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Abstract

Solar energy is a renewable free source of energy that is sustainable and totally
inexhaustible, unlike fossil fuels which are finite. Solar power is clean green electricity
that is either created from sunlight or from heat from the sun. Solar (or photovoltaic) cells
convert the sun’s energy into electricity. Whether they’re adorning your calculator or
orbiting our planet on satellites, they rely on the photoelectric effect: the ability of matter
to emit electrons when a light is shone on it. As the name implies, the mechanism of dye
solar cells is based on the photo electrochemical processes. This paper aims to fabricate
and analyze the performance of dye sensitized solar cell by comparing the utilization of
opaque TiO, pastes and opaque TiO, pastes with Fe,Os doping for the photoelectrodes.
Among other semiconductors, hematite (Fe,O3) is an attractive material because of its
wide abundant, low cost, non-toxic nature. It is gaining importance in photo-
electrochemical devices due to its suitable band gap (~2.2 eV). It has been reported that
the use of nanostructured materials in the DSSC could enhance the low energy conversion
efficiency of these cells. The current-voltage (I-V) measurements were performed by
using an artificial sun-simulator. As for the counter-electrode, carbon (C ) was used as
the catalyst which was deposited using DC-sputtering technique. Our results revealed that
the cells featuring opaqueTiO; paste with Fe,Os doping achieved better photoconversion
efficiencies compared to that of the opaque TiO, paste. This combination further
increases its optical transmittance and band gap of the photo electrode of DSSC. The sole
purpose was to optimize the characteristics of this material by focusing on its several
characteristics followed by changing the duration of solution preparation, changing the
deposition level on substrates, variation in annealing atmosphere and temperature to
observe the characteristics changes occurred in the film. In each stage of observation

significant characteristics of the film have found which the main execution of this thesis.
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1 Chapter1

1.1 Introduction

In the modern world of technological advancements, energy has become one of the basic
needs for life. With the increase in world population, so is rising the energy demand. The
worldwide power consumption is expected to double in the next 3 decades, and the
limited supply of fossil fuels is hardly expected to cope with this. Nuclear power, though
capable of providing large scale power generation, is being proven to be guilty in safety
and waste management issues. Hence, sooner or later we need to turn to renewable energy

sources, and the most viable candidate of them is solar energy.

Among all other abundant and non-polluting renewable energy sources (examples include
solar, wind, water and geothermal heat) in our planet, solar energy is expected to play a
vital role as a future energy source. We receive about 3x1024 joule/year energy in the
form of sunlight to the earth’s surface, which is nearly 104 times more than the world’s
energy consumption.1While the sun can provide, we are in need of devising practical

approach for conversion, storage and distribution of this energy.

Alternative energy is a term used to refer to any energy source other than fossil fuels. An
ongoing debate exists over what forms of alternative energy are the safest, most cost-
efficient, and most practical to replace and/or subsidize fossil fuels. Some activists
believe that government agencies and powerful lobbyists are hindering investigation into
alternative energy in an effort to support the fossil fuel industry. As a source of energy,
fossil fuels are limited and cause numerous harmful environmental effects. Many modern
energy companies are studying and developing alternative fuel sources. In recent years,
governments have increased the resources dedicated to the developmentof alternative

energy.

Climate change and the consumption of non-renewable resources are considered as the
greatest problems facing humankind. Because of this, photocatalysis research has been

rapidly expanding. TiO, nanoparticles have been extensively investigated for
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photocatalytic applications including the decomposition of organic compounds and
production of H; as a fuel using solar energy. TiO; is considered close to an ideal
semiconductor for photocatalysis but possesses certain limitations such as poor absorption

of visible radiation and rapid recombination of photogenerated electron/hole pairs.

Solar energy is one of the most popular renewable and sustainable energy resources.
Among the different photovoltaic (PV) cells, dye-sensitized solar cells (DSSC) are
promising candidate for renewable energy sources compared to silicon based solar cells.
Although silicon based solar cells have high performance and good stability, but
expensive fabrication cost limits its wideapplications as affordable device [101,102].
Compared to the conventional silicon-based solar cells, DSSC have many advantages
such as low production cost, light weight, low environmental impact during fabrication,
and applicability on flexible substrates [103,104]. In general, DSSC are composed of
three active components such as semiconducting film, sensitizer, and redox electrolyte. In
a typical DSSC, photogeneration of charge carriers occurs through light absorption by
sensitizer, followed by a rapid charge separation. The electrons are injected into the
semiconducting film while the separated holes are transported to counter electrode by
means of redox process [105]. The ruthenium complexes have been mostly used as

sensitizers and titanium oxide as semiconductor in DSSC.

Chou et al. [106] have used microcrystalline titanium oxide (TiO;) for fabrication of
DSSC. The effect of the average size of TiO, particles synthesized by the sol-gel method
on the power conversion efficiency of a DSSC was reported. Lee et al. [107] have
prepared a DSSC with a light scattering layer of 123 nm TiO, paste, and its overall power
conversion efficiency of the DSSC device was achieved by 6.03%. Zinc oxide (ZnO) has
been used as an alternative to TiO, for fabrication of DSSC [108]. The adsorption of
cisrutheniumbis[2,20-bipyridine]-bis[4—thiopyridine] onto ZnOnanorods has been
studied. Kahlout [109] has used nanostructured ZnO for fabrication of DSSC. The
influence of the electrolyte iodine concentration, the film thickness, and the light intensity

on the current density of the solar cell was studied.

Among other semiconductors, hematite (Fe,Os3) is an attractive material because of its
wide abundant, low cost, non-toxic nature. It is gaining importance in photo-

electrochemical devices due to its suitable band gap (~2.2 eV) [110]. It has been reported

11
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that the use of nanostructured materials in the DSSC could enhance the low energy
conversion efficiency of these cells [111]. In this work, we report hydrothermal synthesis
and application of nanostructured TiO, and Fe;O; doped TiO;semiconductor in DSSC.
The effect of different light intensity on the current—voltage (I-V) characteristics of

natural dye synthesized Fe,O3 based solar cell was studied.

12
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2 Chapter 2

2.1 Renewable Energy

2.1.1 Renewable Energy as Alternative Source

Renewable energy is generally defined as energy that comes from resources which are
naturally replenished on a human timescale, such as sunlight, wind, rain, tides, waves,
and geothermal heat. Renewable energy replaces conventional fuels in four distinct areas:
electricity generation, air and water heating/cooling, motor fuels, and rural (off-grid)

energy services.

Renewable energy resources exist over wide geographical areas, in contrast to other
energy sources, which are concentrated in a limited number of countries. Rapid
deployment of renewable energy and energy efficiency is resulting in significant energy
security, climate change mitigation, and economic benefits. In international public
opinion surveys there is strong support for promoting renewable sources such as solar
power and wind power. At the national level, at least 30 nations around the world already
have renewable energy contributing more than 20 percent of energy supply. National
renewable energy markets are projected to continue to grow strongly in the coming
decade and beyond. Some places and at least two countries, Iceland and Norway generate
all their electricity using renewable energy already, and many other countries have the set
a goal to reach 100% renewable energy in the future. For example in Denmark the
government decided to switch the total energy supply (electricity, mobility and
heating/cooling) to 100% renewable energy by 2050. While many renewable energy
projects are large-scale, renewable technologies are also suited to rural and remote areas

and developing countries, where energy is often crucial in human development.

13


https://en.wikipedia.org/wiki/Renewable_resource
https://en.wikipedia.org/wiki/Sunlight
https://en.wikipedia.org/wiki/Wind
https://en.wikipedia.org/wiki/Rain
https://en.wikipedia.org/wiki/Tidal_power
https://en.wikipedia.org/wiki/Wave_power
https://en.wikipedia.org/wiki/Geothermal_energy
https://en.wikipedia.org/wiki/Electricity_generation
https://en.wikipedia.org/wiki/Motor_fuel
https://en.wikipedia.org/wiki/Stand-alone_power_system
https://en.wikipedia.org/wiki/Efficient_energy_use
https://en.wikipedia.org/wiki/Energy_security_and_renewable_technology
https://en.wikipedia.org/wiki/Energy_security_and_renewable_technology
https://en.wikipedia.org/wiki/Climate_change_mitigation
https://en.wikipedia.org/wiki/100%25_renewable_energy
https://en.wikipedia.org/wiki/Denmark
https://en.wikipedia.org/wiki/Energy_transition
https://en.wikipedia.org/wiki/Rural
https://en.wikipedia.org/wiki/Renewable_energy_in_developing_countries
https://en.wikipedia.org/wiki/Human_development_%28humanity%29
Anis-pc
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Renewable energy is reliable and plentiful and will potentially be very cheap once
technology and infrastructure improve. It includes solar, wind, geothermal, hydropower
and tidal energy, plus biofuels that are grown and harvested without fossil fuels.
Nonrenewable energy, such as coal and petroleum, require costly explorations and
potentially dangerous mining and drilling, and they will become more expensive as
supplies dwindle and demand increases. Renewable energy produces only minute levels
of carbon emissions and therefore helps combat climate change caused by fossil fuel
usage. Renewable energy sources are so named because, aside from geothermal and tidal
energies, they are replenished constantly by sunlight. Uneven solar heating of the Earth's
surface causes wind. Sunlight also fuels the water cycle, which is harnessed through
hydropower, including hydroelectric dams and less invasive systems that harness streams
or ocean currents. Biofuels are grown using sunlight. Geothermal energy is considered
renewable because radioactive decay in the Earth's core, which isn't expected to cool
down any time soon, produces it. The gravitational pull of the sun and moon causes the

tides.

Coal, natural gas and oil reserves are finite and hidden. An unknown and limited amount
of each resource is buried deep underground or under the ocean. As more is harvested,
finding new sources becomes more difficult and more expensive, and exploiting them
becomes more challenging and sometimes dangerous as well. Marginal reserves, such as
oil sands, require the burning of huge amounts of natural gas to refine them into usable
oil. Drilling under the ocean floor can lead to catastrophic accidents, such as the British
Petroleum oil spill of 2010. Renewable energy, by contrast, is as easy to find as wind or

sunlight.

The daily price of oil depends on many factors, including political stability in historically
volatile regions. Political strife has caused energy crises, including those that occurred in
1973 and 1979. Renewable energy can be locally produced and therefore is not vulnerable
to distant political upheavals. Many of the safety concerns surrounding fossil fuels, such
as explosions on oil platforms and collapsing coal mines do not exist with renewable

energy.

Renewable energy is far cleaner than fossil fuels. Coal mining and petroleum exploration

and refinement produce solid toxic wastes, such as mercury and other heavy metals. The

14
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burning of coal to produce electricity uses large quantities of water often discharges
arsenic and lead into surface waters and releases carbon dioxide, sulfur dioxide, nitrogen
oxides and mercury into the air (see References 4). Gasoline and other petroleum
products cause similar pollution. These pollutants cause respiratory illnesses and death in
humans, produce acid rain that damages buildings and destroys fragile ecosystems, and

deplete the ozone layer.

2.2 Major Renewable Energy Sources

2.2.1 Solar Energy

Solar energy, radiant light and heat from the sun, is harnessed using a range of ever-
evolving technologies such as solar heating, photovoltaics, concentrated solar power,
solar architecture and artificial photosynthesis. Solar technologies are broadly
characterized as either passive solar or active solar depending on the way they capture,
convert and distribute solar energy. Passive solar techniques include orienting a building
to the Sun, selecting materials with favorable thermal mass or light dispersing properties,
and designing spaces that naturally circulate air. Active solar technologies encompass
solar thermal energy, using solar collectors for heating, and solar power, converting
sunlight into electricity either directly using photovoltaics (PV), or indirectly using

concentrated solar power (CSP).

Figure 2-1 Solar Panels to capture solar energy and produce electricity
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A photovoltaic system converts light into electrical direct current (DC) by taking
advantage of the photoelectric effect. Solar PV has turned into a multi-billion, fast-
growing industry, continues to improve its cost-effectiveness, and has the most potential
of any renewable technologies together with CSP. Concentrated solar power (CSP)
systems use lenses or mirrors and tracking systems to focus a large area of sunlight into a
small beam. Commercial concentrated solar power plants were first developed in the

1980s. CSP-Stirling has by far the highest efficiency among all solar energy technologies.

Figure 2-2 Concentrated Solar Power (CSP) - Solar Tower

In 2011, the International Energy Agency said that "the development of affordable,
inexhaustible and clean solar energy technologies will have huge longer-term benefits. It
will increase countries' energy security through reliance on an indigenous, inexhaustible
and mostly import-independent resource, enhance sustainability, reduce pollution, lower
the costs of mitigating climate change, and keep fossil fuel prices lower than otherwise.
These advantages are global. Hence the additional costs of the incentives for early
deployment should be considered learning investments; they must be wisely spent and
need to be widely shared". In 2013 solar generated less than 1% of the world’s total grid

electricity.
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2.2.2 Bio Energy

Biomass is biological material derived from living, or recently living organisms. It most
often refers to plants or plant-derived materials which are specifically called
lignocellulosic biomass. As an energy source, biomass can either be used directly via
combustion to produce heat, or indirectly after converting it to various forms of biofuel.
Conversion of biomass to biofuel can be achieved by different methods which are broadly
classified into: thermal, chemical, and biochemical methods. Wood remains the largest
biomass energy source today; examples include forest residues — such as dead trees,
branches and tree stumps, yard clippings, wood chips and even municipal solid waste. In
the second sense, biomass includes plant or animal matter that can be converted into
fibers or other industrial chemicals, including biofuels. Industrial biomass can be grown
from numerous types of plants, including miscanthus, switchgrass, hemp, corn, poplar,
willow, sorghum, sugarcane, bamboo, and a variety of tree species, ranging from

eucalyptus to oil palm (palm oil).

