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Abstract

The development of organometal halide-based perovskites solar cells (PSCs) has made
remarkable progress in the photovoltaic technology field. The commercialization of PSCs is
being rendered owing to its poor stability and higher material cost for hole transport layer
(HTL) and electrodes. To counter these issues carbon-based HTL and noble-metal-free PSCs
are being used. In this work, we systematically studied the effect of Cs-doping on perovskite
film morphology and device performance. The results showed that when Cs-doping
concentration was in the range of 9%, there was a substantial change in the optoelectronic and
morphological properties of perovskite film. The grain size was improved from 70nm (undoped
film) to 170nm (9% Cs-doped film) with a reduction in the grain boundaries. The device
fabrication was carried out in a dry glove box at 10% relative humidity by using carbon as a
counter electrode (CE). Consequently, Cs-doping with carbon CE improved the hydrophobicity
and non-radiative charge recombination at the surface of the carbon/perovskite film interface.
The efficiency of the devices was improved to 5.27% at a 9% Cs-doping level as compared to
the 0% Cs-doping with 1.55% efficiency. Moreover, this technique will reduce the fabrication

costs of PSCs significantly promising a sustainable future for this technology.

Keywords: Perovskite Solar Cells, Carbon counter electrode, HTL, Hydrophobic
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Chapter 1

Introduction

1.1 Energy Crisis and Climate Change

Industrial and economic development gives rise to the energy demand. As a result of
increased energy demand use of fossil fuels increased to meet with requirements of
the newly industrialized world which causes adverse effects on our environment and
gives rise to its prices. Industries being a major emitter of CO> as a result of fossil

fuels usage is the most challenging problem [1,2]

In response to these problems and as a method of fostering a more sustainable future,
a new energy market is emerging[3]. This new energy economy includes renewable
energy sources like solar, wind, hydroelectric, biogas, biomass, bioenergy,
geothermal, and tidal energy. Due to its availability and clean energy source, solar
energy is amongst the most well-known forms of energy. One of the most plentiful
energy sources is solar, and even a small amount of conversion may help us meet our

energy demands and combat the issue of rising energy prices and demand.

1.2 Solar Energy Potential

Global solar total capacity was 714 GW at the end of 2020 [4]. We receive 164 watts
of sun's electricity on average per square meter of surface area, which is fantastic. To
power, the entire world with solar energy, a powerful table light (150 watts) could be
placed on every square meter of the planet. That is to say, if solar panels covered just
1% of the Sahara, there would be enough energy to power the entire planet. It is

capable of producing solar energy.

In 2018, primary energy consumption increased by 2.9 percent, nearly double the 10-
year average which was 1.5 percent. Carbon emissions increased by 2.0 percent, while
the annual average price of fuel oil increased by 2.0 percent to $71.31/barrel, from
$54.19/barrel in 2017. On average, 1.4 million barrels of oil are produced per day [5].

1



On the other hand, all commercially available renewable technology costs decreased
in 2018. According to figure 1.1, the average cost of concentrated solar power has
dropped by 26%, biofuels by 14%, solar PV and coastal wind both by 13%,
hydroelectric by 12%, and geothermal and offshore wind both by 1%. Onshore wind

and solar PV power are less expensive than fossil fuels[6].

Electricity growth outpaces renewables acceleration iea

Average annual change in
electricity generation, 2010-18 Electricity generation mix in 2018

T™Wh 1000
800
600

400 Hydro and
- biomass

0
2010-16 2017 2018

Renewables accounted for the largest growth in electricity demand, led by growth in solar, wind and hydro.
However, this growth was not fast enough to bend power sector emissions.

Figure 1.1: Average annual change in electricity generation 2010-2018 [7]

There is a drawback, though. The sun's energy travels from space to the earth as a
combination of heat and light. Light cannot turn on a TV or a vehicle using direct
sunlight or heat, but it does cause plants to grow, produce food, and keep themselves
warm enough to thrive. We must discover a way to convert solar energy into more

practical kinds of energy, like electricity. Exactly that is what solar cells achieve [8].

In recent decades, this steady drop and low-cost decarbonization have aroused
researchers' attention. Due to the increasing energy demand and the depletion of fossil
fuels, substantial efforts are being undertaken to increase the use of alternative energy

sources in the future.



1.3 Pakistan’s Solar Potential

Renewable energy development and effective use are growing in Pakistan. Pakistan is
one of those countries where the sun shines almost all the year and has a significant
solar power-producing potential. Average solar radiation throughout the country
remains 136.05W/m? to 287.36W/m?. More of the period year sun shines for 10 hours
a day which could result in 45-83MW power per month from just a 100m? area. The
strength of solar radiation is constant across the nation from March to October. The
radiation intensity in Sindh continues above 200 W/m2 from February to October,
from March to October in Baluchistan, from April to September in the NWFP, the
Northern areas, and the Kashmir region, and from March to October in Punjab. The
majority of southern Punjab, Sindh, and Baluchistan has a great potential for solar
energy throughout the year. In the southern part of Pakistan, the yearly sun's direct
solar irradiance is greater than 5kWh/m2/day, which is perfect for solar

technologies[9].
1.4 Solar energy technologies
There are three major types of solar energy:

e Solar thermal
e Concentrating solar power

e Solar Photovoltaics

Each of these converts the sunlight into a form of energy that we can store for

industrial, domestic, and commercial use.

1.4.1 Solar Thermal

Solar thermal energy uses sunlight for heating and cooling purposes. Thermal energy
is for water heating, space heating, and even cooling spaces. The heat from solar
radiation heats the water which can be stored for later use or transferred to pipes for
space heating. This technology can cut done on electricity and gas consumption in the

winters.



1.4.2 Concentrating Solar Power

Concentrating solar power or CSP for short is mostly used for industrial purposes
because of the large scale of the power plant. The technology employs mirrors for
reflecting the sunlight and directing it towards a receiver that collects it in the form of

heat. This heat can latent be used to produce electricity.

1.4.3 Solar PV

Solar photovoltaic energy is created directly from sunlight using semiconductors.
When solar radiation falls on a solar PV cell, the semiconductor frees electrons to
generate an electric current. Solar PV technology involves the use of solar cells which
are connected in series and mounted on a module. Multiple modules can be arranged
from an array that makes up a solar panel. The number of arrays can be changed

according to the amount of solar power required.

1.4.3.1 Working of a Solar PV cell

Solar technology is a form of electronic device that quickly converts sunlight into
power by absorbing it. Its oval shape, blue color, and size are comparable to an adult
palm. A solar system is a larger apparatus that is typically created by combining many
solar cells. Like other types of cells, solar cells are made to generate electricity. On
the other side, solar panels use sunlight to produce power rather than chemicals.
Because they produce energy from sunlight, they are also called solar cells (PV)
("photo” means light in Greek). Photons are the minuscule constituents of light. The
sun's rays resemble a brilliant yellow fire of countless billions of photons in flight. The
solar system collects these active particles from the road and transforms them into
electrical currents or transitions. The solar collector's job is to transform the energy
produced by several cells into a useable quantity of electricity and voltage, as shown
in figure 1.2 because each cell produces various energy voltages. Today, silicon
fragments (one of the most common soils and a chemical element found in sand) make
up almost every solar cell, but there are other materials as we'll see. Additionally, there
are other uses for it (or rather). Electricity is made available everywhere in the solar
system when the sun shines on it because the solar cell's energy drives silicon electrons

via an electric circuit[10].



1.4.3.2 Manufacturing of Solar Cells

Solar cell manufacturing Silicone is used in solar cells and transistor microchips (small
switches). Silicone is a semiconductor, which is a type of material. It normally does
not carry electricity, though it can do so in some instances. Solar cells are two layers
of layers manufactured in a particularly treated form as a silicone dose that conducts
energy in a certain wafer pattern. Because the underlying layer is narcotic, it has a few
additional electrons. As positive silicon, this is referred to as type p. (because the
electrons in this layer are negatively charged and small). The top layer produces a
modest number of electrons and is in the opposite direction. Type n silicone is also

known as negative silicone, shown in figure 1.2.

00000004 ‘
—_— V

Figure 1.2: Schematic representation of PV junction[11]

The crossing of the two materials is prevented by applying the N-type silicone layer
to the R-type silicone layer (the critical limit that these two types of silicone meet).
When you connect this sandwich to the fire, the electrons can't reach the threshold,
thus they don't flow. Light can be thought of as a stream of photons, which are active
"light particles.” Photons excite silicon atoms as they enter a sandwich. The incoming

energy inflates the lower p-type layer's electrons, which then migrate to the circuit's
5



top n-type layer and exit the cycle. The more electron jump, the stronger current is for
brighter light. This is one of the so-called photovoltaic light, technically associated

photoelectric effect, and it refers to solar energy (a trend that produces light)[10].

1.5 Different kinds of photovoltaic solar cells

Most solar panels currently mounted on roofs are silicone sandwiches that have been
specially treated (or "doped") to increase electrical conductivity. To distinguish them
from two other innovations, modern or second-generation and third-generation solar

cells, scientists refer to these conventional solar cells as first-generation[11].

1.5.1 First Generation Solar Cells

Crystalline silicon wafers, also known as c-Si, are cut into large stems and cultivated
for a month in extremely clean labs. These stems are used to make over 90% of the
world's solar cells. Numerous crystals can be observed in the stem in addition to single
monocrystalline or mono-Si crystals (polycrystalline, poly-Si, or poly-c-Si). The
diagram in the figure illustrates the first generation of solar cells1.3.

Figure 1.3: 1st Generation Solar Cells[4]

1.5.2 Second Generation Solar Cells

The normal thickness of solar panels is less than one millimeter (about 200
micrometers, 200 meters, or more). However, these are full plates as opposed to
second-generation thin-film solar cells (TPSC) or thin-film membranes (TFPV),

which are over 100 times thinner (a few micrometers or a million meters deep). Some
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are made of different minerals, such as cadmium tellurium, even though the majority
is still silicon (amorphous silicon, -Si, in which atoms are randomly placed rather than
categorized in a continuous crystal structure). French diselenide and copper-iron-
French diselenide (Cd-Te) (CIGS). Figure 1.4 illustrates the mounting of second-
generation solar cells on windows, skylights, tiles, and a range of surfaces (support

components), including metals, glass, and polymer (plastic)[4].

NREL

Figure 1.4: 2nd Generation solar Cell [4]
1.5.3 Third Generation Solar Cells
The most modern technique combines the best elements of cells from the first and
second generations. Figure 1.5 illustrates their significant yields, which are

comparable to those of first-generation cells (30% or more)[4].



Figure 1.5: 3rd Generation Solar Cells [4]

Similar to second-generation components, they are made from materials other than
"simple™ silicon, like amorphous silicon, polymer materials (organic photovoltaic
panels, OPV), perovskite crystals, and a range of other compounds (consisting of
several layers of different semiconductor materials). Ideally, it should be more
affordable, superior, and useful than the first or second generation [4].

