to their exceptionally long charge carrier lifetimes.®® A long
carrier lifetime indicates a low density of defects capable of trapping charge carriers, as

trapped carriers cannot be extracted at the charge-selective layers and instead contribute
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to non-radiative recombination, reducing device efficiency. This defect tolerance is
particularly unusual for materials fabricated at relatively low temperatures (~150 °C),
unlike traditional semiconductors such as Si, which require extremely high processing
temperatures to achieve their desired thermodynamic state. Interestingly, despite being
solution-processed at low temperatures, perovskites exhibit a total trap density
comparable to that of traditional semiconductors, raising the question of then what makes
perovskites defect-tolerant?

The defect tolerance of perovskites can be attributed to the nature and energy
levels of their trap states (Figure 1-10). In defect-intolerant materials like gallium arsenide
(GaAs) and cadmium telluride (CdTe), deep trap states within the bandgap create a
significant energy difference between the trap states and the conduction or valence bands.
Once charge carriers are trapped in these deep states, they cannot easily return to the
transport bands because the energy difference is much larger than the available thermal
energy (ksT). As a result, trapped carriers are lost to non-radiative recombination,
significantly reducing carrier lifetime and device performance. In contrast, perovskite
materials have trap states that are either within the transport bands or very close to them,
known as shallow trap states. The energy difference between these trap states and the
transport bands is small, often comparable to or less than the thermal energy (ksT). This
allows trapped charge carriers to easily thermalize back into the transport bands without
losing their energy to non-radiative mechanisms. As a result, even if defects are present,

they do not significantly degrade the carrier lifetime or device performance.
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Figure 1-10. Energy level diagram of traditional semiconductor materials, GaAs and CdTe,
and the location of deep traps versus shallow traps in perovskite semiconductors. The
image is reprinted from ref.?® , licensed under Creative Commons Attribution-

NonCommercial 3.0.

Traditional semiconductors like Si and GaAs require high-temperature processing
to achieve a low density of deep traps, as deep trap states within the bandgap lead to
significant non-radiative recombination, reducing carrier lifetime and device efficiency. In
contrast, perovskite semiconductors can be fabricated at low temperatures (~150 °C) while
maintaining low trap densities. The shallow trap states and benign defects in perovskites
enable long carrier lifetimes and high device performance, even in the presence of defects.
This defect tolerance is a key factor behind the high PCEs and long carrier diffusion lengths
observed in perovskite solar cells, which are critical for efficient charge extraction.
Additionally, this property makes perovskites suitable for low-cost, solution-processed
fabrication, as they do not require the high-temperature annealing or ultra-pure conditions

needed for traditional semiconductors.
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In addition to the above advantages, perovskite materials exhibit the following
properties as well which set them apart from their counterparts:
i. Devices based on perovskite materials are low cost and have easy fabrication
process e.g., roll-to-roll fabrication of flexible devices.®®
ii.  These materials exhibit modest mobility of photogenerated carriers. The mobility
of electrons is reported to be 5-10 cm?V-1s! and that of hole is 1-5 cm?V1s2.70
iii. These materials also show long diffusion lengths (> 3 um) of charge carriers that

enable them for use in high-performance optoelectronic devices.”7?
1.7 Efficiency limit of solar cells

Single-junction solar cells face fundamental limitations in converting 100% sunlight
into electricity, with their maximum theoretical efficiency constrained by inherent physical
processes. The widely recognized Shockley-Queisser (S-Q) limit, established in 1961,3 sets
an efficiency limit of ~33% for an ideal solar cell under standard test conditions (AM1.5
spectrum, 1 sun illumination). This model considers only radiative recombination as the
primary loss mechanism and identifies an optimal bandgap range of 1.1-1.3 eV for
maximizing photovoltaic conversion.

However, additional non-radiative loss mechanisms further reduce this limit. In
1984, Tiedje et al. refined the S-Q model by considering:’*

1. Free-carrier absorption (absorption of photons by charge carriers)
2. Auger recombination (non-radiative energy loss via carrier-carrier scattering)

Their calculations revealed a lower efficiency limit of 29.8%, demonstrating that

practical single-junction solar cells cannot reach the idealized S-Q threshold due to these
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unavoidable losses. It is also important to note that Auger recombination is generally
significant in Si semiconductors, but not typically dominant in most other semiconductors.
Figure 1-11 illustrates this revised limit, highlighting the efficiency-thickness relationship

while accounting for all three recombination pathways.

Efficiency (%)

[ | |
10 100 1000

Thickness (um)

Figure 1-11. Efficiency of silicon solar cells as a function of thickness for textured cells with
back reflectors. The top curve includes only radiative recombination, and the bottom curve
includes Auger recombination and free carrier absorption in addition to radiative

recombination. Reprinted with permission from ref.”#|IEEE, copyright 1984.

1.8 Architecture of perovskite solar cells

A perovskite solar cell mainly consists of a photoactive layer (perovskite in this case)
which is sandwiched between an electron transport layer (ETL) and a hole transport layer

(HTL) with metal electrodes on bottom, such as ITO, and a top electrode, such as gold (Au).
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Therefore, the architecture of a perovskite solar cell is divided into two categories, i.e.
negative-intrinsic-positive (n-i-p) structure and positive-intrinsic-negative (p-i-n) device

structures as shown in Figure 1-12.7°

(@)

Figure 1-12. Two device structures of perovskite solar cells. (a) negative-intrinsic-positive
(n-i-p) structure, (b) positive-intrinsic-negative (p-i-n, also called inverted structure) for
fabrication of perovskite solar cells. The image is reproduced from ref.”” under Creative

Commons CC-BY license 4.0.

In a n-i-p device structure, ETL is coated on top of ITO followed by coating perovskite
and HTL, whereas the structure is inverted in p-i-n devices where HTL is deposited first on

top of ITO followed by deposition of perovskite and ETL and top metal electrodes.

1.8.1 Choice of perovskite composition

In 2009, when Kojima et al. reported PSCs for the first time, their efficiency was just
about 3.8% and they used MAPbIz perovskite composition.”® However, the performance of
MAPbI; is fundamentally limited by its slightly wider bandgap (~1.55 eV) which cannot
absorb most of the solar spectrum because of it being far from the ideal bandgap (S-Q limit).