Plant energy is produced by crops specifically grown for use as fuel that offer high
biomass output per hectare with low input energy. Some examples of these plants are
wheat, which typically yield 7.5-8 tonnes of grain per hectare, and straw, which typically
yield 3.5-5 tonnes per hectare in the UK. The grain can be used for liquid transportation
fuels while the straw can be burned to produce heat or electricity. Plant biomass can also
be degraded from cellulose to glucose through a series of chemical treatments, and the

resulting sugar can then be used as a first generation biofuel.

Figure 2-3 Biomass Gasification base Power Plant
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Biomass can be converted to other usable forms of energy like methane gas or
transportation fuels like ethanol and biodiesel. Rotting garbage, and agricultural and
human waste, all release methane gas — also called landfill gas or biogas. Crops, such as
corn and sugarcane, can be fermented to produce the transportation fuel, ethanol.
Biodiesel, another transportation fuel, can be produced from left-over food products like
vegetable oils and animal fats. Also, biomass to liquids (BTLs) and cellulosic ethanol are
still under research. There is a great deal of research involving algal fuel or algae-derived
biomass due to the fact that it's a non-food resource and can be produced at rates 5 to 10
times those of other types of land-based agriculture, such as corn and soy. Once
harvested, it can be fermented to produce biofuels such as ethanol, butanol, and methane,
as well as biodiesel and hydrogen. The biomass used for electricity generation varies by
region. Forest by-products, such as wood residues, are common in the United States.
Agricultural waste is common in Mauritius (sugar cane residue) and Southeast Asia (rice
husks). Animal husbandry residues, such as poultry litter, are common in the United

Kingdom.

Biofuels include a wide range of fuels which are derived from biomass. The term covers
solid, liquid, and gaseous fuels. Liquid biofuels include bio-alcohols, such as bio-ethanol,
and oils, such as biodiesel. Gaseous biofuels include biogas, landfill gas and synthetic
gas. Bio-ethanol is an alcohol made by fermenting the sugar components of plant
materials and it is made mostly from sugar and starch crops. These include maize,
sugarcane and, more recently, sweet sorghum. The latter crop is particularly suitable for
growing in dry land conditions, and is being investigated by International Crops Research
Institute for the Semi-Arid Tropics for its potential to provide fuel, along with food and

animal feed, in arid parts of Asia and Africa.

With advanced technology being developed, cellulosic biomass, such as trees and grasses,
are also used as feed stocks for ethanol production. Ethanol can be used as a fuel for
vehicles in its pure form, but it is usually used as a gasoline additive to increase octane
and improve vehicle emissions. Bio-ethanol is widely used in the United States and in
Brazil. The energy costs for producing bio-ethanol are almost equal to, the energy yields
from bio-ethanol. However, according to the European Environment Agency, biofuels do
not address global warming concerns. Biodiesel is made from vegetable oils, animal fats

or recycled greases. It can be used as a fuel for vehicles in its pure form, or more
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commonly as a diesel additive to reduce levels of particulates, carbon monoxide, and
hydrocarbons from diesel-powered vehicles. Biodiesel is produced from oils or fats using
transesterification and is the most common biofuel in Europe. Biofuels provided 2.7% of

the world's transport fuel in 2010.

Biomass, biogas and biofuels are burned to produce heat/power and in doing so harm the
environment. Pollutants such as sulphurous oxides (SOx), nitrous oxides (NOx), and
particulate matter (PM) are produced from the combustion of biomass; the World Health
Organization estimates that 7 million premature deaths are caused each year by air
pollution. Biomass combustion is a major contributor. The life cycle of the plants is

sustainable, the lives of people less so.

2.2.3 Biogas

Biogas typically refers to a mixture of different gases produced by the breakdown of
organic matter in the absence of oxygen. Biogas can be produced from raw materials such
as agricultural waste, manure, municipal waste, plant material, sewage, green waste or
food waste. It is a renewable energy source and in many cases exerts a very small carbon
footprint. Biogas can be produced by anaerobic digestion with anaerobic bacteria, which
digest material inside a closed system, or fermentation of biodegradable materials. Biogas
is primarily methane (CH4) and carbon dioxide (CO;) and may have small amounts of
hydrogen sulfide (H,S), moisture and siloxanes. The gases methane, hydrogen, and
carbon monoxide (CO) can be combusted or oxidized with oxygen. This energy release
allows biogas to be used as a fuel; it can be used for any heating purpose, such as
cooking. It can also be used in a gas engine to convert the energy in the gas into

electricity and heat.
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Figure 2-4 Biogas Plant

Biogas can be compressed, the same way natural gas is compressed to CNG, and used to
power motor vehicles. In the UK, for example, biogas is estimated to have the potential to
replace around 17% of vehicle fuel. It qualifies for renewable energy subsidies in some
parts of the world. Biogas can be cleaned and upgraded to natural gas standards, when it

becomes bio methane.

2.2.4 Wind Energy

Airflows can be used to run wind turbines. Modern utility-scale wind turbines range from
around 600 kW to 5 MW of rated power, although turbines with rated output of 1.5-3
MW have become the most common for commercial use; the power available from the
wind is a function of the cube of the wind speed, so as wind speed increases, power
output increases up to the maximum output for the particular turbine. Areas where winds
are stronger and more constant, such as offshore and high altitude sites are preferred
locations for wind farms. Typically full load hours of wind turbines vary between 16 and

57 percent annually, but might be higher in particularly favorable offshore sites.

Globally, the long-term technical potential of wind energy is believed to be five times

total current global energy production, or 40 times current electricity demand, assuming
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all practical barriers needed were overcome. This would require wind turbines to be
installed over large areas, particularly in areas of higher wind resources, such as offshore.
As offshore wind speeds average ~90% greater than that of land, so offshore resources
can contribute substantially more energy than land stationed turbines. In 2013 wind

generated almost 3% of the world’s total electricity.

Figure 2-5 Wind Power Plant

2.2.5 Hydro Energy

Since water is about 800 times denser than air, even a slow flowing stream of water, or
moderate sea swell, can yield considerable amounts of energy. There are many forms of

water energy:

Hydroelectric energy is a term usually reserved for large-scale hydroelectric dams. The
largest of which is the Three Gorges Dam in China and a smaller example is the

Akosombo Dam in Ghana.

Micro hydro systems are hydroelectric power installations that typically produce up to
100 kW of power. They are often used in water rich areas as a remote-area power supply

(RAPS).

Run-of-the-river hydroelectricity systems derive kinetic energy from rivers without the

creation of a large reservoir.
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Figure 2-6 Hydro Power Plant

Hydropower is produced in 150 countries, with the Asia-Pacific region generating 32
percent of global hydropower in 2010. For counties having the largest percentage of
electricity from renewables, the top 50 are primarily hydroelectric. China is the largest
hydroelectricity producer, with 721 terawatt-hours of production in 2010, representing
around 17 percent of domestic electricity use. There are now three hydroelectricity
stations larger than 10 GW: the Three Gorges Dam in China, Itaipu Dam across the
Brazil/Paraguay border, and Guri Dam in Venezuela. In 2013 hydropower generated

almost 16% of the world’s total electricity.

2.2.6 Geothermal Energy

Geothermal energy is from thermal energy generated and stored in the Earth. Thermal
energy is the energy that determines the temperature of matter. Earth's geothermal energy
originates from the original formation of the planet and from radioactive decay of
minerals (in currently uncertain but possibly roughly equal proportions). The geothermal
gradient, which is the difference in temperature between the core of the planet and its
surface, drives a continuous conduction of thermal energy in the form of heat from the
core to the surface. The adjective geothermal originates from the Greek roots geo,

meaning earth, and thermos, meaning heat. The heat that is used for geothermal energy
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can be from deep within the Earth, all the way down to Earth's core — 4,000 miles (6,400
km) down. At the core, temperatures may reach over 9,000 °F (5,000 °C). Heat conducts
from the core to surrounding rock. Extremely high temperature and pressure cause some
rock to melt, which is commonly known as magma. Magma convects upward since it is
lighter than the solid rock. This magma then heats rock and water in the crust, sometimes

up to 700 °F (371 °C).

From hot springs, geothermal energy has been used for bathing since Paleolithic times
and for space heating since ancient Roman times, but it is now better known for

electricity generation.

2.2.7 Other Energy Sources

2.2.7.1 Wave Energy

Wave power, which captures the energy of ocean surface waves, and tidal power,
converting the energy of tides, is two forms of hydropower with future potential;
however, they are not yet widely employed commercially. A demonstration project
operated by the Ocean Renewable Power Company on the coast of Maine, and connected
to the grid, harnesses tidal power from the Bay of Fundy, location of world's highest tidal
flow. Ocean thermal energy conversion, which uses the temperature difference between

cooler deep and warmer surface waters, has currently no economic feasibility.
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Figure 2-7 Power from Wave Energy

2.2.7.2 Tidal Energy

Tidal power, also called tidal energy, is a form of hydropower that converts the energy
obtained from tides into useful forms of power, mainly electricity. Although not yet
widely used, tidal power has potential for future electricity generation. Tides are more
predictable than wind energy and solar power. Among sources of renewable energy, tidal
power has traditionally suffered from relatively high cost and limited availability of sites
with sufficiently high tidal ranges or flow velocities, thus constricting its total availability.
However, many recent developments and improvements, both in design (e.g. dynamic
tidal power, tidal lagoons) and turbine technology (e.g. new axial turbines, cross flow
turbines), indicate that the total availability of tidal power may be much higher than
previously assumed, and that economic and environmental costs may be brought down to

competitive levels.
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2.2.7.3 Heat pump

A heat pump is a device that provides heat energy from a source of heat to a destination
called a "heat sink". Heat pumps are designed to move thermal energy opposite to the
direction of spontaneous heat flow by absorbing heat from a cold space and releasing it to
a warmer one. A heat pump uses some amount of external power to accomplish the work

of transferring energy from the heat source to the heat sink.

2.2.7.4 Grid Energy Storage

Grid energy storage (also called large-scale energy storage) is a collection of methods
used to store electrical energy on a large scale within an electrical power grid. Electrical
energy is stored during times when production (especially from intermittent power plants
such as renewable electricity sources such as wind power, tidal power, and solar power)

exceeds consumption, and returned to the grid when production falls below consumption.

2.3 Solar Energy Technology

Solar energy systems are two types: Solar photovoltaic system (Uses photon energy from
sun to generate electricity) and Concentrated solar power system (uses thermal energy

from sun).
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2.3.1 Solar Photovoltaic System

Photovoltaic (PV) materials and devices convert sunlight into electrical energy, and PV
cells are commonly known as solar cells. Photovoltaics can literally be translated as light-

electricity.

First used in about 1890, "photovoltaic" has two parts: photo, derived from the Greek
word for light, and volt, relating to electricity pioneer Alessandro Volta. And this is what
photovoltaic materials and devices do—they convert light energy into electrical energy,

as French physicist Edmond Becquerel discovered as early as 1839.

Becquerel discovered the process of using sunlight to produce an electric current in a
solid material. But it took more than another century to truly understand this process.
Scientists eventually learned that the photoelectric or photovoltaic effect caused certain

materials to convert light energy into electrical energy at the atomic level.

PV systems are already an important part of our daily lives. Simple PV systems provide
power for small consumer items such as calculators and wristwatches. More complicated
systems provide power for communications satellites, water pumps, and the lights,
appliances, and machines in some homes and workplaces. Many road and traffic signs
also are now powered by PV. In many cases, PV power is the least expensive form of

electricity for these tasks.

Photovoltaic system consists of solar module, which is comprises with many solar cells.
To obtain electricity solar cell plays a vital role in the system. Hence various research are
going on to develop optimize level solar cell to get best possible electricity. As in concern
to that, this research is conducted to get viable cell performance using unorthodox solar

cell technology.

26


Anis-pc
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

[ ac | oc L | chage
Loads Lomds [* | Controller |

Figure 2-8 Solar Photovoltaic System for Household Electricity Production
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3 Chapter 3

3.1 Solar Cell

3.1.1 Solar Cell

A solar cell or photovoltaic cell is a device which generates electricity directly from
visible light by means of the photovoltaic effect, which is a physical and chemical
phenomenon. It is a form of photoelectric cell, defined as a device whose electrical
characteristics, such as current, voltage, or resistance, vary when exposed to light. Solar

cells are the building blocks of photovoltaic modules, otherwise known as solar panels.

