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Abstract

The need of energy has increased tremendously in previous years due to industrial,
economic development and increase in living standards of people. Fossil fuels are
depleting fast due to huge amount of consumption and therefore renewable energy
is need of the hour. The sun is one of the most reliable, sustainable and long term
source of energy. Solar cells convert solar energy into electricity and are based on
photovoltaic effect. Many types of solar cells are under research and development
and at present single crystalline solar cells with PCE of 30% are widely used for
converting solar energy into commercially available electricity but it has high man-
ufacturing cost. Another type of direct bandgap and high PCE based solar cell is
gallium arsenide but material cost is too high. Therefore development of new solar
cell technologies with low production cost through use of inexpensive and abundant
materials is need of the hour. DSCs and Organic-Inorganic Perovskite solar cells
overcome the above mentioned drawbacks.

Methylammonium Lead Iodide(CH3NH3Pbl3) is the perovskite which satisfies all
the requirement of an efficient light harvesting materials in the cell structure. The
reported efficiency of cell with this perovskite is upto 20%. Major drawback of
the Perovskite solar cell is the presence Lead in the light harvester layer which is

toxic in nature, another drawback is the instability in presence of humidity and high
temeperatures. The structure of our cell is FTO/TiOy nanorods/MAPI/HTM /AL

With the goal of fabricating stable and less toxic perovskite we studied the perfor-
mance of solar cells fabricated with light harvester as Methylammonium Bismuth
lodide ((CH3NH3)3Bislg). This perovskite has Bismuth which is less toxic in nature
and comaparatively more stable in ambient conditions. The cell has following layers
with Bismuth based perovskite as light harvesting layer, FTO/TiOsnanorods/MABI/
Spiro-MeOTAD/Au. The efficiency of this cell was calculated after one week of fab-
rication and it showed 0.124% efficiency.
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Chapter 1

Introduction

1.1 Motivation

Exploration of better source of energy is a major field of research nowdays, and
nanotechnology has unfolded new ways for development in this field. At present
silicon solar cells are commercialy available for generating electricity but many new
technologies are under development which may help overcome the limitations of
silicon solar cell. Nanotechnology is contributing to many answers towards a more
sustainable, stable and eco-friendly ways to develop a photovoltaic device. Following

parameters influence the performance of a photovoltaic device:
1. Efficiency
2. Stability
3. Cost of Manufacturing
4. Effect on ecosystem

Silicon solar cells are efficient and stable but due to high cost of manufacturing every
section of society can’t afford it, therefore there is need for new technologies which
fulfil all of the above criteria. Organic-Inorganic Solar Cells can be the new revolu-
tionary device, these were invented in year 2012[1] and since then they have reached
the efficiency of 22% rapidly. The factors of stability and toxicity[2] are of major

concern because these cells no matter how much efficient cannot be commercialised
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if they are threat to ecosystem and human health therefore we have worked towards

improving stability and reducing toxicity.

1.2 Objectives

This thesis introduces Perovskite Solar Cells with following structure FTO/TiO,
nanorods/MA (P/B)I/(Al). The objectives to be obtained are:

1. Fabrication of stable and high efficiency solar cell

2. To use different kind of fabrication process which can done at room tempera-

ture and use precursors which are abundant in nature

3. To synthesize non—toxic perovskite material

1.3 Global Energy Crisis

Industrialization and population growth around the globe has resulted in exponential
increase in demand for energy. To meet the current requirements fossil fuels are the
major source as shown in Figure 1.1. Coal, natural gas and oil /petroleum are three
types of fossil fuels which are used to generate energy, but their over-expenditure
has caused serious environmental issues such as air pollution. Toxic gases such as
carbon dioxide, nitrogen dioxide, sulphur dioxide, carbon monoxide etc. are released
in environment when fossil fuels are burnt. These gases result in severe consequences
on the ecosystem. Hence, the development of carbon-free sources of energy like
Hydropower, Nuclear fission, Biomass, Wind, Geothermal, Solar and Ocean energy
procured speed in recent years. Sunlight is the copious and reliable source of energy
on our planet. It can be exploited to meet the current need of energy. However,
the cost and efficiency of solar energy production is the significant barrier in moving

towards the environmental friendly and sustainable technology.
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Figure 1.1: Energy requirement for electricity from 2012 to 2040 [3]

Disadvantages of Non-Renewable Sources of

Energy

1. ENVIRONMENTAL HAZARDS: Many toxic gases are released when

fossil fuels are burnt. Carbon Dioxide is one of the principal gas responsible
for global warming. Hazardous results of rise in temperature of earth are

melting of polar ice caps, flooding of low lying areas and rise in sea levels.

Table 1.1: CARBON DIOXIDE EQUIVALENT PER KILOWATT-HOUR

(CO2E/KWH)
POUNDS OF CARBON DIOXIDE EQUIVALENT
St No | SOURCES OF ENERGY | ppp 11 OWATT-HOUR (CO,E/KWH)
1 Coal 1.4-3.6
2 Natural Gas 0.6 -2
3 Wind 0.02 -0.04
4 Geothermal 0.1-0.2
5 Hydroelectricity 0.1-0.5
6 Solar 0.07-0.2

2. ACID RAIN: Sulphur dioxide is one of the pollutant that is released when

fossil fuels are burnt and is a main cause of acid rain. Acid rain can lead to
destruction of monuments made up of brickwork or marbles. Even crops are

affected due to acidification of loams.

. EFFECT ON HUMAN HEALTH: Pollution from vehicles and coal

powered power plants can cause serious environmental hazards. Pollution
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related diseases range from mild to severe and can significantly affect one’s
quality of life. Air pollution can result in asthma, chronic obstructive
pulmonary disorder or COPD and lung cancer. Long-term exposure may
increase respiratory infections in general population. Children and the elderly

are most vulnerable to fine particulate matter and other airborne toxicants.

4. NON-RENEWABLE: As of today, fossil fuels are being extracted at an
exorbitant rate to meet the gap between demand and supply and it is estimated
that they will be finished in next 30-40 years. Since they are non-renewable,

it is more likely that fuel expenses will face a steep hike in near future.

5. IMPACT ON AQUATIC LIFE BY OIL SPILL:Shipping of crude oil
through sea cause oil spill which results in depletion of oxygen in sea. The

aquatic life suffers great ordeal due to this reason

6. COAL MINING: Excavation of coal from areas that have huge reserves is
a difficult and dangerous task. It also poses a serious health hazard to the
lives of several workers who work there. The coal mining destroys wide areas

of land and causes ecological imbalance.

7. NEED HUGE AMOUNT OF RESERVES: The coal power plants need
huge and continous supply of coal to produce required amount of energy on a
constant basis. Therefore these plants require train-loads of fuel near power
stations to carry out the process of generating power. This is necessary because
many countries are still dependent on coal as a major source for producing

power.
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Advantages of Renewable Sources of Energy

1. NO GLOBAL WARMING EMISSIONS: Burning of fossil fuels causes
overloading of greenhouse gases in our atmosphere. The release of such gases
diminishes to a significant level if renewable sources are used for generation of

power and energy.

2. IMPROVED PUBLIC HEALTH AND ENVIRONMENTAL
QUALITY: Wind, solar, and hydroelectric systems generate electricity with-
out releasing toxic gases which cause air pollution. In addition, wind and solar
energy does not require water to operate which results in clean water resources.

The water can be used to meet agricultural and domestic needs of people.

3. STABLE ENERGY PRICES: Renewable sources require one time invest-
ments to build, but once built they operate at very low cost and for most
technologies the fuel is free. Due to this reason renewable energy prices are

stable over time.

4. MORE RELIABLE AND RESILIENT ENERGY SYSTEM: Wind
and solar energy modules are less prone to large-scale failure because they
are distributed and modular. Distributed systems are spread out over a large
geographical area, so a severe weather event in one location will not cut off
power to an entire region. Modular systems are composed of numerous indi-
vidual wind turbines or solar arrays. If one part of system fails then also the

generation does not stop.

1.4 Solar Photovoltaics

The ever increasing need for energy to meet the modern lifestyle and the economic
growth of countries has made it more important to look for new sources of energy.
The best source is the Sun which provides 1500 exawatt-hours of incident energy
on the earth in the form of solar radiation. This energy can be used to generate
electricity and meet the requirements. The global energy generation through

photovoltaics is about 303 Gigawatts as shown in Figure 1.2(a) .The contribution by
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countries around the world in generation of electricity through solar cells is shown

in Figure 1.2(b)

Gigawatts Hiet
350 World Total ].]. 5‘7
0 o)
303 Gigawatts
300 |75 Annual Y

20 28 | y india 5 59/,
200 -
| United Kingdom 2.7%

160, 137- Previous 7
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Total 100 2l B B B | United States 9
global 70 E— Australia 1.1%
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[

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

@ (b)

Figure 1.2: (a)Solar Photovoltaics annual additions and global capacity (b) Share
of top 10 countries and rest of the world [4]

1.5 Basic Structure and Working of Solar Cell

Photovoltaic Effect

The photovoltaic effect was first discovered in 1839 by Edmond Becquerel. Basic
Solar cell is made up of p-n junction in which charge separation and recombination
takes place at p-n junction The effect due to which light energy is converted to
electric energy in certain semiconductor materials is known as photovoltaic effect.It
generates voltage or electric current in a photovoltaic cell when it is exposed to
sunlight When photons from light source hits the p-n junction, electrons gain energy
from them and thus are excited to higher energy level.Due to excitation from photons
electron moves from valence band to conduction band leaving a vacancy in the
valence band.Electrons and holes in the two energy bands genertaes electric field due
to which voltage is generated and thus current starts flowing through the external
circuit.Electrons and holes recombine in the p-n junction after generating curent in

the external circuit.
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Figure 1.3: Generation of electricity in p-n junction due to Photovoltaic Effect
Structure of Basic Solar Cell

The p-n junction structure has the disadvantage of fast recombination of charges
due to which there is loss of electrical energy. This disadvantage is overcome by
n-i-p structure because in this structure it is easy to separate the photogenerated

charges and prevent them from recombining. Parts of n-i-p and p-i-n Solar Cell:
1. Photoactive Layer.
2. n-doped semiconductor which is electron collector. layer
3. p-doped semiconductor which is hole collector layer.
4. Semitransparent conductive layer as electrode.

5. Metal electrode as counter-electrode. Two types of structure are possible for

solar cell n-i-p and p-i-n

Working of Solar Cell

In Figure 1.4 basic structure is shown of n-i-p solar cell. The band structure of n-i-p

solar cell is shown in Figure 1.5. In this cell-
1. Photoconductive Layer is Crystalline Silicon(c-Si).

2. n* and p* semiconductive layer are Amorphous Silicon(a-Si).



1.5. BASIC STRUCTURE AND WORKING OF SOLAR CELL 8

Back Contact Back Contact

Semitransparent Contact Semitransparent Contact
(a) (b)

Figure 1.4: Basic Strucutre of (a)n-i-p and (b)p-i-n Solar Cell
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Figure 1.5: Band Strucutre of n-i-p Solar Cell

The working of Solar Cell consist of two steps, which are as follows

1. When photons hit the photoconductive layer, electrons in the valence band
move to the conduction band and leave a hole in the valence band.This is the

separation of charges in the cell.
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2. The electrons in the conduction band of the photoconductive layer move to
the conduction band of n+-type semiconductor material and they travel to
external circuit through this layer. Similarly holes move in the valence band
of the p+-type semiconductor. The performance of solar cell is calculated by
efficiency calculations from J-V curve obtained after simulation. The efficeincy
of solar cell depends on the generation and recombination of charges at p-n
junction The upper limit of efficiency of p-n junction solar cell is given by

Shockley-Queisser limit[5].

1.6 Generations of Solar Cell

Solar cell technologies are traditionally divided into three generations.

First Generation

The Solar Cell of this generation are based on crystalline structure of silicon which

can be of two types-
1. Monocrystal
2. Polycrystal

Polycrystalline Silicon has many grain boundaries and is made using Siemens method
which requires huge amount of energy for production.It has efficiency in the range
of 18-20%.Monocrystalline silicon is made by employing Czochralski method. The
crystallization takes place by rotating molten silicon over seed crystal. An ingot of
single crystal is formed with the crystallographic orientation governed by that of
the seed crystal. The process of melting the silicon is done at 1500°C. Monocrystal
shows efficiency of upto 24%. These solar cells dominate the market and are seen
on rooftops. The benefits of this solar cell technology is in their good performance,
as well as their high stability and the abundance of raw material for production.
However,the main drawback of these solar cells is the high energy requirement for

their production.
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(a) (b)

Figure 1.6: Basic Strucutre of(a) Polycrystalline Silicon Solar Cell (b) Monocrys-
talline Silicon Solar Cell

Advantages

1. These cells can last upto 25 to 30 years,thus it is cost efficient.

2. Monocrystalline solar cell is the highest efficient solar cell which is commer-

cially available.

3. This is most stable cell upto this date in terms of humidity, heat and environ-

mental gases.

4. Tt does not produce any toxic waste during its lifetime.

Disadvantages

1. The initial cost of installation of solar panels is high.
2. These cells show significant reduction in efficiency at high temperatures
3. These cannot be fabricated on flexible substrates.

4. The cost of manufacturing is high due to high energy requirements.



1.6. GENERATIONS OF SOLAR CELL 11

Second Generation:

The solar cells of this generation are based on thin film technologies. Amorphous
silicon, CIGS and CdTe are some of the most developed solar cell technologies, where
the typical efficiency ranges in 10 - 20%. In comparison to first generation cost of raw
materials in these cells is less. Production cost is high because of vacuum process
and high temperature requirements. some of the second generation solar cells are

based on scarce elements and this is a limiting factor in the price.

Advantages

1. Output of these cells is less affected by temperature.
2. It is more shade tolerant i.e it can be efficient even in areas with less sunlight.

3. It can fabricated on flexible substrates also.

Drawbacks

1. The a-Si solar cells have low efficiency thus they are used in devices which can

operate on low energy(eg.Pocket Calculator).

2. Solar cells based on cadmium element can cause damage to environment.It
can accumulate on plant and animal tissues because it is a heavy metal and
potential carcinogen. The threat is minimal as long as the compound is
encapsulated in the solar panel. Disposal and recycling of these cells can be

hazardous and costly.

Third Generation

These are the newest type of solar cells and they show great promise towards devel-

oping highly efficienct, stable and easy to manufacture cells.
1. Multijunction Solar Cells(37.5%)

2. DSSC(15%)
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3. Organic Solar Cell
4. Inorganic Solar Cell
5. Organic-Inorganic Solar Cells(Perovskite Solar Cell)(22%)

The third generation technologies are causing buzz in market due to their
employment to indoor facilities and in portable devices such as chargers, solar bags
and solar key boards. The easy manufacturing processes and the ability to be
seamlessly integrated with existing devices are reasons which are attracting
industrial interest. A new thin film technology for solar cells currently under probe
are perovskite solar cells. They have vast potential and have already achieved the
record efficiencies beyond 22% on very small area. Polymer solar cells or plastic solar
cells also have various advantages such as a simple, quick and inexpensive large-scale
production and use of materials that are easily available and potentially inexpensive.
Polymer solar cells can be fabricated with well-known industrial roll-to-roll (R2R)

technologies that can be compared to the printing of newspapers.

1.7 Literature Survey

The DSSC cell invented by Brian O’Regan and Michael Gratzel in the year 1991 was
the first step towards development of high efficiency and stable solar devices made by
simple fabrication process and with elements which are abundant in nature[6].This
cell showed 12% efficiency but it had its drawbacks. The perovskite was first used in
the DSSC cell by Miyasaka et.al as the light harvesting material[7]. But drawback
of liquid electrolyte was overcome by the cell invented by Henry J Snaith et.al in
the year 2012 which had CH3NH;3Pbl3 as the light harvesting material coated on
alumina mesoporous structure and Spiro-MeOTAD as the hole transport material[1].
The device showed efficiency of 10.9%. The light harvesting material with lead have
been used to achieve high efficiency of upto 20.5% which is toxic in nature and is not
environmental friendly[8]. Christopher N. Savory et.al suggested some methods to
overcome the drawbacks in lead based perovskite[9]. Bismuth is one of the suitable
alternative which overcomes the stability and toxicity issue of lead in perovskite

material as reported by Miyasaka et.al and parket.al[10], [11].
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1.8 Organisation Of Thesis

The thesis is organized as follows-

1.

In chapter 1 overview of global energy crisis , renewable and non-renewable
sources of energy , solar cell working principle and generations of solar cells

are discussed.

. In chapter 2 DSSC cell working and disadvantages are discussed,introduction

to perovskite,its working principle and description of all layers is discussed.

. In chapter 3 fabrication of the device is discussed.

. In chapter 4 characterisations of the device fabricated by us is shown and

discussed.

. In chapter 5 conclusion and future scope is discussed.



Chapter 2

Perovskite Solar Cell

2.1 Introduction

Perovskite solar cells is an emerging photovolatic technology which shows great
potential. This technology is based on organometal halides componds which work
as light harvesting material in this device. The root of Perovskite solar cells are
dye-sensitized solar cells [7]. In the year 2009 Miyasaka et.al made a DSSC in which
adsorption of MAPI perovskite on a nanocryatalline surface(TiO2)with a liquid
electrolyte resulted in a (PCE) of around 3-4% [7]. After 2 years PCE of the cell
doubled due to optimization of the perovskite coating conditions [12]. Liquid-based
perovskite solar cell attracted less attention due to stability issues.It also had the
drawback of instantaneous dissolution of the perovskite compound in a liquid

electrolyte [13]. A long-term, stable, and high efficiency (10%) perovskite solar cell
was developed in 2012 by Henry J Snaith [1]. In this cell liquid electrolyte waa
replaced by solid hole transport material. Efficiency of this cell structure quickly
rose to 18% within 2 years [14], [15]. Since PCE values over 20% are realistically
anticipated with the use of cheap organometal halide perovskite materials, perovskite

solar cells are a promising photovoltaic technology[15].

14
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Figure 2.1: Best Research Cell Efficiency[15]

2.2 Dye-Sensitized Solar Cell

Dye Sensitized solar cell (DSSC) was invented in 1991 by Professor Michael

Graetzel and Dr Brian O’Regan at Ecole Polytechnique Fédérale de Lausanne (EPFL),

Switzerland. It is also known as Graetzel Cell[6]. The first cell was only capable

of using light at the ultraviolet and blue end of the spectrum but by the turn

the century, advances in technology made it possible for these cells to respond

of

to

broader spectrum of frequencies. The most efficient of the dyes were simply known

as “Black dyes” due to their very dark colors. The inventors coined the term

’Artificial Photosynthesis’ to explain the working of this cell.

Structure

of

The basic structure of the Dye-sensitized solar cell is as shown in Figure 2.2 The

cell has three primary parts:

1. Conducting Glass(ITO or FTO) as anode.

2. Semiconductor Oxide is deposited on the conductive side of conducting glass.

3. Photosensitive molecular sensitizers and solvent is soaked on the

semiconductor oxide film which is highly porous.
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4. A separate backing is made with a thin layer of the iodide electrolyte spread

over a conductive sheet, typically platinum metal.

rt,110

\Y

Figure 2.2: Basic Structure of DSSC

vhg
M

The front and back parts are then joined and sealed together to prevent the elec-

trolyte from leaking.

Working Principle

In Dye-sensitized solid-state heterojunction solar cell, a monolayer of dye is
absorbed on the surface of a mesoscopic film of TiOy (wide-bandgap oxide) and
serves as photosensitizer. Dye absorbs light and then injects electrons into the
conduction band of semiconductor oxide (the nearby TiO, particles). Then the
electrons transport through its nanoparticle network by diffusion to the current
collector (anode),subsequently pass through the external circuit, perform electrical
work,and enter counter electrode (cathode). At the mean while, the dye which lost
an electron starts decomposing, to replenish the dye an electron is donated by the
electrolyte. Usually the electrolyte used contains iodide molecules, the iodide ion
gives one electron to dye and it gets oxidized to triiodide. Cathode donates the

electron to reduce triiodide to iodide ion.
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Figure 2.3: Working of DSSC

Disadvantages of DSSC

1. The major disadvantage is the requirement of liquid electrolyte in DSSCs which
is temperature-sensitive. At low temperatures, the electrolyte can freeze, thus
rendering the solar cell completely unusable. At high temperatures, the liquid

electrolyte expands, making sealing the solar panels a major problem.

2. The use of a liquid electrolyte causes some serious additional problems such
as potential instability, limitation of maximum operation temperature, danger

of evaporation, and extra cost for forming an electrical series connection.

3. The volatile organic components of the electrolytic solution may leak out and
therefore the dye-sensitized solar cells cannot be used for a majority of outdoor

applications.
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2.3 Perovskite Solar Cell

The base technology for perovskite solar cells is solid-state sensitized solar cells that
are based on dye-sensitized Gratzel solar cell. This cell works exactly like DSSC,
overcomes its various drawbacks and through bandgap engineering of the cell high
efficiencies can be obtained [16]. This cell has become one of the major areas of

research because of the following reasons
1. The fabrication process is simple and can be done at room temperature
2. The efficiency of cell can be engineered by varying any one the layers

3. The materials used in the fabrication of cell are in abundance in nature and

thus this can be the option for sustainable source of energy.

