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This thesis presents an investigation into the use of quantum dot thin films as
potential window layer materials in the improvement of photovoltaic solar cell
efficiency. The materials studied are bismuth doped zinc oxide and cadmium sulphide.
Methods of fabrication are studied to determine a simple method of synthesis and
deposition. While other methods are studied, both materials used are deposited
| through spin coating, onto quartz substrates, for characterizations, and onto PN silicon
in an attempt to create a prototype photovoltaic device. The properties of the thin
films — optical, structural, and electrical — are studied through various means,
including, UV-Vis, FTIR, XRD, FESEM, and two-probe technique. Together with the
properties of the thin films, the factors affecting these properties are also studied in
this research. The properties studied are to determine whether the materials would
be a viable option for solar cell applications. Absorption, transmittance, reflectance,
band gap, conductivity and resistivity, surface morphology and structural bonding are
all investigate. Manipulation of the properties is also possible through the changing of
certain factors like grain size, number of layers and temperature, which is documented
in this thesis. To prove that the materials are suitable for improvement of efficiency,
the properties are analysed with respect to those of crystalline silicon, attempting to
limit the light that is wasted by the silicon solar cells, while also mitigating parasitic
losses to the window layer materials. After characterizing the films, the films are
deposited onto crystalline silicon and tested. Contacts are made through screen
printing, with silver front contacts and aluminium rear contacts. Results obtained from
UV-Vis analysis of the films, for optical properties show low reflectance in the

wavelengths in the visible light region of the spectrum, while transmittance is high in



v

the visible light region of the spectrum, and low in the UV-region — <400nm. Structural
analysis of the fitlms through FTIR showed bonds formed between cadmium and
sulphur, creating the cadmium sulphide particles, proving the method of deposition
successful. The surface morphology data, studied through XRD and FESEM show
improved homogeneity of the CdS film when deposited on a ZnO:Bi buffer layer,
compared to deposition on plain quartz. Increased temperature was also shown to
affect the surface morphology, with a higher temperature resulting in phase separation.
Electrical properties measured from two-probe method show good conductivity on

certain films, suitable for window layer materials.
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CHAPTER 1
INTRODUCTION

1.1 Background

The entire world is currently heavily dependent on coal, oil, and gas, as these
fossil fuels are responsible for electricity generation, depicted in figure 1.1. Coal and
oil are widely used to generate electricity, while oil is also used as the preferred fuel
for most vehicles (cars, trucks, ships, etc.), powering their internal combustion engines.
As global electricity demand grows, through technological advancements and
implementation in our daily lives, generation capacity needs to grow as well. However,
fossil fuels, which have been used to generate electricity and mechanical power, since
the dawn of industrialisation, do not satisfy the evolving requirements for a 21 century
source of electricity; one that is clean, renewable, sustainable, and affordable. (BP,

2020; Breeze, 2019; Comello et al., 2018; Shalaeva et al., 2020)

Traditional power plants, using fuels like coal and oil, produce large amounts
of carbon dioxide (CO,), which remains in the Earth’s atmosphere, contributing to the
global warming crisis humans are currently battling. These fossil fuel plants aren’t
sustainable as fossil fuels aren’t renewable resources, facing depletion if they are
relentlessly used, with coal reserves expected to run out within the next 132 years, if
the current rate of use persists, according to the world coal association. (What Is Coal

& Where Is It Found?, 2020)
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Data Source: BP statistical review 2020
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Figure 1.1 Share among different fuel types, for electrricity generated globaly. Data
source:BP Statistical review 2020 (BP, 2020)

Electricity demand is expected to only grow as new technologies are
developed, these include electric vehicles (EV’s), which have also begun the transition
of vehicles from fossil fuel powered internal combustion engines, to vehicles propelled
by electric motors. With world oil reserves predicted to last just 50 more years,
according to British petroleum energy reviews 2020 (BP, 2020), EV’s could play an
integral part in reducing carbon emissions from vehicles and power plants, through
decreasing dependence on fossil fuels. However, at present the electricity that is
needed to power EV’s are mostly generated from fossil fuels, as seen in figure 1.1;
hence, while EV’s are taking us away from dependence on oil, they are still largely
dependent on coal/gas/oil generated electricity, currently failing to achieve the goal
of reducing carbon emissions. To fully reap the benefits of EV’s, just like for household
electricity demands, renewable energy needs to be more widely integrated into the

global electricity supply. (BP, 2020; Huo et al., 2010)

While coal power plants are the main contributors to a grid; EV’s will have little

to no effect on carbon emissions. As seen in figure 1.2, a reduction in emissions will



only begin to occur when the grid from which EV’s draw power, is comprised of at

least 5% renewable energy.

Carbon emissions by different vehicles under
different sources of electrcity

Data source: H Huo, Environmental Implication of Electric Vehicles in China
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Figure 1.2 Carbon dioxide emissions by internal combustion engine vehicles (ICEV),
hybrid engine vehicles (HEV) and electric vehicles (EV), per 100 kilometres
(km) travelled, for grids containing various amounts of coal power

generation in China. (Huo et al., 2010)

Solar power has the potential to solve carbon emission problems by harnessing
sunlight to generate electricity. Over the span of a year, enough energy strikes the
surface of the earth as solar irradiance, to meet 6000-8000 times the annual global
electricity demand (Breeze, 2019). While the resource of sunlight is abundant, the
harnessing capability is limited. The cost of manufacturing photovoltaic (PV) solar
panels, together with storage systems, has been continuously decreasing, making PV
solar power one of the fastest growing renewable energies, but solar power generation
still pales in comparison to fossil fuel generation capacity(Comello et al., 2018; Molina,

2017).

Abundant solar irradiation, adequate slope and aspect, transmission lines that

are within reasonable proximity to a populated area/road infrastructure, and a certain



type of land cover — short vegetation/shrublands, and free of mountains, forests,
buildings — are the various requirements that need to be met for land to be used for
a photovoltaic power plant (Kereush & Perovych, 2017). Research has been done into
potentially using deserts or large bodies of water as alternatives, to solve the land
requirement problem, however deserts present problems such as inoperable
temperatures for PV cells, dust, and large transmission distances, while floating PV
plants have increased costs related to floating structures (Abid et al., 2018; Bouraiou

et al., 2015; Rosa-Clot & Tina, 2018; Saidan et al., 2016).

Lowered costs have improved the affordability of PV solar power, but the
land/space required by solar farms is much greater than that of coal power plants
(compared in table 1.1), lowering competitiveness for cost per kWh generated, due to
the slow increase of efficiency in commercially available solar panels(Capellan-Pérez

et al,, 2017; Comello et al., 2018; Richter et al., 2013).

Figure 1.3 compares the average construction cost per kilowatt of capacity of
different renewables, showing that the construction costs of solar power are relatively
higher than that of wind and natural gas. Figure 1.4 shows the breakdown of the
construction costs of a 5 MW PV plant, showing that the PV panels make up a large

percentage of costs, while land also influences the cost.

To lower the construction costs of PV plants, the cost/number of solar panels
will need to be reduced, together with the land requirements; these can only be

achieved by increasing the efficiency of the panels while keeping costs low.



Table 1.1 Comparison of land required by different power plants to generate the same

amount of power and their respective CO, emissions. (Kengpol et al., 2013)

Land in use CO, emissions
Technology
(km?/GW/year) (tonnes/GW/year)
Solar 630 600
Biomass 25600 600
Wind 9900 600
Hydro 7600 2000
Oil 20 700000
Natural Gas 20 400000
Coal 35 900000
Nuclear 10 2400

Despite major advancements in PV technology such as solar tracking (Awasthi
et al,, 2020) and floating solar farms (Abid et al., 2018; Rosa-Clot & Tina, 2018), which
also have additional related costs, power conversion efficiencies of bulk silicon (Si) —
Si whose band gap is dependent upon the material type — the most common PV’s,
are still limited by the size of the energy band gap (Saga, 2010; Sproul & Green, 1991).
Si bulk material has an energy band gap in the range of 1.1-1.2 eV, which means that
it can absorb light in the visible to near-infrared region of the solar spectrum (400-1100
nm), harnessing little to no conversion energy from photons that lie out of the range
corresponding to the band gap (Green, 2008; Sproul & Green, 1991). This limitation is
why current single junction crystalline Si solar cells can only reach efficiencies of 26.9%,
falling short of the maximum theoretical efficiency of approximately 30% (Andreani et
al,, 2019; Richter et al,, 2013; Shockley & Queisser, 1961; Zhao et al., 1999). To push

the efficiencies of single-junction cells closer to the theoretical maximum, economical



solutions need to be found to enable the cells to better convert light in the visible to

near-infrared range, in particular, higher energy photons at blue light wavelengths.

Capacity-weighted average construction costs for electricity generators (2013-2017)

dollars per kilowatt eia
4.000 onshore wind natural gas

' " turbines
3500

3,000 \

2 500 \ $2.343

— capacity
2,000 $1,647 added
\H gigawatts
1,500 15
$920
1,000 i —— 0
500 105 5
5.1 5.8
0 0
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Figure 1.3 Comparison of construction costs, with respect to generation capabilities,

between generation plants of different sources. (Mey, 2019)

Thinner silicon wafers can be made to possibly reduce surface recombination
losses, converting higher energy photons to electricity, but these thinner wafers have
lower power conversion efficiency (PCE) than bulk Si cells, as a result of being an
indirect band gap material (Shah, Schade, Vanecek, Meier, Vallat-Sauvain, et al., 2004
Shockley & Queisser, 1961). Multijunction (tandem) solar cells are being developed
with much higher efficiencies, due to having multiple energy band gaps, absorbing a
wider range of light, however, they have not yet reached cost efficiency levels to
compete with single-junction cells and hence, are not easily accessible (Jain & Hudait,

2014; Philipps et al., 2018).
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Figure 1.4 Breakdown of construction costs of a 5SMW PV generation plant.

(Kassim et al., 2015)

Quantum dots (QD) are semiconducting nanoparticles that have various
applications, including sensors and photovoltaics (Esteve-Turrillas & Abad-Fuentes,
2013). QD materials’ band gaps can easily be tuned to correspond to light in the
ultraviolet (UV) or infrared (IR) regions of the light spectrum, by selecting particle sizes
and compositions, which can be synthesized using alloys of elements taken from the
groups: 12-16, from which we get compounds such as cadmium sulphide (CdS) and
oxide (ZnO) ZnS; 13-15, from which we get semiconductors like gallium arsenide
(GaAs); or 14-16, from which we obtain semiconductor materials such as lead selenide
(PbSe) (Ahmed et al., 2012; Esteve-Turrillas & Abad-Fuentes, 2013; Hod & Zaban, 2014;
Lekha et al, 2013; Sui et al, 2013). These materials present an opportunity for
improving the PCE of the already commercially available single-junction crystalline Si
solar cells, while remaining cost-efficient, by being used as an economically viable
window layer to improve the PCE through widening the range of light that is absorbable
and improving the absorption of the visible to near-infrared light range (Hod & Zaban,
2014). QD materials are viable window layers to improve Si solar cells (efficiency)
because of their strong light harvesting abilities, stability, hish molar extinction

coefficient, size-dependant optical properties and low fabrication costs (Ahmed et al,,



2012; Esteve-Turrillas & Abad-Fuentes, 2013; Hod & Zaban, 2014; Lekha et al., 2013;
Sui et al., 2013).

A good candidate material for the window layer is CdS, being a direct band gap
material with an energy band gap of =2.42eV (larger than Si) for bulk material and
tuneable as quantum dot material. The window layer can be used to improve the
absorption range of Si cells, allowing photons with energy lower than 2.42 eV to pass
through to the Si solar cell and potentially downshift high-energy wavelengths above
2.42 eV. (Boakye & Nusenu, 1997a; Britt & Ferekides, 1993a; Hodgson et al., 2013; Jones
et al,, 2009; Qutub et al., 2016).

Zinc Oxide (ZnO) is another direct band gap QD material, that can be
incorporated as a thin film nanostructure buffer layer between the absorber and CdS
window layer, acting as a physical barrier for migrating dopants/impurities and
potentially improving the film quality of the CdS layer, while also improving efficiency
(Jones et al., 2009). With a direct band gap of 3.4 eV for bulk material at 300K, ZnO
can further widen the absorption range of the solar cell with the CdS window layer
(Jones et al.,, 2009; Krongarrom et al., 2012b; Nicolay et al., 2015). The effect of using
a ZnO QD buffer layer, fabricated by sol-gel technique, is also investigated in this study,
together with the CdS layer, using structural, optical, and electrical analyses. The band
gap of ZnO that is wider than Si and CdS means that it can potentially widen to the

absorption range for the window layer solar cell, resulting in an increased PCE.

Figure 1.5 shows the range of wavelengths that correspond to the band gaps
of 2.42 eV and 3.4 eV for CdS and ZnO, respectively. A traditional Si solar cell responds
efficiently to the photon energy at 1.1eV (1127 nm light wavelength). Thus a lot of
energy from the total solar spectrum does not get efficiently absorbed by Si solar cells,
often wasted in the form of heat, which further decreases solar cell performance and

lifespan (Khalis et al., 2016; Park et al., 2013).
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Figure 1.5 Spectrum of solar irradiance with absorbable light with Si and potential

improvement with larger band gap window layer

Although CdS nanostructure thin film window layer studies exist, often for use
in CdTe and other nanostructure thin film solar cells, research on the use of CdS
together with ZnO as the potential window layer for crystalline Si solar cells is
uncommon. In this study, we analyse nanostructured CdS window layer fabricated by
inexpensive spin coating technique, for the efficiency improvement of commercial bulk
Si solar cells. Through using an inexpensive technique such as spin coating, we ensure
the economic viability of the solar cells. Applying the window layer to existing bulk Si
solar cells, rather than new technologies, like multijunction of quantum dot cells,
reduces implementation time, through enhancing solar cells that are already

commercially available.

Incorporating the CdS/Zn0O:Bi window layer onto already commercial bulk Si
solar cells, we can improve the efficiency of these cells; the UV-visible absorption

range would decrease losses from heat and Auger recombination caused by high-
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energy photons (> Energy band gap of Si), by improving the effective absorption of the
higher energy photons through the window layer which has higher energy band gap
(Boakye & Nusenu, 1997a). Improved efficiencies of solar cells would mean that
required land space, and ultimately the cost per kilowatt hour (kWh) can be reduced,
making solar power more appealing, leading to a higher adoption speed of

photovoltaic technology.

1.2  Solar cells

Solar cells are electronic devices (semiconductors) with the ability to convert
sunlight into electricity, delivering a portion of the energy absorbed from photons, to
charge carriers. When ligsht shines upon a solar cell, the cell produces a current and a
voltage, to generate electric power. The process whereby light is converted into
electricity requires a material in which the absorption of photons will separate an
electron from a hole, within the solar cell, promoting electrons to a higher energy
state, resulting in the movement of the higher energy state electron from the solar
cell to the connected external circuit. The moving higher energy state electron will
then dissipate energy in the external electrical devices and thereafter return to the
solar cell, resulting in an electrical current. Various materials have the potential to be
developed into solar cells due to their PV conversion abilities, however majority of PV
energy conversions make use of semiconductor materials in the form of a p-n junction.

(Gray, 2011; Jager et al., 2016; Nelson & Starcher, 2015; Ramalingam & Indulkar, 2017)

Photovoltaic cells are made up of two layers of semiconductor material —
most commonly silicon (crystalline, polycrystalline, and amorphous) — sandwiched
together. Si is tetravalent material, meaning that it contains four valence electrons.
Two layers with different concentrations of free electrons are created through doping
the Si with different materials; the two layers are sandwiched together. A layer with an
excess of positively charged holes, known as the p-type layer, is typically created by
doping the Si with Boron (B) atoms, which are trivalent. A layer with an excess of
negatively charged electrons, known as the n-type layer, is typically created by doping
the Si with Phosphorous (P) atoms, which are pentavalent. Figure 1.6 shows how the

added elements create holes and electrons; the trivalent atoms create additional
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holes, while the pentavalent atoms add an additional free electron to the 4 valence

electrons of the Si. (Gray, 2011; Jager et al., 2016; Nelson & Starcher, 2015)
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Figure 1.6 Differently doped silicon making up the p-region and n-region of a PV cell.
(Jager et al,, 2016)

When the P-type and N-type materials are put together, the positively charged
holes in the p-region and negatively charged electrons in the n-region migrate between
the two materials. This process is known as diffusion; the movement of carriers creates
the diffusion current (). After diffusion, fewer electrons will be present in the n-
region, therefore creating a net positive charge, whereas the p-region would have a net
negative charge due to the increased concentration of electrons. An electric field
between the two regions results from the combining of electrons and holes; the
electric field repels holes on the side of the p-region, and electrons on the side of the
n-region. Carrier movement caused by the electric field is known as the drift current
(Iprif)- Diffusion will occur until the drift current is equal to the diffusion current. Due to
the depletion region (area between the P and N regions), electrons and holes cannot
cross the barrier and recombine, forcing electrons to flow through the external circuit,
which will create the current. Figure 1.7 shows the structure of the depletion region of
the solar cell, together with the concentration of electrons and holes in each region

before and after the diffusion process. (Gray, 2011)
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Figure 1.7 Structure of the depletion region of the solar cell, together with the
concentration of electrons and holes in each region before and after the

diffusion process (Fernandez, 2021)

The valence band of an atom is the outermost orbital that electrons occupy,
when the valence electrons are excited, they jump into the conduction band, creating
an electric current. Prior to being exposed to light (photons), the depletion layer
contains no positive or negative charge carriers — the valence band is full and the
conduction band is empty. When the cell is exposed to light energy, if the photon is
of a wavelength with sufficient energy to overcome the gap between valance and
conduction band, electrons would be excited, jumping from the valence to conduction
band, separating electron and hole. The electron excited within the depletion layer
gets attracted toward the n-region because of the positive charge, while the hole gets
repelled toward the p-region. If the electrons are excited outside of the depletion
layer, the electrons immediately recombine with the holes (not generating any

current). This is known as the photovoltaic effect. (Gray, 2011; Jager et al., 2016)
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Due to the photovoltaic effect, valance electrons both in the P and N regions
are promoted to the conduction band, resulting in excess electron/holes in both
regions. The excess electrons present in N-region, move to the top metal contacts,
while the excess holes presenting in P-region move to the rear metal contact. The
internal electric field will only allow electrons to move in one direction, blocking
movement the other way. Electrodes are each connected to the P and N layers,
electrons will follow from the N-region to the P-region creating current, if photons
strike the cell. Figure 1.8 shows the structure of a solar cell and the movement of
electrons from the n-region to the p-region, through the external circuit. (Jager et al,,

2016; Nelson & Starcher, 2015; Ramalingam & Indulkar, 2017)
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Figure 1.8 Operation of PV cell (Sainthiya & Beniwal, 2017)

1.3  Quantum dots

1.3.1  Quantum dot band gaps
Quantum dots (QDs) are semiconductor particles in the nano-scale,
having optical and electrical properties that are different from larger particles of the
same material. The band gaps on QD’s, unlike bulk materials, are tuneable, due to the

quantum size effect. The quantum size effect depends on the exciton Bohr radius
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(distance in an electron-hole pair). When a particle’s size is less than that of its Bohr
radius, it experiences a splitting of energy levels, resulting in a larger band gap. Because
a quantum dot is a semiconductor similar in size to its exciton Bohr radius, the band
gap becomes adjustable, according to the size of the particle. Because of this property,
band gaps can be adjusted by changing deposition techniques or levels of
concentration when synthesizing. Figure 1.9 shows various QD materials and their band
gaps according to particle size. (Al-Jawad, 2017; Balkus, 2013, p. 9; Veerathangam et
al., 2017)
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Figure 1.9 Varied Quantum dot energy band gaps vs quantum dot size for different

materials. (Jasim, 2015)

1.3.2  Multiple exciton generation
Unlike bulk semiconductors such as crystalline silicon, quantum dots
can generate multiple exciton (electron-hole pairs) after collision with one photon of
energy exceeding the band gap. In bulk semiconductors, the absorption of a photon
with energy exceeding the band gap promotes an electron from the valance band to
a higher level in the conduction band, these electrons are called hot carriers. The

excited electron (hot carrier) undergoes many nonradiative relaxation (thermalization:
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multi-phonon emission) before reaching the bottom of the conduction band. However,
in a quantum dot, the hot carrier undergoes an impact ionization process (carrier

multiplication). (Chuu & Dai, 1992; Jasim, 2015)

Absorption of a single photon in QD’s can generate multiple electron-
hole pairs or electrons at a higher/lower energy level than the absorbed photon. When
a photon of energy exceeding that of the band gap, is absorbed, the excess energy
can generate an additional exciton, whereas in a bulk semiconductor, excess energy
generates heat. This phenomenon is called multiple exciton generation (MEG). Figure
1.10 shows the process in a QD when a single photon is absorbed and two electron-

hole pairs (excitons) are generated. (Jasim, 2015)

The Shockley-Queisser theoretical limit for a single junction solar cell
works with the understanding that a single photon will produce one exciton. In the
case of quantum dots, it is possible to generate more than one exciton per photon;
this provides an opportunity to increase the efficiencies of single junction solar cells,

beyond the previously accepted limits.

Down-converting is where a high-energy photon is absorbed and a lower
energy photon is emitted; the opposite occurrence is known as up-conversion, where
multiple emitted photons are of a higher energy level than the single absorbed
photon. Another phenomenon associated with quantum dots is known as
downshifting, where a photon is absorbed, and a single lower energy photon is emitted.
Therefore, the absorption of UV photons in quantum dots can possibly produce more
electron-hole pairs than near-infrared photons. By absorbing high-energy photons and
emitting lower-energy photons, QD’s can play a crucial role in solar cells, by reducing

wasted light and heat losses. (Chuu & Dai, 1992; Jasim, 2015; Oreski et al., 2018)
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Figure 1.10 Multiple exciton generation in a quantum dot.

1.4 Band gap

In semiconductors, the band gap can be one of two types, namely, a direct
band gap or an indirect band gap. The lowest energy state in the conduction band and
the highest energy state in the valence band are each characterized by a crystal
momentum (k-vector). The crystal momentum is a momentum-like vector associated
with electrons in a crystal lattice. If the k-vectors are different, the material has an
indirect band gap, in which a photon cannot be emitted because the electron must
pass through an intermediate state and transfer momentum to the crystal lattice. If
the crystal momentum of electrons and holes are the same in both the conduction
band and the valence band, the band gap is a direct one, in which an electron can

directly emit a photon. (Boakye & Nusenu, 1997b; Varghese et al., 2002)

Examples of direct band gap materials include CdS and ZnO. Indirect band gap

materials include crystalline Si and Ge.
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Figure 1.11 Energy vs crystal momentum for a semiconductor with (a) an indirect band

gap and (b) a direct band gap.

Figure 1.11 shows the energy vs crystal momentum for the two types of band
gaps. For the indirect band gap, an electron cannot shift from the highest energy state
in the valence band (red) to the lowest energy state in the conduction band (blue)
without a change in momentum. Most of the energy comes from a photon (vertical
arrow), whilst all of the momentum comes from a phonon (horizontal arrow), Photons
have relatively large energy and low momentum, whereas phonons have low energy
but large momentum. For a direct band gap material, an electron can shift from the
highest energy state in the valence band to the lowest energy state in the conduction
band without a change in crystal momentum. Depicted (Figure 1.11b) is a transition in
which a photon excites an electron from the valence band to the conduction band.

(Bhandari et al., 2013; Chopra et al., 2004; Green, 1982; Shah, Schade, Vanecek, Meier,
Vallat-Sauvain, et al.,, 2004)

Equation 1 gives the minimum photon energy (hf) required to excite an electron

to the conduction band (Green, 1982):

hf:Eg - Ep (1)
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where E is the energy of an absorbed phonon with the required momentum to bridge
the offset between the conduction band’s lowest energy state and the highest energy
state of the valence band. This equation demonstrates that the energy of the photon
must be equal to the difference between the energy required to cross the band gap
and the energy due to the phonon’s momentum. This process involving two steps to
move the electron, results in a much lower probability of absorption than in direct
semiconductors, due to the fact that the process involves multiple particle

interactions. (Green, 1982)

In an indirect band gap semiconductor, a photon must couple to a phonon to
be absorbed. This makes the absorption coefficient drastically lower (and hence solar
devices must be thicker). Since direct band gap materials can achieve higher absorption
coefficients, the film can be made a lot thinner, which has many advantages — lower
costs, reduced losses, and increased light absorption— in a solar cell. (Bhandari et al,,

2013; Chopra et al., 2004; Shah, Schade, Vanecek, Meier, Vallat-Sauvain, et al., 2004)

1.5 Window layers and heterojunctions

Thin film solar cells usually have a structure consisting of a highly doped
coating on a substrate, with a similar, but moderately doped absorber layer deposited
on top of it. An oppositely conductive doped material is deposited on the absorber
layer to form the emitter layer. The window layer in a heterojunction solar cell can be
used to form the p-n junction with the absorber layer or used to improve performance
of the already existing homogenous p-n junction. The structure of a solar cell
incorporating a window layer is depicted in figure 1.12. There are two basic
requirements for the window material, low electrical resistivity and high transmittance
with an optimum band gap. CdS is widely used as a window or buffer layer material in
photovoltaic devices due to its suitable band gap and enhancement properties in the
interface chemistry between the light absorber and window layer, during

fabrication.(Bin Rafig et al., 2020; Ozer & Kése, 2009)
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Figure 1.12. Different layers making up the structure of a solar cell

Methods of deposition for thin film window layers on solar cells include; CBD,

SILAR, spin coating, RF sputtering, and electrodeposition.

1.6 Cadmium sulphide

CdS is an important II-VI semiconductor with a direct band gap of 2.42 eV which
falls in the visible spectrum of light, at room temperature (300K), with absorption
maxima at wavelength pf 515nm and a melting point of CdS is 1475°C, imparting a
bright yellow to maroon colour. Often synthesized using a sulphur source such as
sodium sulphide (Na,S) and a cadmium source such as cadmium acetate
(Cd(CH5CO0),), CdS can also be naturally occurring as hexagonal greenockite (wurtzite
structure) or cubic hawleyite (zinc-blend structure). (Boakye & Nusenu, 1997b;

Devamani et al., 2017a; