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Chapter 1

Introduction

In our contemporary, technology-driven world, energy stands as a vital and
irreplaceable necessity in our daily lives. The challenges of balancing energy
production with the ever-increasing demands of a growing global population,
urbanization, and technological progress are significant. Globally, our energy
consumption is heavily dependent on various sources, with fossil fuels such as
petroleum, coal, and natural gas constituting a significant 86.4% of the total energy
supply [1]. This heavy reliance on fossil fuels results in the emission of harmful
pollutants and greenhouse gases, leading to severe environmental damage. While
nuclear power offers a large-scale energy alternative, it poses serious safety risks and
complex waste management problems. To fully replace fossil fuels with nuclear energy,
we must abandon the unrealistic task of constructing one 1GW nuclear fission plant
daily for the next 50 years [2]. There is a potential for the clandestine extraction of
weapons-grade materials from these facilities, which could contribute to the
development of weapons of mass destruction. This issue raises substantial worldwide
security concerns, which must be addressed. Among all renewable energy sources, solar
energy stands out for its abundance, accessibility, and minimal environmental impact.
Solar cells are fundamental to harnessing solar energy, converting sunlight directly into
electrical power. The Earth receives an astounding amount of solar energy each year —
roughly 10,000 times our current global consumption [3]. Harnessing even a fraction
of this energy by covering just 0.1% of the Earth's surface with solar cells of 10%
efficiency could meet our present energy needs [3]. The challenge lies in developing
the technologies necessary for efficient solar energy conversion, storage, and

distribution.

The Sun's energy originates from thermonuclear fusion reactions at its core, which
produce a broad spectrum of electromagnetic radiation. While the entire solar spectrum
ranges from 250 to 2500 nm, the visible light we perceive falls within 400 to 700 nm
[4]. Interestingly, the densest portion of this visible spectrum, ideal for solar energy
conversion, lies between 400 and 550 nm, offering energy densities of 1.5 to 1.75 W/m?
per nanometer [5]. India's geographical location makes it a prime candidate for
harnessing solar power. India receives substantial solar radiation daily, ranging from 4

to 7 kilowatt-hours (kWh) per square meter. When we consider this annually, it amounts
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to an astonishing 5,000 trillion kWh, surpassing our current energy consumption by a

significant margin.
1.1 Solar Cell Technologies

The key to harnessing the Sun's power lies in the solar cell. This ingenious device, a
type of semiconductor, directly converts sunlight into electricity. Multiple solar cells
are combined to form solar panels, the mainstays behind photovoltaic (PV) electricity
generation. Solar cells operate cleanly, producing no harmful emissions during energy
conversion, making solar energy a sustainable alternative. However, the advantages of
solar power go beyond its abundance. Solar cells offer compelling environmental and
economic benefits, making them stand out as a clean and sustainable alternative to
traditional energy sources. The primary advantages of solar cells include their minimal
maintenance requirements, ability to operate independently off-grid—suitable for
remote areas or self-sustaining applications—and their complete absence of noise
pollution, making them perfect for use in noise-sensitive environments. Currently,
crystalline silicon modules, encompassing monocrystalline and large-grain
polycrystalline silicon belonging to the "first-generation solar cells," dominate the

market for around 85% of photovoltaic production as per studies [6].

Although silicon-based solar cells have been widely used, their production is still costly
and energy-intensive, involving the use of high temperatures and high-vacuum
techniques [7]. This led to the ‘second generation' of thin-film solar cells, which offer
lower costs but reduced efficiency compared to silicon-based technology. Additionally,
their widespread adoption remains restricted due to the use of scarce (like indium) or
toxic (like cadmium) elements [8]. The PV landscape is rapidly changing. A new wave
of 'third-generation' technologies is emerging, including dye-sensitized solar cells
(DSSCs), organic photovoltaics (OPVs), and the most promising new entrant,
perovskite solar cells. These benefits offer the potential to build low-cost fabrication
methods that use easily available materials [9]. Let's thoroughly examine and analyze

these captivating technologies.

Crystalline semiconductors have unique energy bands: a low-energy valence band
where electrons typically reside and a higher-energy conduction band where they can

move freely. Doping the semiconductor with specific impurities fundamentally alters
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this structure. Doping with n-type material adds electrons as donors, making extra
electrons readily available, while p-type doping introduces acceptors, creating
vacancies known as "holes." When these differently doped materials come together, a
p-n junction forms. Electrons from the n-type side naturally diffuse toward the p-type
side, filling some holes. This leaves behind a region of positive charge on the n-side
and negative charge on the p-side near the junction, establishing a built-in electric field.
This field acts like a one-way gate within a solar cell. When sunlight strikes the solar
cell, photons carrying sufficient energy displace electrons from the valence band,
causing them to move into the conduction band. After that, the electric field moves the
charged electrons to the n-type side and the holes to the p-type side. This coordinated
charge separation drives the electric current, flowing from the n-type to the p-type side
through an external wire, generating useful power. Fig 1.1 displays the discussed charge

carrier movement inside the semiconductor materials.

Figure 1. 1 The Band images of n-type and p-type semiconductors (a) before and (b)
after joining resulting in a p-n junction. (¢) Schematic of a classical sandwich solar cell
composed of p- and n-type semiconductors under illumination.
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1.2 Photovoltaic Generation

Photovoltaic (PV) cells offer a unique way to generate electricity by directly harnessing
the power of solar energy. Their environmentally friendly operation and the sheer
abundance of sunlight make solar cells an increasingly attractive energy solution. Based
on their structure, materials, and performance, PV technologies can be broadly divided

into three categories [10], as visualized in Figure 1.2.
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Figure 1. 2 Classification of Solar Cells

1.2.1 1st generation: Crystalline Silicon (Poly-silicon or mono-silicon) solar cells

First-generation solar cells, built primarily from high-purity silicon wafers, lead the
market in efficiency. However, their dependency on highly refined materials results in
high production costs. As of 2024, the highest confirmed efficiency for pure silicon-
based solar cells has reached 26.81% [11]. Despite being widely used, silicon is not
ideal for photovoltaic conversion due to its low optical absorption coefficient as an
indirect bandgap semiconductor. To effectively capture the majority of incident light,
thicker silicon layers are required, resulting in increased production costs.
Consequently, while silicon-based first-generation photovoltaics are reliable, their cost-
cutting option is limited. Additionally, silicon solar cell efficiencies are constrained by
the theoretical Shockley-Queisser limit [12]. To overcome these issues, researchers

focus on two key goals: lowering solar cell production costs and surpassing the
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theoretical Shockley-Queisser limit for efficiency. The first approach focuses on
developing thin-film solar cells, known as second-generation photovoltaics, while

third-generation PV technologies aim to overcome the Shockley-Queisser limit.
1.2.2 2nd generation: Thin-film Solar Cell (TFSC)

Second-generation solar cells rely on thin-film technology. These films are dramatically
thinner than first-generation silicon cells, measuring less than 1 um. They're deposited
on substrates like glass, metal, or plastic using various techniques. This thinness is
crucial because thin-film materials have much higher absorption coefficients than
silicon due to their direct bandgap. While offering a lower-cost alternative, these cells,
like their predecessors, still face a theoretical maximum efficiency limit due to their
single p-n junction design. In addition, thin-film technology offers benefits in the
production process. Unlike individual crystalline silicon cells, thin films can easily
form on larger surfaces, enabling streamlined mass production. The most common thin-
film materials include amorphous silicon, micro-crystalline silicon, polycrystalline

silicon, copper indium selenide, and cadmium telluride.

Amorphous silicon (a-Si) holds a significant position among second-generation thin-
film materials. It's ideal for multi-junction solar cells, where layers with different
bandgaps work together to capture a wider range of sunlight efficiently. Since a-Si cells
are ideal for low-power applications and remarkably cheaper to produce, they offer a
cost-effective solution. They use just 1% of the silicon needed for traditional cells,
slashing manufacturing costs. Typically, these solar modules offer efficiencies between
4-8%. However, a-Si has a key limitation — its low quantum efficiency, meaning it
collects fewer charge carriers per incoming photon. This is primarily due to the
disordered structure of amorphous silicon, which leads to dangling bonds. These defects
can disrupt conductivity within the material. Researchers have tackled the efficiency
problem by developing tandem and triple-layer devices, stacking p-i-n cells to improve
light absorption [13]. Despite these advancements, the efficiency of a-Si solar cells
remains lower than their crystalline counterparts. Beyond amorphous silicon, other

thin-film materials offer exciting possibilities.

Cadmium Telluride (Cdle): This material demonstrates performance comparable to

crystalline silicon, coupled with the additional benefits of effectively absorbing diffuse
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light and maintaining stability even under elevated temperatures [14]. CdTe holds the
record for the most cost-effective thin-film technology, even surpassing crystalline
silicon in some markets [15]. A wide range of manufacturing processes make CdTe
suitable for large-scale production. However, using cadmium and tellurium, which are
rare and toxic elements, raises environmental concerns and thus limits its widespread

adoption.

Copper Indium Selenide (CIS) and Copper Indium Gallium Selenide (CIGS).: Both CIS
and CIGS are known for their exceptional long-term stability, making them ideal for
building integrated photovoltaic applications [16]. CIGS, in particular, shines with a
high light absorption coefficient, allowing it to capture a substantial amount of light
even in thin films. CIGS cells exhibit an extended lifespan with minimal performance
degradation, distinguishing them from other thin-film alternatives. They hold the
highest certified laboratory efficiency (23.35%) and a module efficiency record of
19.64% [17, 18-20]. The combination of low fabrication costs and high efficiency
makes CIGS a strong contender for the future of thin-film solar cells. Furthermore, thin-
film technology offers the advantage of integrating solar panels onto flexible materials
such as textiles, thereby enabling innovative applications [21-23]. While CIS and
CIGS-based cells outperform polysilicon at the cell level, their module efficiency is still
lower. In addition, the production of these cells involves high-temperature deposition
techniques, which can be complex and costly. CIGS contains elements like indium and

gallium, which are relatively rare and can have environmental and health implications.

Thin-film technology, while showing great promise, still faces several challenges. A
critical challenge arises from the fact that the impressive efficiencies achieved in small-
scale laboratory devices do not always seamlessly translate to large-scale modules.
Furthermore, the dependence on toxic compounds like cadmium and rare elements like
tellurium and indium creates significant environmental concerns. The use of hazardous
materials directly contradicts the eco-friendly image of solar technology, making it a

highly controversial issue.
1.2.3 3rd generation Solar Cells

Third-generation solar cells represent a significant advancement, aiming to surpass the

Shockley-Queisser efficiency limit that constrains conventional designs. These cells
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utilize innovative materials like organic polymers, conductive molecules, and dyes,
focusing on low-cost fabrication techniques that don't rely on the high temperatures
required for silicon production. A key difference in third-generation cells is the
withdrawal from the basic p-n junction structure. Instead, they use multilayer designs
optimized for efficient charge exchange. Organic and polymeric materials offer several
advantages for solar cells, including lightweight design, flexibility, potential for low-
cost production, and efficient use of materials. Specific research areas within this
generation attracting significant attention include extremely thin absorber (ETA) cells,
organic heterojunction solar cells, hybrid solar cells, dye-sensitized solar cells, and

perovskite solar cells (PSC).

Organic Heterojunction Solar Cells consist of n-type donor materials (like
polyphenylene vinylene derivatives and poly-alkyl thiophene) and p-type acceptor
materials (often fullerene and its derivatives). While further advances are needed, the
highest efficiency achieved for this type of cell stands at around 5.15% [24]. Extremely
Thin Absorber (ETA) Solar Cells prioritize maximizing solar energy conversion
efficiency. A thin, light-absorbing semiconductor layer is sandwiched between two
transparent, interpenetrated nanomaterial layers designed for efficient electron and hole
transport. Common choices include TiOz and ZnO for electron conduction and CuSCN
for hole conduction [25-27]. Hybrid solar cells utilize the distinct benefits of both
inorganic and organic components by combining the two. Conjugated polymers,
commonly used organic materials, play a dual role: absorbing light and transporting
holes (positive charges). Inorganic materials, primarily metal oxides, handle electron
conduction. Combining these materials in a heterojunction (layered) structure has

achieved efficiencies exceeding 5% [28].

Dye-sensitized Solar Cells (DSSCs): A breakthrough in 1991, DSSCs revolutionized
the field with their innovative design inspired by photosynthesis. These cells, efficient
at 7.9% energy conversion, utilize a highly porous titanium dioxide (TiO:) film coated
with dye molecules that capture sunlight, similar to chlorophyll in plants [29]. This
light-sensitive layer is sandwiched between a liquid electrolyte and a platinum counter
electrode. The discovery of DSSCs opened a new avenue for photovoltaic research due
to their low-cost, abundant materials and simple fabrication process, often called

"artificial photosynthesis" [30, 31].
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Beyond traditional liquid electrolytes, researchers are exploring alternatives like gel
electrolytes, ionic liquids, and polymerized hole conductors [32-37]. Over the past three
decades, relentless efforts within the research community have yielded significant
progress. Notably, advancements in semiconductor oxides, sensitizer molecules,
electrolytes, and counter-electrode materials have contributed to the enhanced
efficiency and stability of Dye-Sensitized Solar Cells (DSSCs). While DSSCs offer the
advantages of low-cost manufacturing and flexibility, their efficiency, stability, and
durability still lag behind those of traditional non-organic solar cells. The quest for even
higher efficiency has driven the development of promising alternatives to DSSCs.
Solid-state DSSCs, quantum dot-sensitized cells, and particularly perovskite solar cells
(PSCs) have emerged with great interest. During the past decade, PSCs have witnessed
a rapid rise in efficiency, reaching a remarkable 26.1% [38-43]. Their affordability and
light-harvesting properties are outstanding, making them a strong contender in the
photovoltaic race. However, challenges related to stability and lead toxicity persist,
prompting active research to develop more stable and lead-free formulations for

perovskite solar cells worldwide.

In conclusion, the field of solar cell technology is a testament to continuous innovation.
Each generation builds upon the strengths of the last, addressing limitations and pushing
the boundaries of efficiency. This relentless pursuit holds immense potential for a future
powered by clean and sustainable energy sources. Collaborative efforts by researchers
worldwide provide a glimpse into a future where highly efficient, environmentally
friendly solar technologies become commonplace, empowering applications such as

powering remote communities and revolutionizing building-integrated photovoltaics.
1.3 PEROVSKITE SOLAR CELLS

1.3.1 Introduction to Perovskite material

Perovskite solar cells have ignited the photovoltaic field with their astonishingly rapid
rise in efficiency (Fig 1.3). This unprecedented leap in performance has captivated
researchers worldwide, sparking an intense focus on understanding and further

optimizing this promising technology.
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Figure 1. 3 NREL Efficiency Chart for Photovoltaic Technologies

Halide perovskites comprise a versatile family of materials represented by the chemical
formula AMX3. Where X denotes halogen anions, encompassing elements such as
fluorine (F), chlorine (CI'), bromine (Br’), and iodine (I'), as shown in Fig 1.4. A
denotes cations and can be occupied by monovalent alkali metals (Li", Na®, K*, Rb",
Cs") or organic cations (like those found in amines or ammonium compounds). M
corresponds to the divalent metal cation with common choices, including lead (Pb*"),
tin (Sn*"), iron (Fe?"), Germanium (Ge®"), etc. The selection of metal strongly
influences the perovskite's electronic and optical properties. The potential of
perovskites for solar energy applications was first recognized by Salau in 1980. His
research on KPbl; revealed a direct bandgap between 1.4 and 2.2 eV [44], a range well-
suited for absorbing sunlight. Notably, the stability of a given perovskite structure is
strongly influenced by the "tolerance factor." This formula, t = (Ra + Rp)/ {(V2(Rg +

Rx)}, takes into account the sizes of the A and B cations and the X anion [45].
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Figure 1. 4 Three-dimensional cubic perovskite of general formula AMXs.

The tolerance factor serves as a valuable predictive tool for perovskite formation. In
reality, the majority of perovskites possess minute structural imperfections. Even subtle
deviations from the ideal tolerance factor due to the introduction of mild defects can
profoundly impact the material's performance, affecting its electrical conductivity and
magnetic response, among other properties. Understanding these flaws is crucial to

create perovskites with the optimal characteristics suited for diverse applications.

In 1839, Gustav Rose discovered perovskite, a mineral found in Russia named after the
mineralogist Aleksvich Von Perovski. In 2009, the initial use of perovskite as a material
to absorb sunlight in solar cells led to extensive research into perovskite solar cells
(PSCs) and resulted in significant advancements in efficiency. The exceptional efficacy
of perovskite materials in absorbing sunlight, combined with their potential for cost-
effective manufacturing, has sparked the interest of scientists and researchers. Lead-
halide perovskites, in particular, displayed tremendous growth in efficiency and
outpacing many established photovoltaic technologies. Despite impressive efficiencies,
lead-based perovskites face challenges. Their organic components degrade under real-
world conditions, hindering long-term use. Even more concerning is lead toxicity,
posing environmental and health risks. Strict regulations, increasing awareness of
environmental and health hazards, and a sense of responsibility within the scientific
community drive the urgent need for alternatives [46,47]. The focus of research has

shifted towards developing lead-free perovskite alternatives. This is vital for sustaining
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the exceptional efficiency and cost-effective processing of perovskites, all while
ensuring a clean and environmentally responsible future for solar energy [48-51]. The
continued refinement and optimization of the lead-free options have the potential to
unlock a new generation of eco-friendly solar cells without compromising performance.
The remarkable story of perovskites demonstrates the relentless pursuit of innovation
within the field of renewable energy. Their unique properties, adaptability, and vast
potential will ensure that they remain at the forefront of scientific research. Overcoming
the challenge of finding lead-free alternatives is the key to unlock a future where solar
energy becomes not only prevalent but also sustainable, revolutionizing the way we
power our world.

In response to these challenges, scientists are actively exploring safer and more
stable alternatives that maintain the beneficial properties of lead perovskites. Several
potential avenues have surfaced. Tin, which shares characteristics similar to lead,
emerges as an obvious first choice. Researchers studied several tin-based perovskites
such as CsSnBr3, Cs2Snls, and tin alloyed with germanium (CsSnxGei-«I3), etc., which
shows exciting photo absorption capabilities comparable to their lead counterparts [52].
Despite its potential, tin-based perovskites frequently exhibit oxidation and instability
issues, necessitating the introduction of dopants and additives to improve performance.
Bismuth, alone or in double perovskite (elpasolite) formations, represents another
potential option. These materials usually display higher stability, but their band gaps
may be less suitable for solar applications. Copper-based perovskites and other
unconventional formulations are also being investigated. Each technique has distinct
compromises in efficiency, stability, and ease of manufacture. The ongoing quest for
lead-free perovskites underscores a commitment to sustainability and their long-term
viability. Although no single option has fully matched the performance of lead-based
perovskites, research into novel techniques and materials is generating encouraging
results. This study exemplifies the persistent drive in the renewable energy field to

develop solutions that are efficient, safe, and responsible.
1.3.2 Organic-inorganic Sn-based halide perovskites

Methylammonium lead iodide (MAPbI3) has been at the forefront of perovskite solar
cell research since its potential was first recognized. These crystal structures combine

the organic cation methylammonium (CH3NH;3"), divalent lead (Pb*"), and three iodide
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anions (I') [53]. MAPDI; perovskites exhibit excellent optical and electronic properties,
with a band gap of 1.55-1.64 eV, carrier diffusion lengths exceeding 100 nm, and low
exciton binding energies of 10-24 meV [54]. The first use of MAPbI3 in solar cells was
reported by Kojima et al. in 2009 [38], marking the beginning of a new era in
photovoltaics. In 2012, Lee et al. demonstrated the first completely solid-state
perovskite solar cell, further showcasing the material's potential [55]. By employing
effective doping, passivation, and encapsulation techniques, devices using MAPbI3
have achieved power conversion efficiencies (PCEs) exceeding 25%. However,
MAPDI; has some drawbacks. It is thermally unstable and degrades in humid

environments, and the lead content raises environmental and health concerns.

