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Abstract

Abstract

The global need for a clean, sustainable and affordable source of energy has triggered extensive
research especially in renewable energy sources. In this sector, photovoltaic has been identified
as a cheapest, clean and reliable source of energy. It would be of interest to obtain photovoltaic
material in thin film form by using simple and inexpensive semiconductor growth technique
such as electroplating. Using this growth technique, four semiconductor materials were
electroplated on glass/fluorine-doped tin oxide (FTO) substrate from aqueous electrolytes.
These semiconductors are indium selenide (In,Sey), zinc sulphide (ZnS), cadmium sulphide
(CdS) and cadmium telluride (CdTe). In,Se, and ZnS were incorporated as buffer layers while
CdS and CdTe layers were utilised as window and absorber layers respectively. All materials
were grown using two-electrode (2E) system except for CdTe which was grown using 3E and
2E systems for comparison. To fully optimise the growth conditions, the as-deposited and
annealed layers from all the materials were characterised for their structural, morphological,
optical, electrical and defects structures using X-ray diffraction (XRD), Raman spectroscopy,
scanning electron microscopy (SEM), atomic force microscopy (AFM), optical absorption (UV-
Vis spectroscopy), photoelectrochemical (PEC) cell measurements, current-voltage (I-V),
capacitance-voltage (C-V), DC electrical measurements, ultraviolet photoelectron spectroscopy
(UPS) and photoluminescence (PL) techniques. Results show that In,Se, and ZnS layers were
amorphous in nature and exhibit both n-type and p-type in electrical conduction. CdS layers are
n-type in electrical conduction and show hexagonal and cubic phases in both the as-deposited
and after annealing process. CdTe layers show cubic phase structure with both n-type and p-
type in electrical conduction. CdTe-based solar cell structures with a n-n heterojunction plus
large Schottky barrier, as well as multi-layer graded bandgap solar cells were fabricated. This
means that the solar cells investigated in this thesis were not the conventional p-n junction type
solar cells. The conventional cadmium chloride (CdCl, or CC) treatment was applied to the
structures to produce high performance devices; however, by modifying the treatment to include
cadmium chloride and cadmium fluoride (CdCl,+CdF, or CF) device performance could be
improved further. The fabricated devices were characterised using I-V and C-V measurement
techniques. The highest cell efficiency achieved in this research was ~10%, with an open circuit
voltage of 640 mV, short-circuit current density of 38.1 mAcm™, fill factor of 0.41 and doping
concentration of 2.07x10'® cm™. These parameters were obtained for the glass/FT O/n-In,Se,/n-

CdS/n-CdTe/Au solar cell structure.
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1.1  Global need for renewable energy

It is expected that the world population would increase to 9.6 billion by 2050 from its
present 7.4 billion according to the United Nations report [1]. This shows an increase of
approximately 35% from 2010 [2]. The main factors favouring population growth
includes high fertility rate, low mortality rate, improved health care services, and
increase in food production. Consequently, the continued population growth puts more
pressure on the limited available energy sources and continues dependency on fossil
fuels such coal, petroleum and natural gas for energy. Under this situation, it is
important that proactive measures be taken in order to facilitate appropriate laws and
new technologies that will help to change the mostly traditional energy sources. These
sources of energy are known to be the main suppliers of carbon dioxide (CO;) and
methane which contributes to the global greenhouse gas (GHG) emissions. The increase
in the emission of CO; causes global warming which was predicted to increase the
surface temperature to between 1.4°C and 5.8°C. If not properly checked, it will cause
natural disasters such as droughts, floods, sea level rise, glacier melting, interruptions to

farming activities and serious damage to the ecosystem [2].

British Petroleum (BP) annual report for 2015 shows that oil consumption stands at
32% for the world total energy consumption followed by coal and natural gas with 30%
and 24% respectively. In 2014, fossil fuels accounted for 86% of the total global energy
consumption as a result of an annual 2% increase since 2004 [3]. This shows that the
remaining 14% was shared among other energy sources, including nuclear and
renewables such as hydroelectricity, wind, solar, biofuels, biomass and geothermal. The
global energy consumption for the various energy sources for 2015 is shown in Figure

1:%;

The demand for energy mainly comes from lighting, cooling and heating which is
mostly dependent on electricity which in turn is sourced majorly from fossil fuels.
Increase energy demand will also further escalate the emission of CO, which pollutes
the environment increasing global warming. The concentration of CO, in the
atmosphere has continued to rise to approximately 43% since the beginning of the

industrial revolution in the mid-eighteenth century. The total concentration of GHG in

. |
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the atmosphere rose to 34% between 1990 and 2013, with CO; responsible for nearly
80% of that increase [4]. Figure 1.2 shows the annual global CO, emission trend for the

past fifteen years.

Global energy consumption 2014

696,149 = oil
1%

1%

®Gas
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Nuclear
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W Solar
B Geothermal &

biomass
M Biofuels

Figure 1-1: BP Statistical Review of World Energy consumption 2014 [3].
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At present, China is the largest emitter of CO, accounting for approximately one-quarter
of total global emissions and is followed by the United States which emits about 18% of
the world's GHGs. These two major emitters of CO,, agreed to the reduction in CO,
emissions in a meeting on the global emissions agreement held in Paris in 2014.
Thereafter, it has been reported by the International Energy Agency [5] that CO,
emissions in the U.S. decline by 2% which was attributed to shift from coal to natural

gas in the generation of electricity. In the same vain, CO, emissions in China fell by

1.5% in 2015 due to a drop in the use of coal.