3.2 Different Generations of Solar Cells

Solar cells are usually divided into three main categories called generations. The first
generation contains solar cells that are relatively expensive to produce, and have a low
efficiency. The second generation contains types of solar cells that have an even lower
efficiency, but are much cheaper to produce, such that the cost per watt is lower than in
first generation cells. The term third generation is used about cells that are very efficient.
Most technologies in this generation are not yet commercial, but there is a lot of research

going on in this area. The goal is to make third generation solar cells cheap to produce.
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3.2.1 First Generation Solar Cells

The first generation includes cells consisting of Silicon or Germanium that are doped with
Phosphorus and Boron in a pn-junction. This generation is dominating the commercial
market. Silicon cells have a quite high efficiency, but very pure silicon is needed, and due

to the energy-requiring process, the price is high compared to the power output.

Figure 3-1Multicrystalline silicon solar cell

3.2.2 Second Generation Solar Cells

The second generation solar cells are based on amorphous silicon, CIGS and CdTe, where
the typical performance is 10 - 15%. Since the second generation solar cells avoid use of
silicon wafers and have a lower material consumption it has been possible to reduce
production costs of these types of solar cells compared to the first generation. The second
generation solar cells can also be produced so they are flexible to some degree. However,
as the production of second generation solar cells still include vacuum processes and high
temperature treatments, there is still a large energy consumption associated with the
production of these solar cells. Further, the second generation solar cells are based on

scarce elements and this is a limiting factor in the price.
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3.2.2.1 Amorphous Silicon Solar Cells

In Amorphous Silicon Cells, hydrogen is introduced to the silicon to make it possible to
dope the silicon with boron and phosphorus. The cells are built up in this sequence from
bottom to top: metal base contact, n-layer, intrinsic layer, p-layer, transparent contact,
glass substrate. These cells experience a drop in efficiency when they are exposed to
sunlight, and this effect is created in the intrinsic layer. The effect can be reduced by,

instead of one layer, using several thinner layers.
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Figure 3-2 Amorphous Silicon Solar Cell

3.2.2.2 Polycrystalline Silicon on Low Cost Substrate

These cells use antireflection layers to capture light waves with wavelengths several times
greater than the thickness of the cell itself. This can be done by using a material with a
textured surface both in front and back of the cell, rather than a flat surface. This causes
the light to change directions and be reflected, and thus travels a greater distance within

the cell then the cell thickness.
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Figure 3-3 Polycrystalline Silicon Solar Cell

3.2.2.3 Copper Indium DiSelenide (CIS) Cells

Copper Indium Diselenide consists of CulnSe,. This material is one of the best light
absorber known, and about 99% of the light is absorbed before reaching 1 pm into the
material. There have been made homojunctions of CIS, but a heterojunction with

cadmium sulfide (CdS) has been found to be more stable and efficient.

Figure 3-4 Flexible Copper Indium Gallium diSelenide solar cells
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3.2.2.4 Cadmium Telluride Solar Cells

These cells are made from a heterojunction with cadmium sulfide, just like the copper

indium diselenide. Cadmium telluride cells also have an ideal bandgap (1.44¢V).
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Figure 3-5 Schematic of Cadmium Telluride Solar Cells

3.2.3 Third Generation Solar Cells

3.2.3.1 Quantum Dot (QD) Solar Cells

There are several technologies in this generation. One of them is Quantum Dot (QD)
Solar Cells. These are built up of a semiconductor (silicon) coated with a very thin layer
of quantum dots. Quantum dots is just a fancy name of crystals in the size range typically
a few nanometers in diameter. These crystals are mixed into a solution and placed on a
piece of silicon which is rotated really fast. The crystals are then spread out due to the
centrifugal force. The reason these quantum dots are given so much attention is that
normally one photon will excite one electron creating one electron-hole pair. The energy
loss is the original energy of the photon minus the energy needed to excite the

electron(also called the band gap) However, when a photon hits a quantum dot made of
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the same material, there may be several electron-hole pairs created, typically 2-3, but 7

has been observed.

Another way to increase the efficiency is to use several layers solar cells with different
band gaps in a stack. Each layer will utilize light with different wavelengths, and in this

way we can get cells with a higher efficiency.
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Figure 3-6 Schematic of Quantum Dot (QD) Solar Cells

3.2.3.2 Multijunction Solar Cells

Another way to increase the efficiency is to use several layers solar cells with different
band gaps in a stack. Each layer will utilize light with different wavelengths, and in this

way we can get cells with a higher efficiency.
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3.2.3.3 Dye-Sensitized Solar Cells

M. Gritzel of the Swiss Polytechnic of Lausanne discovered a thin-film titanium dioxide
system that is sensitive to ultraviolet radiation can be made to respond to ordinary light. A
layer of light-responsive dye overlays the semiconductor and the charge is transferred
back to the dye from an electrolyte. The cells have reasonable efficiencies (~ 10%) in
hazy light conditions, and the cost is projected to be very low, since the materials can be

worked on at low temperatures in contrast to most other semiconductor solar cell arrays.

A new idea to harvest solar energy uses dyes on a metal substrate, quite different from
what occurs in normal silicon solar cells. The device developed by McFarland and Tang
has multiple layers on ultrathin metal films that constitute a Schottky diode (a diode that

works by quantum tunneling).

Electrons excited to a higher state by incident light can jump the Schottky barrier and so
provide a current. The efficiency is higher than expected. As McFarland and Tang say,
“This alternative approach to photovoltaic energy conversion might provide the basis for

durable low-cost solar cells using a variety of materials.”

Glass’FTO
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Figure 3-7 Schematic of Dye Sensitized Solar Cell
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3.3 Solar Cell Terminologies

A current source in parallel with a forward biased diode expresses the equivalent circuit
of an ideal solar cell. Series and parallel resistances are added to account for various loss

mechanisms.

o

Figure 3-8 Solar cell equivalent circuit

3.3.1 Short-Circuit Current

It is the current obtained from the cell when short circuited or in other words when the

load resistance is zero. Solar cell current is normally represented as current density, Jsc:
Jio = 15€/ y mA/em’® 1.1

Where, A is the effective area of the solar cell. It is a function of the solar illumination,

optical properties and charge transfer probability of the cell.
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3.3.2 Open-Circuit Voltage

Open-circuit voltage is the maximum voltage available from a solar cell and is obtained
when a load with infinite resistance is attached to its terminals. It is a function of the
semiconductor bandgap and charge recombination in the cell. For DSC the Voc is given

by:
Voe = Ecp/q + kT/q In (n/N¢g) Eredox/q (Volts) 1.2

Where, n is the number of electron in TiO, conduction band and NCB is the effective
density of states75. The first two terms defines the quasi-fermi level of TiO; and Eredox

is the Nernst potential of the redox mediator.

Iz 2.
L

Light I-V response (red line) and dark I-V response (Black line)

Figure 3-9 Typical current-voltage relationship of a solar cell

3.3.3 Series Resistance

Series resistance, RS in a solar cell is the result of contact resistance and charge transfer
resistance in the semiconductor material. Series resistance reduces the fill factor affecting

the maximum power output, while excessively high value of RS can also reduce the
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short-circuit current. The open-circuit voltage is not affected since, at Voc the total
current flow through cell itself and hence through the series resistance is zero. An
approximation of the series resistance can be determined from the slope of the I-V curve

at the open-circuit voltage point.
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Figure 3-10 Current-voltage response of a solar cell with series and shunt resistance

3.3.4 Shunt Resistance

Low shunt resistance provides an alternate current path for the photo-generated current
causing significant power loss. The effect of low shunt resistance is reduced fill factor
and lower open-circuit voltage affecting the maximum power output. The short-circuit
voltage is not affected unless for a very low value, since at Jsc the total current flows
through the outer path and hence through the shunt resistance is low. An approximation

of the shunt resistance can be calculated from the slope of the IV curve at the short circuit

current point.
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3.3.5 Fill Factor

The fill factor (FF) is a measure of the maximum power output from a solar cell. It
represents the squareness of the I-V curve and is defined as the ratio of the maximum

power to the product of V¢ and Isc for the solar cell:

FF = VmIm/ Voclsc 1.3

Where, Vm and Im are the voltage and current at maximum power point. Fill factor,
being a ratio of the same physical parameters, has no unit. Fill factor is a function of the
series and shunt resistance of the solar cell. For DSC, it reflects the extent of electrical
and electrochemical losses during cell operation. To obtain higher fill factor improvement
of the shunt resistance and decrement of the series resistance, with reduction of the

overvoltage for diffusion and charge transfer is required.
3.3.6 Efficiency

The efficiency of a solar cell is defined as the ratio of maximum electrical energy output

to the energy input from the sun. Thus the mathematical definition of Efficiency:
1N = (VocxIscx FF) / Pin 1.4
Where, Pin is the power input from the sunlight. Efficiency is generally expressed in

percentage.

Spectral iradiance (Wm.nm)
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Figure 3-11 ‘AM1.5 Global’ spectra for solar cell measurement
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Besides the solar cell performance itself, it depends on the incident light spectrum and
intensity as well as operating temperature. The internationally recognized standard
condition for the efficiency measurement of solar cells is under ‘AM1.5 Global’ 76 solar

irradiation and at a temperature of 25°C. (Fig. 1.6)

3.3.7 Quantum Efficiency

Quantum efficiency (QE) or ‘External Quantum Efficiency (EQE)’, sometimes also
referred to as Incident Photon to Charge Carrier Efficiency (IPCE) is a measure of how
efficient a solar cell is in producing photo-generated charge at a given frequency. It is
defined as the ratio of the number of incident photons to the number of charge carriers

generated and is a function of the excitation wavelength:
IPCE (A) = 1240 X Isc/AXo 1.5

Where, ISC is the short circuit current (mA/cm2), A is the wavelength (nm) and @ is the
incident radiative light flux (W/m?).

For DSC, the term is defined as:
IPCE (A) = LHE (L) X (inj) Xn (coll) 1.6

Where, LHE () is the light-harvesting efficiency for photons at wavelength A, ® (inj) is
the electron injection quantum yield for the excited sensitizer to the semiconductor oxide
conduction band and n (coll) is the fraction of injected charges that is able to reach the

back contact77.
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4 Chapter 4

4.1 TiO: Dye-Sensitized Solar Cell Using Dye

4.1.1 TiO; Dye-Sensitized Solar Cell

Dye-sensitized cells, which are less efficient, but are far less expensive to manufacture.
The dye absorbs light and transfers the excited electrons to the titanium dioxide. The
titanium dioxide semiconductor material separates the charge. The redox couple
completes the circuit. In this thesis research, we have usedRed Amaranth (Scientific
name: Amaranthasgangetica) juice to construct a dye-sensitized solar cell and measure

the electricity the cell produces.

Highly  porous nanoparticle films  were  investigated as  alternative working
electrode morphology for the synthesis of dye sensitized solar cells (DSSCs). These films
were rapidly assembled by flame synthesis and direct aerosol deposition of
Ti02 nanoparticles with high specific surface area. Structural-functional analysis of their
properties revealed that the film porosity is a key parameter greatly determining the
resulting energy conversion efficiency (n). In fact, aerosol deposition at low substrate
temperatures (~100 °C) led to very high porosity (¢ = 98%) and weak film cohesion.
These films were easily resuspended upon immersion in the dye and/or electrolyte
solutions resulting in very poor performances (= 0.08%). In contrast, allowing for
partial nanoparticle sintering by deposition at moderate temperatures (~400 °C)
decreased the film porosity from 98 to 95% leading to higher mechanical stability and
partially preserving the large surface required for dye adsorption. As a result, these films
had drastically higher current density (12.2 mA cm—2) and overall performances (n = 5%)
representing an 8 times improvement with respect to the best reported for similar highly
porous morphologies. Remarkably, their conversion efficiency decreased only slightly
with increasing film thickness reaching 4.6% at 128 pum. This unique attribute suggests
that high film porosity may inhibit recombination losses enabling utilization of thick films

with enhanced light absorption properties.
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4.1.2 Advantages of DSSC over Crystalline Solar Cell

e Technology is relatively simple and inexpensive for DSSC solar cell.

o Low-light performance: DSSC works in a wide array of lighting conditions that
makes it suitable for a diverse range of shaded and diffuse light locations, without
suffering from angular dependence of sunlight or light.

e Optimised performance: DSSC materials and dyes can be tuned for optimisation
in a variety of lighting conditions making it suitable for indoor applications and
outdoor applications.

e Higher temperature performance: Efficiency of DSSC does not degrade with
increased temperature, meaning you can continue to efficiently harvest energy in
direct sunlight.

e Low energy manufacturing process: DSSC is manufactured using a low-energy
consumption, high-efficiency, roll-to-roll manufacturing technique.

e Ecologically friendly solar: DSSC uses inexpensive and eco-friendly nano-
materials without concern about shortage of resources.

e Variety of substrates: DSSC is produced on a thin film, flexible, robust, plastic
substrate. DSSC can also be applied to metal and glass substrates.

e Versatile product integration: DSSC indoor modules are highly flexible, durable
and lightweight. As a result they are very versatile and can be incorporated into a

wide variety of products.