Secondly, it is unstable due to intrinsic hygroscopic and volatile nature of MA* cation which
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irreversibly goes into degradation and phase transition in ambient conditions.”’” Therefore,
efforts were made to stabilize its photoactive phase, and Graetzel et al. reported the
double A-site cation, a mixture of MA* and FA*, to stabilize the photoactive phase of
perovskite.”® This advancement led to achieve the PCE of 25.7% in 2022 when | was in the
early stages of my research program, and which is why it was the choice for my research in
chapter 2 and chapter 3.Despite achieving relatively high PCEs, the stability of the mixed A-
site cation was still a challenge, mostly because of volatility of MA*. Therefore, the scientific
community turned attention to pure FAPbIs perovskite solar cells. FAPbls exhibits several
advantages over pure MAPbIs and mixed A-site cation formulation. They are thermally
stable at elevated temperatures, and more importantly, their bandgap (1.48 eV) is more
closer to the S-Q limit (Figure 1-13).7>8 Nonetheless, because of relatively large FA* size,
their tolerance factor increases to >1 which results in hexagonal delta-phase of the FAPbI3
films at room temperature. A tolerance factor (t) is a geometric parameter used to predict
if a compound with ABX3 formula can form a stable perovskite crystal structure. It is
calculated using the equation:
po_Tath
\/E(TB +7)
where 14, 15 and 1, represent ionic radii of A-site cation, B-site cation and X-site anions
(halide), respectively. Furthermore, many important works have been done to stabilize the

o -FAPbI3 such as incorporating Cd into the precursor solution.?-83
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Figure 1-13. The theoretical PCEs and short-circuit current density (Jsc) of PSCs as a function
of the bandgap. Reproduced from ref.”” The data was extracted using WebPlotDigitizer

[(Copyright 2010-2019 Ankit Rohatgi, https://automeris.io/WebPlotDigitizer)].

1.8.2 Charge transporting layers

In the fabrication of a PSC, the photoactive layer (perovskite)is sandwiched
between two critical functional layers (Figure 1-14): the ETL and the HTL. As their names
suggest, ETL is responsible for collecting and transporting electrons to the cathode, while
HTL collects and transports holes to the anode. These charge transport layers (CTLs) layers
play a vital role in ensuring efficient charge extraction and minimizing recombination losses,
which are essential for achieving high-performance PSCs. The energy band diagram for a n-

i-p perovskite solar cells is shown in Figure 1-15.%*
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Figure 1-14. Perovskite solar cell is a stack of 5-8 different layers. On the right, it shows an

image of perovskite solar cell and its corresponding cross-sectional SEM image on the left.

Energy (eV)

Figure 1-15. Energy band diagram of perovskite solar cell showing the transfer of charges

to their respective transport layers. The image is reproduced from ref.8

1) Hole transport layer (HTL)

HTLs play a critical role in PSCs by ensuring efficient hole extraction to the electrode.

Over time, various HTL materials have been investigated to enhance device performance

and stability. In the conventional n-i-p architecture, 2,2',7,7'-tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) has been widely employed.
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However, Spiro-OMeTAD suffers from a critical limitation: poor thermal stability at
elevated temperatures. This leads to degradation of the HTL over time, adversely affecting
both performance and device stability.8> To overcome this challenge, ongoing research is
focused on developing alternative HTL materials such as polymeric materials like poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA).86

Meanwhile, in the p-i-n configuration, alternative HTLs, and self-assembled
monolayers (SAMs) including [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) and [2-
(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz), have shown
promising results.?”-88

Notably, HTLs such as PTAA and 2PACz have enabled PSCs to withstand harsh
environmental conditions, successfully passing damp-heat tests for 1000 hours at 85 °Cand
85% relative humidity (RH). Furthermore, devices using MeO-2PACz as the HTL have
demonstrated remarkable stability, enduring 3,000 hours of temperature cycling between
-60 and 80 °C.

Beyond these materials, a range of other organic HTLs—including small molecules
containing diphenylamine and triphenylamine moieties—and conducting polymers such as
poly(3,4-ethylenedioxythiophene): polystyrenesulfonate (PEDOT:PSS) and poly(N,N’-bis(4-
butylphenyl)-N,N’-bis(phenyl)benzidine)—have been explored. Inorganic HTLs like nickel

oxide (NiOx) and copper thiocyanate (CuSCN) have also enabled PSCs to achieve PCEs

exceeding 20%.

2) Electron transport layer (ETL)
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In a PSC, a transparent ETL is deposited to facilitate the transportation of electrons
to the electrode. ETL materials such as titanium oxide (TiO3), zinc oxide (ZnO) and tin oxide
(Sn02) have been explored for their use as an ETL material. However, materials like TiO>
are, although, transparent but their electron mobility (0.1-4 cm?V=s™) is less than
perovskite.®? Materials having electron mobility less than the perovskite means that they
cannot transport the electrons to the electrodes efficiently and resulting in accumulation
of electrons at the ETL/perovskite interface. This accumulation is detrimental for device
efficiency and stability. Furthermore, TiO; also requires high annealing temperature which
limits its application for development of flexible perovskite solar cells.

Sn0; is currently the most widely used material for the ETL in PSCs. Its popularity is
due to several advantageous properties:8—1

i.  Wide bandgap: SnO;'s wide bandgap allows most of the incident light to pass
through and be absorbed by the perovskite layer, maximizing light utilization.

ii. Low temperature processability: SnO; can be deposited at relatively low
temperatures, making it compatible with flexible substrates and low-cost
fabrication methods.

For optimal device performance, it is crucial to deposit SnO; as a smooth, dense,
and uniform film. Any irregularities in the ETL can lead to poor charge extraction and
increased recombination losses, significantly reducing the efficiency of the PSC.

The importance of SnO; and its impact on device performance are discussed in

detail in Chapter 4 of this thesis.
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1.8.3 Electrodes in perovskite solar cells

Perovskite solar cells require efficient charge extraction through both top and
bottom electrodes, which also serve as electrical contacts to external circuits. These
electrodes are typically fabricated from metals like gold (Au), silver (Ag), or copper (Cu),
carbon-based materials, or transparent conducting oxides (TCOs) such as ITO and fluorine-
doped tin oxide (FTO). The selection of electrode material significantly impacts device
performance, stability, and processing compatibility, making it critical design consideration.

TCOs are particularly favored as front contacts in perovskite devices, due to their
unique combination of high optical transparency and electrical conductivity. These
properties minimize parasitic light absorption while ensuring efficient charge collection,
which is essential for maintaining high device efficiency. Among TCOs, ITO is widely used
because of its exceptional transparency (>90% in the visible spectrum) and low sheet
resistance (<3 Q/sq), outperforming FTO, which exhibits slightly lower transparency (80-
90%) and higher sheet resistance (7-20 Q/sq). Additionally, ITO’s smoother surface
morphology is advantageous for the subsequent deposition of high-quality perovskite films,
as reduced roughness helps minimize defect formation and charge recombination.®?