Metals belonging to groups 14-15, like tin (Sn), germanium (Ge), antimony (Sb), and
bismuth (Bi) have the potential to substitute lead in PSCs due to similar semiconducting
properties [56-59]. Among these options, Sn (II)-based halide perovskites have
demonstrated the highest power conversion -efficiency and generated significant
interest in the perovskite solar cell industry. Sn-based perovskite solar cells, such as
methylammonium tin iodide (MASnl;), formamidinium tin iodide (FASnl3), and
cesium tin iodide (CsSnl3z), have a marginal and more appealing direct bandgap than
lead-based perovskite solar cells [60]. In case of Pb-based Perovskite, Pb*" degrades to
Pb*" and oxidizes to PbO», which is a harmful toxic gas and lethal to the environment.
On the other hand, in Sn-based PSCs, Sn** degrades to Sn*" and oxidizes to SnOa,
making it ecofriendly and a viable alternative for lead. These two types of perovskites
(Tin/Lead-based) share similar significant physical properties [61-63]. The similar size
of Sn** (1.35 A) compared to Pb*" (1.49 A) allows seamless substitution of lead with
tin within the perovskite crystal structure. This change results in smaller bandgaps, a
desirable attribute for solar cells as it broadens the range of light that can be absorbed

for higher theoretical efficiency.

Despite having a similar structure and comparable bandgap to MAPbI3;, MASnI;
perovskite solar cells have struggled with low efficiency and poor stability. Tin tends to
exist in multiple oxidation states, leading to defects and non-radiative recombination
centers that degrade performance. Early efforts to stabilize MASnl; involved using
antioxidant additives, surface passivation techniques, and careful control of the

fabrication environment to minimize oxygen and moisture. Despite these challenges,
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the efficiency of MASnl3-based perovskite solar cells has significantly improved in
recent years. Researchers have developed new synthetic routes, explored various
dopants, and employed innovative device architectures to enhance the PCE and
longevity of MASnI3 solar cells. In 2014, Snaith et al. reported the first MASnlz-based
solar cells with a maximum efficiency of 6.4% and an average efficiency of less than
2% [64]. Zhao et al. later fabricated MASnl3 and FASnl3 devices in a normal n-i-p
structure, achieving efficiencies of 0.16% and 0.65%, respectively [65-66]. However,
recent years have seen an accelerated improvement in MASnI3 solar cell efficiency.
Fabrication techniques like the modified solvent bathing method have been used to
improve the coverage and stability of MASnI3 films, achieving PCEs of 2.14% with
long lifetimes over 200 hours under 1 Sun conditions (AM1.5, 100 mW/cm?) [67].
Hollow MASnI3 perovskite-based solar cells have also been investigated, achieving
high reproducible efficiencies of up to 6.63% and open-circuit voltages of 428.67 mV
[68]. The use of two-dimensional materials like graphene in MASnl; devices has further
enhanced performance and stability. Jen et al. demonstrated the fabrication of Sn-based
perovskite solar cells in both normal and inverted structures [69]. They enhanced the
performance by incorporating trimethyl iodide into FASnls, achieving a notable
efficiency of 7.09% in the inverted structure. In contrast, the normal structure yielded
only 4.43% efficiency despite the implementation of a thin Ceo-coated SnO; electron-
selective layer. This modification effectively facilitated electron transport, contributing
to the functionality of Sn-based PSCs. Additionally, Xu et al. developed FASnI3-based
solar cells using a normal n-i-p structure [70]. The highest reported experimental
efficiency for MASnl3-based perovskite solar cells is 14.6% [71]. In addition, using
numerical simulation, Kumar et al. reported optimized MASnl; devices with a
theoretical PCE of 27% [72]. Achieving these high efficiencies required relatively
complex fabrication techniques, including the addition of various buffer layers and
sophisticated band alignment strategies, which may increase the overall cost of

producing these PSCs.
1.3.3 Inorganic Sn-based halide perovskites

While organic-inorganic hybrid PSCs, particularly those based on MASnI3, have
achieved remarkable progress, their inherent limitations remain a hurdle for

commercialization. Organic components within these structures exhibit volatility,

Page | 15



Chapter 1

leading to rapid degradation of the perovskite upon exposure to moisture. Consequently,
relying solely on organic-inorganic lead-free architectures, similar to MAPbI3, may not
be a viable long-term solution. To overcome this challenge, researchers are
concentrating on the development of fully inorganic perovskite solar cell materials.
Notably, Cs-based inorganic perovskites, such as CsSnX3 (where X represents a
halogen), have emerged as promising candidates for lead-free, inorganic PSCs,
demonstrating excellent potential to maintain high efficiencies without compromising
environmental safety. Sabba et al. observed an evolution in crystal structure and
bandgap, progressing from CsSnlz (1.27 eV) to CsSnl>Br (1.37 V), CsSnIBr> (1.65
eV), and CsSnBr3 (1.75 eV). Among these, CsSnlz shows promise for PSCs due to its
narrow bandgap and excellent optoelectronic properties, with predicted theoretical
PCEs of up to 23%. Tin-based perovskite solar cells often exhibit short-circuit current
densities (Jsc) in the range of 20 to 25 mA/cm?. However, their open-circuit voltage
(Voc) is approximately 0.5 V, owing to their narrow bandgaps, significantly lower than
the 1.1 V observed in lead-based perovskites. Researchers are actively addressing these
challenges to enhance the stability and photovoltaic output of inorganic tin-based PSCs