4.1.3 TiO2 Thin Film Photo Electrode

Titanium dioxide (TiO,) is a stable, nontoxic oxide, is environmentally friendly, and has a
high refractive index. TiO, represents one of the most important compounds of
titanium and oxygen, and is an extremely versatile material, suitable for a variety
of technological applications [1-3]. TiO, exists in three distinct crystalline polymorphs:
rutile, anatase, and brookite, shown in Figure 4.1. Mainly, however, TiO, exists in the
anatase and rutile phases. These two structures can be described in terms of chains of

TiOgoctahedra, where each Ti*" ion is surrounded by an octahedron of six O’ ions. The
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anatase and rutile crystal structures differ in the distortion of each octahedron and by the
assembly pattern of the octahedra chains(Figuresl.1(a) and (b))[7].In rutile, each
octahedron shares corners with eight neighbors and shares edges with two other
neighbors, forming a linear chain. In anatase, each octahedron shares corners with four
neighbors and shares edges with four other neighbors, forming a zigzag chain with a
screw axis. Thus, anatase is less dense than rutile. In addition, anatase has a large metal—
metal distance of 5.35 A. As a consequence, the Ti dxyorbitals at the bottom of the
conduction band are quite isolated, while the tygorbitals at the bottom of the conduction
band in rutile provide the metal-metal interaction with a smaller distance of 2.96 A
[7].Rutile is the most common natural form of titania [8] and is the most
thermodynamically stable form. TiO,has a wide band gap (3.2 eV for anatase and 3.0 eV
for rutile) and an optical penetration depth of dp= 250 nm at A = 308 nm of incident light
[9](dpis defined as the depth at which the intensity of the incident light decays to 1/e of
the original value). Anatase TiO,has several advantages over the rutile phase in terms of
the charge dynamics. First, it has better charge carrier mobility and a longer charge carrier
lifetime[10].Second, it exhibits a thicker depletion layer and stronger
band bending [11-12]. As a result, surface hole trapping dominates the spatial
chargeseparation in anatase, owing to the strong upward band bending (with a longer
minority (hole) diffusion length, 70 nm in anatase [13] vs. 10 nm in rutile [14]). In rutile,
bulk recombination of electrons and holes prevails since only the holes very close
to the surface can migrate to the surface [10, 15]. Anatase TiO; exhibits a
charge recombination rate around ten times lowers than that of rutile [16]. Third, anatase
has a key role in the injection and transport of electrons in photovoltaic devices, owing to

the moderate band gap [17].
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(a) Rutile (b) Anatase (c) Brookite
: Optical i
3
() Crystal system  Density [g/cm?] band-gap [eV] Refractive index
Rutile tetragonal 4.13 - 4.26 3.0 272
Anatase tetragonal 3.79 -3.84 3.19 2.52
Brookite  orthorhombic 3.99-4.11 3.11 2.63

Figure 4-1 Crystal structures of TiO6 polyhedra for the (a) rutile, (b) anatase, and (c¢) brookite phases of TiO,Ti is
depicted in white, O in red. Lattice parameters: a=b = 4.5937 A, ¢ =2.9581 A for rutile; a=b =3.7842 A, ¢ = 9.5146
A for anatase; and a=9.16 A, b=35.43 A, and ¢ = 5.13 A for brookite [14]. (d) The physical properties of each crystal

structure [4, 15]

Titanium dioxide (TiO,) can be used in the creation of photoelectrodes for the production
of Dye Sensitized, Perovskite and other solid state solar cells. TiOis a wide band gap
inorganic semiconductor substance that is thermally stable, non-flammable, insoluble, and
not classified as hazardous by Globally Harmonized System of Classification and
Labeling of Chemicals (GHS). Nanostructured titanium oxides are used in lithium ion
batteries, electrochromic devices, solid oxide fuel cells and photovoltaics. In 2013 the
annual production of TiO,was more than 5 million tonnes, with an addressable market of
over $10 billion.1 Commodity grade TiO, nanoparticles are very cheap as they are made
from inexpensive minerals using chloride or sulfate process. They are often contaminated
with many metallic impurities, which are known traps for electronic applications. They
also exist in aggregate forms with 20 to 30% rutile impurities that are hard to disperse for
transparent coating applications. Although high anatase content can be achieved using
sulfate process, it is hard to remove sulfate groups during sintering of sulfate process
derived TiO,. The sulfate groups move to surface of the nanoparticles during sintering

and interfere with dyeing process resulting in low performing DSSC.
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Fujishima and Honda[ 18] first discovered the phenomenon of photocatalytic splitting of
water over a TiO,electrode under ultraviolet light in 1972. The effective utilization of
clean, safe and abundant solar energy through the TiO,photocatalysis provides promising
solutions to the energy crisis and serious environmental challenges. TiO;has been widely
used commercially inpigments, [19] sunscreens, [20], [21] paints, [22]toothpaste,[23 ]etc.
Mesoporous materials [24],[25] have a wide range of applications, including their
important role in photoelectrochemical cells, photocatalystsandsensors, water splitting for
the creation of hydrogen, gas sensing, coated fabrics and textiles, catalyst systems,
ceramics, floor coverings, roofing materials, corrosion protective coating, optical coating,
biocompatible coatings in orthopedic implants, varistors, and incosmetics a paper

industry.

Dye sensitized solar cells (DSSCs) as alternatives to traditional silicon-based solar cell
devices have attracted widespread attention due to their clean and pollution free nature,
easy fabrication and powerful harvesting efficiency.[26] One of the key elements in
DSSC is the mesoporous TiOyphotoanode, which transfers the charge carriers from the
sensitizer (dye) to the fluorine-doped tin oxide (FTO) electrode and concurrently allows
the electrolytes (redox couples) to diffuse to the anchored dyes. Typically, nanoparticles
are used for the fabrication of the mesoporous TiO,layers on the FTO to obtain high
surface areas and generate nanopored structures.[27],[28] In general, upon decreasing the
size of TiO;nanoparticles, the surface area of the fabricated nanoporousTiO2 film is
increased, and thus more dye molecules can be adsorbed. However, the average pore size
is decreased simultaneously, and more defect sites and grain boundaries can be generated
in the fabricated TiO.film. These defects will affect efficiency of DSSC. Kim et
al29reported that nanoporous spherical structures will provide both high adsorption of
dye molecules and efficient electrolyte diffusion. In addition, the spherical TiO,
structures offer a considerable scattering effect in the long-wavelength region. Generally,
TiO, contains three different phases (anatase,rutile and brookite). Among them anatase
and rutile phasesare having severalapplications. The optical band gap of
TiO;nanostructures with anatase phase is 3.2 eV, whereas for the rutile it is 3.0 eV.30The
anatase conduction band is 0.2 eV more negative than that of rutile if the same redox
material is employed. This will cause more open-circuit voltage in DSSC than rutile

phase.
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Figure 4-2 TiO, DSSC Photo Electrode

4.1.4 Natural Pigments Used in DSSCs

Based on the results with Ru-complexes also a variety of metal-organic dyes such as Zn
porphyrin derivatives have been tested [34]. Prerequisites for photosensitizers to function
in DSSCs are the absorption in the visible or near-infrared regions of the solar spectrum
and the binding to the semiconductor TiO,[35]. The functional group necessary to interact
with the TiO; surface is a carboxylic or other peripheral acidic anchoring group
[6] and [35]. The TiO, binding moiety of large m-aromatic molecules is very often a
carboxylic group [37]. There are several possible chemical functional groups that are able
to bind the dye to the TiO,. The best anchoring groups for metal oxides are phosphonic
acids followed by carboxylic acids and their derivatives, such as acid chlorides, amides,
esters or carboxylate salts [36]. The carboxylic group is the most frequently used
anchoring group. In order to form bonds, the dye’s binding groups react with surface
hydroxyl groups of the metal oxide. In the case of phosphonic acids or carboxylic acids, a
reversible binding with high equilibrium binding constants is established between the
photosensitizer and TiO,. In basic conditions (usually pH > 9) the dyes are easily
desorbed again. There are several binding modes between the TiO2 and a dye molecule
with at least one carboxylic group (COOH)[36],[38] and [39]. Which mode of
chemisorption between TiO,and COOH is prevalent depends on the dye’s structure, its

anchoring groups, the pH, and the metal oxide’s preparation [36]. The interaction of
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Ti02 with cyanin, an anthocyanidine, is via the hydroxyl-ketone tautomer of cyanin [35].
The main issues which have to be taken into account are an appropriate anchoring of the
molecules while allowing a fast and energetically optimized charge transfer. The =
electrons of the carboxylic group should be in resonance with the m electrons of the
polyene backbone in order to be able to shift the electrons through the anchoring group
into the conduction band of the semiconductor. The color of dyes also depends on such
delocalized 7 electrons.Over 80 metal-free organic dyes that can be prepared by cheaper
methods have been described [31]. The highestn was 9.5% with a novel indoline
dye [40]. A special method for the modification of the TiO, layer with the metal-free
organic dye D102 has recently been reported to result in a significant increase of n [41].
Natural dyes as photosensitizers for DSSCs are very attractive because they are of low
cost, abundant in supply, and sustainable. An early proof that carotenoids can function as
photosensitizers in DSSCs was with 8'-apo-B-caroten-8'-oic acid bound to TiO,. A
photocurrent stable for 1 h under continuous radiation was measured and an ordered
monolayer structure of the TiO,-bound carotenoid has been suggested [42]. Since then,
carotenoids have already been successfully used in DSSCs [43], [44] and [45]. The
highest n with single carotenoids was 2.6% [46]. The optimal length of carotenoids
consists of seven conjugated m bounds [47]. By using carotenoids in combination with
chlorophyll derivatives n can be increased to up to 4.2% [48]. This increase is probably
due to similarities to photosynthesis. Several extracts have been discovered as efficient
photosensitizers. The effect of a black rice extract has been attributed to an anthocyanin
with an o-hydroxychinon moiety [49]. A different study showed that amongst 20 plant
extracts a mangosteen pericarp extract showed the highest efficiency n of 1.17%. The
active component has been described as rutin [50]. An overall comparison identified an
extract of Rhoeospathacea with an efficiency n of 1.49% as attractive source amongst
others [51]. The glycosides of anthocyanidins, the anthocyanins, seem to be more
efficient than the anthocyanidins. An explanation could be the better solubility in H,O.
Nevertheless, the interaction of cyanidin with TiO, particles for the use in DSSCs was
suggested already in 2007 [52]. The natural dyes used so far in DSSCs are summarized
in Table 4.1. Data are often obtained under different conditions and device setups by
different authors and therefore, they are in some cases difficult to compare directly. The

photosensitizers belong to different chemical classes, which contain mainly carotenoids,
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betalains, flavonoids, or chlorophylls. A high n of 2.06% was obtained with an extract of

Sicilian prickly pear [43]. Promising natural carotenoids are crocetin or bixin.
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Plant source
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4.1.5 Dye-Sensitized Solar Cells
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Table 1 Natural dyes used in DSSCs
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The radiation of the sun can be well approximated by a black body at a temperature of

5800K emitting according to Planck's distribution [78].The power density of the Sun

outside the Earth's atmosphere is given by the solar constant 1353 + 21 Wm 2, dropping

to approximately 1000 Wm “on average at the Earth’s surface, attenuated by absorption
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in the atmosphere. The tabulated solar irradiance outside the Earth’s atmosphere (AM 0),
the black body spectrum, and the standard solar reference spectrum (AM 1.5G) are
compared in Figure 4.2. The total incident irradiance is given by the integral of the curves

and is:
Iamo = 1366.1 Wm2and IAM1.5G = 1000.4 Wm™ 4.1

For the extraterrestrial spectrum and for the reference AM 1.5G spectrum, respectively.