Structure of Perovskite

Perovskite, named after the Russian mineralogist L.A. Perovski, has a specific crys-
tal structure with the (ABXj3) formula (X = oxygen, halo- gen). The larger cation
A occupies a cubo-octahedral site shared with twelve X anions while the smaller B
cation is stabilized in an octahedral site shared with six X anions.perovskite con-
taining halogen anions allow monovalent and divalent cations in A and B sites,

respectively, to fulfill charge neutrality. In CH3NH3;PbI3", the A-site cation is
CH3NH; and the B-site cation is Pbet and X is a halide (I", Br~, or Cl7) as

shown in Figure 2.4

Solar Cell Structure and Band Energy Diagram

Structure of the cell is as shown in Figure 2.5.I1t has following layers

1. Photoconductive Layer- Perovskite is used here which is basically made up
of organic cation, metal atom and halogen. Some of the commonly used per-
ovskites are CH3NH3PbBr;, CH3NH3PbCls,CH3NH3Pbl3, CH3sNH3PbBr, I, — x,
(CH3NH3)3Bi]g
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Figure 2.4: Crystal Structure and Unit cell of CH3NH3PbI; [17]
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Figure 2.5: (a)n-i-p structure of Perovskite Solar Cell (b)p-i-n structure of Perovskite
Solar Cell

2. n-type Semiconductor- Metal oxides are used as n-type semiconductors in
the cell, some of them are TiO,Zn04,Al;03. Electrons generated in the

photoconductive layer travel through this layer to reach the external circuit.

3. p-type Semiconductor- It is also called as Hole transport material, holes
generated travel through this layer.Some of the HTMs are Spiro-MeOtad,PTAA,
PCDTBT,PCPDTBT,P3HT etc.

4. Transparent Conductive Oxide- This layer is used to transport either
either electrons or holes depending on the n-i-p or the p-i-n structure respec-
tively. This acts as electrode, ITO and FTO are mostly used for this purpose.
Light enters in the cell through this layer and then reaces the photoconductive

layer.
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5. Metal Electrode- This acts as the counterelectrode and can be of Au,Ag and

Al
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Au Electrode -
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Figure 2.6: (a)Band Energy diagram of the n-i-p Perovskite Solar Cell (b)Band
Energy diagram of the p-i-n Perovskite Solar Cell

Desirable band energy structure of perovskite solar cell should be as shown in

Figure 2.6. Photoconductive layer is of perovskite with bandgap in the range 1.2-
1.5 ev. This is the required bandgap for the photovoltaic effect to take place. The
LUMO of perovskite’s conduction band should be above conduction band of n-type
semiconductor so that electrons can move easily from light harvesting layer to the
n-type semiconductor. The HOMO of valence band of the perovskite should be less
than the valence band of p-type semiconductor for the generated holes to move.
Electrons travel fron n-type semiconductor to the transparent conductive oxide and

holes move through p-tyoe semiconductor to the metal electrode.

Description of Layers of Cell

1. Transparent Conductive Oxide- It functions as a current collector and a

support of the semiconductor layer in DSSC. It has two important features:
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(a) The high optical transparency which allows natural sunlight to pass
through to the beneath of the active material without unwanted absorp-
tion of the solar spectrum.
(b) Low electrical resistivity which facilitates the electron transfer process
and reduces the energy loss
Current transparent conducting oxides used in industry are primarily n-type
conductors. The comaprison between two is shown in Table 2.1.
Table 2.1: Comparison of [TO and FTO
Sr.No | ITO FTO
1 Cannot work well above 350°C Works well upto 600°C
5 Medium Tranparency FTO surface is better
in Visible Light transparent to visible light
Resistance of ITO Resistivity of FTO coated
3 glass substrate .
; . glass substrate is constant up to 600 0C
increases with temperature
4 ITO coated glass plate FTO coated substrate
has a lower thermal stability has an excellent thermal stability
ITO coated sheets FTO coated surface
6 .. ..
has moderate conductivity has a good conductivity
7 ITO coating is moderately FTO layer is high
tolerable for physical abrasion tolerance to physical abrasion
8 ITO has a cubic structure in nature | FTO consist tetragonal structure
9 ITO has a lower reflectance FTO has a
in infrared zone higher reflectance in infrared zone
The most favoured dopants for SnO, are antimony which substitutes the tin
cations or by fluorine via substituting the oxygen atoms. Fluorine doped tin
oxide (FTO) exhibits good visible transparency owing to its wide band-gap,
while retaining a low electrical resistivity due to the high carrier concentration
(Nd) caused by the oxygen vacancies and the substitutional fluorine dopant.
2. Semiconductor Metal Oxide- The choice of metal oxide can be made be-

tween different n-type oxides such as TiOs, ZnO, SnO, and other ternary oxide
like Zn,SnOy. Solar cell with efficiency of 15.7% with ETL as ZnO has been
reported [18] . TiOq is the most abundantly used photoanode material in so-
lar cells due to its superior characteristics. A wide variety of nanostructured

TiO5 has been used as photoanodes as reported in [19] with the aim of exploit-
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ing nanoscale material properties. Several fabrication techniques like Sol-gel,
Hydrothermal, Electrochemical deposition, Spin coating, Dip coating, Spray
pyrolysis, Solvothermal, Chemical vapour deposition and Microwave assisted

synthesis have been reported for the synthesis of TiOs nanostructures.

Figure 2.7: (a)TEM image of TiO4 nanoparticles prepared by hydrothermal method
(b)TEM image of TiOy nanoparticle prepared by sol-gel method (¢)SEM image of
TiOs nanorods (d)TEM image of TiOs nanotubes grown by hydrothermal method
(e)SEM image of nanotubes (f)Nanotubes grown on Ti sputtered on TCO (g)
SEM image of 3-D photoanodes (h) Bamboo type nanostructures (i)SEM image
of nanopores grown by electrochemical anodization [19]

3. Perovskite Layer-Organometal halide compounds are under intensive inves-
tigation due to their ability to show rapid growth in PCE% in solar cells [20].
First time perovskite compound CH3NH3X(I,Br) was used by Miyasaka et.al
[7T]as a light harvester in liquid-based dye sensitized solar cells (DSSCs) in
2009, where the iodide cell showed PCE of 3.8%. Higher efficiency (6.5%) cells
were made by Park et al. employing MAPDI3 and iodide redox electrolyte in
2011[21]. By employing HTMs in the solar cell the instability of the MAPbX;
in liquid electrolyte was improved. It was used as a light harvestor in solid
state dssc in the year 2012 by Henry J Snaith et.al and reported efficiency of
10.9%. Since then many groups have worked on perovskite solar cells which

have reached the efficiency of about 22%. The exclusive use of widely avail-



2.3.

PEROVSKITE SOLAR CELL 23

able elements and the capacity for film deposition through either solution or
vacuum-based methods is an indication of the tremendous potential of these
compounds to completely redefine the way that materials are designed and

chosen for electronic device applications|20].

Advantages of CH;NH;Pbl; Perovskite
(a) They strongly absorb sunlight over a broader range of spectrum and thus
enable the thinner sensitized layer.

(b) Long Diffusion length of 1 pm for both the charge carriers ensures the

less recombination rate[22].