It is observed in Figure 1.2, that CO, emissions stood at 32.1 gigatonnes in 2015 and is
seen to be flat since 2013. Interestingly, the global economy also grew in parallel by
more than 3% during this period which indicates that the hitherto linear relationship

between economic growths and the CO, emission growth has weakened [5].

In general, the reduction in the effects of global warming can only be achieved by the
reduction of CO, emission. Apart from the industrial, governmental, non-governmental
and civil society's effort in the campaign for the reduction of CO,, we as individuals can
also play our part in our own little way. We can make a difference by taking some steps
at home, on the road and in our offices to reduce greenhouse gas emissions and the risk
associated with climate change. In fact these measures can as well save us money such
as walking or biking to work which can even improve our health. Another way to help
reduce GHGs emissions is for one to get involved at the local or state level to support

energy efficiency, clean energy and climate programs.

This chapter briefly discussed non-renewable and renewable energy sources and their
environmental impact. Renewable energies such as wind, hydroelectric, biomass and
solar energy were also briefly presented. Air masses, solar thermal and solar PV were
also presented. The last section outlines the aims and objectives of this research

programme.

1.2 Non-renewable energy sources

Non-renewable energies are energy sources that can run out one day. These types of
energy emit some gases in gas-fired power stations such as oxides of sulphur, carbon

and nitrogen into the atmosphere which pollutes the environment [6]. Fossil fuels are
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the main sources of non-renewable energies which are the remains of dead plants and

animals exposed to heat and pressure in the earth’s crust over millions of years.

1.3 Alternative renewable energy sources

These are energy sources that are not from fossil or nuclear fuel such as geothermal,
wind, hydroelectric, tidal and solar energy [7]. These energy sources are abundant and
can provide more energy than humankind needs and are environmentally friendly.
Harnessing energy from renewables provides reliable and sustainable energy source
since they are inexhaustible. Renewables such as wind and solar are increasingly
playing roles in the economic transformation of many societies through the generation

of electricity.

The future should focus more on electricity generation from renewable energies rather
than from the fossil fuels which can one day be used up. The cost of renewable energies
is coming down and a lot of different technologies are coming in to harness this free and
abundant energy. At present, the renewable energy supply accounts for about 20% of
the global energy demand. In order to avoid the environmental effect of global warming

such as climate change, renewables are the only answer [8].

1.3.1 Wind energy

This is one of the cleanest, safe and free renewable energy sources. Wind is generated
as a result of pressure difference between two points or locations. It is the movement of
air from an area of high pressure to an area of low pressure. Wind exists due to non-
uniformity in the way the sun heats the surface of the earth. As hot air rises, cooler air
moves in to fill the vacant space. This form of renewable energy can be used to generate
electricity through the conversion of the kinetic energy of the wind to mechanical
energy (turbines) and then to electrical. A generator convert the mechanical power into
electrical energy. Figure 1.3 schematically shows the stages involved in the conversion

of wind energy to electrical energy.
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‘ | |
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- energy 1'-’ (kinetic energy) i_’ (turbines) ™= energy

Figure 1-3: Main stages of the electrical energy generation from wind energy [9].

To generate electricity from wind, a turbine is required. At present, the variable speed
turbines like the permanent synchronous generators (PMSGs) and the doubly fed
induction generators (DFIGs) are most favoured and popular in the market due to their
variable speed operations. This give them remarkable advantages of allowing the
generator to harvest wind energy during different wind velocity than fixed speed wind
turbines. At normal conditions, the PMSG wind turbine is stable and can harvest
maximum power with high efficiency [10]. The suitability of sites for wind energy
generation does not only depends on the magnitude of the wind but also on proximity to
grid and environmental inpact assessment among others [11]. The electrical energy (E)

generated by wind is given by equation 1.1.
1 3

Where; p is the density of air, A is rotor swept area and U is the wind speed.

1.3.2 Biomass

Biomass is one of the renewable energy sources produced from wood, straw, charcoal,
methane rich biogas among many other sources. This is the first fuel ever used by
mankind and the mainstay of the world fuel economy until the mid 18 century. About
70% of India's cooking energy needs and 32% of primary energy requirement is met
with biomass [12]. Currently, biomass generate about 10% of the world's energy with
up to 90% in the global poorest countries. Countries that have made giant strides in this

area include Sweden, Austria, Brazil and China [13].

However, continued exploitation of biomass energy risk sacrificing natural areas of

farm lands and waterways resulting in threats to food supplies and deforestation. While

T e e e e oo
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there are real opportunities in the area of energy generation from biomass, the concerns

are also justified [12].

1.3.3 Hydroelectricity

Hydropower is one of the cheapest and reliable renewable energy source because it
utilised the continuous flow of water to generate electricity without using up the water
resources. Hydroelectricity is the conversion of potential energy of flowing water into
electrical energy. This energy source has the capability to produce sustainable energy

indefinitely with no emission of pollutant and greenhouse gases [14].