Absorption increases with the path length of light through the atmosphere. Fora thickness
100f the atmosphere, the path length 1 through the atmosphere forradiation from the Sun
incident at an angle relative to the normal to the Earth's surfaceis 1= 10/cos a. The
ratiol/l0is called the air-mass (AM) coefficient. The standardreference spectrum in
photovoltaics is designated as AM 1.5G, which corresponds to the total global
(hemispherical) irradiance under specified atmospheric conditions at anangle of incidence

of 48°.
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Figure 4-3 (a) Spectra of a black body absorber at T = 5800 K, the extraterrestrial AM 0 radiation, and the AM 1.5G
standard solar reference radiation. Solar spectra taken from the Renewable Resource Data Center®(b) Schematic of air
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4.3 Device Structure
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Figure 4-4(a) Molecular structure and (b) light absorbance spectrum of the sensitizer N719. [80, 82]

A schematic of a DSSC design is shown in Figure 4.3. Commonly, a colloidal TiO,paste
is deposited on a glass substrate coated with a thin transparent conducting oxide (TCO)
(typically fluorine-doped tin oxide). The nanocrystalline TiO,particles have typical sizes
of 5-30 nm. The films are around 5-15 um thick with a porosity of 60%[79]. The internal
surface area of such a film is over a thousand times larger than thecompact TiO, layer.
The sensitizing dye attached as a monolayer to this huge surface area can absorb virtually
all incident light in the wavelength range of peak dye absorption. The employed dye
molecule is typically a ruthenium (Ru) metal-organic complex, while the most
widespread dye molecule in DSSCs is the so-called N719 (Figure 4.4)[80].The spectral
absorption of the dye has a wavelength of light lying between 300 nm and 800 nm. The
pores of the TiOfilm are permeated by a redox mediator, commonly the iodide/tri-iodide
redox couple in an organic solvent [80]. The electrode with the mesoporous film (the
photoanode) is sandwiched together with a second conducting glass substrate and a
suitable sealant (e.g., hot-melt gasket). The second electrode is coated with catalytically

active platinum particles for efficient reduction of oxidized redox species[81, 82-83 ].
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Figure 4-5Device structure of the nanostructured electrochemical DSSC

4.4 Operating Principle

The cell consists of a dye-coated semiconductor electrode and a counterelectrode
arranged in a sandwich configuration, and the inter-electrode space is filledwith an
electrolyte containing a redox mediator (A/A—) [81,84, 83-85].In this study, we use a
polypyridine complex of Ru as the dye sensitizer, TiO,as the semiconductor, and
iodide/tri-iodide (Io/15) as the redox mediator. The key reactions taking place in the dye-
sensitized photoelectrochemical solar cell are shown in Figure 4.5.Light is absorbed by
dye attached to the TiO, surface and photoexcitation of the dye forms an electronically
excited state. The electron from the excited dye is injected into the conduction band of the

semiconductor:
S + hv — S* (Photoexcitation) 4.2

S* — S+ ey~ (Charge injection) 4.3

The oxidized dye is subsequently reduced back to the ground state (S) by the

electrondonor (A—/I-) from a redox mediator in the electrolyte:
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St A-—>S+A 4.4

S+2I - S+1, and 2I, — I; + I (Dye regeneration) 4.5

The electron in the conduction band moves through the semiconductor to a
currentcollector and an external circuit. The electrons arrive at the counter electrode

where they effect the reverse reaction of the redox mediator:
Ate > A 4.6

I; +2e — 31 (Electrolyte regeneration) 4.7

The net effect of this visible light irradiation is the regeneration of the dye, the redox
mediator, and the driving of electrons through the external circuit. The process thus leads
to direct conversion of sunlight into electricity. If only the above-cited reactions take
place, then the solar cell will be stable, delivering photocurrents indefinitely. The
maximum obtainable photovoltage will be the difference between the Fermi level
(conduction band) of the semiconductor under illumination and the redox potential of the

mediating redox couple.
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Figure 4-6 A schematic of working principles of a DSSC. [81]
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Efficient photovoltaic conversion in DSSCs occurs because of a carefully balanced
interplay of different kinetic processes. The kinetics of the different electron-transfer

processes are summarized in Figure 4.6.

In the dark, the Fermi level of electrons inthe TiOsis equilibrated with the redox energy
level of the electrolyte (EFo= E cq0x). When a photon is absorbed by the sensitizer (S), the
excited molecule (S*) injects an electron into the conduction band (EC) of the
semiconductor on a femto-to picosecond timescale (Equation (4.2); Photoexcitation)

before the dye can relax back to its ground state:
S* — S (Dye regeneration) 4.8

The oxidized dye (S") is regenerated by iodide in the electrolyte within a
fewmicroseconds (Equation (4.3); Charge injection), which generally occurs more rapidly

than reduction by photoinjected electrons in the TiO,(Equation (4.9); Recombination via
dye).

S™+ecb — S (Recombination via dye) 4.9

The tri-iodide formed upon dye regeneration is reduced at the platinized counter electrode
(Equation (4.7); Electrolyte regeneration). The additional charge in the TiO,under
illumination defines a quasi-Fermi level EFn. Electrons in the TiOare affected by two

competing processes: recombination with tri-iodide in the electrolyte:
2ecb + I3 — 31 (Recombination via electrolyte) 4.10

and diffusion through the mesoporous TiOsto the front electrode
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Figure 4-7 Energy diagram of a DSSC showing different kinetic processes occurring in the cell and their time scales

[86]

4.5 Characterization

4.5.1 Current-Voltage Characteristics

The power conversion efficiency of a solar cell is determined from the current versus the
applied voltage (I-V) characteristics under illumination[87].The I-V curve and device
efficiency are reported with respect to a standard reference spectral irradiance
distribution, the air-mass 1.5 global (AM 1.5G) spectrum (see Section 4.5.1). The -V
characteristics of a solar cell are well described by an equivalent electric circuit (Figure
4.7)[88].Under illumination, a constant photocurrent (Iph) is generated. If a forward
voltage bias is applied, then a dark diode current (Idark) flows in the opposite direction. A

shunt resistance (Rshunt) may arise from charge recombination in the photoactive layer and
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induce a shunting current (Ig.). The series resistance (Rgeies) includes the contact
resistance at the interfaces, the bulk resistance, and the sheet resistance of the transparent

electrodes. Thus, the total measured current is:

I =1Iph - Lgark - IShunt =Ipp - IS (eeV/ka_l) - V+IRseries/Rshunt 4.11

Where, Isis the diode saturation current, Vis the applied bias voltage, m is an
idealityfactor (m = 1 for an ideal cell), k is the Boltzmann constant, and T is the device
temperature. If we neglect the shunt and series resistances (Rshunt— oo, Rseries— 0), we
find simple expressions for the short-circuit current (Isc) and the open-circuit voltage

(Voc) of the device.

Rseries
Mo
OB B3 NE

1 ph Taark Lshune

O

Figure 4-8 Equivalent circuit of a solar cell [83]

The short-circuit current (Isc) is measured when the applied voltage is zero:
1°¢ = Prfor V =0 4.12

The open-circuit voltage (Voc) is measured when the circuit is broken or no external load
is connected. In this case, there is no external current flow between the two terminals, i.e.,

I=0and V= Voc.

VO =mkT/e In (I/Isx +1) for 1= 10 4.13
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The maximum-power operating point defines the condition at which the power output,
Pmax= ImaxVmax, of the device is maximal. The so-called fill factor (FF) is often used

tocharacterize the maximum power point:

. Vmax.Imax

FF = —— 4.14

Isc.Voc

The FF value depends also on the shunt and series resistances. A high-performance solar
cell requires a minimum Rseriesbut a maximum Rshuntin order to maximize FF. The fill
factor is a value between 0 and 1 that describes the shape of the I-V curve, where a high

value indicates a more preferable rectangular shape.

The solar-to-electric power conversion efficiency (), the key parameter of the device, is
calculated from the ratio of the maximum extractable power point Pmax=VmaxImaxto

the incident solar power (Pin):

Pmax Vmax.Imax FF.Isc.Voc
n= - = - = - 4.15
Pin Pin Pin
— V) A
decreasing R

Figure 4-9 I-V curve of a typical solar cell under illumination (bold black curve) and in the dark (dashed black curve).
Also shown are the power curve (dotted red), the maximum power point (MPP, blue), and the effects of the series and

shunt resistances (Rseries and RShunt)
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The spectral response of DSSCs is determined by measuring the monochromatic incident
photon-to-current conversion efficiency (IPCE). It is customary that the IPCE be
measured under short-circuit conditions. There are two principal IPCE methods: the DC
and the AC method. In the DC method, monochromatic light is obtained by passing
white light through a monochromator or a bandpass filter, and the photocurrent is
measured. In the AC method, the monochromatic light is usually mechanically chopped,
and the AC-photocurrent response is measured using a lock-in amplifier. The
latter method has the advantage that white bias light can be added, so that the
solar cell functions under true operational conditions. It should be noted that DSSCs have
slow response times compared to solid-state photovoltaics, so a low chopping
frequency must be chosen. In the DC method, the generated photocurrent may be 2-3
orders of magnitude lower than it is in full sunlight. This method will therefore only give
useful results if the photocurrent increases linearly with light intensity, which is
usually the case for DSSCs. A very useful test is to calculate JSC in full sunlight from
the obtained IPCE spectrum:

Jsc=[TPCE (A) edph AM 1.5 G (1) dAr 4.16

Where, ¢ is the elementary charge and ¢ph, AM1.5 G is the photon flux in AM 1.5G,
100mWem .
The IPCE can be expressed as follows.

IPCE (\)=LHE(M)¢inj (A)pregNecc (1) 4.17

where LHE is the light-harvesting efficiency; ¢inj and ¢reg are the quantum
yields forelectron injection and dye regeneration, respectively; and ncc is the charge

collection efficiency (LHE) (1 — 10—A), with A being the absorbance of the film [84].

60


Anis-pc
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

5 Chapter 5

5.1 Methodology

5.1.1 Literature Review

DSC is the only solar cell that separates the two functions of light harvesting and charge-
carrier transport. All other conventional and OPV technologies perform both operations
simultaneously. This separation opens up a vast amount of options for engineering and

optimizing the different parts and functions of the cell individually.

Over the last 2 decades the amount of research in the field of DSC has increased
exponentially. In this study, only literatures that are directly relevant to this project are
included.

During last few years, many researchers have been studied the fabrication process and
characterization of dye sensitized solar cell. They are trying to enhance the cell
performance using various types of dyes, catalysts on counter electrodes, metal oxides as
semiconductor etc. They also investigate the effect of electrolytes which accelerate the

redox reaction inside the cell. In this section a survey of previous work on DSSC is given.

The use of dye-sensitization in photovoltaics was considered a breakthrough at the early
1990's in the Laboratory of Photonics and Interfaces in the EPFL Switzerland. By the
successful combination of nanostructured electrodes and efficient charge injection dyes
professor Grétzel and his co-workers developed a solar cell with energy conversion
efficiency exceeding 7% in 1991 [65]. This solar cell is called the dye sensitized
nanostructured solar cell or the Gritzel cell after its inventor since then an increasing

interest has been shown in the fabrication and development of DSSCS.

In 2004, dye-sensitized solar cells (DSSC) were assembled by using natural dyes
extracted from black rice, capsicum, erythrina, variegata flower, rosaxanthina, and kelp as
sensitizers [66]. The ISC ranging from 1.142 mA to 0.225 mA, the VOC ranging from
0.551 V to 0.412 V, the fill factor ranging from 0.52 to 0.63, and Pmax ranging from 58
uW to 327 pW were obtained from the DSSC sensitized with natural dye extracts.
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In 2007, some experimental data for analyzing the various dye’s absorption spectra,
which can be applied in the DSSC have been presents [67]. The analysis of dyes focused
on the natural dyes which are extracted by the plants and compared with the chemical.
The results showed that the natural dyes have the wider absorption spectra than the
chemical synthesis due to the more various constituents in the natural dyes. In 2009, the
performances of natural dye-sensitized solar cells assembled by using natural dyes
extracted from spinach, amaranth and a mixture of them were investigated. In the sun, the
Voc of cells sensitized by spinach extract was 450 mA, while those sensitezed by the
mixture showed a Voc above 500 mV [68]. In 2010, twenty natural dyes, extracted from
natural materials such as flowers, leaves, fruits, traditional Chinese medicines, and
beverages, were used as sensitizers to fabricate DSSCs. The photoelectrochemical
performance of the DSCs based on these dyes showed that the open circuit voltages (Voc)
varied from 0.337 to 0.689 V, and the short circuit photocurrent densities (Jsc) ranged
from 0.14 to 2.69mAcm—2[69].

5.1.2 Review of Some Previous Work Based On Tio;Photoelectrode

Hoda Hafez et al. [70] achieved high light-to-energy conversion efficiency by applying
novel TiO;nanorod/nanoparticle (NR/NP) bilayer electrode in the N719 dye-sensitized
solar cells. The short-circuit current density (Jsc), the open-circuit voltage (Voc), the fill
factor (FF), and the overall efficiency (n) were 14.45 mA/cm2, 0.756 V, 0.65, and 7.1%,
respectively. The single-crystalline TiO, NRs with length 200-500 nm and diameter 30-
50 nm were prepared by simple hydrothermal methods. The dye-sensitized solar cells
with pure TiO, NRs and pure TiO, NP electrodes showed only a lower light-to electricity
conversion efficiency of 4.4% and 5.8%, respectively, compared with single-crystalline
TiO, NRs. This can be attributed to the new NR/NP bilayer design that can posses the
advantages of both building blocks, ie the high surface area of NP aggregated and rapid

electron electron transport rate and the light scattering effect of single-crystalline NRs.

C.B. Song et al. [71] worked on DSSC using TiO, nanotube / nanoparticle (NT/NP)
photoanodes and Cu,SnSe; (CTSe) counter electrodes. They investigated the effect of the
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thickness of the CTSe films on the DSSC performance. It was found that DSSC
efficiencies firstly increased and then decreased with increasing the film thickness. The
optimized DSSC efficiency of 3.14% was achieved at a suitable film thickness (2.9 pm).
This work presents a new approach for developing low-cost alternative for expensive Pt

in Ti1O,-nanotube-based DSSCs.