For the counter electrodes to the TCO, metal or carbon electrodes are deposited
which constitutes the final step of device fabrication process. These metal electrodes are
thermally deposited on the top of device. However, carbon electrodes have also been
recently used and studied which serve as a cheaper alternative to the complex and

expensive thermal deposition process. Nevertheless, the efficiency of carbon electrode-
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based devices still lags to those of conventional metal electrodes due to its low conductivity
in n-i-p devices.

In this thesis, n-i-p device structure with ITO and gold electrodes are used unless
otherwise specified. The reason behind choosing n-i-p device structure lies in better energy
level alignment of ETL (such as Sn0O3) with perovskite, and its promise for fabrication in the
ambient air. In the p-i-n structure, HTL materials such as SAMs are highly sensitive to

ambient air, thus, limiting the prospects for fabrication in ambient air.

1.9 Performance parameters of perovskite solar cells

Current-voltage (JV) is an important characterization method through which PCE or
simply efficiency is determined. The JV curve is a relationship between voltage applied to
an electronic device and current flowing through it. This curve is obtained by applying a
range of voltage across the device and at each voltage the current flowing through device
is measured. A typical measurement setup is shown in Figure 1-16.

Through this JV curve key performance parameters such as the short-circuit current
density (Jsc) and open-circuit voltage (Voc) are derived. When the device is held at zero
voltage (short-circuit condition), the photogenerated current reaches its maximum value,
defined as Jsc. This parameter is measured using an ammeter connected in series with the
cell and is fundamentally governed by the material's ability to absorb sunlight and generate
charge carriers. Due to the exceptionally high absorption coefficient of perovskite materials,
Jsc values in these devices remain notably high. Importantly, Jsc exhibits an inverse

relationship with the bandgap (Eg) of the photoactive layer—narrower bandgaps enable
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absorption over a broader range of the solar spectrum, thereby vyielding higher

photocurrents.
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Figure 1-16. Newport Oriel sol-3A solar simulator, a source meter for providing electrical

bias and a sample holder. (Picture was taken at Saidaminov Lab, University of Victoria).

Conversely, under open-circuit conditions (zero current), the device develops its
maximum voltage, termed Voc, which is measured using a voltmeter connected in parallel.
In principle, Voc is directly proportional to the bandgap of the absorber material; a larger
bandgap should theoretically result in a higher Voc due to the increased energy difference
between the quasi-Fermi levels of electrons and holes. However, this does not necessarily
translate to higher device efficiency, as widening the bandgap also reduces the spectral
range of sunlight absorption, leading to a decline in Jsc. Thus, optimizing efficiency requires

balancing these competing trends between Voc and Jsc.

In practice, the experimentally observed Voc is always lower than the theoretical

maximum due to various loss mechanisms, including non-radiative recombination, shunt

-32 -



resistance losses, and interfacial band misalignment with CTLs. These factors collectively
limit the achievable voltage, emphasizing the importance of defect passivation and
interface engineering in perovskite solar cell development.

As discussed above, Voc and Jsc represent the maximum voltage and current a solar
cell can generate under no-load and short-circuit conditions respectively, however, there
are another two important parameters as well, i.e. voltage at maximum power point (Vmer)
and current density at maximum power point (Jmer) which denote the actual operating
voltage and current respectively at which the cell delivers its maximum power output.
These operating points are lower than their maxima due to internal resistances and real-
world operating conditions. The maximum power (Pmax) is calculated as the product of Ve
and Jwvrp, and this value directly determines the PCE of the solar cell when compared to the
incident solar energy.

Vmer and Jwuep are directly involved in calculating the fill factor (FF) of a solar cell,
which refers to the “squareness” of the JV curve. It is derived from the ratio of product of
Vme and Jvp (Pmax) to the product of Voc and Jsc, calculated by the equation below, and
indicates how closely the cell's JV curve approaches the ideal rectangular shape:

_ Jupp X Vupp

FF
Isc X Voc

Together, these parameters—Vwpep, Jmprp, Voc, and Jsc—are critical for obtaining the PCE
of a solar cell (a typical JV curve is shown in Figure 1-17), which is determined by the

following equation:

Pout _ Js¢c X Voc X FF

PCE =
Pin P;
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Where Pi, is the power input (incident light) and Po.: is the electrical power output.

j.S'C
—~ I'd
P m
g PP Jsc : short-circuit current density
E \]mpp Voc : open-circuit voltage
%‘ mpp : maximum power point
g Jmpp: current density at mpp
E Vimpp - voltage at mpp
g Vnpp FF :fill factor = /

ha

\ >
Voltage (V) Voc

Figure 1-17. JV characteristics of a solar cell. The current at 0 V voltage is called short-circuit
current (Jsc), and voltage at 0 A current is called open-circuit voltage (Voc). The fill factor is
the ratio between the maximum current and voltage product to the product of Jsc and Voc.

Similarly, the operational stability of a solar cell is measured at its maximum power
point tracking (MPPT). It is a condition where voltage and current of the device are
maximum. For the standardization, the International Summit on Organic Photovoltaic
Stability (ISOS-L-11) protocols (light soaking intrinsic stability test) test is performed to
evaluate the stability of the devices. In this test, an encapsulated device is stressed at MPPT
until it reaches its Tgo value (the time required for the efficiency to drop to 80% of its initial
value).”®

1.10 Pathway for improving device performance

Interface engineering: Perovskite solar cells (PSCs) have gained significant attention

in recent years due to their outstanding optoelectronic properties and rapidly increasing

PCEs.>3
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Figure 1-18. Schematic diagram illustrating different interfaces present in a stack of
perovskite solar cells. The figure is adapted from ref.?* with permission from Wiley, licensed
under Creative Commons CC-BY-NC-ND.

However, challenges related to long-term operational stability and defect-induced
non-radiative recombination remain critical barriers to commercialization. A major focus
of recent research has been the stabilization of the perovskite crystal phase and the
passivation of defects to suppress recombination losses. Since PSCs consist of multiple
functional layers with several material interfaces, the role of interface engineering
becomes paramount. Robust and well-optimized interfaces are essential for facilitating
efficient charge transport and minimizing interfacial recombination losses. Interface
engineering involves the application of tailored chemical or physical treatments at the
interfaces to reduce trap states, align energy levels, and enhance interfacial contact quality,
ultimately leading to improved device efficiency and stability.