Figure 1.4 shows the schematic diagram of a hydroelectric generating plant. This type
of energy generation is heavely dependent on the building of dams, which will affect the
ecology and fish migration. It has been reported that 76% of all renewable is supplied
by hydropower and it accounts for 16.4% of the world energy in 2015 [15]. China has
the world largest hydroelectric generating plant with 22.5 GW capacity while the largest
in the United States of America has a generating capacity of 6.8 GW [16].

Reservoir

\_j\l\f\d Dam

Power
Gat a / ;
ae House
—

Intake

HV Transmission line

Penstock

Transformer

Tail Water
N N

Turbine

Figure 1-4: Schematic diagram of hydroelectric power plant [Redrawn from [14]].

Any hydroelectric power plant requires a dam constructed on a hilly area to ensure
water storage at height (Figure 1.4). Water from the storage is led to the turbine through

penstock steel pipe and at this point, the potential energy of the elevated water is
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converted to kinetic energy as it flows down due to gravity. Then the kinetic energy of
the water drives the turbine to convert hydraulic energy to mechanical energy and the
generator converts mechanical energy into electrical energy [17]. Finally the water
through the turbine will exit to a river on the downstream side of the dam. The hydraulic
turbine used in hydroplant depends on the head which is the height difference.
Commonly employed turbines includes; propeller or axial turbine, adjustable Kaplan
turbine and Frances turbine among others [14]. The hydropower plant play a key role in

the supply of electricity for both households and industries. The available power, P can

be calculated from equation 1.2 [18].

P =npQgh 1.2

where: P is the power in Watts, # is the dimensionless efficiency of the turbine, p is the
density of water in kilograms per cubic metre, Q is the flow in cubic metres per second,

g 1s the acceleration due to gravity, % is the height differenc between inlet and outlet

Hydropower produces nearly zero CO, emission during operation. However, the
concern is the materials used for the construction such as the cement and metals serve as
the sources for CO, and methane (CH4) emission. Building of hyroplant is a capital
intensive project and could lead to environmental deterioration to nearby areas and
cause fish migration. Other concerns include the possibility of increased landslide
activity due to erosion caused by reduction and over flooding of reservoir water levels

among others [19].

1.3.4 Solar energy

Solar energy is the radiant light and heat from the Sun that is harnessed using a range of
ever-evolving technologies such as solar heating and photovoltaics (PV). Sun is the
largest star in the solar system with a surface temperature of approximately 6000 K [20]
and its energy is usually source at its core where hydrogen is converted to helium in a
thermonuclear reaction. This energy travels from the core to the surface of the sun
where it is finally released with only a small fraction reaching the earth in two forms of
heat and light [21]. An approximate energy of 4x10'* Joules per day reaches the earth
surface from a distance of ~1.5x10* km from the sun in light speed of 8.5 minutes. The
Sun is mainly composed of elements such as hydrogen (74%) and helium (25%) while
the remaining are traces of some heavy elements. The distribution and intensity of solar
radiation vary from one location to the other due to factors such as latitude, season and
time of the day [6].

e e e T T S T e T e e NS Wy S|
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Another important parameter here is the solar constant experimentally given as 1.35
kWm™. Solar constant is defined as the amount of energy that falls normally on a unit
area (1 m®) of the earth’s atmosphere per second when the earth is at its mean distance

from the Sun [22]. Solar power determines climate and is the basis for sustaining life.

1.3.4.1 The solar spectrum
The solar spectrum is usually approximated to a black body radiator at a temperature of
6000 K. The Sun's energy is simply radiated as electromagnetic radiation in the ultra-
violet to infrared region with Ultra-violet (UV) light (100-400) nm, visible light (400-
700) nm and Infra-red (IR) 700 nm and above. This radiation can be short wavelength
or high energy (e.g UV) and long wavelength or low-energy (IR) [23]. While on transit
to the earth, some of the solar radiations are reflected, absorbed and scattered in the
atmosphere before reaching the earth surface. The variation of the attenuation due to the
atmosphere is dependent on the path length taken by the light through the atmosphere
with longer path length leading to more scattering and absorption of solar radiation by
atmospheric constituents such as air molecules, aerosols and water vapour [24].
Minimum path length occurs when the sun is directly overhead and this path length is

described in terms of “air mass” (AM).

The air mass can also be defined as;

AM= =secd, 1.3

cosd,
The air mass coefficient is defined as the proportion to the cosine of the zenith angle
(6,). Where 0, is the angle between the sun and the normal vector pointing directly up to
the zenith of the sky. AMO corresponds to the solar spectrum outside the earth’s
atmosphere where there is no absorption and is relevant to space applications. The
degree to which the atmosphere affects the sunlight received at the Earth’s surface is
defined by the “Air Mass” (AM) [25]. When the sun is directly overhead (at zenith), the
path length is 1.0 (AM1.0). Therefore, AM1.0 is the solar spectrum received on the
surface of the earth when the sun is directly overhead with incident power density of
925 Wm'. The increase in the zenith angle, @ results in the increase of the air mass by
approximately sec 6 such that at 6=48.2° from the vertical, the air mass is 1.5 (AM1.5)
[24]. Figures 1.5 and 1.6 respectively show the solar spectrum and the path length of the

sunlight through the atmosphere.
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Figure 1-5: The approximate solar radiation spectrum [22].
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Figure 1-6: Path length of the sunlight through the atmosphere [Redrawn from ref
[24]].