1.6 The efficiency of solar cells

A fundamental tenet of physics is the law of energy conservation, which holds that
energy cannot be created or destroyed but can only be transferred from one form to
another. As a result, the energy produced by solar cells cannot outweigh the energy
that sunlight impinges on them. We shall see that in practice they usually convert
between 10% and 20% of the energy they acquire into electrical energy. The Shockley-
Queisser limit, or potential limit efficiency of a single silicon solar cell, is around 30%,
shown in figure 1.6.
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Figure 1.6: Efficiencies of different types and generations of solar cells [8]

Under ideal circumstances, the high-tech cells in the lab can manage an efficiency of
46% by using multiple junctions to collect photons of different energies. In the real
world, household solar panels have an efficiency of about 15%, occasionally add a
few percentage points, and are not likely to get any better. The very first single-cell
solar interface is only 46% efficient in the lab, falling short of the Shockley-Queisser
constraint's 30% efficiency. The panels' structure, placement, and spacing, even when
they are in the shade, how clean you maintain them, how hot they are, and whether or
not they are ventilated to keep cool are all actual economic issues that affect nominal

efficiency.

1.7 Limitations of the previous generations

First-generation includes silicon-based solar cells and even though they offer a high
efficiency the silicon is not affordable. Moreover, the fabrication process is complex
and there are high costs associated with the materials. There are also many loss
mechanisms associated with the first generation: (i) the photons have energy greater
than the cell bandgap so energy is lost and dissipated as heat and (ii) the fermi level is
lower for both p-type and n-type material is confined to the bandgap of silicon so the

open circuit voltage is minimizing.

The basis of the second generation is thin-film technology and it is lower in cost than
the first generation and cells have a higher absorption coefficient. However, their
9



fabrication processes are susceptible to environmental contamination and the materials
are not easily accessible. The third generation of solar cells addresses these issues with
readily available materials, a greater theoretical efficiency limit, and simple
fabrication techniques.

1.8 Research Problem

Perovskite solar cells (PSCs) have come forth as a viable option promising high photovoltaic
efficiency and ultracheap energy solution aiming to prevail over crystalline silicon-based solar
photovoltaic technology [3]. Meanwhile, single-junction PSCs are approaching their
Shockley-Quiesser (SQ) efficiency limit, with a recently achieved new high of 25.8%
efficiency and when used in tandem with another solar cell, they can cross the
theoretical efficiency limit. Perovskite-based tandem solar cells (PSCs) are offering an
exciting opportunity to break the SQ limit of single-junction PSCs. Normally, a tandem
architecture involves two or more solar cells stacked one above the other, comprising an
overlying wide bandgap (1.4-2.4 eV) sub cell acting as a front or top cell and an underlying
low bandgap (1.2-1.3 eV) sub cell acting as a rear or bottom cell. The wide-bandgap
perovskites solar cells are the most popular choice for multi-junction tandem
architectures. Nevertheless, despite their higher efficiencies and lower fabrication costs,
PSCs’ large-scale manufacturing is hampered by several challenges, i.e., stability. PSCs
degradation is influenced by several environmental factors, including visible and ultra violet
light exposure, temperature effect, humidity, oxygen, and electrical bias. This proposed study
aims to develop the perovskite absorber materials with compositional engineering to enhance
the stability of existing PSCs by controlling the morphology, grain size boundaries, grain size,

charge recombination, trap defect states, and hysteresis.

1.9 The objectives of the Research

e Compositional engineering of perovskite film with CsBr to enhance the stability of
the perovskite solar cells.

o Synthesis of wide band gap perovskite film for the tandem application.

e Deposition of the Perovskite film at various CsBr doping concentrations in the
ambient conditions.

e Fabrication of the whole device with carbon as a counter electrode.
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e Characterized the morphological, optical, and structural properties of the perovskite
film and electrical properties of the perovskite solar cells.

1.10 Thesis outlines

1.

Chapter 2 describes the literature review related to compositional engineering
perovskite solar cells and their stability issues.

Chapter 3 covers a detailed overview of experimental and characterization
techniques being used extensively for perovskite film and perovskite solar cells.
Chapter 4 describes the experimentation results carried out for perovskite film and
perovskite solar cells.

Chapter 6 includes the results and discussion.

Chapter 6 includes the conclusion and recommendations.
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Summary

This chapter describes the need for renewable energy and the importance of solar PV
technology among all renewable energy. In this chapter, global and Pakistan solar PV
potential has been discussed. Also, the different types of solar energy have been
discussed especially the third-generation solar cells. In third-generation solar cells,
perovskite solar cells are the most promising ones in achieving high efficiency in a
very short period but their stability is the main reason which hinders its
commercialization. Moreover, the analysis of different environmental factors
affecting the performance of perovskite solar cells has been studied. This chapter also
includes the motivation and objectives of this research. The last section is a summary
of the outlines of this thesis and how it would proceed.
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Chapter 2

Literature Review

2.1 Background on Perovskite Solar

It is demonstrated that the most adaptable ceramic host is the perovskite structure. Lev
Perovski, a well-known geologist at the time, inspired the name of the mineral
perovskite, which was initially found in 1839 by Gustav Rose in the Russian Ural
Mountains. The newly found mineral's chemical composition was CaTiOs. The
oxygen and calcium atoms are arranged in cubic close-packed layers all along the
cubic direction in the ideal perovskite, which may also be thought of as a cubic close-
packed structure. Ti atoms are present in a few of the resultant octahedral holes. Recent
years have seen a lot of interest in a structurally related family of materials called
organic-inorganic hybrid perovskites[1]. The perovskite structure is essentially
retained in this relatively new family, but at least one ion typically A or X is replaced

with an organic ion, turning the perovskite into a hybrid.

Within a specific tolerance, the usual chemical formula for perovskite structure is
ABXa3, which results in the perfect perovskite structure. Victor Moritz Goldschmidt
first described this tolerance in 1926, and it is known as the Goldschmidt tolerance
factor[2].

In the perfect cubic unit cell, the ionic radii determine the cell axis, a. (rA, rB, and rX).

a="2(rA + rX) = 2(rtB + rX) Eq.1.1

The Goldschmidt tolerance factor t, which is the ratio between the two cell length

expressions, allows us to gauge the degree of distortion as indicated by the equation.

t= (rA + rX) V2(rB + rX) Eq. 1.2
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where rA is the radius of the A-cation, rB is the radius of the B-cation, and r is the
radius of the anion. The cubic perovskite has t = 1.00. If the size of the A cation
decreases then t becomes smaller than 1. However, the cubic structure occurs if 0.89
<t < 1[3]. The symmetry of the crystalline structure will decrease when t values are
reduced. The following illustration depicts the perovskite's ideal cubic structure is
shown below in figure 2.1.

7% Py

¢

Figure 2.1: Ideal Cubic Structure

The structure of perovskites was the subject of decades of research, and in 2009 the
first perovskite solar cell based on the ABXs structure was created. This organic-
inorganic hybrid perovskite solar cell has an efficiency of 3.8 percent[4] while the

highest efficiency thus far is 25.5 percent, as shown in graph 1[5].

2.2 Working on perovskite Solar Cells

Perovskite solar cells are built in a sandwich design, harvesting light through multiple
layers of thin sheets [8]. In perovskite solar cells, there are five layers: the FTO
substrate, which serves as the electrode; the electron transport layer; the perovskite
absorber layer; the hole transport layer; and the top electrode, which is made of Au/Ag.
The photoelectric effect and exciton formation serve as the foundation for these cells'
operation. Light causes excitons to form in the perovskite; once formed, the holes and
electrons move across the layers in the direction of least resistance. The cathode and
anode then gather electrons and holes, respectively, to produce a potential difference.
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This voltage difference could be used to power a load when it is applied.
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Figure 2.2: Top Electrode Au/Ag|[8]

2.3 Band Alignment of Perovskite Solar

The energy level diagram of a perovskite solar cell is shown in Figure 7, which
demonstrates how the photoelectric effect can be used to produce power. A perovskite
solar cell can allow electrons and holes to be extracted on opposing sides of the cell,
producing a potential difference, by leveraging the energy level of various materials.
In a cell, holes and electrons will travel in the direction of least resistance. The HOMO
and LUMO levels are shown in this diagram. The produced electrons travel from the
ETL's LUMO to the LUMO of the perovskite absorber layer. Holes migrate from the
HOMO of the HTM to the HOMO of the perovskite absorber layer. Now, holes are
captured by the top contact like Ag from the HOMO of the HTM, and electrons are
gathered by the FTO from the LUMO of the ETL. To ensure that the gadget performs,

the energy level variances should be kept to a minimum [6]figure 2.3.

Ag DOPED P3HT PEROVSKITE Zn0 ITO
3.2eV
4.4eV
4.7e¢V
5.4eV
7.6eV

Figure 2.3: Energy Levels Difference [6]
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2.4 The architecture of perovskite solar cell:

Perovskite solar cells' architecture, which in turn determines the material selection, the
deposition techniques for the material, and naturally, the compatibility of the many
components in the device, is a major determinant of the device's performance. So far,
mesoscopic and planar structures have been established as the two main types of
perovskite solar cells. The perovskite can be included in the mesoscopic architecture
either as a thin coating that barely covers the oxide scaffold or with charge-
transporting material infiltrating the scaffold's pores. However, the high-temperature
sintering of the TiO> layer required for these mesoporous devices could lengthen

processing times and raise the cost of cell production[7].

Long charge carrier diffusion lengths (100 nm for CH3sNH3Pblz and 1000 nm for
CHsNHsPblz«Clx) are characteristic of methylammonium-based perovskites[8][9].
Recently, it was discovered that CHsNH3sPbls single crystals can reach diffusion
lengths of more than 175 um[10]. More research revealed the ambipolar behavior of
perovskites, proving that these materials are capable of transporting both electrons and
holes between the cell terminals[9]. These outcomes all suggested that a planar
structure was doable. Through interface engineering, the efficiency of the planar
structure was recently increased by about 19 percent[11]. These findings demonstrated
that the planar structure might perform devices similarly to the mesoporous structure.
According to the type of selective contact utilized on the bottom, the planar structure
can be split into two categories: regular (n-i-p) and inverted (p-i-n). Figure 2.5
illustrates both device topologies. An organometal halide perovskite film's
morphology, which fundamentally consists of two primary precursor components, is
dependent on the method of deposition (solution-based or vacuum-based). Precursors
may be placed simultaneously or separately. These permutations together result in a
variety of thin-film deposition methods for hybrid perovskite materials. In general, a
single deposition results in a more uncontrollable crystallization that results in a
diversity of morphologies and, consequently, a spectrum of device performances,
without any extra confinement, modification to the composition, or alteration to the

crystallization process.
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Figure 2.4: Perovskites Planar Structures[11]

2.5 Problems associated with the commercialization
The efficiency of perovskite solar cells is unquestionably high, and they present "a
distinct form of the solar cell” that may be inexpensive to produce as well as semi-

transparent, light, and flexible.

This type of solar cell's long-term stability, however, is by no means useful. Ex-situ
experiments on the long-term durability of CH3NH3Pbls solid-state solar cells kept at
room temperature in the absence of encapsulation lasted more than 500 hours under a
single sun's illumination and 1000 hours under full sunshine. As a result, it was

discovered that light absorption alone is not the main cause of this unstable behavior.