(c) High Mobility and slow recombination ensures more current generation

in the cell.[23], [24]

(d) The excellent optoelectronic properties are elucidated by the suitable
direct band gap of 1.55 ev, shallow defect levels and low effective masses

of the carrier[25].

Drawbacks of CH;NH;Pbl; Perovskite
(a) Degrades in presence of humidity due to hydrolysation of the photocon-
ductive layer upon contact with air.

(b) It possess poor thermal stabilty and quickly decompose at temperatures

above 85°C.

(c) Toxicity of lead is the major roadblock toward commercialisation of this

cell.

Development of Bismuth based Perovskite

To overcome the above mentioned drawbacks of CH3NH3Pbly perovskite due
to presence of lead other perovskites with the inorganic cation of 6s® elec-

tronic configuration have been studied. First Sn was used to replace Pb in the
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structure but it showed certain shortcomings like [2]
(a) High recombination of charges in the bulk.

(b) Stability in ambient condition is very poor which makes the fabrication

process very typical.

Therefore we decided to study the properties of (CH3NH3)oBislg which is new

class of perovskites and has shown much many benefits like
(a) High stability in ambient conditions over long period of time.
(b) Less toxicity of Bismuth is major advantage over CH3NH3Pbl, perovskite.

In Figure2.8 we see the crystal sructure of (CH3NH3)3Bislg perovskite[17],
in this we observe that two bismuth atoms in the anion structure are in
bond with 3 symmetrical Iodine atoms which are in bridging and terminal
positions.Between two face sharing octahedra in complex anion CH3NH3™ is
present.In the crystal structure the anions are arranged along c-axis.This shows
direct bandgap of 1.94 ev in the absorption spectra measured between 250nm
and 900nm.[26] But it has the disadvantage of low efficiency maybe due to
large direct bandgap of 2 ev,high effective mass of the charges, low mobility
of the charges,rough morphology of the perovskite and band energy mismatch

in the stack structure.[26]

Bismuth

. lodine
@ Nitrogen
@ Carbon
@® Hydrogen

Figure 2.8: Crystal structure of (CH3NH3)2Bislg where cyan is Bismuth, violet is
lIodine,red is Nitrogen, green is Hydrogen and yellow is carbon atoms m[17]

4. Hole Transport MaterialHole transporting materials(HTMs) in efficient
PSCs with a fluorine-doped tin oxide (FTO)/blocking layer (bl)-TiOs/mp-
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TiOy/perovskite/HTM/Au are necessary for efficient extraction of the holes
toward the Au and perfect prevention of electrons across the interface.Many re-
searchers have demonstrated various fabrication methods for depositing perovskite-
film with dense, uniform morphologies, and full surface coverage.Despite such
efforts, some difficulties remain in depositing a smooth and flat perovskite
film with low surface roughness on top of a mp-TiO, scaffold. Thus, it is
crucial that the hole transporting layer should be sufficiently thick to cover
the entire area of the perovskite film before deposition of metal. Many types
of HTMs used in cell are Spiro-MeOTAD, PTAA, P3HT,PCPDBT,PCDTBT

etc. Performance of various HTMs as reported in [16] are shown in Table 2.2

Table 2.2: Comparison of HT'Ms performance in CH3NH3Pbl3 based solar cell

HTM Jsc(mA ecm™?) | Voc(v) | FF(%) | PCE(%)
spiro-OMeTAD | 16.7 0.855 28.8 8.4
PTAA 16.5 0.997 2.7 12

P3HT 12.6 0.73 73.2 6.7
PCPDTBT 10.3 0.7 66.7 5.3
PTAA 16.4 0.9 61.4 9
Without 6.8 0.68 53.8 2.5

5. Metal Contacts- Metal contacts can be made of Platinum,Gold,Silver and
Alluminium for the purpose of counter electrode.Holes generated in the light
harvesting layer move through the HT'M and are collected in the metal elec-
trode. These are mainly deposited through thermalevaporation process. Gold
is most suitable for the spiro-OMeTAD HTM because energy level of gold
is -5.1 ev and the valence band maximum of HTM is -5.2 ev which makes

movement of holes easy.



Chapter 3

Fabrication of Solar Cell

3.1 Introductiion

Fabrication process of Solar Cell consist of following steps
1. Cleaning of FTO Glass
2. Synthesis of TiOy Nanorods
3. Synthesis of Perovskite Layer
4. HTM layer Coating

5. Metal Electrode Deposition

26
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Figure 3.1: n-i-p structure of Solar Cell

Here we are fabricating solar cell of n-i-p structure, with the following layers

1.

FTO as TCO

. TiOy as n-type Metal Oxide Semiconductor

(CH3NH;3)PbI3 or (CH3NH3)3Biyly as Light Harvesting Layer

. spiro-OMeTAD as HTM

. Au or Al Metal Electrode

3.2 Cleaning of FTO Substrate

We purchased FTO glass sheet of 18x18 cm dimensions from .This is cut in 2x2 cm

dimensions substrates.

1.

First the substrate is ultrasonicated in ethanol for 10 minutes and then dried

for 5 minutes.

. In second step substrate is ultasonicated in isopropnol for 10 minutes and then

again heated.

. At last substrate is ultrasonicated in DI water for 10 minutes and heated in

vacuum for 10 minutes.
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3.3 Synthesis of TiO,

3.3.1 Synthesis of TiOy Nanorods by Hydrothermal Method

Chemicals Required

1. concentrated HCL(36.5%-38% by weight)
2. Titanium Butoxide(97% Sigma Aldrich)

3. DI water

Preparation

In a typical thin film deposition on FTO glass , 1:1 (by volume) ratio of DI water and
concentrated HCL(36.5%-38% by weight) are stirred at low temperatures using ice
bath for 5 minutes. After stirring the mixture,48.5 mM of titanium butoxide(97%
Sigma Aldrich) is added and the solution is stirred for another 5 minutes.The FTO
glasses are placed vertically in Teflon lined 125 ml container with conducting side
facing inwards. Autoclave is kept in furnace at temperature 150°C for a period of
4-24 hrs. After synthesis autoclave is removed from furnace and kept in ambient
condition until it cools down to room temperature. FTO glasses are taken out of
Teflon liner, cleaned using ethanol and dried at room temperature. Some TiO,

coated FTO glass are annealed at 450°C for 4 hours.

3.3.2 Synthesis of TiO; powder by Sol-Gel Method

Chemicals Required

1. Titanium(IV) Tetrabutoxide(Sigma Aldrich)
2. Hydrogen Peroxide(H302, 30%)

3. DI water
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Preparation

In the preparation of Ti-precursor sol, 0.14 M of titanium(IV) tetrabutoxide( Aldrich
chemicals) was hydrolyzed with deionized water (100 ml), the resulting titanium

hydroxide precipitate was separated by decantation and washed thoroughly with

water until the alcohol generated during hydrolysis of titanium alkoxide was com-
pletely removed.The precipitate was dissolved in 75 ml of aqueous hydrogen peroxide
(30% Qualigen-make) to get a transparent orange sol of titanium peroxo complex.
The sol was diluted with water to obtain the solution of different concentrations,
after dilution the color of the sol changes from orange to yellow. The gel is aged for
24 hours and the it is dried. Yellow powder of titanium peroxide is obtained which

when heated below 600°C gives anatase phase TiOy nanoparticles

3.4 Synthesis of Perovskite

3.4.1 Synthesis of (CH3NH;I)

CH3NH;3I, to be used as a light harvester, was synthesized according to method
reported in [16] by reacting 27.86 ml methylamine (40% in methanol,) and 30 ml
hydroiodic acid (57 wt% in water,Sigma Aldrich) in a 250 ml round-bottomed flask
at 0°C for 2 h with stirring. The precipitate was recovered by evaporation at 50°C
for 1 h. The product, methyl ammonium iodide CH3NH;3I, was dissolved in ethanol,

recrystallized from diethyl ether, and dried at 60°C in a vacuum oven for 24 h.