[73-75].
1.3.4 Inorganic Ge-based halide perovskites

Ge has an electrical structure comparable to Pb and Sn; however, the ion radius of Ge**
is significantly smaller (0.73 A). Inorganic Ge-based perovskites have better ionic
conductivity and wider bandgaps than the equivalent Pb or Sn-based perovskites. The
bandgaps of CsGeCls, CsGeBr3, and CsGelz were calculated to be 3.67, 2.32, and 1.53
eV, respectively, indicating that CsGels might be used as a photovoltaic absorber. Liu
et al. found that CsGels's bandgap can vary between 0.73 and 2.3 eV depending on the
strain [76]. Quan et al. observed that the Pmmm structure of CsGels gradually changed
to R3m when the temperature decreased due to the position deviation of Ge and I atoms
[77]. They explored the phase transformation of newly synthesized CsGels nanocrystals
under an electron beam, noting a progression from single-crystalline CsGels to single-
crystalline Csl and eventually to polycrystalline Csl fragments [77]. Kopacic et al.
demonstrated that partial I substitution with Br could limit the deterioration of Ge-based
perovskites [78]. However, there are still few studies on CsGelz-based PSCs. Raj et al.
evaluated the performance of CsGel; PSCs using SCAPS simulation and found that the
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maximum feasible PCE was 18.3% with Jsc of 23.31 mA/cm?, Voc of 1.04 V, and FF
of 75.46% [79]. They next simulated the photovoltaic performance of CsGels PSCs
with various electron transport layers (ETLs), and the devices with Cso and SnO2 ETLs
achieved PCEs of 8.45% and 8.46%, respectively [80]. Krishnamoorthy et al.
announced the first CsGelz-based PSC in 2015, with just 0.11% PCE achieved due to
Ge?* oxidation during manufacturing methods [81]. Later, Chen et al. synthesized high-
quality CsGeX3 (X = Cl, Br, I) quantum rods using a solvothermal process, providing
high-efficiency Ge-based PSCs with PCEs of 4.94%, 4.92%, and 2.57% for CsGels,
CsGeBr3, and CsGeCls, respectively [82]. Future directions for manufacturing high-
performance Ge-based PSCs include investigating efficient methods for obtaining high-

quality CsGels or Ge-based alloying perovskite films and stabilizing their lattice.
1.4 Different components of a Perovskite solar cell
1.4.1 Transparent Conducting Oxide (TCO)

The TCO layer in a perovskite solar cell plays a two-fold role. First, it acts as a
transparent window, allowing sunlight to reach the light-harvesting perovskite layer.
Second, it functions as a critical current collector, efficiently gathering and channeling
the generated electrons for further processing within the device. Electrons originating
from the perovskite layer reach the TCO substrate through the electron transport layer
[83]. The TCO must possess excellent optical transparency to transmit light to the
photoactive perovskite layer. Indium Tin Oxide (ITO) and Fluorine-doped Tin Oxide

(FTO) are commonly used key materials as TCO layers in perovskite solar cells.
1.4.2 Electron Transport Layer (ETL)

In perovskite solar cells, the efficient transport of charges is influenced significantly by
the energy level alignment between the work function of the transporting electrode and
the active layer. Ultrathin charge transport materials are introduced between the active
layer and the electrodes to achieve proper energy level alignment [84]. N-type
semiconductor metal oxides like TiO2, ZnO, SnO,, WO3, and ZrO; are commonly used
as electron transport materials due to their low work functions and excellent chemical
stability against perovskite precursor solutions. Incorporating a metal oxide layer

within perovskite solar cells demonstrates a strategic adaptation from earlier dye-
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sensitized solar cell (DSSC) designs. The electron transport layer serves a dual function
in perovskite solar cells. First, it selectively extracts electrons from the perovskite layer
and acts as a hole-blocking layer at the surface of the negative electrode. Second, it
provides a larger surface area to accommodate perovskite crystals, enhancing the
efficiency of charge transport and collection within the device [85]. Incorporating
porous materials like Al,O3, ZrO2, MoOs, etc., between the perovskite layer and
electron transport layer has been shown to improve the open-circuit voltage (Voc) and
overall device performance by facilitating better charge carrier extraction and reducing

recombination losses [86].
1.4.3 Hole Transport Layer (HTL)

The Hole Transport Layer (HTL) in perovskite solar cells is crucial in transferring
photogenerated holes from the perovskite layer to the counter electrode. Within

perovskite solar cells, the HTM layer serves several essential purposes:

1. It acts as a physical and energetic barrier, preventing unwanted electron transfer and

improving device stability.

2. With high hole mobility (often exceeding 10~ cm?V-'s™") and carefully aligned energy
levels, the HTM facilitates efficient hole transport to the electrode, improving overall

efficiency [87].

3. The HTM protects the sensitive perovskite layer from degradation and corrosion that

could occur at the metal contact.

4. Separating the perovskite from the top contact, the HTM helps minimize charge

recombination, enhancing cell performance [88].