Understanding the precise reasons for the instability of perovskite solar cells is the
first step toward enhancing that stability. Numerous causes, which can be generally
divided into extrinsic and intrinsic ones, can lead to the breakdown of the perovskite
crystal. Below is a discussion of both. both the internal intrinsic factors, such as ion
migration, electro-migrations, and interfacial interactions, as well as the exterior

factors, such as moisture, oxygen, temperature, UV light, etc.
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2.6 Extrinsic Factors

2.6.1 Moisture

Perovskite films can quickly deteriorate in the presence of ambient humidity,
particularly in MAPDI3. When excessive humidity is paired with UV light, high
temperatures, or the introduction of an electric field, the pace of deterioration will
accelerate[12]. Organic cations are particularly hygroscopic and are employed in
perovskite solar cells. According to some theories, the water molecules' weak
hydrogen interactions with the cations undermine the crystal's structural
stability[13][14][15] and As a result, a hydrated perovskite phase may develop. This

transformation is undoable.

However, it has been suggested that with enough moisture penetration, the perovskite
crystal decomposes. Shown below is a chain of reactions that could be responsible for

non-reversible degradation in MAPDI3 perovskites [13].

H-.0
CH3;NH;Pbl; == CH3;NH3;Pbl + Pbl,
MAPDI 5 Aqueous Lead
MAPDI lodide

CH;NH;PbI <= CH3NH-> + HI

Aqueous Methylamine Hydroiodic
MAPDI Acid
0, + 4HI == 21, + 2H,0
Hydroiodic lodine
Acid

Figure 2.5: Chain of reactions from MAPbI3 perovskites, catalyzed by water [13]

This demonstrates the transformation of MAPDIz into lead iodide and
methylammonium lead iodide (MAI) in an aqueous form (Pbly). Figure 2.5 illustrates
the production of methylamine and hydroiodic acid (HI) from this. More water is then
created when oxygen is present. This starts a vicious cycle that further degrades
moisture. The development of the perovskite active layer can potentially be affected
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by the presence of too much Pbl,. Strengthening the bonds between the organic
component and the metal halides is one strategy to lessen this effect. Active layers
must be laid down in a controlled-humidity setting. It is also possible to add
hydrophobic interlayers to assist shield the perovskite from environmental

moisture[12].

2.6.2 UV

When other considerations are taken into consideration, UV light's impact on the
stability of perovskite solar cells is most significant (e.g. moisture or oxygen
exposure). However, it has been demonstrated that MAPbI3 will decay to Pbl: in the
absence of moisture or oxygen when exposed to UV light[16]. Better photostability
than MAPDIz counterparts is one of the key benefits of formamidinium lead iodide
(FAPDI3) solar cells[17]. Additionally, the perovskite solar cell's longevity is
decreased by the fact that TiOg, a typical electron-transport layer, is highly vulnerable
to UV-induced deterioration[13].

2.6.3 Temperature
Elevated temperature exposure can lead to deterioration. Both MAPbI; and
MAPDClIxlz-x) exhibit this[18]. It is believed that at high temperatures, the reactions
depicted in Figure 2 can cause MAPbIs to transform into Pbl> a result. Though much
more slowly than when oxygen and water are present, this is nonetheless possible
without them[18][19].

2.6.4 Oxygen-rich/Ambient conditions

The MAPDI3 perovskite films quickly deteriorate in the presence of any UV radiation,
high temperature, high humidity, and oxygen combination. Large Pbl, structures can
then be observed in the perovskite film under oxygen-rich circumstances, although
this is not the case for layers generated in a nitrogen-rich environment[19]. However,
the most uneven layers are those created under ambient conditions, as shown in figure
2.6:
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Figure 2.6: Standard layered structure of a perovskite solar cell[19]

The perovskite's surrounding layers may occasionally be a factor in the structural
collapse of the material. For instance, the electron-transport layer (ETL) TiO2 can
create trap states when exposed to UV light[20]. A solar cell's efficiency will be
severely reduced as a result. This phenomenon can be countered by using an Al-doped
TiO2 or SnO2[15]

The hole-transport layer is a further layer that significantly affects the performance of
a solar cell (HTL). Inorganic HTLs (like PsHT) and organic HTLs are both possible
in perovskite solar cells (e.g. Spiro-OMeTAD). Between the two, there is a trade-off,
though. Although Spiro-OMeTAD is a useful HTL, it lacks two additions that would
give it appropriate HTL characteristics. The doped Spiro-OMeTAD layer has been
criticized for failing to provide the required barrier to shield the perovskite from the
elements (air, moisture, etc.)[15]. The organic PsHT is an alternative that produces a
more reliable solar cell. Unfortunately, the efficiency of these cells is lower, as shown

in figure 2.6.

2.6.5 Intrinsic Factors

It is typical for the perovskite structure to have vacancies during the production of
perovskite films. These flaws could promote ion migration across the perovskite film
and are faults (as shown in figure 2.7).
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Hole migration

Figure 2.7: lllustrations showing ion and hole migration due to iodide vacancies (left) and metal vacancies (right)
through the 3D perovskite structure [21]

lon migration inside the perovskite layer might cause a PV device's performance to be
subpar or inconsistent. For instance, the conductivity of the hole-transport layer Spiro-
OMeTAD might be decreased in the presence of migrating iodine ions. The perovskite
solar cell's performance is quickly hampered by this[12]. It has been proposed that this

ion migration may cause the emergence of a small electric field at the interface of the
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perovskite material. This might cause the organic cations to deprotonate, which would

eventually cause the perovskite solar cell to degrade[12][21].

Perovskite material migration is not the only issue that arises. The perovskite layer
can allow ion migration from conductive connections. As a result, the solar cell is

short-circuited by creating shunt paths for electrons.

2.7 Effect of the counter electrodes on the perovskite solar cells
PSCs typically have a multilayered device architecture with the absorber
"sandwiched" between an electron transport layer (ETL) and a hole transport layer
(HTL), with a metal back electrode most frequently Au or Ag completing the circuit.
PSCs begin to erode the metal electrode over time as a result of iodine and metal
migration, metal halide ion production, the generation of oxygen vacancies, and other
factors. This exposes the structure to the environment and results in a steady
degradation.[22][23]. A carbon (C) electrode is used in place of a metal electrode in
carbon-based perovskite solar cells (C-PSCs). With a suitable work function (WF) of
around 5 eV, carbon can serve as an effective charge collector while also acting as a
protective barrier for the perovskite layer thanks to its hydrophobic properties, which
keep oxygen and moisture out of the environment. In addition, C's inertness makes it
immune to the effects of ion migration. This has made it possible to create devices
with long-term stability without the use of encapsulation[24]. There are two types C-
PSCs:

1. High-temperature carbon electrodes
2. Low temperature carbon electrodes[25].

Both of the structures have the same working principle but there is only one change in

the structure of both devices.

2.7.1 High-temperature carbon electrodes

Mesoporous TiO is frequently employed as an electron transport layer in high-
temperature C-PSCs. To stop the carbon electrode from coming into touch with the
electron transport layer, another mesoporous ZrO> or AlOs is utilized. The solvents

and binders are then evaporated by depositing and annealing a mesoporous carbon
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electrode at a high temperature. The perovskite absorber material is then applied to
the multiple oxide layers, and the triple-stacked layers are penetrated with perovskite
before being annealed. With a pure MAPbIs structure without HTL, the highest
efficiency with HT C-PSCs is 16.37 percent

[26]. However, multi-cation technology has recently been found to be the most
effective, with a 17.02 percent NiO HTL[27], shown in figure 2.8.
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Figure 2.8: A schematic structure of an HTL carbon-based “monolithic” perovskite solar cell[ 28]

2.7.2 Low-temperature carbon electrodes

Low temperature (LT) C-PSCs, in contrast, have a much more straightforward
structure than high temperature (HT) C-PSCs. Perovskite structure, which properly
crystallizes at low temperature, was directly deposited carbon electrodes in this
structure. Additionally, mesoporous layers are not required; instead, compact layers
can be used, improving the device's overall performance and stability. This structure
can be used to produce PCE that is comparable to Au- and Ag-based devices. To attain
good efficacy and stability, these LC C-PSCs may employ multi-cation and multi-
halide architectures, as shown in figure 2.9 [28][29].
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Figure 2.9: Fabrication process of LT “paintable” perovskite solar cells [28]

2.8 Fabrication of the Carbon electrode

High-performing C pastes have been made using a range of carbon materials,
producing C electrodes with excellent mechanical stability, low series resistance, and
high conductivity. Among these, the mixture of carbon black (CB) and graphite has
been proven to be highly effective. Most commonly, carbon black, graphite, polymer,
additive, and non-polar solvent are found in carbon pastes. To prevent the
disintegration of the underlying perovskite layer in this form of C-PSC, the paste's
ingredients must be compatible[30][31], while taking this into account Chlorobenzene
was then used to create the paste from the dried carbon by Zhou H. et al. after
completely removing the solvent from the commercial carbon paste by drying[32].
Vijayaraghavan et al. created hole transport layer-free C-PSCs using a glass/In doped
Sn02/QD-Sn0O2/Perovskite/Carbon device structure. They employed the mixed cation
structure Cso.05FA081MA0.14Pbl255Bro.4s and attained 13.64 percent efficiency[33],

shown in figure 2.10.
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Figure 2.10: Schematic illustration of several techniques for fabrications of carbon electrodes in perovskite solar
cells [34]

2.9 Research ldea

Conventional fossil fuels are depleting and also, and they harm the environment.
Therefore, the transition from non-renewable to renewable energy technologies is the
need of the modern era. Scientists are working to explore new ways to improve the
efficiency of these renewable energy resources especially solar cells who have been
deployed all over the world. Perovskite solar cells' weak stability, which limits their
commercial applicability, is still a significant problem. However, the limited use of
perovskite solar cells is due to the expensive cost of noble metallic electrodes and
hole-transporting materials (HTMs) (PSCs). For HTMs and noble-metal-free PSCs,
carbon materials such as graphene, carbon nanotubes, and carbon paste have been
used. This proposed study aims to develop novel perovskite absorber materials and
charge carrier transfer layers in the ambient conditions to enhance the stability of
existing PSCs by controlling the morphology, grain size boundaries, grain size, charge
recombination, trap defect states, and hysteresis. The efficiency and stability of
perovskite solar cells will be improved through the use of CsBr doping with carbon as

a counter electrode, and production costs will be significantly reduced, making
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perovskite solar cells a commercially feasible next-generation thin-film PV

technology.
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Summary

Although perovskite solar cells have very high efficiency and are a great alternative
to first-generation solar cells, their stability is their only drawback. Perovskites are
discovered to be hygroscopic in nature, oxygen, UV light, light soaking, heat, and
other possible variables, as was previously stated. The perovskite may become
damaged as a result of the development of hydrate intermediates brought on by
moisture and oxygen. Initially, the majority of PSCs were formed from MA, and it has
been demonstrated that due to the volatility of the organic MA, (MA)PbXz compounds
decompose at 85 °C. Due to its high hygroscopicity, FA is also more sensitive to
moisture than MA, which raises the cost and necessitates more stringent
encapsulation. The thermal stability of Cs-based perovskite should be greater than that
of FA- and MA-based equivalents. However, compared to MAPbI3 and
(MAPDBI3)x(FAPbI3)1x, the PCE for Cs-based perovskites is considerably lower due
to the non-ideal band gaps (>1.7 eV). So, to create perovskite, researchers began using
a mixture of Cs/MA or Cs/IMA/FA, etc. It was discovered that the use of Cs improved
device performance by stabilizing the black phase of FAPbI3 and reducing trap states.
To boost stability in our project, we will add a small amount of Cs/FA in MA at the
A-site cation. Additionally, by partially substituting the relatively smaller Br ion for
the large I anion, we should be able to stabilize the structure and create CsPb(Brxl1x)3
perovskites that are thermodynamically advantageous at normal temperature. While
CsPblz in the cubic perovskite phase has a more desirable band gap of 1.73 eV and is
stable in air at room temperature, it transitions to a yellow, insulating, non-perovskite
phase known as the -phase at temperatures below 315 C. This is because CsPbBrs has
an orthorhombic perovskite with a band gap of 2.25 eV and is stable in air. Therefore,
by adjusting the halide concentration and stabilizing our cell, it is possible to regulate
the bandgap of (CH3sNHz) Pb (Brxli-x)3 between 2.3 and 1.9 eV. However, the carbon
CE, which tends to be hydrophobic, will take the place of the currently utilized hole
transport layer, potentially improving the stability of PSCs as a whole.
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Chapter 3