3.4.2 Two step synthesis of (CH3NH3)Pbl; thin film

In 1 ml N,N-dimethylformamide (DMF, 99.8% Sigma-Aldrich), 1 M of Pbl, was
dissolved at 70°C to make 1M Pbl, solution. Twenty microliters Pbly solution was
spin-coated on the TiOy layer at 3000 rpm for 20 s and dried at 40°C for 3 min
and 100°C for 5 min consecutively. One hundred microliters of 0.063M CH3;NH;I
solution in 2-propanol (Aldrich) was loaded on the Pbly-coated substrate for 20 s,
which was spun at 4000 rpm for 20 s and then dried at 100°C for 5 min. It took 4 s
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to reach 4000 rpm.

é Pbl,/DMF é CHLNH,I/IPA

/ TiO, / I

> o> ok "

TWO-STEP COATING

Figure 3.2: 2-step Synthesis of CH3NH3Pbl; film on TiO,[27]

3.4.3 One Step synthesis of (CH3NH;3)3Bizlg thin film

This is prepared by taking 7:3 (by volume) ratio of DMF/DMSO as solvents,in
this solvent 0.75 M of CH3NH;I is dissolved and then 0.35 M of Bil; is dissolved.
This solution is stirred for about 30 minutes on the magnetic stirrer. The prepared
solution is spin coated on the TiOs layer at 2000 rpm for 20 seconds and then heated
at 110°C for 30 minutes.

Figure 3.3: Solution of (CHgNH3)2BiQIg



3.5. DEPOSITION OF HTM 31

3.5 Deposition of HTM

Spiro-MeOTAD solution is prepared by dissolving 59 mM of Spiro-MeOTAD in 1ml
of chlorobenzene. Another solution is prepared by dissolving 1.812 M of Li-TFSI in
1ImL of acetonitrile. 28.8 nL. of TBP and 17.5 uL of the above prepared solution is
dissolved in the Spiro-MeOTAD solution. 10 uL of the solution is then spin coated

on the light harvesting layer.

3.6 Deposition of metal electrode

Alluminium contact is deposited on the HTM layer by thermal evaporation process.

Final cells look as shown in the Figure3.3(c).

Figure 3.4: (a)Thermal Evaporation System (b)Mask used for depositing metal
electrode(c)Final Solar Cell



Chapter 4

Results and Discussion

4.1 Analysis of different phases of ETL

4.1.1 XRD Pattern of TiOy( Anatase Phase)

Anatase \

(101)

Intensity(a.u)

20(degrees)

Figure 4.1: XRD Pattern of TiOs (Anatase Phase) Nanoparticles

32
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XRD of all samples are done on Rigaku SmartLab, Automated Multipurpose x-ray
Diffractometer, Figure 4.1 shows the X-ray diffractogram of the TiOy nanoparticles
powder annealed at 350 °C. The determined characteristics 26 values and [hkl] planes

are as given in Table 4.1 The values are confirmed with JCPDS Card No(84-1286).

Table 4.1
Sr.No 260 [hk]]
1 25.01 | 101
2 37.59 | 004
3 47.79 | 200
4 53.69 | 105
5 54.81 | 211
6 62.62 | 204
7 68.61 | 116
8 70.57 | 220
9 75.03 | 215
10 82.696 | 303

From the X-ray diffraction patterns of the TiO, sample annealed at 350 °C for 3
h, demonstrate the formation of anatase phase . The peak at 25.01° was observed
[101] reflections, which is the strongest reflection for the TiOy polymorphs. Crystal

size is calculated using Scherrer Equation and the size is 8.34 nm.

D = K\/Bcost

Common reported qualities of photoactive TiOy nanoparticles include high crys-
tallinity, anatase phase material small crystallite size and small particle size . These
small particles from agglomerating, whilst still providing sufficient exposed titania
sites on which photocatalytic reaction can takes place . Therefore in our studies,
synthesis of the TiO, nanoparticles was carried out at 300 °C for 3hr in ambient

atmosphere.
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4.1.2 SEM of TiO, Anatase Phase

FE-SEM analysis is done on Field-Emission Scanning Electron Microscope (FE-
SEM), Supra55 Zeiss.In the Figure 4.2 we observe that TiOs nanoparticles that are
formed have agglomerated and formed particles of pM size. But the anatase phase
is confirmed by the XRD analysis. Agglomeration can be due to the process of
synthesis, temperature variations or precursor’s proportion in the synthesis process.

From here the calculated particle size is

£SO &Y
Car
/ - S S e 8 ST A
2 pm EHT = 500 kV Signal A = InLens Date :26 Sep 2016 1 um EHT = 500kV Signal A= InLens. Date :26 Sep 2016
WD= 48mm Photo No. = 2510 Mag= 7.05KX i WD = 4.8mm Photo No. = 2511 Mag = 14.99K X

() (b)

Figure 4.2: SEM image of anatase phase TiOgoPowder (a)7.05KX (b)14.99KX
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4.1.3 XRD Pattern of TiO,(Rutile Phase) Nanorods
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Figure 4.3: XRD pattern of TiOs (Rutile Phase) Nanorods

The crystal structure of the as-prepared film was examined by X-ray diffraction
(XRD). The XRD patterns were recorded in a Rigaku SmartLab, Automated Mul-
tipurpose x-ray Diffractometer with Cu Ka radiation (A )= 0.154 nm) from 20°to
70°.Figure 4.3 shows the XRD patterns of the TiOy and FTO substrate nanorods
deposited by hydrothermal method at temperature 150°C and annealed at 450°C
temperature . All major XRD peaks of the films can be indexed to the rutile phase
of TiOq (space group P4s/mnm) suggesting that all the films are phase pure except
few low intensity peaks nearby 20=36.06and 20=62.76°, observed for TiO, films
which corresponds to the FTO substrate peak. The XRD pattern shows (002) as
the high intensity peak in the sample, which suggests that films are mostly oriented
along (002) plane. The values are confirmed with JCPDS Card No(88-1175)
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4.1.4 TEM analysis of TiO; Nanorods

The morphology of the film and structure of the nanorods was examined using trans-
mission electron microscopy (TEM) and high resolution TEM (HRTEM )analysis. We
observe from Figure 4.4 (b) that nanorods growth is along two planes [110] and [002].
Figure 4.4(a) shows TEM micrograph which confirms the formation of rod like struc-
ture in the TiOs film . HRTEM image Figure4.4(b) of the same film indicates clear
lattice fringes with d-spacing of 1.49 nm and 2.5 nm , corresponding to the (002)
and (101) lattice plane respectively of tetragonal rutile phase TiO, clearly indicating
the formation of rutile phase. HRTEM image in Figure 4.4(a) clearly indicates the
formation of crystalline TiO5 nanorods along the entire length.The width of nanorod

is calulated to be 140 nm.