Seulgi So et al. [72] introduced a path to the controlled construction of DSSCs based on
hierarchically structured single walled, self-organized TiO, layers. In a first step they
described a simple approach to selectively remove the inner detrimental shell of anodic
Ti0O, nanotubes (NTs). This then allows controlled well-defined layer-by-layer decoration
of these TiO,-NT walls with TiO, nanoparticles (in contrast to conventional TiO,
nanotubes). They showed that such defined multiple layered decorations can be optimized
to build dye sensitized solar cells that (under back-side illumination conditions) can yield
solar light conversion efficiencies to the extent of 8%. The beneficial effects observed can
be ascribed to a combination of three factors: (1) improved electronic properties of the
“single walled” tubes themselves, (2) a further improvement of the electronic properties
by the defined TiCls treatment, and (3) a higher specific dye loading that becomes
possible for the layer-by-layer decorated single walled tubes.

Jiajie Fan et al. [73] studied on dye-sensitized solar cells (DSSCs) based on
TiO;nanosheets (TiO,-NSs)/graphemenanocomposite films, and the effects of graphene
on the microstructures and photoelectric conversion performance of the as-fabricated
DSSC were investigated. The graphene loading clearly influences the textural properties
(including specific surface areas, porosity and pore volume) and the optical absorption
properties. Moreover, the charge transfer and transport versusthe charge trapping and
recombination is also affected by the graphene loading. As a consequence, the
photoelectric conversion efficiency of the TiO,-NSs/graphenenanocomposite film
electrodes can be improved to a great extent upon graphene loading, dependent on the
loading amount of graphene. A moderate amount of graphene (<0.75 wt %) obviously
enhanced the DSSC efficiency. Graphene not only reduced the electrolyte—electrode
interfacial resistance and the charge recombination rate, but also enhanced the transport
of electrons from the films to the fluorine doped tin oxide (FTO) substrates. Furthermore,
the incorporated graphene improved the light harvesting and thus increased the number of

photoinduced electrons. Also, the modified porous structures of the composite
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photoanode facilitated diffusion of the electrolyte in the cell, which in turn helped to
regenerate the dye, which is important for the photovoltaic response of the solar cells.
However, excessive graphene loading (>0.75 wt %) largely lowered the DSSC
performance. Higher graphene loading not only impaired the crystallinity of the TiO,-
NSs, but also shielded the light adsorption of the dyes and reduced the number of

photogenerated electrons.

JiaopingCai et al. [74] reported a new titanium dioxide (TiO,) slurry formula for the
fabrication of TiO,photoanode for use in dye-sensitized solar cells(DSSCs). The prepared
TiO,photoanode featured a highly uniform mesoporous structure with well-dispersed
TiOsnanoparticles. The energy conversion efficiency of the resulting TiO, slurry-based
DSSC was ~63% higher than that achieved by a DSSC prepared using commercial
TiOgslurry. Subsequently, the incorporation of acid-treated multi-walled carbon
nanotubes(CNTs) into the TiO,slurry was examined. More specifically, the effect of
varying the concentration of the CNTs in this slurry on the performance of the resulting
DSSCs was studied. The chemical state of the CNTs-incorporated TiO,photoanode was
investigated by Fourier transform infrared spectroscopy and X-ray photoelectron
spectroscopy. A high energy conversion efficiency of 6.23% was obtained at an optimum
CNT concentration of ~0.06 wt%. The obtained efficiency corresponds to a 63%
enhancement when compared with that obtained from a DSSC based on commercial
TiOsslurry. The higher efficiency was attributed to the improvement in the collection and

transport of excited electrons in the presence of the CNTs.

5.2 TiO2 DSSC Preparation Process

A typical Dye Sensitized solar cell manufacturing process includes:

Step 1: Identify the conducting side of a tin oxide-coated piece of glass by using a
multimeter to measure resistance. The conducting side will have a resistance of 20-30

ohms.

64


Anis-pc
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Step 2: With the conducting side up, tape the glass on three sides to the center of a spill
tray using one thickness of tape. Wipe off any fingerprints or oils using a tissue wet with
ethanol.

Opposite sides of tape will serve as a spacer (see below) so the tape should be flat and not
wrinkled. The third side of tape gives an uncoated portion where an aligator clip will be

connected

Step 3: Add a small amount of titanium dioxide paste and quickly spread by pushing
down and across with a microscope slide before the paste dries. The tape serves as a 40-
50 micrometer spacer to control the thickness of the titanium dioxide layer if you push

down.

Step 4: Carefully remove the tape without scratching the TiO, coating. Leave the

removed tape in a spill tray for disposal.

Step 5: Heat the glass on a hotplate in a hood for 10-20 minutes. The surface turns brown
as the organic solvent and surfactant dries and burns off to produce a white or green
sintered titanium dioxide coating. (Note: this requires a plate that gets quite hot.) Allow
the glass to slowly cool by turning off the hotplate. The sample will look quite similar
before and after heating; you only know it is done if you have observed the darkening

stage along the way.

Step 6: Immerse the coating in a source of anthocyanins, such as raspberry juice. The
raspberry juice may be obtained from frozen raspberries. (Blackberries, pomegranate
seeds, and Bing cherries can also be used.) The white TiO, will change color as the dye is

absorbed and complexed to the Ti(IV).

Step 7: Rinse gently with water to remove any berry solids and then with ethanol to
remove water from the porous TiO,. The ethanol should have evaporated before the cell

1s assembled.

Step 8: Pass a second piece of tin oxide glass, conducting side down, through a candle
flame to coat the conducting side with carbon (soot). For best results, pass the glass piece

quickly and repeatedly through the middle part of the flame.
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Step 9: Wipe off the carbon along the perimeter of three sides of the carbon-coated glass

plate using a dry cotton swab.

Step 10: Assemble the two glass plates with coated sides together, but offset so
that uncoated glass extends beyond the sandwich. Do not rub or slide the plates. Clamp

the plates together with binder clips.

Step 11: Add a drop of a tri-iodide solution to opposite edges of the plate. Capillary
action will cause the KI3 solution to travel between the two plates. (The KI3 electrolyte
solution consists of 0.5 M KI and 0.05 M L, in anhydrous ethylene glycol.) The solution

can corrode the alligator clips in the next step so wipe off an excess.

5.3 Surface Structure

Two opposing characteristics - film porosity and effective surface area — are the
performance defining criteria for DSC. The photo-generated current increases with the
increment of surface area, while it decreases with the increase of porosity. Porosity is a
measure of the void spaces in a material, and is defined as the fraction of the volume of
empty spaces over the total volume, normally represented as a percentage between 0~100.
Photo-generated current from the solar cell increases with the increase of surface area due
to the availability of more anchoring site for the dyes. An increasing porosity causes to
generate less current due to the reduction in the mass of TiO, per square centimeter of
film as well as the effective TiO, surface per square centimeter. Less surface area leads to

a lower density of dye molecules adsorbed. Hence, less porosity is desirable.

However, the charge carriers diffuse slowly in the electrolyte in the presence of small
pores. In a 4nm diameter pore, the dye molecules absorbed on the pore walls occupy 3nm
of it (molecular diameter of dyes ~1.5nm). An aperture of only Inm is available for the
diffusion of the electrolyte, which is close to the size of the tri-iodide ion. Obviously, the
transport kinetics is also affected by other parameters, like the electrolyte solvent

viscosity and the iodine concentration.[89]
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The size, shape, and crystal structure of the TiO, nanoparticles depend on the method of
preparation of the paste.[90] The porosity is also a function of the annealing temperature
profile. The average pore size increases from 15nm to 20nm with an increasing
temperature from 400°C. However, with annealing temperatures above 500°C this trend
becomes stable with no change in the pore-size distribution.[89] An annealing
temperature study from 150°C to 450°C shows an increasing Jsc for films annealed at
higher temperature, due to higher porosity. This is attributed to the increase of diffusion

coefficient and carrier lifetime with increasing temperature.[91]

TiO, nanoparticle size is another key parameter for DSC. With increasing particle size
electron diffusion coefficient increases due to the decrease of surface area and the
structure of grain boundaries. On the other hand, electron recombination lifetime
decreases with particle size increase. Thus, a small particle size would be favorable for
DSC applications. However, charge injection efficiency is lowered with the decrease of
the particle size due to reduced diffusion length. Hence, an optimization in the particle

size is the requirement.[92]

FTO glass
TiO, blocking layer 50~100 nm thick
Light absorption layer 10~12 ym thick 15-30 nm particles
Light scattering layer 3~5 um thick 200-400 nm particles.

Ultrathin over-coating of TiO, using aqueous TiCl,

Figure 5-1 TiO; structure of DSC for optimum performance

The typical film thickness for DSC is 5-20pm with the TiO, mass of about 1-4 mg/cmz.
An optimum surface area of the sintered TiO, colloid is 75m?/g and a porosity of 50—
65%.[93] For a 10-15 um thick titania film the effective surface area is increased over a
thousand times, which is the beauty of the mesoscopic structure, allowing for a dense
monolayer of adsorbed sensitizer. The nano-particles have an average size of 15-30nm.
HRTEM measurements shows that the preferred orientation is (1 0 1) due to its lower

surface energy, followed by (1 0 0) and (0 0 1). [94]
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5.4 Semiconductor Thickness

For DSC, the thickness of the TiO, layers directly controls the photon adsorption. For
single-layer electrodes (20nm particles) a small but linear decrease in the open-circuit
voltage (Voc) is observed with increasing thickness. However, thickness response of the
short-circuit current density (Jsc) depends on the viscosity of the electrolyte. A low
viscosity electrolyte can support higher photocurrent generated from thick
nanocrystalline-TiO; layer, hence the current will exhibit a linear rise. However, for high
viscosity electrolyte a peak in the current is observed and after that, it decreases. The
thickness dependence is also a function of particle size and surface structure. For
example, optimal thickness for 20nm particles is half of that obtained for the 42nm
particles. [95]

5.5 Light Scattering Layer

One limitation of the sensitizing dyes is their poor performance in the near infra-red
spectrum of light. A way of improving this is - by introducing an additional light
scattering layer of larger titania particles. These can be mixed with or screen-printed on
top of thefilm of 15-30nm sized TiO, particles. This allows the scattered photons to be
contained in the film by means of multiple reflections, increasing their optical path length
substantially beyond the film thickness. Consequently, the solar light absorption is
enhanced, especially in the red to near-IR regions. With the use of 200-400nm sized
anatase particles as light-scattering centers, an increment of the Jsc by 3-4 mA/cm” was

observed for N719-based DSCs because of the enhanced light absorption.

Moreover, approximately 4% loss occurs because of the reflection of incident light on the
glass substrate. This can be partially overcome by introducing an anti-reflecting film,

which can also act as a UV cut-off filter.[99]
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5.6 Blocking Layer

Charge recombination is one of the main reasons of lower current for DSC.
Recombination occurs at both Electrode/Electrolyte and TiO/Electrolyte interface. A
compact blocking layer of TiO, by RF sputtering[96] or spray pyrolysis[97] between the
conducting electrode and the nanocrystalline TiO, layer can effectively prevent the
recombination at electrode/electrolyte interface. Introduction of this layer prevents
electrolyte from reaching the electrode (increases Jsc) and also enhance electron transport
from nanocrystallinetitania to the electrode (increases Voc). This blocking layer is
absolutely necessary for planar organic dyes, while ruthenium based sensitizers can

perform this anode insulation themselves against recombination losses.[98]

A rather cost effective and easier way of incorporating this blocking layer is through
hydrolysis of TiCly. TiCly treatment on FTO substrate is found to suppress the dark
current, shifting its commencement by some hundred millivolts. This is due to a positive
shift in the conduction band edge of highly doped SnO; by about 0.5 V which results in a
higher electron density in the FTO substrate.[99] This blocking layer can also be made of
other metal-oxides such as ZnO or NbsO,.[100]

5.7 Doping

Doping of TiO, has been an important approach in band gap engineering to change the
optical response of semiconductor photocatalysts. The main objective of doping is to
induce a bathochromic shift, i.e., a decrease of the band gap or introduction of intra-band
gap states, which results in the absorption of more visible light. Doping may lead to
photocatalytic systems that exhibit enhanced efficiency [112]. It is desirable to maintain
the integrity of the crystal structure of the photocatalyst while changing its electronic
structure by doping. It is easier to replace Ti4+ in TiO, with a cation than to substitute O~

with another anion because of the difference in the charge states and ionic radii [113].
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Nanomaterials show a higher tolerance to structural distortion than bulk materials due to
their inherent lattice strain. As a result, the surface modification of TiO, nanoparticles

appears to be more beneficial than the modification of bulk TiO, [114].

5.8 Doping with transition metal cations

Transition metal ions can provide additional energy levels within the band gap of a
semiconductor. Electron transfer from one of these levels to the conduction band requires
lower photon energy than in the situation of an unmodified semiconductor. TiO; has been
doped with many different transition metals [72—-86]. Gritzel et al. [73] studied the effect
of doping TiO, with transition metals such as Fe, V, and Mo by electron paramagnetic
resonance. Choi et al.[74] carried out a systematic investigation of the photoreactivity of
TiO, doped with 21 different metal ions. Dopants such as Fe(IIl), Mo(V), Ru(IlI), Os(III),
Re(V) and V(V) substantially enhanced the photochemical reactivity of TiO, for the
oxidation of CHCI; and reduction of CCly.