Introduction to Fabrication and

Characterization Techniques

3.1 Fabrication Techniques
Perovskites absorber layer and perovskite solar cells are fabricated by using the
following fabrication techniques:

e Spin Coater

e Glove Box
3.1.1 Spin Coating
Spin coating is a common deposition technique for thin film application. it is employed
in a plethora of applications in many industries. The advantages of spin coaling are
that it is easy, quick, and capable of producing uniform films of thickness ranging

from nanometers to a few microns, as shown in figure 3.1[1].

3.1.1.1 Working Principle
The technique requires the deposition of a thin film on the substrate surface by creating
a solution containing the compound dissolved in the solvent and rotating it at low or
high speeds.
The step-by-step procedure is given as:
1. The substrate is covered with the solution with the desired material dissolved
in a compatible solvent
2. High seed rotation of the substrate allows most of the solvent to fly off to the
side.
3. The substrate is dried to evaporate the remaining solvent and obtain a layer of

the desired molecules.
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At high rotations seeds (up to 12,000 rpm) the centripetal force coupled with the
surface tension associated with the solution and substrate interface pulls the coating to
all sides resulting in even coverage. The solvent also evaporates during the sinning
and the film is further annealed to completely dry it off[1][2].

Spin up Thinning of a liquid film

"}/*GC)/*G ,)

/_/ Solidified region Saturation of solidification
D, -, (»
¢ ¢ ¢

Figure 3.1:Spin coating technique for coating thin films[1]

3.1.1.2 Thickness Equation
The thickness of the spin-coated film depends on the spin see and angular velocity.
The thickness is inversely proportional to the revolutions per minute at which the

substrate is rotated.

L L (Eq.3.1)

Vo

Where

e tis the layer’s thickness
e w is the angular velocity.

3.1.2 Glove Box
Glove Boxes are used by radiochemical, metallurgical, and fabrication laboratories. It
consists of a safety glass screen for visibility and vacuum-sealed gloves for safe

handling of materials inside the box, as shown in figure 3.2[3].
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Figure 3.2:Glove Box System [3]

A glove box can be compared to a fume hood except that it has an exhaust system, and
the inside environment is strictly controlled. The box is completely closed to prevent
from entering and there are only arm-length gloves to allow experiments to be
performed within the equipment. An inert gas like argon and nitrogen can be used to
bring down the oxygen and moisture level to less than 0.1ppm. A purifier or filter is

fitted inside the glove box to seal the gas and maintain an inert environment[4].

3.2 Characterization Techniques

For the characterization of the perovskite absorber layer following techniques were
used:

e Optical Characterization

e Morphological Characterization

e Structural Characterization
3.2.1 Optical Characterizations

The following equipment was used for the optical characterization:

e UV-Vis Spectroscopy
e Photoluminescence spectroscopy
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e Optical profilometry spectroscopy
3.2.1.1 UV-Vis spectroscopy

Using an ultraviolet-visible (UV-Vis) spectrophotometer, the diffuse reflectance of
nanostructures placed over a glass substrate was evaluated to determine the optical
measures of structures such as absorbance (PerkinElmer, Lambda 950). UV-visible
spectroscopy also known as “electronic spectroscopy” is a technique used to determine
the bandgap energy of the semiconductor employed for the photo-activity, shown in
figure 3.2. The absorption of UV-visible irradiation from a specimen can be
determined by ultra violet-visible spectroscopy with single wave lengths or scans over
a range within a spectrum. The UV light wavelength lengthens from 200-400 nm while
the wavelength of the visible spectrum ranges from 400-800 nm. The concentration of
electromagnetic energy from the UV-visible spectrum stimulates an electron fervor
from conduction to valance energy states. The light absorbance of any absorbing
substance is directed through Lambert-Beer law which defines as while keeping the
specimen thickness constant when radiation of a particular wavelength passes through
the compartment of the sample, it causes the absorbance of light that gives the results.

The Lambert-Beer Law mathematically can be formulated as follows [8];

A=E€lc Eq3.2

Where A is absorbance or optical density, € is epsilon (molar absorption coefficient
of the analyte having a specific wavelength), where | is the specimen’s route length

and c is the analyte concentration,

absorbing sample of
I concentration ¢ I

> =

<+— path lengthb —»

Figure 3.3:The basic principle of Lambert-Beer Law adopted[9]
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10 is the amount of light that is incident, and | am the amount of light that has passed

through the sample, shown in figure 3.3.

Monochromator
Detector

® slit

Figure 3.4:The fundamental principle of UV-visible spectroscopy[8]

3.2.1.2 Band gap analysis

The spectrum of UV-Vis is used to calculate the energy bandgap, this determines the
relationship between the absorption coefficient by the absorption edge and the optical
band gap. Diffuse reflectance spectra are the simple way to measure the band gap in
this study, Kubelka-Munk model is the foremost way for band gap analysis [10].

Following equation being followed,;

(ahv)?z= (hv—Ejy) Eq. 3.3

a = Absorption constant, based on the effective masses related to the VB and CB

hv = Photon Energy

3.2.1.3 Photoluminescence spectroscopy
The process through which light energy, or photons, promotes the emission of a

photon from any substance is known as photoluminescence spectroscopy, or PL for
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short. It is a way of material probing that is non-contact and non-destructive.
Essentially, light is shone onto the sample, where it is absorbed and a process known
as photo-excitation can take place. As the material relaxes and returns to a lower
energy level after photo-excitation, it will release energy (photons). Photo-excitation
causes the material to jump to a higher electronic state. Photoluminescence,
abbreviated as PL, is the emission of light or luminescence as a result of this process.
Band gap, impurity levels, flaws, recombination process, materials selection,
structural properties, and crystallinity are all measured using it[16].

3.2.1.3.1 Working Principle

An analytical tool called Spectro fluorometer records and measures the fluorescence
from a sample. To capture the fluorescence, the excitation, emission, or both
wavelengths are scanned. Through additional attachments, it is possible to monitor the
examination of signal deviation concerning time, temperature, concentration,
polarisation, or other variables. Figure 3.5 depicts the fluorescence spectrometer block
diagram. Monochromators (wavelength selectors), laser sources (sample
illumination), detectors, and corrected spectra are all components of fluorescence

spectrometers.[17]

Excitation I Sample
Source Monochromator I Cell

Slits

Emission
Monochromator

h

Recorder |«— Amplifier |« Detector

Figure 3.5:Fluorescence spectrometer block diagram[18]

e Source of lHlumination
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A continuous type, 150 W ozone-free xenon arc lamp is the light source employed. A
diamond-turned elliptical-shaped mirror collects the light from the lamps, which is
then focused into the entry slit of the excitation monochromator. The excitation
monochromator is separated from the lamp housing by a quartz-based window, which
also serves to vent heat from the device and protect against the improbable event of a
lamp failure. Stretching and reducing spherical aberrations and re-diffraction are two

benefits of resolution across the entire spectrum.[18]
e Monochromators

Excitation and emission monochromators are the two different types of
monochromators. It makes advantage of the entire reflective optics to maintain
excellent resolution across the entire spectrum and to lessen spherical and re-

diffraction aberrations.
e Gratings

Reflection To scatter striking (incidental) light through channels that are positioned
vertically, the grating is an essential component of a monochromator. Spectra are
collected by rotating a grating with 1200 grooves per millimeter that are excited at 330
nm and blazed at 500 nm (emission). The grating is covered in a protective film of

MgF2 to prevent oxidation.
o Slits

At the entrance and exit sites of the monochromator, extremely flexible slits are
employed. The excitation monochromator's slit width controls the incident light's
bandpass, whereas the emission monochromator's slits govern the fluorescence
intensity signal, which is controlled (and recorded by the signal detector). The trade-
off for determining slit width is between signal strength and spectral resolution. Wider
slits result in lower resolution since more light hits both the sample and the detector,

whereas using narrower slits results in higher resolution but at the expense of signal.

e Shutters
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An excitation shutter is positioned beneath the exit slit of the excitation
monochromator to protect the sample from photobleaching or photodegradation
caused by prolonged exposure to light. Through an emission shutter that is placed
directly before the entry of the emission monochromator, the detector is shielded from
the strong light.

e Sample compartment

There are several possible attachments and bundles of fiber optics in the sample
compartment that can be used to transport the excitation beam to a sample that is
located far away and the emission beam back to the emission monochromator.

e Detectors

There are two different kinds of detectors: reference and signal detectors. An R928P
photomultiplier tube that sends the signal to a photon counting module serves as the
signal detector, which is based on photon counting. The reference detector’s job is to
keep an eye on the xenon lamp so that it can be corrected for its time- and wavelength-
dependent output. This UV-enhanced silicon photodiode-based detector is situated

right before the sample chamber[19].

3.2.1.4 Profilometry

A profiler is an instrument that is to characterize the topography of the uppermost
layers of a film and measure its overall thickness. It has multiple points which measure
the variation in the texture of a surface at the sub-micron level. The analysis is used to

determine the surface roughness and fractality[13].
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3.2.1.4.1 Working Principle

Figure 3.6: Optical Profilometry [13]

Non-contact surface profilometers utilize a range of optical techniques to find out
information about a surface’s topography. An incident light source illuminates the
surface during scanning. It measures the reflective, refractive, and emissive light to
put together information about the surface topography, as shown in figure 3.6. This
method is preferred over the contact profilers because it is not invasive and offers

faster measurement[14][15].

3.2.2 Structural Characterizations

The following equipment was used for the Structural characterization:

e X-Ray Diffractometer
3.2.2.1 X-Ray powder diffraction

X-Ray Diffraction analysis instrument has a very significant and valuable apparatus
which characterized the various specimens, to observe lattice parameters as well as for
analysis of crystalline phase and their alignment. Catalysts have undergone in-depth
research and characterization. The powder was subjected to X-ray diffractometry
(XRD) using XRD equipment (Bruker, D8 advanced) equipped with a 25-kV power
supply and a Cu K radiation ( = 1.5418 ) source. The data were gathered using a 0.02°

step scan and a range of 20 to 70 degrees. The least harmful method for examining a
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material's structural properties is X-ray diffraction (XRD). By using X-rays on a
material, XRD has investigated the internal structure qualities of the substance.
Different morphological and structural details of produced nanomaterials are
ascertained using the X-ray diffraction (XRD) technique.