1) Interfacial Charge Dynamics
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The charge dynamics process existing in a PSC contains several important steps;
photogenerated charges, i.e. electron-hole pair, transfer of charges, and their
recombination (Figure 1-19). These all significantly impact the performance of PSCs, and
an efficient charge extraction will improve the efficiency of PSCs.

Deep-level defect states tend to be present at the interfaces and may introduce
carrier recombination causing adverse effects on the efficiency and loss in the Voc.
Therefore, low charge recombination at the interface is critical to reduce Voc loss and
ultimately improve the efficiency of PSCs.

2) Defect Passivation

Essentially, there are two major interfaces which significantly impact the overall
device performance and stability. One is ETL/perovskite interface, and the other is
perovskite/HTL interface. Generally, a thin layer of hydrophobic molecules is applied on a
perovskite surface to passivate the defects and reduce the non-radiative recombination
and increase the stability of the film in ambient conditions. Similarly, different inorganic
salts such as potassium chloride (KCl) are applied on top of ETL to make better energy level
alignment with the perovskite which results in better charge extraction and reduced Voc
deficit.

Therefore, making robust and passivated interfaces can lead to higher device
performance and better stability. In this thesis, Chapter 3 deals with passivation of top
interface (perovskite/HTL), and Chapter 4 deals with the interface engineering of bottom

interface (ETL/perovskite).
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Figure 1-19. Charge transport diagram in a typical normal n-i-p perovskite solar cell: a)
photogenerated excitons and dissociation, b) charge diffusion, c) charge extraction, d)
charge transfer, and e) charge recombination induced by interface trap states. The image
is adapted from ref.?®> with permission from Wiley, licensed under Creative Commons CC-
BY-NC-ND.

1.11 Thesis goals

The main objective of this thesis is to first investigate the lab-scale manufacturing
of perovskite solar cells in ambient air and then upscale them for commercialization,
addressing both efficiency and stability.

The goal of 2" chapter is to advance ambient-air fabrication of perovskite solar cells
by developing stable compositional formulations of CSMAFA and MAFA (Cs: cesium; MA:
methylammonium, CH3NHs*; FA: formamidinium, HC(NH.),*) perovskites that overcome
material degradation challenges, while establishing reliable processing protocols to achieve
consistent efficiencies exceeding 20% under ambient conditions. A key focus involves

creating robust encapsulation methods capable of sustaining stable operational stability
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test at maximum power point (MPP) for over 500 hours, supported by the development of
an accelerated stability protocol using 120 °C thermal stress testing as a tool for predicting
long-term stability test.

The goal of 3™ chapter is to mitigate grain boundary-induced degradation in PSCs
by developing targeted passivation strategies using biphenyl-based molecules. The work
will focus on designing selective interfacial interactions where these moieties preferentially
bind to Pbl,-rich defect sites on perovskite surface while preserving the perovskite crystal
structure, with the dual objectives of extending radiative recombination lifetimes. A
parallel goal involves leveraging the inherent hydrophobicity of aromatic systems to
enhance moisture resistance by at least threefold compared to untreated films.

Chapter 4 aims to develop an optimized chemical bath deposition (CBD) process for
uniform, conformal SnOy electron transport layer that enables high-performance, scalable
perovskite solar cells. The chapter will focus on controlling the reaction environment
through PbCl; additive to regulate pH and prevent pre-mature precipitation of Sn(OH),. The
work will establish fundamental principles for reaction control in CBD that bridge the gap

between laboratory-scale achievements and commercial manufacturing requirements.
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Chapter 2.
How To Make 20% Efficient Perovskite Solar Cells in
Ambient Air and Encapsulate Them For 500 h Of

Operational Stability

[Reproduced (adapted) with permission and alterations from: “Muhammad Awais,
Deepak T. G, Furui Tan, Makhsud I. Saidaminov. How to make 20% efficient perovskite solar
cells in ambient air and encapsulate them for 500 h of operational stability. Chemistry of

Materials. 2022, 34, 18.“]
Contributions to research and writing

In this paper, | prepared all samples and developed methods for fabrication of solar
cells, carried data collection and data analysis. | also wrote the first draft of the manuscript
and led it through revision process until publication. The study was supervised by Dr.

Makhsud I. Saidaminov.

Transition section

Fabrication of perovskite solar cells (PSCs) in ambient air is challenging because of
humidity induced defects in the perovskite. In 2021, when | was in the early stages of my
PhD research only a handful of reports would offer fabricating the PSCs in ambient air.
Therefore, | chose to work on underlining comprehensive methods and protocols for

fabricating reproducible, efficient and stable PSCs in ambient air. Therefore, this chapter of
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the thesis addresses these gaps by presenting a comprehensive, step-by-step methodology
for fabricating 20%-efficient PSCs entirely in ambient air conditions, along with an
encapsulation technique enabling stable MPP operation exceeding 500 hours. Significantly,
a rapid encapsulation quality assessment protocol was introduced: devices that withstand
after 5 minutes of 120°C thermal stress testing in ambient air will likely withstand long term
MPP stability. These standardized procedures provide researchers with practical guidelines
for ambient-air PSC development and reliable performance evaluation.

2.1 Introduction

Halide perovskites demonstrate strong light absorption and offer tunable bandgaps
and long charge-carrier diffusion lengths,®>7694197 making them one of the best
photovoltaic materials. These properties have led them to unprecedented progress in
photovoltaics. Perovskite solar cells (PSCs) can be fabricated at a low cost'%-1% and have
recently surpassed a power conversion efficiency (PCE) of 25%, outshining other major

thin-film photovoltaic technologies.!”118

A perovskite solar cell is a sandwich of at least five thin films, three of which are
typically made from multi-component compositions. Fabrication conditions greatly affect
the property of each component; therefore, despite the significant number of reports in

III

this field, getting efficiency above 20% “psychological” barrier has been challenging. Saliba
et al. reported a comprehensive, reproducible description of PSC fabrication protocols in

2018.1*% This work has made a significant contribution to the reproducibility of PSCs

fabricated in an inert atmosphere across the research laboratories. At this moment of
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ongoing efforts in the commercialization of PSCs, it is of great importance to assemble the
best fabrication protocols and practices that are less demanding and allow ambient air
manufacturability, scalability, and reproducibility.'?°

Another important aspect of the commercialization of PSCs is their stability, which
is best judged by maximum power point (MPP) tracking.'?'™2 In a device stack,
degradation can be induced by intrinsic (ion migration, polymorphism) or extrinsic
(moisture, oxygen, heat, or UV light) factors.*?°713> Intrinsic factors are being addressed by
engineering grain boundaries,'3¢7138 interfaces!3°'43 and compositions.'#*14> Extrinsic
factors are mainly addressed by developing encapsulation strategies to protect these
devices from environmental harm.'#®147 To achieve stable MPP operation of perovskite
solar cells, proper encapsulation is arguably key. Despite its apparent simplicity, a detailed
and optimized encapsulation strategy is needed for the effective protection of solar cells.