The terrestrial standard of evaluating solar cell and solar panels normally uses the
AMI.5 solar spectrum. This is the solar spectral irradiance distribution incident at the
sea level from the sun at 48.2° with total power incident of ~100 mWem™ (1000 Wm™).
All fabricated solar cells in this research were characterised using the AM1.5 global
standard conditions. On reaching the Earth surface, the solar radiation can be directly
converted to useful energy in the form of heat (solar thermal) or electric energy (solar
photovoltaic).

e —
9



Chapter 1: Introduction
Solar energy from the Sun can be converted into useful energy in form of heat or
electrical energy. The first method by which solar radiation is converted to heat energy
is known as solar thermal. This method utilises appropriate technologies to convert the

radiation absorbed from the Sun into heat.

The other method is the photovoltaic (PV) conversion. This is the process by which the
radiation from the Sun is directly converted to electrical energy using an electronic
device called a solar cell. This electronic devices use special class of materials with
specific properties that can absorb photons and convert these photons into useful

electrical energy.

1.3.4.2 Solar thermal
Solar thermal technology uses the free energy from the sun to generate low-cost and
environmentally friendly thermal energy. The energy generated is used in heating water
and other fluids [26]. This type of energy provides heating for homes, schools and other
buildings and it is a low-cost and effective energy source [9]. It is estmated that about
200,000,000 billion kWh is received on the earth annually [27]. However, most of this

energy is not properly harnessed.

In a solar water heater, the collector panel is mounted on rooftops and tilted towards the
sun. This type of system usually consists of three components. The main steel plate
absorber is bonded to steel or copper tubing through which water circulates. To
maximise solar absorption, the plate is painted black and the whole system is
encapsulated within a glass sheet to avoid heat losses [20]. A storage tank and pump
circulation system to transfer heat from the panel to the tank is required. The solar
thermal principle is also utilised in drying food and other farm produce using solar
driers especially in developing countries where there are no high technology storage

systems [27].

1.3.4.3 Solar Photovoltaics

Solar photovoltaics (PV) or solar electricity utilises PV effect to directly convert solar
energy into electricity. When light energy (photons) with energy equal to or greater than
the bandgap is absorbed by a suitable semiconductor material, elecron hole (e-h) pairs
are created, separated and forced to the external circuit by the internal electric field
before they recombine. This will produce a useful electric current in the external circuit

[28]. The photovoltaic effect phenomenon was first discovered by a french scientist
L————————— |
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Edmund Becquerel in 1839 [29]. Solar PV is one of the most clean and environmentally
friendly source of energy. For effective PV solar energy conversion, four basic process
most be satisfied, these include; (i) absorption of photons by a suitable semiconductor
material (ii) effective creation of electron-hole (e-h) pairs (iii) separation of e-h pairs
before recombination (iv) collection of the photogenerated charge carriers at the
external circuit for the creation of useful electric current. However, if one of these

processes is not fulfilled, the device will show poor solar to electric conversion

efficiency [29]. Figure 1.5 show schematic representation of the PV effect.

Electrical
load

p-n junction l
e : ,_V_l O ht

s I E M
4 k4
Metal contact o & Metal contact
(front) s < (back)

Photons

Figure 1-7: p-n juction solar cell showing the absorption of photons, creation of
electron-hole pairs, separation and transport them to external circuit to produce useful
energy.

Selecting the right semiconductor materials with desirable properties is a challenging
task for scientists in this field. Semiconductors are those materials whose electrical
conductivity lies between that of metals and insulators. Over the past decades, many
semiconductor materials have been developed to our present day situation. Solar cells
are basically classified into first, second and third generations devices. The first
generation is silicon (Si)-based solar cells which are so far the most efficient for a single
Junction PV material but with high material processing costs. The second generation
solar cells are based on thin films semiconductors such as copper indium gallium
diselenide (CIGS), cadmium telluride (CdTe) and amorphous silicon (a-Si) [30,31].
These materials are low-cost but with comparably lower efficiencies to Si-based
devices. Third generation solar cells are mostly based on organic dyes, quantum dots

Laaaaee——————————
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and nanostructures and are actively under research in many laboratories but
commercialisation has not yet been successful due to efficiency and stability issues [32].
The goal of the third generation solar cells is to improve the efficiencies of the presently
commercialised solar cells by increasing the absorption coverage in the solar spectrum
through hybrid systems. At present, the PV community is focusing on device fabrication
based on graded bandgap solar cell devices which involves the use of semiconductor
materials with different bandgaps for effective absorption of most of the solar spectrum
to improve solar to electric conversion efficiencies and also to considerably reduce

optical and thermalisation losses in the devices [33].

The efficiency of a solar cell is the percentage of power converted from solar energy to
electrical energy under standard test condition (STC) (AM1.5 spectrum, 100 mWem™?
irradiance and 25°C cell temperature) [34]. A theoretical efficiency calculation for a
single junction solar cell was first carried out by Schockley-Queisser detailed balance
limit at ~30% for a single p-n junction of bandgap of 1.10 eV.[35]. This efficiency was
calculated assuming an ideal p-n junction with only radiative recombination. The sun
and the cell were also assumed to be black bodies with temperatures of 6000 K and 300

K respectively.