2dsin® = ni

0 S
e @ L @ ®
d e e
® ® ® @® ®
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Figure 3.7:X-ray diffraction of crystal lattice planes having layers of the material adopted from reference[5]

This technique is well known for the determination of phase purity and dimensions of
crystalline materials in the field of material science. This technique is provided
information about atoms' positions and symmetry shape, size, and atomic spacing of
atoms in the unit cell of solid materials. Crystalline material and the interference x-
rays are the results of specimens given by this technique [5]. In the x-ray diffraction
technique, through a cathode ray tube generation of x-rays occurs and after the process
of filtration, monochromatic light is emitted. This monochromatic light is
concentrated on to sample material. When incident rays interact with to sample it

makes constructive interference and follows Bragg’s law, shown in figure 3.7 [6]:
2dsin® = nA Eq. 3.4

An integer is identified by alphabet n, while A represents X-ray wavelength, the
interplanar spacing of catalyst that results in diffraction is d and u is the angle of
diffraction. Bragg’s law helps to recount the electromagnetic radiation wavelength
according to diffraction angle and spacing lattice crystalline sample. During X-ray
powder diffraction, the scanning made incident angle that varied from 10° to 80° at a

scanning rate of 10° per min using Cu Ko radiations A =1.5405 A. After diffraction x-
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rays are then easily identified and calculated. A filament is heated by applying a
voltage to the cathode ray tube that emits x-rays to generate electrons. These
accelerated electrons are bombarded on the surface of a sample. When these
accelerated electrons have gained adequate energy remove the inner shell electrons to
move them to a higher energy level after that these electrons lose their energy, and
move to a low energy level by emitting a photon. The emitted photons with a specific
wavelength show the characteristic of the sample material. Through analysis of x-ray
emission spectrum which gives qualitative results about the structure of sample
material. These spectra contain different components, the most common being K, and
Kg [6].

3.2.3 Morphological Characterizations

The following equipment was used for the morphological characterization:

e Scanning Electron Microscopy
e Atomic Force Microscopy
e Contact Angle

3.2.3.1 Scanning electron microscopy (SEM)

SEM is an electron microscope type which capable of developing high-resolution
images of a sample. Its image has a three-dimensional appearance and is useful for
surface structure observation samples. The different morphologies of Zinc oxide
Nanostructure were observed by using SEM. The electrons produced by the hot
filament are acquired by electric and magnetic fields. These excited electrons interact
with sample material to initiate the signals and these signals are containing the
information on the surface morphologies of materials. Scanning electron microscopy
is an analytical technique that is used to examine the external morphologies, shapes,
chemical composition, size, and arrangements of atoms that make up the samples. In
this technique, when a sample is hit with a beam of high-energy electrons, which is
known as an incident beam that strikes the surface of a solid sample to generate
secondary electrons (signals). These secondary electrons are counted by a positively
charged electron detector which reveals a two or three-dimension image of the sample

including information regarding the variety of shapes, size, composition, and
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topography of the sample [7]. The size and the shape of nanostructures were studied
by using scanning electron microscopy (TESCAN-VEGA-3). The schematic of its

working is shown below in figure 3.8.

Electron Gun

(b) Incident Beam

Backscattered
X-r
ays Electrons
Secondary
Auger Electrons
Electrons

Figure 3.8:Schematic drawing of Scanning Electron Microscope (SEM)[7]

SEM images were examined with a magnification of 5um-500nm with an accelerating
voltage of 15.0-10.0kV. Energy-dispersive X-ray spectroscopy (EDS) allows the
target surface analysis and is widely used for material surface analysis. This provides
elemental identification and quantitative compositional information. EDS analyses are
performed on the same apparatus as for SEM (TESCAN-VEGA-3) by adjusting the
voltage at 20kV and width to 15mm. IR camera view was turned off to acquire the

spectrum for the site of interest.

3.2.3.2 Atomic Force Microscopy
Atomic force microscopy or AFM is a surface analysis technique that is useful for
studying the coatings at a micro or Nanoscale, as shown in figure 3.9. Microscopy can

be used to obtain images at a nanoscale range to study the air or liquid sample. The
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AFM can be used for high-resolution imaging of many different surfaces to determine
surface morphology, roughness, and texture. The tip senses the chemical atoms by
forming chemical bonds with them. The interaction after the vibrational frequency and

these changes are mapped out by the program[11].

. . Dete and
Atomic Force Microscope Sl

Electronics

Photodiode
Laser

. Cantiliever

Sample Surface —t & Tip

Figure 3 9: Atomic Force Microscopy[11]

3.2.3.3 Working Principle
AFM uses a sharp tip with a diameter of around 10 to 20nm to measure the surface’s
properties. A cantilever is attached to the tip which is made of silicon or silicon nitride.

The movement of the tip is recorded by a laser beam emitted by a photodiode[12].

The equipment operates in two different modes, i.e., the tapping and contact mode.
The AFM tip and the surface are in constant contact during the contact mode. This
measurement mode is only for specific applications such as that of the force curve.
For tapping mode, the cantilever moves to allow only brief contact of the tip with the

sample. It is the recommended mode of operation for standard AFM[11].

3.2.3.4 Contact Angle

When a liquid drop is deposited on a material substrate and takes the shape of a dome,
a contact angle (also known as a wetting angle) is created. The contact angle, depicted
in figure 3.10, is the angle produced between the surface and the line perpendicular to

the edge of the water drop, shown in figure 3.10.
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Figure 3.10: Contact Angle Measurement[20]
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Figure 3.11: Contact Angle Apparatus[20]

The degree of contact between a liquid and its limiting surface is determined by
wettability. Hydrophilicity and hydrophobicity are two more names used to define
wettability. Material that exhibits an affinity for water is said to be hydrophilic,
whereas the reverse is said to be hydrophobic. Hydrogen bonds can be created between
hydrophilic substances and water. The contact angle between a liquid and a solid
substrate when the liquid is either stationary or slowly flowing over the surface can be
used to determine how hydrophilic a surface is. Figure 3.11 demonstrates how the

degree of hydrophilicity affects the contact angle and droplet shape[20].
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Figure 3.12: Contact angles and hydrophilicity[20]
3.2.3.5 Working Principle
e The micropipette is put within a plastic holder and filled with deionized water.
e As the level brings the surface layer into contact with the liquid, the droplet is
manually dispensed at the tip.
e The VCA software program, as depicted in Figure 3, produces the droplet on
the sample's surface and then records the image on a CCD camera.
e The software will be used to measure the angles.

e The procedure must be carried out again for various areas of the sample.

Figure 3.13: Contact angle of water droplet measured on a silicon substrate[20]

3.2.4 Photovoltaic Characterization

For photovoltaic characterization following techniques were used:

e Solar IV Simulator
e External Quantum Efficiency
For IV measurements, the Newport Oriel 1V unit with a Keithley PVIV 2400 source
meter and solar simulator under a 750 W/m2 power intensity was employed. To block
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out excess light, the cell was covered with a black mask with an active area of 0.00625
cm? [16]. A reference Si photodiode that had been calibrated by Newport at (100 W
m2) was used to calibrate simulator's output light intensity at (1000 Wm). Important
metrics including open circuit voltage (Voc), short circuit current density (Jsc), fill
factor (FF), and photoconversion efficiency can be calculated using the J-V data the

sampled materials. In figure 3.14 below, a typical J-V curve for solar cells is depicted.
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Figure 3.14: Typical J-V curves under light and dark conditions [17]
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Summary

In this chapter, the methodology adopted to assemble the soiling station has been
described to achieve the goals and objectives which were mentioned in chapter 1. The
methodology describes the design of the soiling chamber and drawings of different
sides of the chamber. Then it discusses the electrical wiring and relay control
mechanism which helped to achieve the automation of the soiling station. The working
and specifications of different instruments used in the soiling station have been
explained. Moreover, the integration of these instruments and their role in achieving
the daily outdoor soil cycle have been discussed. The simulation of the daily outdoor
soil cycle has been discussed. In the outdoor cycle, in the morning time dew falls on
modules then soil sticks on the module. After that during noontime, modules get
heated and in the evening time, it gets cooled again. The same outdoor cycle has been

simulated in the soiling chamber.
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Chapter 4

Experimental Procedure

4.1 Materials

Lead lodide (Pbl2, 99.9%), Methylammonium iodide (MAI, 99.9%), Cesium bromide
(CsBr, 99.9%), polyvinyl acetate (PVAc), carbon black and graphite flakes were
purchased from Sigma Aldrich. FTO glass, N-dimethylformamide (DMF, anhydrous
99.8%), dimethyl sulfoxide (DMSO, 99.8%), and chlorobenzene (CB, anhydrous
99.8%) were also purchased from Sigma-Aldrich. While Titanium (1V) isopropoxide
(TTIP, 99.9%) and mesoporous Titania dioxide (Meso-TiO2) were also purchased
from Sigma Aldrich as well. All reagents were employed as received without further

purification.

4.2 Characterizations

Using the Bruker, D8 Advanced with a scanning rate of 0.02°%s and 2 in the range of
5° and 70°, the X-ray Diffraction (XRD) technique was performed to examine the
structural makeup and crystal size of the perovskite films. A CuK radiation source
(=154056) was produced at an excitation voltage of 25kV and a current of 40mA was
employed for the XRD. Utilizing the UV-Vis NIR Spectrophotometer UV-3600 Plus,
it was possible to examine the optical characteristics of the perovskite absorber layer.
The samples' absorbance was determined to be between 350 and 1100 nm.PL
(photoluminescence) was used for the emission spectra at an excitation peak of
380nm. IHR-320 spectrophotometer of Horiba scientific was used in the range of
389nm to 1100nmT?° explore the relationship between the functional group and the
current Species, FT-IR spectra of produced thin films were obtained using FT-IR
spectrum 100 PerkinElmer. For more accurate analysis, transmittance data of an
extremely thin layer of absorber layer were obtained in the range of 600—-4000cm™

with a scan rate of 2cm™.
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SEM and AFM, two distinct pieces of equipment, were used for the morphology study.
Using scanning electron microscopy (SEM), the thin films' shape and grain size
analysis were examined (TESCAN-VEGA-3). With an accelerating voltage of 15.0—
10.0kV and a field magnification of 5um-500 nm, SEM pictures were studied. Atomic
force microscopy was used to examine the surface shape and roughness (AFM). In

static mode, a Nanosurf FlexAFM Version 5 was employed.

4.3 Fabrication of the Electrodes

Fabrication of the electrodes is done in three different stages:

4.3.1 Electron transport layer synthesis

To prepare the C-TiO2 precursor, two different solutions were prepared. For solution
1, 2.53 ml of IPA was taken and added into 570ul of TTIP, and solution 1 was
prepared. For solution 2, 28ul of 2M HCL was taken and added to 2.53 ml of IPA, and
solution 2 was made. While stirring, solution 2 was added drop by drop into solution
1 very carefully and the precursor solution of C-TiO2 was stirred for 30 minutes at

room temperature on the hot plate.