Here we present comprehensive protocols for fabricating PSCs in ambient air,
reaching 20% PCE.1#81%% We also report detailed encapsulation steps to achieve 500 hrs
MPP operation of PSCs. Importantly, we also develop a simple encapsulation testing
protocol — 120°C heat stress for 5 minutes in ambient air: we then show that an

encapsulated device that withstands this rapid test will likely demonstrate multi-hundred-

hours MPP operational stability.

2.2 Methods
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2.2.1 Ambient air device fabrication protocol

We focus on the most common perovskite solar cell with an n-i-p architecture:

indium tin oxide (ITO)-coated glass/tin oxide (SnO2)/perovskite/spiro-OMeTAD/Gold (Au).

All chemicals used in this work, their chemical abstracts service (CAS), producers, and

catalog numbers are given in Table 2-1:

Table 2-1. CAS number, producers, and catalog number of chemicals for fabrication of

perovskite solar cells.

Chemical Producer CAS Catalog
number
Tin(lV) oxide, 15% in HaO 51 pocar 18282-10-5 44592
colloidal dispersion
PbBr; Millipore Sigma 10031-22-8 211141
Pbl, TCI Chemicals 10101-63-0 L0279
FAI GreatCell Solar 879643-71-7 MS150000
MABr GreatCell Solar 6876-37-5 MS301000
MACI GreatCell Solar 593-51-1 MS601000
Csl Alfa Aesar 7789-17-5 10992
Spiro-OMeTAD )c(:n: Polymer Light Tech. 207739-72-8
Dimethylformamide (DMF) Millipore Sigma 68-12-2 227056
Dimethyl sulfoxide (DMSO) Millipore Sigma 67-68-5 276855
tBP Millipore Sigma 3978-81-2 122379
Chlorobenzene Millipore Sigma 108-90-7 284513
Li-TFSI Millipore Sigma 90076-65-6 544094
Cobalt (lll) TFSI salt Millipore Sigma 805394

ITO-coated glass substrates (Ossila) with 25 mm x 25 mm dimensions are cleaned

by sonication in deionized water, acetone, and isopropanol, each for 15 minutes, and then

dried with N2 gas gun and then subsequently ozone-treated for 15-20 minutes just before

spin coating SnO; electron transport layer (Figure 2-1).
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Figure 2-1. Step-by-step fabrication of perovskite solar cells. (i) Washing substrates in water,
acetone and IPA; (ii) Deposition of SnOy; (iii) Deposition of perovskite layer; (iv) Deposition

of Spiro-OMeTAD by dynamic spin coating; (v) Deposition of gold by thermal evaporation

SnO; electron transporter layer is then deposited on ITO-coated glass from a
solution of SnO; nanoparticles by spin coating in ambient air. A solution of SnO; is prepared
by mixing deionized water and 15% SnO, colloidal dispersion nanoparticles in a 6:1
volumetric ratio, respectively. This mixture is then sonicated for 30 minutes and filtered
with 0.45 micron PTFE syringe filter. Then, 0.15 ml of this solution is spin-coated on the
ITO-coated glass at 3,000 rpm for 30 seconds, and annealed at 150°C for 30 minutes, and
then ozone-treated for 30 minutes in the ambient air. SnO, deposition is relatively
straightforward, but occasional non-uniformity of the film occurs: this issue can be
addressed by changing the pipette tip as it accumulates precipitated particles or air
bubbles. SnO; film thickness should be about ~30-40 nm (Figure 2-3c) which bare eyes can
roughly diagnose due to light interference: sky blue color with a yellowish substrate (high-

conductive ITO) or yellowish color with a colorless substrate (low-conductivity ITO)
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indicates the right thickness of SnO,. These SnO,-coated substrates are again given ozone
treatment for 20 minutes.

The SnO;-coated substrates are treated under UV/Ozone for minutes. Perovskite is
then deposited on ITO-coated glass/SnO, substrates. This step is arguably the most
sensitive one to processing conditions. Many perovskite compositions are now developed,
but two of them — Cso.05FA0sMAo.15Pbl2.ssBroas (CsSMAFA) and FAo.9sMAo.0sPbl2.ssBro.is
(MAFA) (Cs: cesium; MA: methylammonium, CH3zNHs*; FA: formamidinium, HC(NHz),*) —
are most reported compositions. MAFA and CsMAFA perovskite solutions are prepared by
mixing appropriate amounts of components as shown in Table 2-2. 0.1 ml perovskite
solution is then spin-coated in a three-step (Figure 2-2a) process on top of SnO,-coated
substrate and then thermally annealed at 150°C for 10 minutes for crystallization in
ambient air. The three-step deposition process enables a controllable deposition of the
perovskite layer: in the first step, the spinner speed is slow (500 rpm) to spread the ink
(Figure 2-2a); the speed is then raised (1000 rpm) to control the thickness of the film;
finally, in the last step, antisolvent (a solvent that is miscible with the solution, but has poor
solubility of the solutes, diethyl ether (DEE) is used as an antisolvent in this work) is dropped
to induce crystallization.’*® Note that the displayed temperature on the hotplate might
differ from the real temperature of the surface of the plate; it is important to use a sensor

to measure and calibrate actual surface temperature.

Table 2-2. Precursor solutions.

Chemical CsMAFA MAFA Spiro-OMeTAD

PbBr;, mg 77 7.1
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Pblz, mg 548 582.7

FAI, mg 194.4 217

MABr, mg 22.3 7.1

MACI, mg 22

Csl, mg 18

Dimethyformamide, ml 0.8 0.8

Dimethyl sulfoxide, ml 0.1 0.1

Spiro-OMeTAD, mg 100
tBP, ml 0.039
Chlorobenzene, ml 1.1
Li-TFSI (pre-dissolved in
acetonitrile, 540 mg/ml), ml
Cobalt salt (pre-dissolved in
acetonitrile, 376 mg/ml), ml

0.025

0.010

We prepared both CsMAFA and MAFA perovskite films in ambient air and found, by
X-ray Diffraction (XRD), CsMAFA to be impure (Figure 2-3a), likely due to high
hygroscopicity of Cs.1>%1>2 CsMAFA diffraction profile shows a peak at ~11.7° corresponding
to the non-perovskite or delta phase of the material,!>® while the perovskite peak at ~14.1°
is broad indicating of its low crystallinity. In contrast, sharp XRD perovskite peaks are
observed for MAFA films (Figure 2-3a). We, therefore, chose MAFA as a protocol candidate
for the ambient air fabrication of PSCs. We observed that the relative humidity (RH) should
be less than 35% to prepare MAFA perovskite films reproducibly.