The efficiency of a solar cell depends on the open circuit voltage (V,.), short-circuit
current density (/) and fill factor (FF). and The trade-off in solar cell is to select a
material that can produce maximum efficiency. Figure 1.8 shows the values of the solar

cell parameters with changes in the bandgap.
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Figure 1-8: Ideal values for Voc, Jsc, FF and efficiency with changes in bandgap under
standard test conditions [adapted from ref.[34]].
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Figure 1.8 shows how the solar cell parameters (V,, Js and FF) vary with bandgap. J;.
is seen to have high values at low bandgaps, while V,,. and FF are observed to have high
values at high bandgaps. Based on the above conditions and with reference to Figurel.8,
it is seen that the highest efficiency of ~33% was calculated for a bandgap of ~1.40 eV.
It is therefore established that materials whose bandgaps lies close to 1.4 eV are
considered to have an ideal bandgap. The ideal PV materials depends on how its
bandgap matches the solar spectrum which lies between 1.10-1.70 eV. PV materials
whose bandgap falls in this range includes Si (Si, 1.12 €V), gallium arsenide (GaAs,
1.42 eV), cadmium telluride (CdTe, 1.49 eV) and copper indium diselenide (CIGS, 1.0-
1.70 eV) [36]. These materials are the primary and widely used PV materials and their
bandgaps lies within the near ideal bandgap for a single p-n junction solar cell. This is
the reason why the property of "near ideal bandgap" (E,=1.50 V) is usually associated

with CdTe semiconductor material.

1.4 Aims and objectives of the research

Research and development in the field of CdTe-based solar cell has been stagnated for a
period of two decades until recently when First Solar reported the record efficiency of
22.1% [37]. This stagnation was not unconnected with lack of understanding in solid
device physics aspect and complex material issues [38]. The PV community mostly
work on a p-n hetero-junction solar cell utilising n-type cadmium sulphide (n-CdS)
window layer and p-type cadmium telluride (p-CdTe) absorber layer. Britt and
Ferekides [39] in 1993 reported an efficiency of 15.8% and nearly a decade later, NREL
reported an efficiency of 16.5% in 2001; only an increase of 0.7% for a 10 years' worth
of research. After another decade in 2011, First Solar reported a record efficiency of
17.3% which was only 0.8% increase from the previous efficiency record. This shows
an increase of only 1.5% for about two decades of research. However, encouraging
results started to emerge recently (2013-2016), which saw a rapid increase in efficiency
over this period. The details of the efficiency evolution of the CdS/CdTe solar cell will
be discussed in Chapter 2.

A new model to develop and further improve the efficiency of the CdS/CdTe solar cell
has been proposed, design and reported by Dharmadasa in 2002 [40]. This model is
based on the fabrication of a solar cell using a n-n hetero-junction between n-CdS/n-
CdTe plus large Schottky barrier at the back metal contact. The proposed cell design has
glass/conducting glass/n-CdS/n-CdTe/metal structure. This design moves away from the

L. ________________________________ |
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conventional structure of single p-n junction solar cell [40]. This alternative model has
achieved 18% [41] and 15.3% [42] using all electroplated semiconductors from non-
aqueous and aqueous solutions respectively. The scalability and manufacturability of
CdS/CdTe thin films solar cells by a simple electroplating technique using aqueous

solution has been demonstrated and reported by BP achieving 14.2% [43].

The aim of this research project is to develop low-cost high efficiency multilayer graded
bandgap solar cells based on CdTe absorber material. All the semiconducting materials
of In.Sey, ZnS, CdS utilised in this research were grown using electroplating technique
utilising two electrode (2E) system but the CdTe absorber material was grown in an

aqueous deionised solution using 3E and 2E systems for comparison.
The objectives of this research work are given below:

i.  Growth and optimisation of semiconductor materials of In,Sey, ZnS, CdS and

CdTe.

ii.  To study the structural, optical, morphological and electrical properties of the
In,Sey, ZnS, CdS and CdTe thin films using available analytical techniques in
the Materials and Engineering Research Institute of Sheffield Hallam University

(SHU) and external collaborators.

iii.  To study the effect of the cadmium chloride, CdCl, (CC) and cadmium chloride
(CC)+cadmium fluoride, CdF,, (CF) (CC+CF) treatment on the structural,

optical and morphological properties of the CdTe absorber.

iv.  To study the effect of CdCl, and CdCl,+CdF, on the fabricated solar cell

devices.
v.  Fabricate n-CdS/n-CdTe hetero-junction solar cells.
vi.  Fabricate n-In,Se,/n-CdTe hetero-junction solar cells.

vii.  Fabricate multi-layer graded bandgap solar cells based on glass/FTO/n-InsSe,/n-
CdS/n-CdTe/Au structure.

viii.  Fabricate multi-layer graded bandgap solar cells based on glass/FTO/n-ZnS/n-
CdS/n-CdTe/Au structure.

14
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ix.  Characterisation of the fabricated solar cell devices using current-voltage (I-V)
measurement. This is to assess and further optimise the processing steps so that

highest possible efficiencies can be achieved.