For meso-TiOz, a standard meso-TiO- paste was diluted with ethanol into 1:8 and a

precursor solution was stirred for 30 minutes at room temperature on the hot plate.

4.3.2 Preparation of Absorber layer precursor solution

The MAPDI3 precursor solution was prepared by dissolving 461mg of Pbl, and 159mg
CH3zNHzsl (1:1M ratio) in 700ul of DMF and 300ul of DMSO solution. The MA:.
xCsxPb (lyBri.y)3 precursor solution with x=0.10 was obtained by dissolving 461mg of
Pblz, 143.78mg of CH3NHal, and 21.2mg of CsBr (1:1M ratio) in 700ul DMF and
300ul DMSO solution. All perovskite solutions were heated at 70C for 12 hours inside
the glove box filled with nitrogen gas before the film deposition, the whole process is

shown in figure 4.1.
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Figure 4.1: Preparation of the Perovskite film at different CsBr doping concentrations, (a) x=0.00, (b) x=0.09, (c)
x=0.15

4.3.3 Preparation of the Carbon Counter Electrode

Carbon paste was prepared before the carbon counter electrode. The components in
carbon paste were 600mg carbon black powder and 400mg graphite in 10ml of
chlorobenzene solvent. The PVAc in the paste acted as a binder. For the binder
dispersion preparation, took 1g of PVAc in 11ml of chlorobenzene solvent and stirred
it on the hot plate at room temperature for 24 hours. Now add 4ml of this binder
dispersion into the as-prepared carbon paste and now ball-milled this carbon paste

including the binder dispersion for 24 hours, as shown in figure 4.2.

(a) (b) (c) (d)

Figure 4.2: Preparation of the carbon electrode, (a) 11ml of CB, (b) binder solution, (c) carbon and graphite
flakes in CB, (d) carbon and graphite flakes in CB+ binder dispersion
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4.4 Solar Cell Fabrication

With a device structure of FTO/TiO2/Meso-TiO2/MA1xCsxPb (lyBri.y)s/Carbon
powder/Counter FTO, PSCs were created. To clean the etched FTO-coated glass
substrate, ultrasonication was used in deionized water, isopropanol, acetone, and
isopropanol for fifteen min each at 55°C. Spin-coating was used to deposit a blocking
layer of C-TiOz (c-bl-TiO2) on the FTO substrate for the 30s at a speed of 3000rpm.
The compact FTO/bI-TiOz layer was then heated for 5 minutes at 125°C. Following
this, the sample was dried for 30 minutes at 450°C, and the substrate was cooled
gradually to room temperature. The mesoporous TiO2 (mp-TiO2) was further spin-
coated with dilute TiO> pastes (20 nm -sized particles) in ethanol (1:7 weight ratio) at
3500 rpm for the 20s and heated this layer at 125Co for 5 min. This layer was sintered
at 500°C for 30 min and then cool it at room temperature. The perovskite solutions
MA1.xCsxPb (lyBr1.y)3, =0, 0.09 and 0.15) were then spin-coated onto FTO/c-bl-TiO>/
Meso-TiO; substrate at 2000rpm for 30s. Chlorobenzene was dripped on the rotating
substrate as the anti-solvent 10s before the finishing of the spin coating. The samples
were annealed on a hot plate at 100°C for 20 min to produce uniform MA1.xCsxPb
(lyBr1y)3 films. Carbon CE electrodes were deposited by using the doctor blading.
Kapton tape was used for the groove pasting of the carbon layer. The thickness of the
carbon layer was optimized by using the Kapton tape. Doctor blade the carbon layer
after making the groove by using the Kapton tape, shown in figure 1, and air dry it for
10 minutes. After this annealed this carbon layer on the hot plate at 70°C for 20
minutes in an open environment at 50% RH, as shown in figure 4.3. The whole-cell
fabrication of the PSCs is shown in figure 4.4.
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Figure 4.3: Fabrication of PSCs by using one-step spin coating in the dry glove box, (a) Structure of the PSCs by
using Carbon CE, (b) Step by step methodology for the fabrication of the PSCs

Figure 4.4: Structure of the perovskite solar cells fabricated in the lab
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4.5 Characterization of solar cells

Characterization techniques were carried out after the successful fabrication of the
perovskite film at different CsBr concentrations. For the structural investigation and
crystal size analysis of the perovskite films, XRD and FT-IR were used. To study the
optical properties of the perovskite absorber layer, UV-Vis was used. The absorbance
of the samples was measured in the range of 350nm to 1100nm. PL
(photoluminescence) was used for the emission spectra at different CsBr
concentrations. To measure the thickness of the layers optical profilometry was used.
For the Morphology analysis, two different equipment were used SEM and AFM. The
morphology and grain size analysis of the thin films was observed by using scanning
electron microscopy (SEM). The surface topography and roughness were investigated
using the atomic force microscopy technique (AFM). The contact angle was used to
measure the hydrophobicity of the different layers. For the electrical properties of the

PSC IV simulator was used.
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Summary

The experimental setup involves the preparation of the electron transport layers C-
TiO2 and meso-TiO2 precursors at room temperature. The C-TiO2 was prepared by
using the TTIP precursor material with IPA. Meso-TiO2 was prepared by diluting a
standard meso-TiO; paste diluted with ethanol into 1:8 and the precursor solution was
stirred for 30 minutes at room temperature on the hot plate. After that, a much simpler
method was used to fabricate Cs and Br co-doped perovskite films from a solution of
MAL, Pblz, and CsBr in a mixed solvent containing DMF and DMSO by spin coating
in a dry glove box at a humidity level of less than 10%. A molar ratio of CsBr: MAL:
Pbl> is 0:1:1, 0.09:0.91:1, 0.15:0.85:1 was used to prepare the best quality layer.
Carbon was used for the preparation of the hole transport layer. The components in
carbon paste were 600mg carbon black powder and 400mg graphite in 10ml of
chlorobenzene solvent. Carbon counter electrodes were deposited by using the doctor
blade technique on the surface of the perovskite film. Low-temperature perovskite
solar cells device structure is used for the fabrication of the full device. A good quality
layer with improved efficiency and stability was obtained as compared to the standard
layer. The perovskite films were characterized by using UV-Vis, XRD, PL, AFM,
SEM, EDS, and contact angle to check the incorporation of the CsBr in the film. The
electrical parameters of the whole device testing were done by using an 1V simulator.
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Chapter 5

Results and Discussion

5.1 Structural Properties

In structural properties two different characterization techniques were performed:

e X-Ray Diffraction

e Fourier transform Infrared Region

5.1.1 X-Ray Diffraction

We gathered the X-ray diffraction (XRD) waveforms of the perovskite films with
different doping densities, as shown in Fig. 1a, to examine the impact of CsBr doping
on the crystallinity of perovskite films. As seen in Fig. 5.1(a), all samples display the
typical perovskite tetragonal phase, with diffraction peaks at 14.16°, 20.06°, 23.54°,
24.55°, 28.50°, 31.95°, and 40.72°, respectively, corresponding to the (110), (112),
(211), (202), (220), (310), (312), and (224) crystal planes[1]. There is relatively little
difference between the locations of the diffraction peaks from perovskite films with
different levels of doping. For a low Cs doping level, this minor modification might
be the result of a lattice strain or distortion in the MAPbI3 perovskite. The lack of extra
peaks in any of the XRD patterns beyond those for the plain perovskite film (x = 0)
suggests that the CsBr doping level in our samples is too low to introduce a new phase.
Additionally, as the Cs content rises, the breadth of the diffraction peaks is shown to
be slightly different from the control sample, indicating a reduction in the size of
crystal domains as a result of the integration of Cs, as shown in figure 5.1(b). Further,
we note that the crystallinity of perovskite improves with the incorporation of Cs,
which was shown by the intensity change in the (110) and 220 planes the peak
intensity of (110) and (220) planes increase significantly for x=0.09 films while it
starts decreasing by further increasing the Cs content (x=0.15)[2][3].
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Figure 5.1: X-ray diffraction (XRD) patterns of the perovskite films, (a) 2-theta values of CsBr concentration in
MAPDIs, (b) XRD peak magnified at 14.0°

We determined the crystallite size and full-width half maximum (FWHM) for x=0,
0.09, and 0.15, and we found that the FWHM for x=0.09 is the smallest (0.095),
indicating the highest crystallinity and the highest peak of the perovskite phase in the
(110) plane [4]. Thus, using the Scherrer formula and the diffraction peak at 14.02, we

can determine the size of the perovskite crystal grain.:

092 (Eq. 5.1)
~ BcosH

k is the X-ray wavelength (0.154 nm), D is the grain size, b is the full width at half

maximum (FWHM) of the (110) peak, and h is the Bragg angle, respectively [2].
Figure 5.1 presents the computed outcomes (c). Since CsBr doping increases grain
size in the perovskite film to x=0.09, the larger the perovskite grain size will be the
higher the CsBr doping level. However, at a certain concentration, crystallite size
begins to decline because, while crystallite size improves as intensity improves, it
begins to decline as FWHM increases. Additionally, we created perovskite films with
Cs concentrations above 15%. The films, however, were found to be extremely rough

and uneven, with low purity and a large density of pinholes.
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5.1.2 Fourier transform Infrared Region

As CsBr is present in MAPDI;3 crystals, FT-IR was used to determine the strength and
orientation of known chemical bonds as well as to look for any changes in bond
locations. FT-IR is a potent method that uses IR absorption to pinpoint the bonds in
an organic molecule. The method is especially helpful in identifying specific signature
peaks when the orientation of bonds in complicated structures like perovskites changes
as a result of the presence of external stimuli. The MA1.xCsxPb (lyBri.y)3 perovskite's
FT-IR spectra were taken at room temperature in film form, as shown in Figure 5.2
(@). N-H, C-H, and CHs-NHs peaks have been accurately recreated in several
investigations that report vibrational spectroscopic observations of typical MAPbX3
perovskites. As illustrated in figure 5.2, in our situation, with x=0.00 Cs doping, we
see four distinct peaks of MAPbI3 precursor at 900 cm™, 1500 cm™?, and 3180 cm™
(a). The NH3* ion's N-H stretch is represented by the peak at 3150 cm™, which exhibits
a minor doublet structure and is likely indicative of both symmetric and asymmetric
NH?* stretching. The CH3-NH?®* peak is located at 900 cm™, and the ammonium bond
bending peak is located at 1500 cm™. The peak near 3180 cm™ is replaced by two
distinct peaks (3180 cm™ and 3116 cm™), resulting in a little variation of the CH3-
NH3 structure, and the peaks are extremely similar to pure MAPbI® peaks with minor
variations as the Cs doping advanced into the MAPbI® structure. This demonstrates
that whereas the inorganic homolog is stable, the local environment of the
methylammonium group is first altered by the presence of Cs. The double peaks of
3180 cm™ and 3116 cm™ remained noticeable as the concentration of Cs rose, reaching
their highest intensity around x=0.09. The strength of the peaks at 3180 cm™ and 3116
cm gradually decreases at x=0.15. Regarding the peaks, they begin to intensify at
1500 cm™, but at x=0.15, not before. If we add more CsBr, the CsBr is drastically
reduced till it practically disappears. However, there is little to no impact on the
900cm™ peak. As a result, the structure percolates when Cs levels rise over a particular
threshold of x=0.09, changing the conductivity. It is still unclear, though, whether the
doped Cs force the development of a new structure or merely cause a shift in the

electrical structure of the area[32].
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Figure 5.2: FT-IR spectra for Different CsBr ration in MAPDI3, (b) Magnified at 3180cm