(a) (b)

Figure 4.4: (a) TEM image of TiOy Nanorod (b) Surface Morphology

4.1.5 SAED analysis of TiO, Nanorods

SAED analysis shows that the prominent planes in the TiO, rutile phase nanorods
are[002] and [110].This also confirms the XRD analysis done of the single crytal

TiO9 nanorods.
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Figure 4.5: (a)

4.1.6 FE-SEM of TiO, Nanorods

FE-SEM analysis is done on Field-Emission Scanning Electron Microscope (FE-
SEM), Suprabb Zeiss. In Figure 4.7 we observe the formation of nanorods normal to
the FTO surface. FE-SEM is done in different locations of the film and it confirms
the formation of nanorods on the entire surface of the substrate. It also shows the
formation of nanoflower like structure in some parts of the film. The top view of
the film confirms that nanorods formed are of tetragonal shape with square top. In
Figure 4.6 we calculated the average width of nanorods in the nanoflowers to be 114

nim.

200 nm EHT =15.00 kv Signal A= InLens Date :28 Dec 2016
> WD= 9.7 mm Mag= 89.10KX Time :16:07:02

Figure 4.6: Nanorods of average width 114.24 nm in the TiO5TiOs Nanorods
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1pm EHT=1000kV Signal A = InLens Date :19 Jan 2017 1ym EHT=10.00kV Signal A= InLens Date :19 Jan 2017
WD =8.6mm Mag= 10.00KX Time :12:15:08 I WD = 80mm Mag = 20.00 KX Time :10:45:22

(a) (b)

Figure 4.7: SEM image of TiOy (rutile phase) Nanorod (a) Morphology of film on
FTO (b) Flower like structure made of nanorods

4.2 Light Harvesting Layers

4.2.1 XRD analysis of CH3NH31 and (CHgNHg)gBiQIg

—— CH,NH,]

Intensity (a.u.)

TN

5 10 15 20 25 30 35 40
20(°)

Figure 4.8: XRD Pattern of CH3NH;3I

The XRD patterns were recorded in a Rigaku SmartLab, Automated Multipurpose
x-ray Diffractometer with Cu Ka radiation (A )= 0.154 nm) from 5° to 40°. The
pattern obtained was similar to the XRD graph in [28]. Crystal structure of the

(CH3NH3)3BisIg perovskite was determined from XRD measurements, as shown in
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Figure 4.9: XRD Pattern of Bismuth based Perovskite (CH3NHj3)3Bizly TiO,
Nanoparticles

Figure 4.9. The diffraction peaks match with the literature values[26], which were
solved in the P63/mmc space group. The crystalline phases of (CH3NH3)3BisIg per-
ovskite are reported in two investigations Szklarz et.al. reported that (CH3NH3)3Bislg
has an orthorhombic structure with Cmem(63) space group. However, Jakubas and
Sobczyk ref[29] proposed that the crystalline structure is hexagonal with P63/mmc
space group, similar to the Cs3Bislg perovskite. The (CH3NH3)3Bislg perovskite
we obtained agrees with the results from Jakubas et.al. As we have spin coated
(CH3NH3)3BisIg film on FTO glass we also observe FTO peaks at 20 values 25.66°,
32.85°, 36.88°and 50.741°.
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4.2.2 FE-SEM of (CHgNHg,)gBiQIg

FE-SEM images of the film deposited on FTO is shown in Figure 4.10, it shows that
the substrate is covered homogeneously by the film. Analysis of the same samples
by FE-SEM at 20pum shows the hexagonal structure of the material through the for-
mation of hexagonal-shaped edges and crystal. Dimensions of the hexagonal crystal
are shown in Figure 4.10(b). The SEM analysis is confirmed from the reported ar-
ticle[30]. The FE-SEM analysis confirms the XRD analysis done above using space

group(P63/mmc)

10 um EHT = 500 kV Signal A= InLens Date :23 Mar 2017 — 204,
WD = 40mm Mag= 148KX Time :20:08:31

Signal A = InLens Date :23 Mar 2017
Mag= 182KX Time :20:15:11

Surface Morphology of (CH;NH;);Bi,I, Crystal of (CH;NH;);Bi,I,

Figure 4.10: FE-SEM analysis of (CH3NHj)3Bislg (a) Surface Morphology of
Bismuth based perovskite (b) Dimensions of hexagonal plate
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4.2.3 Efficiency Calculation of Solar Cells

Here we calculated the efficiency of solar cell with MAPI perovskite as light har-
vestor. The structure of solar cell fabricated by us is shown in Figure 4.11. Here
ETL is rutile phase TiOy nanorods and HTM is Spiro-MeOTAD. The solar simula-
tion of all photovolatic devices was done in the Newport Portable Solar Simulator
in 1 sun illumination(AM 1.5 G,100mW c¢m™2 ) connected to Keithley 2401 source
meter. This solar cell with CH3NH3PbI; as light harvesting layer has the active area
of 0.25 cm?. Here we observe in graph 4.12(a) Jsc=6.81mA em™2 and Voc=0.46
volts and the efficiency of 1.45% with FF=46%. Another graph 4.11(b) is of Power
density v/s Voltage, from this graph we calculated maximum power corresponding

to a particular voltage value.

[ ]

HTM

Perovskite Layer

FTO Glass

Figure 4.11: Structure of Solar Cell
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Figure 4.12: Efficiency calculations of solar cell with MAPI as light harvestor
(a)Power Density Graph (b)J-V graph of solar cell
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Reasons for Low Efficiency of Cell

. CH;NH,Pbl,

(a) (b)

Figure 4.13: (a)Presence of Pbl, after degradation (b)CH3NH3Pbl; Perovskite on
FTO/TiO,

1. Preparation of CH3NH;Pbl; perovskite in ambient conditions- As re-
ported earlier and shown in Figure 4.13 that perovskite degrades very fast with-
out vacuum, here also we saw the degradation of film in one day[31].This hap-

pens due to chemical reaction in  presence of  humidity.

CH,NH,Pbl, + H,0 Tolsture, CH,NH,PbI,-H,0 (1)
HPbl, + CH,NH,-H,01 2%  Hppl, + H,0 + CH,NH,?1(2)
HPbL,*H,0* CH,NH, } Iolsture, Pbl, + HIT + H,01(3)

2. Fabrication of Electrode- The contacts made may be not able to collect
charges as efficiently as expected due to mismatch of energy levels or due to

thickness of contact layer.

3. Solvents added in the HTM- It as a possible reason that the ratio of
solvents used to spin coat HTM layer is a hindarance in the flow of holes

through the HTM layer to the contact.

4. Thermal instability of Perovskite-We know that perovskite is not stable
at high temperatures and it is a possibilty that during further processes tem-
perature may have increased therefore making light harvesting layer unstable

and reducing the efficiency.
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Another device with the structure as shown in Figure 4.14 was fabricated. It has
MABI perovskite as the light harvesting layer, ETL is rutile phase TiOs nanorods
and HTM is Spiro-MeOTAD. In the Figure 4.15 two graphs are shown, first graph
is the power density v/s Voltage and second one is J v/s V graph. The simulation of
these devices was done 1 week after the fabrication process to compare the change
in efficiency with the reported results in [10]. We found that efficiency of solar cell
was 0.124% after 1 week of fabrication which is less than the reported efficiency of

0.22%.