HTMs are available in diverse forms, comprising both organic-based and inorganic-
based materials. Organic-based HTMs are categorized into long-chain polymers and
small molecules, while inorganic HTMs include nickel, copper, p-type semiconductor,
transition metal, and carbonaceous-based materials. Each category presents distinct
advantages and properties tailored to enable efficient hole transport in perovskite solar

cells.
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1.4.4 Counter Electrode

The counter electrode used in perovskite solar cells must meet specific criteria: (i) it
should remain inert when in contact with the hole transporting material, (i1) demonstrate
high conductivity, and (iii) establish a Schottky barrier [89]. Its primary role is to gather
and transfer charge from the external circuit back to the transporting layer, providing
superior conductivity. Additionally, the counter electrode's work function significantly
influences the desired built-in voltage of the solar cell device [90]. Various materials
serve as counter electrodes in perovskite solar cell fabrication, including gold (Au),
silver (Ag), aluminum (Al), platinum-doped FTO, and carbon-based materials. Each
material choice offers specific advantages and may be selected based on factors such
as cost-effectiveness, availability, and performance requirements. Due to its exceptional
catalytic activity, platinum-coated FTO is conventionally used as the counter
electrode in perovskite solar cells. However, the high cost and limited availability of
platinum (Pt) have prompted recent efforts to identify low-cost, readily available
substitutes for this critical component. Materials such as graphite, carbon black,
activated carbon on FTO-glass, and organic-ion-doped conducting polymers like poly
(3,4-ethylene dioxythiophene) (PEDOT) on both ITO and FTO-glass have emerged as
viable options for counter electrode materials in Solar Cells [91-95]. However,
challenges remain regarding adhesion to the substrate surface and opacity associated
with carbon-based counter electrodes. Continued research focuses on overcoming these
challenges and optimizing counter-electrode materials to enhance the performance of

PSCs.
1.4.5 Device Architecture of Perovskite Solar Cells

A standard perovskite solar cell device comprises several key components. At its core
is the photoactive absorber layer, commonly called the perovskite layer, typically with
a thickness of a few hundred nanometers. This layer is sandwiched between two
selective transporting layers: one that facilitates the flow of electrons (electron transport
layer) and another that blocks electrons while allowing the passage of holes (hole
transport layer). These layers work together to facilitate the efficient movement of

charge carriers within the device. The device structure is completed with two
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conductive electrodes positioned at each end. One electrode is optically transparent,
allowing incoming light to penetrate and reach the perovskite layer. The other electrode
acts as the collection point for the generated electrical charge. This design ensures that

the current produced by the solar cell can be effectively harnessed.
1.5 Working Principle of Solar Cells

Solar cells operate on the fundamental principle of converting solar energy into
electrical energy. The initial step in perovskite solar cell operation involves light
absorption by the active perovskite layer. Incident photons, characterized by their
energy quanta 4v (where h is Planck's constant and v is the frequency), interact with the
electronic structure of the perovskite material. This process creates an electron-hole
pair, termed an exciton, where the "hole" represents the vacancy left behind in the
valence band. These Coulombically bound excitons serve as the primary charge carriers
within the device and are key for initiating the subsequent steps of photocurrent
generation. The operation of a solar cell can be described in three main steps:
generation, separation, and transfer of charge carriers. The generation of charge carriers
occurs when the semiconductor material absorbs incident photons. Subsequently, the
charge carriers are separated, with electrons moving toward the electron transport layer
(ETL) and holes toward the hole transport layer (HTL). In conclusion, the charge
carriers undergo transfer within the device, which is facilitated by the presence of both

the working and counter electrodes.
1.5.1 Absorption of Incident Photons

When light interacts with a semiconductor material, a portion is reflected, and some is
transmitted through it. However, our main interest lies in the portion of light absorbed
by the sensitizing material. This absorbed light energy is decisive for generating charge
carriers within the semiconductor material, which is crucial for the operation of the

solar cell [96].
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(@

(b)
Figure 1. 5(a) Schematic of Conventional Solar Cell (b) Two-dimensional (2D) cross-
section of a conventional solar cell. Taken from
The diagram depicts the structure of the solar cell (Fig. 1.5). When sunlight reaches the
photovoltaic cell, it arrives as electromagnetic radiation, comprised of individual units
of light called photons. Each photon carries energy, represented as Av and defined in
equation 1.1. As per de Broglie's hypothesis, photons demonstrate both particle-like and
wave-like attributes, with a specific wavelength denoted as 1. Consequently, the energy

E(A) of a photon is defined by the equation:

EA) = hv = hc/A (1.1)
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Here, h represents Planck's constant, and ¢ represents the speed of light. Not all
incident photons make a direct contribution to the generation of electrical energy. Only
photons with energies surpassing the band gap of the semiconductor material can
generate electron-hole pairs, thereby transforming light energy into electrical energy.
Consequently, the spectral composition of electromagnetic radiation plays an essential

role in determining the efficiency of solar cells.
1.5.2 Generation of Free Electrons and Holes

The generation of electron-hole pairs (EHP) in solar cells is an important process that
explains how they operate. When a light source with high energy illuminates a crystal,
it causes changes in its electrical properties. This intense light disrupts the stable
positions of bound electrons within the crystal, setting them free to move. When
electrons separate from their bonds, they create empty spaces called holes. These free
electrons move through the crystal's conduction band, creating an electric current as
they pass through a circuit. Both the conduction-band electrons and the holes are
essential for the solar cell's efficient operation, significantly influencing its electrical
behavior. Together, they form what is known as the light-generated electron-hole pair,
which can freely traverse the crystal. The movement of holes in a material is indirectly
influenced by the behavior of neighboring electrons. As free electrons move in one
direction, electrons from adjacent areas fill the holes, effectively causing the holes to
move in the opposite direction. When a free electron creates a hole, an electron from a
nearby bond can fill the vacancy left by the free electron (hole), creating a new vacancy
or hole. This process continues, with each electron filling a vacancy, appearing as if the
hole has shifted its position. This phenomenon persists, particularly as the material's
temperature rises, leading to increased thermal agitation of electrons and holes and,
consequently, more movement. While the photogeneration of electron-hole pairs is a
fundamental prerequisite for solar cell operation, it alone does not guarantee efficient
energy conversion. Without a charge separation mechanism, photogenerated EHPs will
likely undergo recombination processes, dissipating their acquired energy as heat.
Therefore, a built-in potential barrier is indispensable for effective charge separation,
inhibiting recombination and facilitating the extraction of electrons and holes at their

respective electrodes, thus enabling the generation of photocurrent.