1.5 Conclusions

This chapter discussed environmental issues as a result of carbon emission and other
greenhouse gases (GHG) as they affect the global economy. The continuous dependence
on fossil fuels is not helpful for cleaner, healthier, safer and greener ecosystem. It is
therefore necessary that the fossil fuels are gradually substituted with renewable
energies as the main stay of energy source for reliability, sustainability and growth of

the global economy.

Among all the renewables discussed in section 1.3, solar energy is the best option for
terrestrial renewable energy applications. The last section of this chapter presents the

aims and objectives of this research programme.
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2.1 Introduction

The process of direct conversion of solar energy to electrical energy is called
photovoltaic effect discovered by the French scientist Edmund Becquerel in 1839 [1,2].
Photovoltaic energy conversion requires special class of materials with specific
optoelectronic properties. These materials are called semiconductors whose electrical
conductivities lie between that of metals (10%-10") (Qcm)™ and insulators (10%-10"%%)
(Qcm)™. The fabrication of PV devices requires the formation of an intimate rectifying
junctions or interface of materials with accurately known electrical conduction type [3].
Semiconductors basically exist in three types of electrical conductivity from which
different solar cell designs were fabricated and commercialised. Figure 2.1 shows pure
(intrinsic), n-type and p-type semiconductors. These electrical conductivity types can be

achieved either by compositional doping [4] or by the addition of external impurities

[5].

In intrinsic or pure semiconductors (Figure 2.1(a)), the concentration of electrons in the
conduction band is equal to the concentration of holes in the valence band and the Fermi
level (FL), Ef; is right in the middle. In n-type semiconductor material, (Figure 2.1(b)),
the concentration of electrons is higher than the concentration of holes and this shift the
Er close to the conduction band minimum. While in p-type semiconductor (Figure
2.1(c)), the concentration of holes is higher than the concentration of electrons and the
Er shift close to the valence band maximum. All PV solar cell devices are designed

using the combination of these three types of materials for effective PV action.

(a) (b) (c)

EC EC EC
———————— EF
________ EF;
________ Er
Ey Ey Ey

Figure 2-1: Energy level diagrams showing different conductivity types of (a) pure
(intrinsic), (b) n-type and (c) p-type semiconductors.
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For a semiconductor to be used in efficient solar to electric conversion application, it
needs to satisfy some important optoelectronic properties. A bandgap of 1.5 eV has
been identified as the optimum bandgap for a single p-n junction device in terrestrial
energy conversion. This closely fit well to the energy bandgap range (1.0-1.7) eV of all
the well-established solar cell technologies of silicon (Si), copper indium diselenide
(CulnSe;), gallium arsenide (GaAs), and cadmium telluride (CdTe) [6]. Another
important parameter for a solar cell device is to have moderate doping concentration
~(10™-10") cm’ [7,8] and effective creation, separation and collection of charge
carriers at the external circuit among others. Highly doped materials creates narrow
depletion regions which allow the tunnelling of electrons through the barrier and low

doping produces a very wide and resistive depletion region [9].

Silicon and GaAs are the most researched semiconductors and used in well-established
PV technology of solar cells and are termed the first generation PV technologies. Both
technologies especially silicon has been researched for over 60 years and have achieved
efficiencies in excess of 25% [10]. With all the high efficiencies demonstrated by these
technologies, their expensive material processing and the complex nature of their
technologies have offset their efficiencies. Therefore, the search for simple and low-cost

materials and technologies such as thin films technologies is continuing.

Thin film based solar cells such as CdTe, CIGS and a-Si:H are classified as second
generation solar cells. This class of devices show comparatively low efficiencies than
the first generation solar cells. They utilise low cost technologies and require less
material for device production and their efficiencies are fast catching up with the
crystalline silicon (C-Si). While third generation solar cell technologies are based on the
improvement of solar cell efficiencies of the well-established solar cells and novel
devices [2]. They are based on dye, quantum dots and nanostructured materials. Solar
cell can be made from two or more layers of different electrical conductivities and
varied bandgaps into intimate contact for the conversion of solar to electrical energy

using p-n, p-i-n, n-n, n-n-n and n-n-p among others [2].

2.2 Silicon solar cells

Silicon (Si) is one of the most abundantly found elements on the Earth and the most
extensively studied semiconductor material with over 60 years' research activities [2].
The deep knowledge of material and device aspects of Si over time makes it the

champion cell with the highest solar to electricity conversion efficiency >25% [10].
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However, the continuous production and sustainability of Si status in the PV community
is faced by many challenges. The indirect bandgap (1.1 eV) nature of Si couple with its
relatively low absorption coefficient necessitated the use of thick wafers (~200 um) for
the required absorption process. This requirement and the high level of purity required
for single crystal Si makes it comparatively the most expensive material for PV solar
cell devices. Polycrystalline Si could have been the best alternative for the single crystal
Si. However, poly-Si is characterised with low efficiencies attributed to the negative

impact of grain boundaries in the material.