' 4
/ Degraded

(A2) (AHN sn) 3
T

Ti0, Fe)0, Ti0, Fe)0,
Figure 5-2 Fe,O5 doping at TiO, nanoparticles process

Enhancing the rate of photoreduction by doping a semiconductor with metal ions can
produce a photocatalyst with an improved trapping-to-recombination rate ratio. However,
when metal ions or oxides are incorporated into TiO,bydoping, the impurity energy levels
formed in the band gap of TiO; can also lead to an increase in the rate of recombination
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between photogenerated electrons and holes. Photocatalytic reactions can only occur if
the trapped electron and hole are transferred to the surface of the photocatalyst. This
means that metal ions should be doped near the surface of the photocatalyst to allow
efficient charge transfer.In the case of doping at a high concentration, metal ions can
behave as recombination centers. Joshi et al. [75] reported the adverse effect of doping
TiO, with transition metal ions on photocatalytic activity because of the formation of
localized d-states in the band gap of TiO,. Localized d-states act as trapping sites that

capture electrons from the conduction band or holes from the valence band.

From a chemical point of view, TiO, doping is equivalent to the introduction of defect
sites like Ti3+ into the semiconductor lattice, where the oxidation of Ti3+ species is
kinetically fast compared with the oxidation of Ti4+. The differences in photoactivity
derive from the change in the diffusion length of the minority carriers [76]. For optimal
e—/h+ separation, the magnitude of the potential drop across the space-charge layer should
not fall below 0.2 V [77]. The dopant content directly influences the rate of e—/h+
recombination by the equation: W = (2 ggoVs /eNd), where W is the thickness of the
space-charge layer, ¢ is the static dielectric constant of the semiconductor, €o is the static
dielectric constant in a vacuum, Vs is the surface potential, Nd is the number of dopant
donor atoms, and e is the electron charge [78]. As the concentration of the dopant
increases, the space-charge region becomes narrower and the electronhole pairs within the
region are efficiently separated by the large electric field before recombination. However,
when the concentration of doping is high, the space-charge region is very narrow so the
penetration depth of light into TiO, greatly exceeds the width of the space-charge layer.
Therefore, the rate of recombination of photogenerated electron-hole pairs in the
semiconductor increases because there is no driving force to separate them.
Consequently, there is an optimum concentration of dopant ions where the thickness of
the space-charge layer is similar to the depth of light penetration. Xin et al. [79] reported
enhanced photocatalytic activity of TiO, containing a low doping concentration of Fe3+
(Fe/Ti < 0.03 mol) and reduced photocatalytic activity at higher concentrations. Li et al.
[80] prepared zero-valent Fe-doped TiO,nanorods by an in situ reduction route using
templareTiO;nanorods that were pre-synth- esized using a traditional alkaline
hydrothermal method. The photocatalytic degradation of acetic acid and formaldehyde by

the doped nanorods was investigated under irradiation with UV light.
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The photoactivity of the Fe-doped TiO;nanorods was much higher than that of Degussa
P-25. Periyasami et al. [81] synthesized pure and Fe-doped nanocrystalline TiO, by
combining a sol-gel technique with hydrothermal treatment. Doping with Fe caused a
significant shift in absorption towards the visible region compared with that of Degussa
P-25 and pure TiO,. The photocatalytic activity of TiO, doped with Fe exceeded those of
undoped commercial and synthesized pure TiO; for the oxidative degradation of 2.,4,6-

trichlorophenol.

5.9 Experimental DSSC Preparation

5.9.1 Materials

Materials used in this experiment were Flourine Tin Oxide (FTO) coated glass plate
(Dyesol, Australia), TiO, (Degussa P25, USA) , Fe203, Titanium IV Isopropxide (TTIP)
(Merck, Germany),Polyoxethylene (10) octylphenyl ether ( Triton X-100 ) (Merck,
Germany), Acetlacetone (BDH, UK), Acetone (BDH, UK), Ethanol (BDH, UK),
Deionized water, Dye extracted from red amaranth (Amaranthusgangeticus, local
Bangladeshi name lalshak) in our lab, Carbon from flame tip, Potassium lodide and

Todine.

5.9.2 Preparation of Fe203 Doped TiO: Paste

TiO, , Degussa P25 powder doped with five ratios of Fe,O; like 1.96g of Degussa P25
with 0.04g of Fe,03, 1.92g of Degussa P25 with 0.08g of Fe,Os3, 1.88g of Degussa P25
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with 0.12g of Fe,03, 1.84g of Degussa P25 with 0.16g of Fe;03,1.80g of Degussa P25
with 0.20g of Fe,O3. Which means Fe,O3 is doped at 2%, 4%, 6%, 8% and 10% ratio of
total mixture with Degussa P25. We named three mixtures as No.1, No. 2, No. 3, No 4,

and No. 6. respectively.

The three mixtureswere deposited in three beakers mixed with 0.1 M, 0.2 mL of
acetylacetone, 0.2 mL polyethylene glycol, During vigorous stirringl0 ml mixture of
water and ethanol (1: 1 vol% ) was added and 0.8 mL nonionic surfactant triton X-100.
The mixture was well mixed with the help of a glass rod and then kept in an ultrasonic
bath for half an hour for the production of suspension with a consistency of a thick paint
produced. The mixture then placed on the magnetic stirrer for 40-60 minutes. The
prepared paste was coated on FTO glass with surface resistance of 10-30 ohms by using

doctor blade technique.

Before this process, first the sample FTO slides are cleaned by brush with de-ionized
water and washed by methanol as mechanical scrubbing.Then slides were cleaned in

firstly in a methanol solution for 10 minutes and then in acetone for 10 minutes.

Elements Role Amount

No.1#1.96g,
No.2#1.92g,
Degussa P25,Titanium Di Oxide ( TiO; ) Starting Material | No.3#1.88g
No.4#1.84¢g
No.5#1.80g

No.1#0.04¢g
No.2#0.08g
Ferric Oxide (Fe,O3) Doping Material | No.3#0.12¢g
No.4#0.16g
No.5#0.20g

Ethanol (CH3CH,OH ) Solvent 5 ml

Acetylacetone Stabilizer 0.2 ml
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Deionized Water (H,0) Solvent 5ml

Triton X-100 Stabilizer 0.8ml

Table 2 Elements of Fe,O; doped TiO, solution

Figure 5-3 Exact Weight Measurement of solid Materials

5.9.3 Magnetic Stirring of the Solution

Taking all elements in a 100ml beaker according to the measured amount themagnetic
stirring was done with 78-1 MAGNETIC STIRRER HOTPLATE for 2hr at 250C and

then the solution was allowed to aged for 2 hr in room temperature.
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Figure 5-4Magnetic Stirring of the solution atMAGNETIC STIRRER HOTPLATE

5.9.4 Controlling the Thickness

The thickness of the coating was controlled using the simplest and most widely used
doctor-blade method. With this technique, the thickness of the paste layer is determined
by the thickness of a spacer placed on both sides. Using the Scotch tape which has a
thickness of 20 um, 2 Layer = 40 um, 3 Layer = 60 pm, 4 Layer = 80 um and 5 Layer =
100 um, with the conductive side facing up, apply two parallel strips of tape on the edges

of the glass plate.

Figure 5-5 Coating of the FTO glass slide by Doctor Blade Technique

75


Anis-pc
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

The area of the middle of the glass is uncovered and where the TiO, paste will be

deposited.

After depositing the paste remove the scotch tape. Two bare edges masked by the tape

will give then room for future sealing and electrical contacts.

After each coating procedure the deposited electrodes are put into an dryer for raising the

Temperature to complete the ageing process.

Figure 5-6 Drying and Ageing at 60°C in drying oven hot air dryer DHG-9130/130L stainless steel lab machine

5.9.5 Annealing Electrode for Densification

The electrodes were annealed at temperature ranging from 0 °C — 450 °C (0 °C,50 °C,
100°C, 150 °C, 200 °C, 250 °C, 300 °C, 350 °C, 400 °C, 450 °C ) for half an hour with the
help of a furnace. After the annealing was completed, the TiO, coated conductive glass

was allowed to cool slowly at room temperature and then the TiO, coated glass plate was

prepared for dye soaking.
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Figure 5-7 Air annealing of samples with machine DTLCSP C-1000

After annealing the Fe,O3; doped TiO, DSSC films, furnace is then left to cool down to
ambient temperature again. Then it is kept for 24 hours for making it stable and thus the
electrode preparation process has accomplished and samples are ready for experimental

testing.

Figure 5-8 Prepared Electrode samples for testing
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5.9.6 Extraction of Natural Dye and Staining The Electrode

Red amaranth leaves were collected from local market and then washed and kept them
some times for dried. 100 g of leaves were weighted and crushed in a mortar and pastel
adding 50 mL of solvent. The extracted dye was filtered three times with a cotton cloth
and stored in a dark bottle covered with aluminium foil paper. The TiO2 coated glass
plate was soaked in dye and was kept at a dark place. The glass plate was washed by

distilled water and then ethanol and dried in air for 30 minutes.

Figure 5-9 Red Amaranth (In Bengali ‘lalshak’)

Figure 5-10Dye Paste Prepared from Red Amaranth
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(b)
Figure 5-11 Prepared dye is (a) spilling on the photo electrode surface and (b)
Photoelectrode is in dye

5.9.7Preparing counter electrode and Electrolyte

The counter electrode was prepared by exposing the conductive side of an [TO coated
glass to candle light for 2-3 minutes which leaves a dark shade of carbon on the glass.

To prepare electrolyte 8.3 g of 0.5 M potassium iodide and 1.27 g of 0.05 M iodine was

mixed in ethylene glycol until it is 100 mL. The solution was stored in a black bottle and
was used when necessary.
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Figure 5-12 Prepared Counter Electrode made by tip of Flame

Figure 5-13Electrolyte is pouring in the prepared DSSC

5.9.8 Assemblingthe Cell

Electrode and counter electrode were combined together keeping TiO2 paste coated
surface and the carbon coated surface face to face. 2/3 drops of electrolyte solution was
given in the contact of two glasses and by the capillary action the electrolyte was
uniformly distributed throughout the stained TiO2 film. Excess electrolyte from the
exposed area of the glass was wiped off by using cotton or tissue. The complete cell was
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then taken to sunlight for harvesting energy.

5. 9.9 Measuring electric properties

Electrical properties were measured by using two digital multimeter keeping the cell in
sunlight of approximately 100 mW/cm2 illumination. Current and voltage were measured
by multimeters changing with resistance with the help of a variable resistor. Based on [-V
curve, the fill factor (FF) was defined as

FF (=Imax xVmax )/(I scxVoc)
where

I'max and V'max are the photocurrent and photovoltage for maximum power point(Pmax )

I scand Vocare the short-circuit photocurrent and open-circuit photovoltage respectively.
The overall energy conversion efficiency (1) is defined as

(n=I scxVocxFF)/ Pin
where

Pin is the power of incident light.

5.9.10 Thickness Measurement

In case of solar cells, the coating thickness of the optical materials and its uniformity has
to be monitored. The layer thickness is influencing the efficiency and, in addition, the
surface color, defining the appearance. Hence, measuring the right thickness and
composition of active layers is important for determining the solar cell performance.
Being too thin can affect efficiency and durability, while being too thick can increase
cost. The wrong composition can drastically decrease efficiency and manufacturing yield.
Profilometer is used to measure the surface thickness of the film. Profilometer is a
measuring instrument used to measure a surface's profile, in order to quantify its
roughness. It is a device similar to a phonograph that measures a surface as the surface is
moved relative to the contact profilometer's stylus, this notion is changing with the
emergence of numerous non-contact profilometery techniques.
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6 Chapter 6:
Results & Discussions

6.1 Effects of Fe203 Doping on TiO2 Photo Electrode

Photo electrode (PE) of dye-sensitized solar cell (DSSC) can be prepared with different
materials and methods. Here we prepared six samples of different doping concentration
ratio and one for no doping. The photovoltaic performances of the DSSC based on
different doping concentration for photo electrode are shown in Fig. 6.1.
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Figure 11 Photovoltaic characteristic parameters of the DSSC with different doping concentration ratio for photo
electrode (A) Maximum Power (B) Short circuit current density (C) Open circuit voltage (D) Fill Factor (E) Efficiency

83


Anis-pc
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

Fig. 6.1.Photovoltaic characteristic parameters of the DSSC with different doping
concentration ratio for photo electrode (A) Maximum Power (B) Short circuit current
density (C) Open circuit voltage (D) Fill Factor (E) Efficiency .

Open circuit voltage (Voc), short circuit current density (Jsc) and maximum power, Fill
factor (FF), Efficiency(n) are obtained for each DSSC are summarized in Table 6.1.
Amongst the different doping ratio of photo electrode the DSSC with 2-4% Fe203 doped
Ti02 photoelectrodehas shown maximum open circuit voltage 0.490 V and short circuit
current density 0.69 mA/cm?2 resulting maximum power density 0.338mW/cm2. This
indicates that Fe20O3 doping concentration of 2-4% has strong efficiency enhancing
activity and stability proved.