5.2 Optical Properties

In optical properties two different characterization techniques were performed:

e UV- vis Spectroscopy

e Photoluminescence

5.2.1 UV- vis Spectroscopy

Figure 53 displays the UV/vis absorption spectra for pure MAPbI; and various CsBr
concentrations combined with MAPbIs (a). A large absorption peak was seen between
450 and 790 nm[5], for the pure MAPDIs perovskite absorber layer, which was
attributed to the entire production of MAPbIs perovskite as shown by XRD patterns
(Fig. 2(a)). A further rise in the Cs concentration causes the bandgap, which is a result
of the constructive crystal lattice, to widen, and shifts the absorption edge towards a
shorter wavelength area. The value of Eq was determined using the method described
by A. B. Morphyen in Ref.[6], which initially calculates the absorption coefficient and
then, taking the values of a found and considering that for direct gap materials the
relationship (ahv)? = A (h,-Ey) is fulfilled, the value of Eg can be determined from the
intercept with the hv axis that results from extrapolating the linear region of the curve
(ahv)? vs hv[7], figure 5.3(c-€).
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The values of optical band gap (Eg) obtained for the perovskite was almost similar
(1.57 eV) for pure and with increasing the concentration of CsBr, x=0.00, 0.09, and
0.15 in Csx MA@1-x) Pb (lyBri.y)3 the bandgap also increased in the range of 1.58,1.61
and 162 eV implying that optical band gap can be easily tuned by controlling the
amount of CsBr in perovskite, as shown in figure 5.3(b). Perovskite materials that have
low bandgap can absorb lower-energy photons to generate more electron-hole pairs.
However, Vo, in this case, is limited by the bandgap of the semiconductor, the open
circuit being normally less than the band gap. Photo generated electron-hole pair is
separated by an electric field in perovskite films, electron and hole move out of this
region under the acceleration induced by an electric field, so that high Voc will
accelerate separation progress of electron-hole pair. Photo generated electron-hole
pair, which is collected by two electrodes of photovoltaic devices, is an effective
electron and hole, so we need to tune the perovskite bandgap to generate a more

effective electron and hole.
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Figure 5.3: (a)Absorption Curves for different x=0.00, 0.03, 0.06, 0.09, 0.12 and 0.15, (b) Band gap of the
perovskite film at different CsBr doping concentrations, (e-e) Tauc plot at different CsBr doping concentrations
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5.2.2 Photoluminescence

The photophysical properties of the MA1xCsxPb(lyBri.y)s nanocrystals were evaluated
using absorption and steady-state photoluminescence (PL) measurements with the
gradual addition of Cs" and the corresponding results are exemplified in figure 5.4(a).
From the PL study, it is witnessed that the emission maxima (Aem max) Of the MA.
xCsxPb (lyBriy) nanocrystals can be adjusted in the range of 765-760nm with a fixed
excitation peak at 380nm[8]. PL intensity of MA1.xCsxPb (lyBri.y)3 perovskite thin
films increased continuously for a small amount of Cs* incorporation, however, it
decreased with larger amounts of Cs* incorporation. The enhanced PL intensity with
small Cs™ incorporation due to internal defect reduction of MA1.xCsxPb (lyBriy)s (x =
0-0.09) perovskite. When excited at a single wavelength, the less defective perovskite
could generate more electron-hole and photons through radiative recombination of
photogenerated charge carriers, which enhance the PL intensity[9]. Less defect also
increases carrier-diffusion lengths and fluoresce lifetime of perovskite thin films. The
intensity of the PL peak of the cesium-doped perovskite film is higher than that of the
pristine perovskite film, which indicates decreased surface-trap states (related to non-
radiative PL recombination) and increased perovskite crystallinity (consistent with the
SEM results) a Larger amount of Cs* incorporation result in PL intensity decrease, an
increase of MA1.xCsxPb (lyBriy)3 (x = 0.09-0.15) perovskite internal defect result in
the decrease of charge carrier lifetime[5][10], as shown in figure 5.4(a).

To gain further insights into film quality after the incorporation of CsBr into the
perovskite precursor, electronic disorder below the optical band gap known as Urbach
energy was calculated by linear fitting In(a) versus hy profile using the relation a = a°
exp (E/E.), where a is the absorption coefficient, E (=h,) is the photon energy, and Ey
is the Urbach energy[11][12]. As shown in Figures 5.4 (b) and (c), the control sample
has Eu ~216 meV, where CsBr (x=0.09) showed a reduced value of 152meV. The
observed reduction in the Urbach energy is an indication of the reduced density of trap
sites. These findings are in line with the steady-state photoluminescence (PL) study of
perovskite films, as shown in figure 5.4 (a). It was found that the PL intensity for the
CsBr (x=0.09) film was higher compared to that for the control film (x=0.00). This

indicates reduced non-radiative recombination loss due to possible passivation of the
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surface and bulk-related defects. There is no noticeable peak shift in the PL spectra
after the treatment[13].
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Figure 5.4: (a) Photoluminescence spectra of CsxMAi«Pbls thin films, (b) Estimation of Urbach energy for
x=0.00, (b) Estimation of Urbach energy for x=0.09

5.3 Morphological Properties
In morphological properties three different characterization techniques were

performed:

e Scanning Electron Microscopy
e Atomic Force Microscopy

e Contact Angle

5.3.1 Scanning Electron Microscopy

Grain boundaries (GBs) in perovskite film are mainly responsible for non-radiative
recombination and also promote trap-assisted charge carrier recombination because of
the existence of numerous defects at GBs. In some studies, it was found that the
process of ion migration tends to dominate at GBs in MAPDIs based perovskites rather
than in the grain interiors. Recently, Xing et al. studied the ion migration properties
of MAPDI3 films with different grain sizes[14] and found that an increase in grain size
leads to an increase in Ea of ionic migration. The E, for large grain film was much

higher (Ea = 0.50 eV) as compared to the smaller grain film (Ea = 0.27 eV) in the dark
64



condition. This increased Ea suggests a higher energy barrier. for the migration of ions.
The aforementioned studies reveal that the engineering of GBs may help in
suppressing the ion migration and hysteresis in PSCs. Since then, several research
groups have established that increasing grain size causes a decrease in GBs[15][16],
which assists in the formation of pinholes and defect-free film promoting negligible
hysteresis[17]. This result is further confirmed by scanning electron microscopy
(SEM), figure 5.5 shows the top view of scanning electron microscope (SEM) images
for mixed cation perovskite films prepared from Cs concentrations of x=0.00, 0.09,
and 0.15. It is clear from the surface image of perovskite films that the films have
grown with large grains, full coverage of substrates, and no visible pinholes observed.
GBs minimized when the CsBr doping level is x=0.09 (figure 5.5(b)). The grains with
a size of 50-300 nm are close-packed with clear grain boundaries. Also, it is clear from
the EDS spectra that for the undoped samples there was no peak for the Cs*™ and Br-
but the prominent peaks can be seen in the EDS spectra for doped samples when the
concentration of the cesium bromide is increased. Nevertheless, as shown in figure
5.5(c), when the Cs+ concentration is further increased to 15%, the grain size is
slightly decreased and CsBr particle agglomeration can be observed. This

agglomeration cites may increase the surface roughness.
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Figure 5.5: Top view of SEM and EDS for different CsBr doping concentrations, (a) x=0.00, (b) x=0.09, and (c)
x=0.15

5.3.2 Atomic Force Microscopy

This can be seen from the AFM, as shown in figure 5.7, when the concentration of the
Cs* and Br- is low the surface roughness and root mean square roughness (Rims) is
high but as soon as the doping concentration of the Cs* and Br is starts increasing this

Rims value starts decreasing from 60nm for undoped samples to 10nm for doped
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samples(x=0.09). It simply means that with increasing the doping concentration the
GBs starts increasing and overall a smoother perovskite absorber layer is produced.
With the smaller number of the GBs, charge transfer is enhanced, and as a result cell
performance is increased. But after a certain level of CsBr doping concentration
(x=0.15), the agglomeration is started with the increase in the Ryms value of 17nm, and

film quality is deteriorating.
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Figure 5.6: AFM results at different CsBr doping concentrations, a)x=0.00, b)x=0.09,c)x=0.15

5.3.3 Contact Angle

PL characterization was performed to check charge carrier transfer and extraction

behavior at the surface of the perovskite/Carbon electrode at different CsBr
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concentrations. Photoluminescence spectra show a perovskite luminescence peak at
760nm, demonstrated in figure 5.7 (a). In the presence of a Carbon electrode,
photoluminescence was substantially quenched, indicating charge transfer between
CE and the perovskite photoactive layer[18]. It is interesting to note that
photoluminescence quenching was even more extensive when doping concentration
is increased (x=0.09) because at this doping concentration the perovskite absorber
layer has fewer trap defect states and fewer GBs. However, when the doping
concentration is further increased (x=0.15), the photoluminescence peak is starting
increasing which means that the presence of trap defect states increases with the
agglomeration at the surface of the film, and charge carrier transfer is hindered by the
presence of this poor quality of the film and overall efficiency and stability of the
device is compromised[18]. The water contact angle was measured to further
investigate the role of carbon electrodes in increasing the stability of the PSCs
devices[19]. The water contact angle was measured on the (a) Cesium doped absorber
layers and (b) Cesium doped absorber layers with carbon as a counter electrode, to
check the effect of the humidity on the cesium doping and with carbon as a counter
electrode. As demonstrated in figure 5.7(b-g), as the CsBr doping level is increased
the water contact angle is increased due to the more compact film morphology. On the
other hand, when the carbon is deposited on the perovskite films, they became more
hydrophobic and with a more compact structure and larger contact angle to the water,
the carbon/perovskite layer on top of the cell will offer better protection against

moisture, and eventually, improves stability[19].

68



(a) *W/C= With Carbon, *WO/C= Without Carbon

= = =x=0.00,W/C
f== = =x=0.09,W/C
= = =x=0.15,W/C
= x=0.00,WO/C
x=0.09,WO/C

PL Intensity (a.u.)