In perovskite fabrication, seemingly trivial details in antisolvent dropping are
important to obtain uniform and smooth films generally featured with mirror-like surface
due to high specular reflection (Figure 2-2c). The antisolvent flow should be continuous but
not too thin or thick to avoid the ‘coffee ring’ effect (Figure 2-2d).1>*1>5 Cutting a pipette
tip to make ~5 mm opening diameter (Figure 2-2b) ensures an optimal flow of antisolvent;

to stop the spontaneous flow of the low-viscous DEE (the dynamic viscosity of DEE is ~4x
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lower than water at room temperature) through this wide opening, the tip can be cooled
by filling/emptying for several times.

The amount of antisolvent also plays a role in the formation of the high-quality film:
no DEE or 200-400 pl DEE (Figure 2-2e-h) leads to unsmooth/non-reflective films. We
observed that using a relatively large amount of DEE, ~1 ml, is essential for ambient air
fabrication of mirror-like perovskite films (Figure 2-2c): DEE, as a low-boiling point (35°C)
substance, rapidly evaporates during spin-coating creating an inert-like atmosphere during
perovskite film formation.

We also observed that if there is high humidity and temperature (RH above 40%
and temperature above 30°C), the anti-solvent should be dropped ~3 s before the end of
3" step of spin-coating of perovskite film to avoid the formation of rough films due to rapid
evaporation of solvents. And, if humidity and temperature (RH below 30%) are low, then

the anti-solvent can be dropped ~5 s before the end of 3™ step of spin-coating.
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Figure 2-2. Perovskite film deposition details. (a) Spin-coating profile of perovskite film. (b)
Pipette tips. (c-h) Pictures of perovskite films prepared with (c) 1 ml antisolvent and cut-
pipette tip, (d) 1 ml antisolvent and regular pipette tip, and (e-h) various amounts of

antisolvent.

Spiro-OMeTAD is then deposited on perovskite films by spin-coating. 0.075 ml of
spiro-OMeTAD solution (Table 2-2) is deposited with a dynamic spin coating method at
2,000 rpm for 30 seconds. It is necessary to clean the walls of spin-coater if the perovskite
film was deposited on the same spin-coater; otherwise, the residual solvents may etch the
perovskite and spiro-OMeTAD films. The edges of the device are then cleaned for

deposition of gold on ITO cathode for efficient collection of current.

Finally, ¥80 nm layer of gold is deposited with three grading rates: 0.2 A/s until 1
nm, 0.5 A/s from 1 to 10 nm and 1.5 A/s above 10 nm. Low-rate metal deposition at the
start ensures that the films remain intact. The final step, high-rate metal deposition, should

avoid over-heating the thermal deposition chamber; otherwise, the devices will degrade.
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A well-controlled gold deposition is essential in achieving reproducible and efficient

PSCs.'*° The devices are then kept overnight in a dark dry box to oxidize spiro-OMeTAD

fully.
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Figure 2-3. Characterization of perovskite films and solar cells. (a) XRD spectra of perovskite
films; (b) JV curve of the champion cell; (c) Cross-sectional SEM image of the perovskite
solar cell; (d) PCE, (e) fill factor (FF), (f) open-circuit voltage (Voc) and (g) short-circuit

current (Jsc) for over 100 perovskite solar cells fabricated in ambient air.

We fabricated 115 devices in ambient air following the protocols discussed above.
The devices’ figures-of-merit were measured with Ossila source meter and AAA class
Newport solar simulator. The average PCE was 18% (Figure 2-3d), while ~25% of cells
showed over 19% PCE with a champion cell surpassing 20% (Figure 2-3b). The average fill
factor (FF) was 77% (Figure 2-3e) and the open-circuit voltage (Voc) was consistently above

1V (Figure 2-3f). The average short-circuit current (Jsc) was 21.5 mA/cm? (Figure 2-3g) and
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can be further increased by light management (e.g., minimizing reflection and parasitic
absorption).
2.2.2 Encapsulation

Device encapsulation is essential for achieving the long-term operational stability
of solar cells. Many materials are used to encapsulate PSCs.'*® Due to the vulnerability of
PSCs to thermal stress, we excluded those methods that require hot pressing®’ (e.g.,
polyisobutylene (PIB),*>® polydimethylsiloxane (PDMS),*>° ionomers). Therefore, we tested
the two most-reported encapsulation strategies that require no additional pieces of
equipment, such as a laminator.

We first encapsulated our PSCs by sandwiching them between two glass covers and
using butyl rubber tape as a sealant (Figure 2-4a). A copper tape was attached to the pixel
to extract the current. This encapsulation is stable against water ingress when dipped in
water. However, due to the fragility of copper tape, it was challenging to get a proper
electrical connection for the current-voltage (/V) or stability measurements. To address this
issue, we tried soldering the metals; however, due to the high temperatures required for
this process, the gold (top contact of PSCs) peeled off. In addition, the second glass at the
front layer increases light loss due to reflection.

We then attempted to encapsulate our devices with a cavity glass cover (AGM,
Korea) (Figure 2-4b-i) and epoxy sealant (LUMTEC). Encapsulation must be done in an inert
atmosphere to avoid air and moisture traps that degrade devices during operation. After
deposition of spiro-OMeTAD, the film is etched from all four edges, and only the active area

of the pixel is kept to avoid any contact of adhesive sealant with perovskite or other layers
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(Figure 2-4b-ii). A clean glass cover with the size of the active area and epoxy sealant on its
edges is then placed on the top of the device. The curing (a photochemical reaction that
generates a crosslinked network of polymers) occurs under a 15 Watts UV lamp (Alonefire
SV13 with 360 nm UV LED and 2800 mW Iluminous power) within 5 minutes at room
temperature. The process of encapsulation, all the way from sealant positioning to its
curing requires being extra cautious. First, both glass cover and tweezer should be clean to
avoid any particles being sandwiched between the device and cover glass; otherwise, those
particles may damage the solar cell. Second, the glass covers with epoxy sealant should be
picked from the sides (Figure 2-4b-iii & iv). Placing the tweezer on top of the epoxy side
disturbs the uniformity of the sealant and leaves a hole which then provides a pathway for
air and moisture ingress.