HTM

FTO Glass

Figure 4.14: Structure of Solar Cell
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Figure 4.15: Efficiency calculations of solar cell with MABI as light harvestor (a)J-V
graph of solar cell(b)Power Density Graph



Chapter 5

Summary, Conclusions and

Future Scope

5.1 Summary and Conclusions

In summary we have shown synthesis of anatase phase of TiO, by sol-gel method
using titanium butoxide as precursor. XRD and FE-SEM analysis were done to con-
firm the anatase phase and nanoparticle formation. We also synthesised TiOy film
on FTO by hydrothermal process. The phase of nanorods was confirmed by XRD,
HRTEM and SAED analysis which showed that growth of nanorods was mainly
along [002] plane and of rutile phase. FE-SEM analysis showed the nanorod struc-
ture which was tetragonal in shape with square head and of width 114 nm. Methy-
lammonium iodide was synthesised and it’s XRD was done and compared with the
reprted results which showed that pure phase MAI was synthesised. CH3NH3Pbl;
was spin coated on TiOy film by two step method, then HTM layer of Spiro-
MeOTAD was also spin coated and then metal electrode of alluminium was de-
posited by thermal evaporation method. Solar simulation of the solar device with
CH3NH3PbI; as light harvesting layer showed efficiency of 1.45% and FF was 46%.
Various reasons for the low efficiency are also reported. To overcome the drawbacks
of CH3NH3Pbl3 we investigated another perovskite with Bismuth which reduced the
toxicity of lead. The perovskite was synthesised using one step method. XRD anal-

ysis was done to confirm the various planes as reported in previous papers. FE-SEM

44
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analysis was done to investigate the morphology of film which showed that hexagonal
crystals are formed as also reported previosly. The solution of prepered perovskite
was spin coated on previosly prepared TiOs film on FTO. Over this HT'M layer of
Spiro-MeOTAD was spin coated and then electrode was deposited to complete the
device. The device was kept in ambient conditions for 7 days and then solar cell

simulation was done which showed efficiency of 0.124% and FF of 42.33%.

5.2 Future Scope

Since the year 2012 perovskite solar cells is one of the most intersting topics of re-
search. Many research groups around the globe are working on this. Main reason
for so much interest can be scope of engineering and physics involved in each layer
of the cell. This mainly stems from long-range ambipolar charge transport proper-
ties, low exciton binding energies, and suitable band gap tuning by managing the
chemical composition. Until this year high efficiency upto 22% is obtained and it
is expected that in the coming years it will cross the Shockley Queisser Efficiency
Limit. Another main factor before commercialisation of these cells is the stability
in ambient conditions in presence of humidity and high temperatures. This factor
can be addressed by replacing lead with another element which fits the perovskite
structure. Doping of perovskites is another option to increse efficiency and stability.
The charge flow in HT'M can also be increased if solvents used in it increase the hole

mobility.



Appendix

Solar Cell Simulation

Theory of Solar Radiation

The energy available from the Sun in the form of light is capable of performing
certain reactions which produce energy in return this is evident from photosynthesis.
The idea to convert sunlight into utilizable form of energy is the basic concept of the
solar cell. The solar cell is an optoelectronic device able to convert light into electric
current, both the direct sunlight and also artificial or ambient light. However, the
term light is referred here as the electromagnetic radiation emitted by the Sun
onto the surface of the Earth. The Sun emits electromagnetic waves all over the
spectrum of frequencies like a black body with a calculated temperature of 5777
K. Only a fraction of this radiation reaches the surface of the Earth[32]. The air
mass coefficient (AM1.5) is an index used to determine the effective electromagnetic
radiation emitted by the Sun at the sea level Figure5.1 The main losses with respect
the pristine emission are due absorption by the atmosphere of the Earth. Ozone,
water vapour, oxygen and carbon dioxide are the relevant absorbing agents that
preclude the ultraviolet (UV) and some parts of the infrared (IR) portions of the
solar spectrum. The AMI1.5 spectrum represents the maximum amount of energy
available for a solar cell to be converted in electrical current. According to the
AM1.5 spectrum the maximum irradiance peak is in the visible region, however an
ideal solar cell must be able to convert the whole part of the spectrum to maximize

the yield of photogenerated current.

46
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Figure 5.1: Solar irradiance spectrum above the atmosphere and at the surface
Efficiency calculations fron J-V Curve

1. Short Circuit Current (Isc)

The short circuit current Igo corresponds to the short circuit condition when

the impedance is low and is calculated when the voltage equals 0.
I (at VZO) = Isc

Isc occurs at the beginning of the forward-bias sweep and is the maximum
current value in the power quadrant. For an ideal cell, this maximum current

value is the total current produced in the solar cell by photon excitation.
Isc = Inax
2. Open Circuit Voltage (Voc)

The open circuit voltage (Vo) occurs when there is no current passing through

the cell.
V (at IZO) = (Voc)

(Voe) is also the maximum voltage difference across the cell for a forward-bias

sweep in the power quadrant.
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(Voo )=(Vmaz)for forward-bias power quadrant

3. Maximum Power (Pj;4x) Current at (Pyax) (Inp), Voltage at (Pprax)

(Varp)

The power produced by the cell in Watts can be easily calculated along the
[-V sweep by the equation P=IV. At the IsC and V,C' points, the power will
be zero and the maximum value for power will occur between the two. The
voltage and current at this maximum power point are denoted as VP and

I P respectively.

It
IMF‘ L
P_x/ ;
: > V
Pa oy
Praax ff#‘\
/ : > \/

Vive Voc

Figure 5.2: MAximum Power for [-V sweep

4. Fill Factor (FF) The Fill Factor (FF) is essentially a measure of quality
of the solar cell. It is calculated by comparing the maximum power to the
theoretical power (Pr) that would be output at both the open circuit voltage
and short circuit current together. FF can also be interpreted graphically as

the ratio of the rectangular areas depicted in Figure 5.3 .

FF=Pprax/Pr
A larger fill factor is desirable, and corresponds to an I-V sweep that is more
square-like. Typical fill factors range from 0.5 to 0.82. Fill factor is also often

represented as a percentage.

5. Efficiency (n)-Efficiency is the ratio of the electrical power output P,,;, com-
pared to the solar power input, P;,, into the PV cell. P,,; can be taken to be
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>V
Ve Voc

Figure 5.3: FF from I-V sweep

Parax since the solar cell can be operated up to its maximum power output

to get the maximum efficiency.

P;, is taken as the product of the irradiance of the incident light, measured in
W /m? or in suns (1000 W/m?), with the surface area of the solar cell [m?]. The
maximum efficiency (7,4,) found from a light test is not only an indication of
the performance of the device under test, but, like all of the I-V parameters,
can also be affected by ambient conditions such as temperature and the in-
tensity and spectrum of the incident light. For this reason, it is recommended
to test and compare PV cells using similar lighting and temperature conditions.
N=Pout/Pin

Nmaz=Pmaz /Pin
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