720 740

T
760 780
Wavelength (nm)

Figure 5.7: Carbon counter Electrode, a) PL results with Carbon and without carbon, b),c),d), Perovskite absorber
layer contact angle with CsBr doping at x=0.00,x=0.09,x=0.15, e),f),g) Perovskite absorber layer contact angle
with Carbon as a counter electrode at different concentration of CsBr (x=0.00, x=0.09, x=0.15)

5.4 Electrical Properties
In morphological properties three different characterization techniques were

performed:
54.1 IV-Simulator

The energy-level diagram of C-PSCs is shown in Fig. 10(a). Because of the ambipolar
perovskite and energy-level alignment, the holes can be captured by the carbon
electrode and sent to the external circuit while the electrons can be efficiently injected
into the conductive band of TiO». Fig. 10 displays the photocurrent-voltage (J-V)
curves of the solar cells with carbon electrodes under AM 1.5 illumination of 100
mW/cm2 in order to assess the impact of CEs on the performance of the solar cells
(b). Table 1 lists the specific photovoltaic parameters. As is well known, charge
transport and transfer in solar cells heavily rely on the interface contact between
perovskite and carbon CE. Poor interfacial contact between the perovskite layer and

the graphite flakes is mostly to blame for the poor performance of the cell with CE[20].
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Table 5.1: Performance summary for perovskite solar cells with different CsBr doping concentrations

X Vimp (V) Imp (A) Voc (V) Jsc (mA/cmZ) FF n (%)
0.00 0.306 5.07 0.530 9.56 0.29 1.55
0.09 0.542 11.13 0.659 18.53 0.44 5.27
0.15 0.368 8.41 0.639 14.13 0.30 3.09

(a) (b)
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Figure 5. 8: a) Band alignment of PSCS, b) J-V results with different CsBr doping concentrations

Figure 5.8(b) displays the current density-voltage (J-V) curves of the best-performing
cells with various Cs* and Br ratios. These devices were made with the architecture
of FTO/C-TiO2/mp-TiO2/MA1-x Csx Pb (lyBr1.y)s/Carbon (x =0, 0.09, and 0.15). With
an open-circuit voltage of 0.530 V, a high short-circuit current density of 9.56 mA cm-
2 and a fill factor of 0.29, the device made from pure MAPbI3 perovskite film has a
power conversion efficiency (PCE) of 1.55%. The Cs. ratio of x=0.09 yielded the
highest PCE of 5.27 percent. When the Cs* ratio is raised further to x=0.15, the PCE
declines by 3.09 percent. The decreased Jsc and Voc of the device with x=0.15
concentration, which may be related to the smaller grain sizes, were blamed for the
device's decreased efficiency. Voc rises from 0.530 to 0.659 V, Jsc from 9.56 to 18.53
mA/cm?, and FF from 0.29 to 0.44 when the CsBr doping level rises from x = 0 to x
= 0.09. As shown in Table 5.2, the efficiency, as a result, rises from 1.55 percent for
the undoped sample to 5.27 percent for the doped sample with x = 0.09. The XRD and
SEM data (Figs. 5.1(a), 5.4) demonstrate that CsBr doping can result in a significant
increase in the size of the perovskite crystal grains. Because of the lower area occupied
by grain borders caused by the greater grain size, there will be fewer interface flaws
that cause photogenerated carriers to recombine. VVoc, Jsc, and FF will rise as a result
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of this enhancement. Br~ doping can aid in the growth of perovskite crystal grains,
whereas Cs* doping cannot enlarge perovskite grains[21][22][23], Accordingly, we
believe that replacing Br- with me- in MAPDI3 is beneficial to the growth of perovskite
crystal grains. The bandgap of the perovskite is blue-shifted following the CsBr
doping, as shown in figure 5.8(b), which is consistent with the findings that only Cs
or Br doping may broaden the bandgap of plain perovskite. This is another cause of
the increase in Voc[21][22][24]. Another significant factor that contributes to the
increase in Jsc as the CsBr doping level rises from x =0 to x = 0.09 is the striking rise
in optical absorption. The increased charge transport capabilities of the perovskite
layer caused by the substitution of Br for I are responsible for the improved FF
following CsBr doping[25]. The Voc, Jsc, and FF fall from 0.659 V, 18.53 mA/cm?,
and 0.44 to 0.639 V, 14.13 mA/cm2, and 0.30 percent, respectively, as the CsBr
doping level rises from x = 0.09 to x = 0.15. The enlarged grain boundaries caused by
the Cs-doping in both the XRD and SEM data (see figures 5.1(a) and 5.4) may increase
the probability of charge carrier recombination and, as a result, reduce the photovoltaic
current density[26][27].

Due to the aggregation of the Cs™ and halide segregation, the smoothness of the
perovskite absorber layer decreased as the Cs*™ and Br- concentration increased. Due
to the week-long contact between the perovskite and carbon interface, which raised

shunt resistance and series resistance, the Jsc and VVoc at x=0.15 decreased.
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Summary

In this work, we studied the effect of different CsBr doping concentrations on the
perovskite absorber layer. The introduction of Cs into the precursor solution would
inevitably accelerate the film deposition rate which resulted in larger grain size and
the film contained fewer grain boundaries. Due to this, the defects which are
prominent like ion migration at the grain boundaries were reduced. Moreover, the
defect state density was reduced which was evident in the PL spectra. The PSCs were
fabricated by using the carbon CE after successfully optimizing the CsBr
concentration at x=0.09. The high charge carrier mobility of the carbon counter
enhanced the hole extraction from perovskite film and decreased the recombination in
the device. We obtained the best performing perovskite device at x=0.09 with
improved Vo, Jsc, FF, and PCE. Voc rises from 0.530 to 0.659 V, Jsc from 9.56 to
18.53 mA/cm2, and FF from 0.29 to 0.44 when the CsBr doping level rises from x =
0.00 to x = 0.09. Additionally, for x = 0.09, the efficiency goes from 1.55 percent for
the undoped sample to 5.27 percent for the doped sample. The hydrophobic and dense
carbon CE layer also shields the perovskite film from outside moisture, which has a
protective effect on it. Our finding suggests a new route for the investigation of
inexpensive carbon-based materials and could be significant for the widespread
industrial use of PSCs.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

For the past decade, Perovskite solar cells (PSCs) have demonstrated skyrocketing
efficiencies, making them suitable contenders to replace silicon-based solar cells.
However, the only major drawback of the perovskites at this stage is their instability.
When PSCs are exposed to moisture, light, and oxygen they can degrade instantly.

Methylammonium-based PSCs are not stable because MA is a volatile material.

However, a significant enhancement in the stability is achieved when this organic
cation is partially replaced with an inorganic cation like Cesium (Cs). In this MS
research work, MAPbI3 PSCs were single-doped with CsBr. The doping concentration
of MAI: CsBr: Pbl, (1:0:0, 0.91:0.09:1,0.85:0.15:1) were used. By doping the CsBr,
the crystallinity of the film was increased with increasing the concentration and there
was no prominent change in the crystal structure because the doping of the Cs was too
low to introduce a new phase. The overall morphology of the film was increased
because Cs are smaller in size so it enlarges the grain size. With the increase in the
grain size, the grain boundaries and pinholes were reduced and overall the sites for
degradation were minimized. Also, the roughness of the perovskite absorber layer was
improved. Absorption spectra are enhanced at an x=0.91 doping level of the CsBr. But
after this, there is a drop in the absorption spectra. When the CsBr level is increasing
to x=0.09 there is an increase in the PL peak due to the reduction in the defect trap
states and more electron-holes pairs are generated but after a certain doping
level(x=0.15), this behavior tends to decrease.

By increasing the CsBr doping level an overall increase in the wide-bandgap (1.62eV)
was observed. Usually, PSCs are fabricated following normal n-i-p device
architecture, employing organic hole transport materials (PTAA, Spiro-OMeTAD,

etc.) which are expensive and moisture sensitive.
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On the other hand, inorganic hole transport materials are soluble in polar aprotic
solvents which ultimately compromises the perovskite layer’s stability and
performance. To address these issues, herein, PSCs were fabricated following
glass/FTO/c-TiO2/mp-TiOz/Perovskite/carbon paste /FTO/glass device architecture.
Because carbon has a -5eV work and it is comparable with the already used electrodes
(Au or Ag). It also had good conductivity and chemical stability which makes it a
potential candidate for the fabrication of the PSCs at a very low cost. The water contact
angle was measured on the (a) Cesium doped absorber layers and (b) Cesium doped
absorber layers with carbon as a counter electrode, to check the effect of the humidity
on the cesium doping and with carbon as a counter electrode. As the CsBr doping level
was increased the water contact angle was increased due to the more compact film
morphology. On the other hand, when the carbon was deposited on the perovskite
films, they became more hydrophobic and with a more compact structure and larger
contact angle to the water, the carbon/perovskite layer on top of the cell will offer

better protection against moisture, and eventually, improves stability

As aresult, PSCs were made by using carbon paste as a counter electrode and the best
performing perovskite absorber layer (x=0.90) in the dry glove box at <10% RH.
There is an increase in the VVoc, Jsc, FF, and PCE by using this CsBr doped perovskite
absorber material. When the CsBr doping level increases from x = 0.00 to x = 0.09,
Voc increases from 0.530 to 0.659 V, Jsc from 9.56 to 18.53 mA/cm?, and FF from
0.29 to 0.44. The resulting efficiency also increases from 1.55% for the undoped
sample to 5.27% for the doped sample with x = 0.09. Also, the hydrophobic and dense
carbon CE layer has a protective effect on the perovskite film by shielding it from
ambient moisture. Our work proposes a new pathway for the exploration of low-cost
carbon-based materials and will be potentially important for the industrial application
of PSCs on a large scale.

6.2 Recommendations

1- The number of observations can be increased by preparing more samples to

understand the incorporation of the CsBr in the perovskite film in a better way.
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The elemental mapping and XPS will be performed to the exact location of the
user in the perovskite film.

At present carbon paste, we faced many issues in achieving higher efficiency.
So, Carbon electrodes can be prepared by varying the carbon and graphite ratio
to understand which ratio is the most appropriate for the charge transport.

In this experiment, only IV characterization was performed which gives us the
different electrical parameters. But the comparison of the EQE measuring will
be taken to understand the exact incident electron to photoconversion
efficiency.

A proper stability test should be performed to check the stability of the
perovskite solar cells in the open environment which is the main hurdle in the
commercialization of the perovskite solar cells.

Experiments will be carried out both in the inert environment and dry
environment to check the effect of the inert and dry environment on the

perovskite solar cells.
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Abstract

The development of organometal halide-based perovskites solar cells (PSCs) has
made remarkable progress in the photovoltaic technology field. The
commercialization of PSCs is being rendered owing to its poor stability and higher
material cost for hole transport layer (HTL) and electrodes. To counter these issues
carbon-based HTL and noble-metal-free PSCs are being used. In this work, we
systematically studied the effect of Cs-doping on perovskite film morphology and
device performance. The results showed that when Cs-doping concentration was in
the range of 9%, there was a substantial change in the optoelectronic and
morphological properties of perovskite film. The grain size was improved from 70nm
(undoped film) to 170nm (9% Cs-doped film) with a reduction in the grain boundaries.
The device fabrication was carried out in a dry glove box at 10% relative humidity by
using carbon as a counter electrode (CE). Consequently, Cs-doping with carbon CE
improved the hydrophobicity and non-radiative charge recombination at the surface
of the carbon/perovskite film interface. The efficiency of the devices was improved to
5.27% at a 9% Cs-doping level as compared to the 0% Cs-doping with 1.55%
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efficiency. Moreover, this technique will reduce the fabrication costs of PSCs

significantly promising a sustainable future for this technology.
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