Epoxy/glass-encapsulated PSCs were also stable against water ingress when dipped
in water and kept for 30 min at an elevated temperature until 50°C (Figure 2-4c). JV
characteristics measured before and after submerging in water showed a surprising
increase in performance from 16.5% to 17.9%. Understanding this phenomenon will
remain a subject of our future studies.

2.2.3 Encapsulation testing

We then aimed to develop an accelerated aging test protocol to determine the
effectiveness of encapsulation. For this, both encapsulated and unencapsulated devices
were heated in ambient air at different temperatures for a short period. A temperature at

which visual discoloration of the un-encapsulated device occurs, while the encapsulated
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device remains intact, is chosen as a condition for testing the effectiveness of

encapsulation.

a
.“ = 1 ]
"After,sglpm\erTgfn in
water at 35°C

Figure 2-4. Encapsulation of perovskite solar cells. (a) Encapsulation of device sandwiched
between two glass covers and sealed with a butyl sealant; (b) Images of (i) cavity glass cover,
(i) film etched from the edges, (iii, iv) handling cavity glass; (c) Water submerging tests (i)
a device dipped in a beaker filled with water, (ii) device after submerging at 35°C (iii) and
50°C.

The results (Figure 2-5) suggest that the annealing of both encapsulated and
unencapsulated devices at 100°C for 5 and 10 minutes did not lead to any visual
degradation. However, when the temperature was increased to 120°C and the devices
were kept for 5 minutes, the un-encapsulated device began to degrade. In contrast, the
encapsulated device did not show any sign of degradation. Therefore, this condition
(annealing at 120°C for 5 minutes) was chosen as a rapid protocol to test encapsulation

effectiveness. Only those devices that withstand this test were then chosen for MPP.
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2.2.4 Maximum power point operation

We then tested the stability of encapsulated devices under MPP conditions at room
temperature and RH of 35%. We used a white LED as a light source because a Xe lamp,
which provides a spectrum closer to AM 1.5G has a short lifetime that limits long-duration
measurements. Though LED source has a limited near-infrared light portion, it can generate
similar values of carrier concentration to Xe lamp and hence negligibly impacts the
performance of solar cells. Therefore, LED sources are widely used in the community for
long-term stability tests.'®® We used Ossila source meter to record MPP figures —it regularly
measures JV, finds Vupp at which maximum power is generated and keeps the devices at
Vpp.

Figure 2-6 shows the operational stability results of our device. To mimic sunlight
intermittency, we periodically kept devices in dark for 12 hrs. Devices show burn-in period,
i.e., loss of device performance until it stabilizes in 30 min. Formation of charged regions*6!
under MPP conditions leads to degradation of photocurrent; however, these meta-stable
states dissipate away upon dark storage, and the photocurrent (or the PCE) self-heals to its
initial value.'®! Therefore, burn-in losses recover after each dark-resting cycle shown in
Figure 14a. The device retained ~95% of its initial performance following over 500 hrs of

operation at the MPP.
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Figure 2-5. Encapsulation testing protocol. (a) 5 and (b) 10 minutes of thermal stress at
100°C; (c) 5 minutes of thermal stress at 120°C — no visible changes were observed for an
encapsulated device, whereas the un-encapsulated device began to show some

discoloration.
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Figure 2-6. Maximum power point operational stability of perovskite solar cells. (a) Figures-
of-merit as a function of time (arrows show 12 hours dark recovery cycles); (b) Photo and

(c) schematic of the home-built stability testing station.

2.3 Conclusions

In conclusion, we reported detailed protocols for fabricating efficient perovskite
solar cells in ambient air. We also showed a simple and robust encapsulation technique and
complementary accelerated encapsulation testing protocol. We showed that an
encapsulated device that stands 120°C for 5 minutes will also stand long-term MPP
condition, demonstrating over 500 hrs of stable operation at the maximum power point

operation.
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Chapter 3.

Selective Deactivation of Perovskite Grain

Boundaries

[Reproduced (adapted) with alterations from: “Muhammad Awaist, Soumya
Kundut, Dongyang Zhang, Vishal Yeddu, Mohammad Reza Kokaba, Yameen Ahmed, Furui
Tan, Makhsud |. Saidaminov. Selective Deactivation of Perovskite Grain Boundaries. Cell
Reports Physical Science, 2023, 4, 1016634.“]

Contributions to research and writing

In this paper, | prepared all samples and developed methods of fabrication of solar
cells, carried data collection and data analysis. My co-first author Dr. Soumya Kundu
synthesized the biphenyl halide molecules. | also wrote the first draft of the manuscript
and led it through revision process until publication. The study was supervised by Dr.

Makhsud I. Saidaminov.

Transition section

As discussed in previous chapters, perovskites suffer from different degradation
mechanisms and among them grain boundaries are a major origin of degradation because
of presence of high density of defects at grain boundaries. In this chapter, a selective grain
boundary passivation strategy for perovskite solar cells using biphenyl-based ligands is
demonstrated. The findings reveal that these ligands specifically interact with Pbl,-rich

interfaces (which is present at the grain boundaries) while remaining inert toward the
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perovskite itself. This targeted passivation approach achieved two critical improvements:
(1) extending radiative recombination lifetimes from 1 to 2.7 pus while maintaining efficient
charge transport, and (2) enhancing moisture resistance through the hydrophobic benzene
rings, which enhanced the material's stability in aqueous environments by a factor of 3.
Fabricated entirely under ambient conditions, the resulting devices exhibited high
reproducibility with efficiencies ranging from 17% to 21%, while achieving a high open-
circuit voltage of 1.11 V.