The production line and device fabrication of Si involves four processing stages: (a)
purification process, (b) crystallisation and wafer production, (c) processing of Si solar
cells and (d) assembly of the solar panels. The conversion process of sand into Si solar
panels requires the heating of the Si at temperatures above its melting point of 1,414°C.
For solar cell fabrication, the Si is repeatedly heated to temperatures above 1,000°C.

The main stages of a production line for Si-based devices are shown in Figure 2.2 [2].

Monocrystalline

Si waf
i wafers Fully Fully
High-purity processed processed

poly-silicon solar cells solar panels
\ Multi-crystalline

Si wafers

Sand —

@ (b) © (d

Figure 2-2: Industrial production lines required for manufacturing panels based on
crystalline and polycrystalline Si [Redrawn from [2]].

Figure 2.2 shows stages involved in the manufacturing process of Si solar panels. Stage
(a) is the purification of sand to high purity poly-silicon and stage (b) shows the
production of mono- or multi-crystalline Si wafers from the high-purity poly-Si. The
growth of single crystal Si boule was carried out using Czochralski method. Stages (c)
and (d) are the final products of solar cells and solar panels respectively. The cost of PV

is expressed in equation 2.1.

cost of production ($) 71
number of watts produced )

Cost of solar power ($/W) =
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2.3 Thin film solar cells

Thin films based solar cell devices provide alternative to the highly expensive Si-based
devices. Photovoltaic thin films based on cadmium telluride (CdTe), organic solar cells
and dye-sensitised solar cells (DSSC) use less material and simple technologies which
is directly related to cost reduction. This section describes in brief thin film technologies

based on CdTe, organic and DSSC solar cells.

2.3.1 CdS/CdTe solar cells

Cadmium telluride (CdTe) thin films have received much attention due to their various
applications in electronic devices such as solar cells [11] and radiation detectors [12].
The increase in demand for clean and sustainable energy is a huge challenge for the
photovoltaic (PV) community to develop low-cost and high efficiency solar cells. The
present sources of energy which are mostly from fossil fuel are harmful to the
sustainabllity of our ecosystem. Alternative technologies such as the photovoltaics (PV)
which convert sunlight to clean energy have been the main research focus at present
[13]. The II-VI semiconductor materials have been found suitable in complementing
this effort. Among these semiconductors, CdTe stands out to be one of the most
researched and promising semiconductor materials in the production of both laboratory

scale and large area optoelectronic devices such as the solar panels.

The main advantages of CdTe are its direct and near ideal bandgap of E,=1.45 eV for a
one bandgap simple p-n junction with high absorption coefficient (>10* cm™) at 300 K
[14]. The history of CdTe based solar cell device goes back to Frerichs [15] when he
developed phosphors including CdTe and measured its photoconductivity. Loferski in
1956 showed for the first time the possibility of CdTe to be used as material for PV
conversion [16]. Afterwards many researchers have reported the growth of CdTe based
solar cell devices mostly from high temperature vapour techniques [17,18]. But for the
first polycrystalline solar cell based CdS/CdTe in the superstrate configuration was
developed in 1969 by Adirovich et al. showing solar conversion efficiency > 2% [19].
This superstrate configuration is now taken as a standard for most research laboratories

and commercialised solar PV products.

Matsushita (National/Panasonic), a Japanese company was the first company to
commercialise PV modules based on screen printing grown CdTe PV modules and has
held the world record efficiency of 9% from 1976 to 1980 [20]. Monosolar and Ametek
held the world record efficiency of CdTe for 1980 and 1988 respectively [20]. A world
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record efficiency of 12.3% on cell area of 0.302 cm” in 1989 was brought forward by
Photon Energy, United States [21]. In 1991, T. L. Chu et al. from the University of
South Florida (UoSF) achieved a new world record efficiency of 13.4% on cell area of 1
cm? [22]. The substrate used for this cell is fluorine-doped tin oxide (FTO) coated glass
and the CdTe was deposited using CSS technique. Chu et al. [23] did some
improvements on the conventional glass/FTO/CdS/CdTe/metal structure by reducing
the CdS thickness, optimising the back contact and incorporating magnesium fluoride
(MgF,) antireflective (AR) coating. This resulted in a world record efficiency of 14.6%
in 1992.

Britts and Ferekides [24] in 1993 came up with new record efficiency of 15.8% on area
of 1.05 cm?® The CdTe was grown on glass/FTO/CdS substrate with the use of
antireflective coating. In 1997 another world record by H. Ohyama ef al in Matsushita
Battery Industrial Co. Ltd, Japan achieved an efficiency of 16% [25]. They used
borosilicate glass/indium tin oxide (glass/ITO) substrate. The CdS was grown using
MOCVD while the CdTe was grown using CSS and the devices were completed by
depositing carbon and silver electrodes by screen printing and sintering technique. Wu
et al. [26] at National Renewable Energy Laboratory (NREL) reported the highest
achieved efficiency of 16.5% for CdS/CdTe solar cell in 2001. This efficiency was
realised due to some modification made on the conventional glass/FTO/CdS/CdTe
structure. The modified device structure is made by substituting the traditional FTO
substrate with cadmium stannate, Cd,SnO4 (CTO) which show good properties of low
resistivity, high transmittance and smoother surfaces. Another modification made was
the incorporation of highly resistive zinc stannate, Zn,SnO4 (ZTO) buffer layer between

the TCO and the CdS.

This efficiency value was stagnated for another decade mainly due to lack of full
understanding of materials and device issues. The research and development in the PV
community received a boost by the birth of a duo of First Solar Inc, in the United States
and Q-Cells (Calaxo) in Germany. After 10 years stagnation of the record efficiency,
First Solar, in 2011 reported a world record for CdS/CdTe solar cell with efficiency of
17.3% fabricated on area of 1.066 cm? [27]. In 2012 General Electric (GE) Company
broke the First Solar’s world record by achieving 18.3% on 1.032 cm?” area [28]. First
Solar came up with another new world record efficiency of 18.7% in 2013 [29] a slight
increase on the previous record of 18.3% by GE. Surprisingly, GE came back to set
another world record for CdTe in the middle of 2013 [30] achieving 19.6% efficiency a

24



Chapter 2: Solar energy devices and interiaces

reasonable gap from the previous by First Solar. In 2014, First Solar set another world
record efficiency of 21.5% [31]. At present (2016), First Solar holds the world
champion cell with 22.1% efficiency [32].

The achievement of these efficiencies over time in the PV community could be
attributed to improved understanding in material and device physics aspects. Most of
the record efficiency cells share many things in common, these include; active cell area
of ~1 cm?, the use of glass/FTO substrate as the front contact, the CdS window layer
thickness was mostly in the range (50-100) nm, back contact was made up of graphite
paste doped Cu, Ag, Au etc. Another similarity of the cells is that they were coated with
anti-reflective materials: The device parameters, efficiency and year of achievement is
summarised in Table 2.1 and the efficiency as a function of year of achievement is

plotted in Figure 2.3.

Table 2-1: Summary of CdS/CdTe solar cell efficiency

Voc (MmV) Jsc FF n (%) Team Reference | Year
(mAcm'z)
783 25.0 0.63 12.3 Photon 22 1989
energy
840 219 0.73 134 UoSF 23 1991
850 244 0.71 14.6 UoSF 24 1992
843 25.1 0.75 15.8 UoSF 25 1993
840 26.1 0.73 16.0 | Matsushita 26 1997
845 259 0.76 16.5 NREL 27 2001
842 29.0 0.76 17.3 | First Solar 28 2011
857 27.0 0.77 18.3 GE 29 2012
852 28.6 0.77 18.7 | First Solar 30 2013
857 28.6 0.80 19.6 GE 30 2013
876 30.3 0.79 21.4 | First Solar 31 2014
887 31.7 0.79 22.1 | First Solar 32 2016
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Figure 2-3: Plot of efficiency vs. year for the evolution of the CdS/CdTe solar cell
efficiency

Figure 2.3 shows the efficiency vs. year of achievement in the record efficiency
evolution trend for CdS/CdTe solar cell from 1989 to 2016. As observed from Figure
2.3, a rapid increase in the efficiency of the CdS/CdTe solar cell is observed between
the periods 1989 to 2016. The efficiency is seen to increase from 12.3 in 1989 to 15.8%
in 1993 within a period of five years which indicate an average increase of 3.5 over this
period. It takes another four years in 1997 when 16.0% was achieved by Matsushita
which was only 0.2% increase from the previous efficiency of 15.8% by Britts and
Ferekides. It takes another four years to announce another record efficiency of 16.5 in
2001 announced by First Solar Company. This shows an increase of only 4.2%
efficiency increase over a period of one decade (1989-2001). The increase in the cell
efficiency over this long period of time was not impressive as it looks too slow. The PV
community has to spend another decade long to come up with another record efficiency
of 17.3% in 2011 brought forward again by First Solar. This is only 0.8% increase from
the previous record efficiency by the same First Solar Company. This could rather be a
fluctuation in the experimental measurement rather than an increase in the previous
record efficiency. The stagnation of the CdS/CdTe cell efficiency over such a long
period of time could be attributed to lack of full understanding in devices physics aspect

and material issues.

A rapid increase in the cell efficiency is seen from 2011 to date (2016). The efficiency

increase within this period (2011-2016) was 4.8%. This means that the equivalent of the
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efficiency increase of 4.2% in the past decade was now achieved (4.8%) in just a period
of five years. This is an impressive progress and it also indicates improved
understanding in device physics aspect and materials issues. Generally, the increase in
the cell efficiency over such a long period of time from 1989 to date is only 9.8%.
Looking at the cell parameters, more improvement is required in the Js. and V. values
of these devices. Observation has shown that these record efficiencies were mostly

achieved by Companies and not by academic based research institutions.

2.3.2 New model on CdS/CdTe solar cell structure

Over a period of 25 years, CdS/CdTe solar cell has been considered as a simple p-n
junction device. All experimental results were interpreted assuming a p-n junction, but
few key observations could not be explained in terms of p-n junction. Its back contact
issues and reproducibility were puzzling researchers for a long period of time. In the
scientific community, it is a known fact that the CdTe absorber material can be prepared
in both n-type and p-type electrical conduction depending on the stoichiometry [33-36];
Cd-rich CdTe is n-type while Te-rich CdTe is p-type. Therefore, the CdS/CdTe solar
cell could exist as a p-n junction or as an n-n+Schottky junction at the back metal
contact as shown in F<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>