Page | 22



Chapter 1

1.5.3 Transport of Photo Generated Carriers

As discussed earlier, in addition to generating EHPs, a built-in potential barrier is

essential for the effective operation of a solar cell. This barrier plays a critical role in

Potential barrier

Figure 1. 6 Separation of Light-Generated Charge Carriers

separating charges, thereby reducing the chances of electron-hole recombination. This
potential barrier is established in a photovoltaic cell due to the presence of opposite
types of charges on either side, namely the p-type and n-type regions. The space charge
region formed by this arrangement selectively directs more electrons toward the n-side
and more holes toward the p-side of the cell, as shown in Fig 1.6. By separating these
charges, the potential barrier minimizes the chances of recombination, allowing the
charges to retain their energy. Instead, as the charges separate, a potential difference is
established across the cell, creating an electric field that drives the flow of electric
current. This current flow is the fundamental mechanism by which solar cells convert

light energy into electrical energy [97].
1.5.4 Collection of Photogenerated Carriers

A space charge region forms at the junction of the p-type and n-type semiconductors in
a solar cell, creating an inherent potential known as the junction barrier. When a free
electron enters this region, it is driven toward the n-type region due to the electric field.
In the n-type region, where holes are minority carriers, the probability of recombination
is significantly diminished. Additionally, the electron faces resistance to return to the p-

type region due to the repulsive forces generated by the junction field. The built-in
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potential barrier actively guides the hole towards the p-type region, preventing it from
recombining with an electron in the n-type region. This separation is crucial for
preserving the generated charge carriers and maximizing electrical output. When light
strikes the n-side of the junction, the newly formed electron-hole pairs increase the
electron count as the holes migrate to the p-side, where they can move freely. Therefore,
the initial step in a semiconductor exposed to light involves charge formation, followed
by charge separation facilitated by the junction barrier. This charge separation is critical.
Without it, excited electrons and holes would immediately recombine, negating the
energy gained from sunlight. The separation process effectively creates an imbalance
of charges within the cell. Electrons accumulate on the n-type side, while holes gather
on the p-type side. This imbalance creates a voltage difference (electromotive force)
across the junction. This voltage difference is what drives the flow of electricity when
the solar cell is connected to a circuit. Electrons flow from the n-type region (negative)

to the p-type region (positive) through an external wire, generating an electric current.

Marchioro et al. [98] proposed that electron-hole pairs generated at the interfaces of the
electron transport layer (ETL)/perovskite and hole transport layer (HTL)/perovskite
undergo separation, with electrons injected into the ETL (process (i) in Fig. 1.7) and
holes injected into the HTL (process (i1)) to facilitate charge transport [99]. However,
several detrimental behaviors to the cell's performance may also occur, including
exciton annihilation (process (ii1)), photoluminescence, nonradiative recombination,
reverse transmission of electrons and holes (process (iv) and (v)), and recombination at
the ETL/HTL interface (process (vi)). The transport processes of electrons and holes in

an HTL/perovskite/ETL cell are illustrated in Fig. 1.7.

Figure 1. 7 Schematic diagram of energy levels and transport processes of electrons

and holes in an HTM/Perovskite/ETL cell.
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1.6 Scope of the Thesis

This thesis embarks on a journey to redefine the landscape of solar energy technology
by focusing on the transition from lead-based to lead-free perovskite solar cells (PSCs).
The global demand for sustainable and clean energy solutions has never been more
critical, and this research addresses the environmental and economic challenges posed
by traditional silicon-based photovoltaics. By exploring novel lead-free organic-
inorganic hybrid materials and innovative fabrication techniques, this study aims to
enhance the stability, efficiency, and sustainability of PSCs. Additionally, the
theoretical exploration of fully inorganic perovskite-based solar cells aims to establish
a solid foundation for future advancements in this promising field. Employing an
extensive array of experimental techniques and theoretical tools, including Density
Functional Theory (DFT) and SCAPS-1D simulations, this research precisely
characterizes and optimizes the materials used in PSCs. The focus on novel materials
such as MASnI3, CsGelxBrs.x, and RbSnls, combined with innovative strategies like
metal doping and the formation of CsSnls/CsSnBrs heterostructures, aims to
significantly enhance photovoltaic performance. The primary focus is to establish a
foundation for future progress by integrating the theoretical estimations with the
experimental observations. In conclusion, this work aspires to contribute to the
development of eco-friendly, cost-effective, and highly efficient solar energy solutions.
By addressing critical issues such as lead toxicity, material stability, and device
efficiency, the insights gained from this study are expected to pave the way for future
innovations, ultimately fostering the widespread adoption of sustainable energy

technologies.
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