3.1 Introduction

Perovskite solar cells (PSCs) surpassed 25% power conversion efficiency (PCE) in the
lab and are now at the cusp of commercialization.”®98-100,162-169 pergyskites provide a range
of desirable optoelectronic properties, including bandgap tunability and long charge-carrier
lifetime.1’®174 A major challenge in the development of PSCs has been their instability
against moisture and oxygen, which can lead to the decay of their performance much faster
than the stability standards demand for.17>17°

Following gradual move from MAPbI; (MA stands for methylammonium, CH3sNHs*)
to FAPbI; (FA stands for formamidinium, HC(NH2);*) as a light absorber layer, many
important studies improved the stability of PSCs.113180-185 For example, Seok et al.
demonstrated compositional engineering of PSCs and incorporated MAPbBr3 into FAPbIs
to stabilize the perovskite phase.'®%'8 You et al. introduced organic halide salt,
phenethylammonium iodide (PEAI), and Huang et al. introduced quaternary ammonium

halides for defect passivation or interface engineering.'8818% Gratzel et al. tailored the
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morphology and structure of the perovskite absorber layer by phosphonic acid ammonium
additives which act as a cross-linker between neighboring grains.190:191

It is well established by now that grain boundaries (GBs) in perovskites are a major
source of degradation in PSCs.2®? This is because GBs have a higher density of defects and
impurities, and hence thermodynamically more reactive than the bulk. When PSCs are
exposed to stressors such as moisture, light, bias, or high temperature, GBs break first and
lead to the overall degradation of the device.’?>'** For example, water molecules easily
deprotonate ammonium cations at interfaces.1%>1%

The conventional approach for surface passivation of perovskites is to incorporate
a low-dimensional structures, predominantly with the aid of PEAI. While effective at time-
zero, these low-dimensional perovskite tend to react with underlying perovskite under
external stimuli. In addition, they are unselective to GBs only: they cover all surface,
potentially impeding charge carrier collection from the grains. Therefore, there is a need
for selectively passivating grain boundaries in PSCs is needed while keeping the surface of
grains intact.*®’

Here we synthesize and apply biphenyl methylammonium halides and show that
they selectively reside on defective sites at the surface, primarily targeting GBs. We
attribute this behavior of biphenyl moieties to two benzene rings offering higher electron
cloud density (and hence stronger tendency to passivation)®® and higher hydrophobicity
(and hence stronger stability against moisture) than PEAI.®® This approach also increases
charge-carrier lifetime by a factor of ~3, resulting in a PCE of 21%, all made in ambient air,

with a significant extension of shelf-life and operational stabilities.
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3.2 Results and discussion

3.2.1 Device structure

Following our ongoing interests in ambient-air fabrication of stable PSCs,?° we
turned our attention to surface passivation of perovskite. The effect of BiPhX passivation
was studied on planar perovskite solar cells with an architecture of
glass/ITO/SnOz/perovskite (FAo.95sMAo.0sPbl2.gsBro.1s5)/BiPhX/spiro-OMeTAD/Au (Figure 3-
1a), the fabrication of which we reported in detail in our previous work.?®
3.2.2 Effect of BiPhX interlayer

We first studied the effect of different counter ions to biphenyl methylammonium
cation on perovskite photovoltaic performance. We synthesized iodide, bromide and
chloride (referred to as BiPhl, BiPhBr and BiPhCl, respectively) salts of BiPhX, dissolved in
anhydrous 2-propanol in 2 mg ml? concentration, and spin-coated on top of perovskite
films (all made in ambient air). We did not synthesize fluoride salt due to safety concerns
as it requires the use of highly corrosive hydrofluoric acid (HF). Moreover, traces of HF
residue can lead to rougher surfaces and may penetrate through thin filmsto
damage electron transport layer (ETL) or ITO.2?

We found that BiPhl-treated films had better photovoltaic performance than the
control, BiPhBr- and BiPhCl-treated ones (Figure 3-2). X-ray diffraction (XRD) analysis
revealed that BiPhCl and BiPhBr shifted perovskite diffraction peak indicative of halide
exchange and/or of structural strain in perovskite after passivation.?°? But BiPhl-treated

films showed no observable changes on perovskite diffraction pattern (Figure 3-3)
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indicating intact perovskite structure. Therefore, we chose BiPhl as a candidate for surface
passivation.

We then varied the concentration of BiPhl in 2-propanol and found that 2 mg ml*!
as an optimum (Figure 3-4). At this optimized concentration, the deposited BiPhl layer on
perovskite is thick enough to passivate surface defects, and thin enough to avoid
disturbance of charge transport. A further increase in BiPhl concentration results in poor
device performance (mainly fill factor) due to excessive accumulation of insulating phenyl
moieties.203

Next, we studied the effect of post-annealing (after BiPhl deposition) on device
performance. The results show that the un-annealed films after BiPhl deposition perform
better than the annealed ones (Figure 3-5). This observation agrees with an earlier finding
of enhanced stability of PSCs with two-dimensional perovskite layers formed at room
temperature with oleylammonium iodide molecules.?®* The higher device efficiency of un-
annealed devices could be attributed to better band alignment, resulting in efficient charge

transfer at the perovskite-HTL interface (HTL stands for hole transport layer).

-59 -



Spiro-OMeTAD

Perovskite

Glass/ITO/SnO,

20 J
5 FF
NE 15
2 ——JV Reverse: PCE=21%
E —»—JV Forward: PCE= 20.7%
=10

VOC

.\

0
00 02 04 06 08 1.0 1.2
V (V)

10 0.5

Figure 3-1. Perovskite solar cell structure and performance. (a) Schematic and cross-
sectional SEM image of a typical «cell with an architecture of
glass/ITO/Sn0O,/perovskite/BiPhl/Spiro-OMeTAD/Au (note that Au is not seen in this
image). The middle panel shows the chemical structure of biphenyl methylammonium
iodide. (b) Power conversion efficiency, (c) and open-circuit voltage (Voc) of 84
independent perovskite solar cells with BiPhl passivation layer. The boxes indicate the 25t
and 75% percentiles. The whiskers indicate the minimum and maximum values. The mean
value is represented by an open square symbol. (d) Current-voltage characteristic of a

champion target cell.

Figure 3-1b shows the statistical data of 84 fabricated devices modified with
optimized parameters for BiPhl (2 mg ml™! concentration and without post-annealing). The

data show the reproducibility of the devices with mean efficiency of 19% and a consistently
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enhanced open-circuit voltage over 1 V (Figure 3-1c). Figure 3-1d exhibits the JV curve of

the champion device with 21% PCE.

(a)

20
15

10

PCE (%)

0.9

0.3

0.0

=

Control BiPhl BiPhEr BiPhCI
| | | |
Control BiPhl BiPhBEr BiPhC1

(b)

FF (%)

a0

60

40

20

(d)

J. fmidenT)

24

18

12

Control BiPhl BiFhBr BiPhCI
| & ‘i. L3 %
L]
| | | |
Control BiPhl BiFhBr BiPhCI
. (a) Power

Figure 3-2. Optimization of devices based on different passivation molecules

conversion efficiency (PCE), (b) Fill Factor (FF), (c) Open-circuit Voltage (Voc) and (d) Short-

circuit Current (Jsc). The BiPhX salts were dissolved in 2-propanol in 2 mg/ml concentration.
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