Table 6.1.Photovoltaic parameters of the DSSC for different thickness of Fe203 doped TiOz2 film.

Sample Thickness(um) | Voo (V) | Isc P F.F. n %
Number [mA/cm2] | max

[mW]
1 (2% 20 491 .69 202 .60 20
Doping)
2 (4% 20 AT5 .65 179 58 18
Doping)
3 (6% 20 455 54 128 52 13
Doping)
4 (8% 20 .380 35 .065 .50 .06
Doping)
5(10% 20 362 28 .040 45 .04
Doping)
6 (Without | 20 470 .68 185 58 185
Doping)

6.2 Effects of Doping Concentration by varying Thickness of Fe203
doped TiO2 Film on Photo Electrode

In case of solar cells, the coating thickness of the optical materials and its uniformity has
to be monitored. The layer thickness is influencing the efficiency and, in addition, the
surface color, defining the appearance. Hence, measuring the right thickness and
composition of active layers is important for determining the solar cell performance.
Being too thin can affect efficiency and durability, while being too thick can increase
cost. The wrong composition can drastically decrease efficiency and manufacturing yield.
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Profilometer is used to measure the surface thickness of the film. Profilometer is a
measuring instrument used to measure a surface's profile, in order to quantify its
roughness. It is a device similar to a phonograph that measures a surface as the surface is
moved relative to the contact profilometer's stylus, this notion is changing with the
emergence of numerous non-contact profilometery techniques.

6.2.1 Thickness Testing

Thickness measurement was done at Institute of Electronics, Atomic Energy Research
Establishment (AERE), Savar, Dhaka. Stylus Surface Profilometer, Model: Detak-150
was used for the testing. Substrates with layer of 1,2,3,5 & 8 times were experimented to
observe the variation of thickness in the substrates regarding layer increment.

Figure 6.2: Stylus Surface Profilometer, Model: Detak-150
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Table 6.2. Photovoltaic parameters of the DSSC for different thickness of 2% Fe203

Doped TiO2 film.
Sample Thickness(um) | Voc (V) | Jsc P F.F. n %
Number [mA/cmz] max

[mW]
1 20 491 .68 201 .60 .20
2 30 490 .67 .200 .61 .20
3 40 442 45 115 .58 1
4 50 .390 .38 077 .52 .07
5 60 376 31 .058 .50 .06
6 70 352 .30 .052 .50 .05
7 80 Coating was not Stable
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(C) Open Circuit Voltage
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Fig.6. 3.Photovoltaic characteristic parameters for the DSSC with various thickness of
2% Fe203 doped TiO2film (A)Efficiency (B) Fill factor (C) Open circuit voltage (D)
Short circuit current density.
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Table 6.3.Photovoltaic parameters of the DSSC for different thickness of 4% Fe203
Doped TiO2 film.

Sample Thickness(um) | Voo (V) | Jsc P F.F. n %
Number [mA/cm2] | max

[mW]
1 20 A75 .65 179 .58 18
2 30 463 .61 161 .57 16
3 40 449 47 112 .53 A1
4 50 .370 .36 .065 49 .06
5 60 356 32 .052 46 .05
6 70 344 .29 .045 46 .04
7 80 Coating was not Stable
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(C) Open Circuit Voltage
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Fig.6.4. Photovoltaic characteristic parameters for the DSSC with various thickness of
4% Fe203 Doped TiO2 film (A)Efficiency (B) Fill factor (C) Open circuit voltage (D)

Short circuit current density.

So, The maximum photovoltaic conversion efficiency was achieved for a 2%-4% Fe203
doped TiO2 film thickness of 20-30 um.
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6.3 Discussion

It is been observed that a huge improvement in layer thickness with each deposition. For
single deposition of Fe203 doped TiO2 the layer thickness was found 10 pm, which is
quiet regardable. At 2,3,5& 8 times deposition, the layer thickness improved
significantly,highest 80 pm which is almost 8 times greater than the thickness found for 1

time deposition.

The effect of the doping on TiO2 photoelectrode on the performance of the DSSCs was
investigated. The Fe20O3 doped TiO2 film can not only improve adherence of TiO2 to
FTO and provide a larger TiO2/FTO contact area, but also effectively increase the
electron recombination by minimising the direct contact between the redox electrolyte

and the conductive FTO surface.

Nanostructured semiconductor films are the framework of DSSC photoanodes. The
photoanode serves dual functions as the support for sensitizer loading and transporter of
photo-excited electrons from sensitizer to external circuit. Therefore, a large surface area
is necessary to ensure high dye loading.Moreover, a fast charge transport rate is required
to ensure high electron collection efficiency. These two properties are the defining

characteristics of an ideal photoanode.

In a DSSC, a 10 mm thick film composed of a three-dimensional (3D) network of
randomly

dispersed spherical TiO2 nanoparticles is typically employed as a photoanode. Although
the large surface area (50 m2/g) of nanoparticles enables a high dye loading capacity, the
disordered

network with numerous grain boundaries weakens electron mobility and results in slow
transport and recombination of photoexcited electrons. This greatly restricts the overall

efficiency of such devices .
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The dye extraction temperature plays a major role in determining the charge-transfer
effectiveness of natural dye. This influences the sensitization effect, thus having a direct
impact on the conversion efficiency of DSSC. Therefore, one of the ways to improve the

photoelectric conversion efficiency is by controlling the temperature of dye extraction.

6.4 [I-V & P-V characteristics

J=V and P-V curves of DSSC
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Fig. 6.5.J-V and P-V curves of Fe,O3dped TiO2 PhotoelectrodeDSSC for maximum
efficiency of 0.20 % using tip of candle flame as a catalyst for counter electrode, film

thickness of electrode is 20 um and annealing temperaturewas 450 °C.

6.4.1 Discussion

A normal I-V curve has a smooth shape with three distinct voltage regions:

1. A slightly sloped region above 0 V
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2. A steeply sloped region below Voc

3. A bend or ‘knee’ in the curve in the region of the maximum power point

The I-V (current-voltage) curve of a PV string (or module) describes its energy
conversion capability at the existing conditions of irradiance (light level) and temperature.
Conceptually, the curve represents the combinations of current and voltage at which the
string could be operated or ‘loaded’, if the irradiance and cell temperature could be held
constant. Figure 6.4 shows a typical [-V curve, the power-voltage or P-V curve that is

computed from it, and key points on these curves.

Referring to Figure 6.4, the span of the I-V curve ranges from the short circuit current
(Isc)

at zero volts, to zero current at the open circuit voltage (Voc). At the ‘knee’ of a normal
I-V curve is the maximum power point (Imp, Vmp), the point at which the array
generates maximum electrical power. In an operating PV system, one of the jobs of the
inverter is to constantly adjust the load, seeking out the particular point on the I-V curve

at which the array as a whole yields the greatest DC power.

At voltages well below Vmp, the flow of solar-generated electrical charge to the external
load is relatively independent of output voltage. Near the knee of the curve, this behavior
starts to change. As the voltage increases further, an increasing percentage of the charges
recombine within the solar cells rather than flowing out through the load. At Voc, all of
the charges recombine internally. The maximum power point, located at the knee of the
curve, is the (I,V) point at which the product of current and voltage reaches its maximum

value.

Any impairment that reduces the fill factor also reduces the output power by reducing
Imp or Vmp or both. The I-V curve itself helps us identify the nature of these
impairments. The effects of various losses( In dye , in electrolyte, in counter electrode

preparation etc. ) on the I-V curve are represented in Figure 6.4.
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7 Chapter 7

7.1Conclusion

As a novel photovoltaic technology, dye-sensitized solar cells (DSSCs) have potential to
compete with traditional solar cells. Materials such as TiO2 used in DSSCs are generally
inexpensive,abundant and innocuous to the environment. Compared with silicon solar
cells, they are insensitive to impurities in fabrication process, which accelerates a
transition from research laboratory to mass production line. From the perspective of
application, low weight and flexibility of DSSCs are desirable for the portable electronic
device. It is found that DSSCs work better than silicon solar cells in the darker condition,
for example, in the dawn and dusk, and also the overall efficiency is not seriously
affected in the high temperature. In addition, the transparency and varied color of DSSCs
could be utilized for decorative purposes like windows and sunroof. Up to now, such
benefits have attracted considerable company investment and government funding. It is
believed that with consistent efforts, DSSCs will be a reliable electrical power supplier in

the future.

Natural pigments can be used as photosensitizers in DSSCs. However, the efficiency 7 is
still by a factor of 3—4 lower than with synthetic dyes. But natural pigments are normally
non-poisonous, can be disposed easily, and should be cheaper and more environmentally
friendly than synthetic metal complexes. Therefore, natural dyes as light harvesting
elements in DSSCs can contribute to a sustainable solution for the future energy
production. Nature supplies a huge variety of putative structures for photosensitizers and

combinations may enhance stability, efficiencies, and sustainability.

Dye sensitized cells are very tolerant to the effects of impurities because both light
absorption and charge separation occur near the interface between two materials.
The relative impurity tolerance and simplicity allows for easy, inexpensive scale-up to
non-vacuum- and low-temperature-based high-volume manufacturing via continuous

processes including screen-printing, spraying, pressing, or roll-to-roll production.
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8 Chapter 8

8.1 Future Work Scope

In place of liquid electrolyte, solid or quasi-solid holeconductors can be employed, but
the reduction in efficiency currently precludespracticalapplication.Thefirst, and still the
most efficient electrolytes were liquid, so cell and module designs which prevented
electrolyte leakage had to be developed to prevent evaporation. The stability and lifetime
of DSC modules have thus reached appreciable values, and rapid improvements are being

made.

High surface area electrodes can overcome both the recombination and the
slow diffusion of the injected electron in the porous TiO2 layer.Tin dioxide (SnO2) is
another attractive option having two main advantages over TiO2: high mobility, and large
band gap. At room temperature 300 K, SnO2 electron mobility (ca. 100200 cm2 V1 sl )
was measured by Fonstad and Redikerwhich is three orders higher than that of TiO2 (ca.
0.1-1 cm2 V1 sl) . The larger band gap of SnO2 (3.8 eV), compared to TiO2 (3.2 eV),
would create fewer oxidative holes in the valence band under ultraviolet illumination,
thereby reducing the dye degradation rate and improving the long time stability of
DSSCs. More positive band edge position facilitates electron injection from photoexcited

dye molecules.

Moreover, it has been shown that the incorporation of carbon materials (e.g. carbon
nanotubes, grapheme ) in semiconductor photoanodes facilitates transport of
photogenerated electrons to ultimately enhance the DSSC performance.So, there is scope

to work with various carbon materials to improve photoanode -efficiency

Research on innovative dyes, for example, is expected to lead to considerable

improvement in the cell’s efficiency.

Besides enhancing the performance, how to lower materials cost is another important

issue that needs to be addressed in the future work.
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9 Chapter9

Anonyms

1D One-dimensional

3D Three-dimensional

AC Alternating current

AM Air mass

at Atomic

CB Conduction Band

DC Direct current

DSSCs Dye-sensitized solar cells

EDTA Ethylenediaminetetraacetic acid

EDX Energy dispersive X-ray spectroscopy
EG Ethylene glycol

EIS Electrochemical impedance spectroscopy
FF Fill factor

FRL Fluoride-rich layer

FTO Fluorine doped tin oxide

IPCE Incident photon to current conversion efficiency
IS Inner shell

Isc short-circuit current

I-v current versus applied voltage

LED Light-emitting diode

N719 cis-bis(isothiocyanato) bis (2,2-bipyridyl- bis(tetrabutylammonium)
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NHE Normal hydrogen electrode
NT Nanotube

OCVD Open circuit voltage decay
OSOuter shell

RefReference

RTRoom temperature

SEMScanning electron microscopy
TCOTransparent conducting oxide
TEGtri-Ethylene glycol
TEMTransmission electron microscopy
TiTitanium

Fe Ferrum/ iron

Dhaka University Institutional Repository

ToF-SIMsTime of flight secondary ion mass spectrometry

VBValence Band
VocOpen-circuit voltage

volVolume

Roman letters

A Absorbance/ Anatase XRD peak
d Thickness of the oxide

E Electric field strength

e Elementary charge

F Field strength
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fc
FF

fr

Idark

Is
Isc

Ishunt

Rct
Rseries

Rshunt

< < C

Voc
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Characteristic frequency minimum of the IMPS imaginary component

Fill factor

Characteristic frequency minimum of the IMVS imaginary component

Dark diode current
Constant photocurrent
Diode saturation current
short-circuit current
Shunting current

Current density
Boltzmann constant
Ideality factor

Molarity

Power

Incident solar power
Reflectance/ Rutile XRD peak
Charge transfer resistance
Series resistance

Shunt resistance

Time

Absolute temperature
Applied potential
Voltage

Volume

Open-circuit voltage
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Greek letters

TC

19
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Temperature-dependent constants
Molar extinction coefficient
Power conversion efficiency
Charge collection efficiency
X-ray scattering angle
Wavelength

Collection (transport) time
Recombination time

Quantum yields

Photon flux
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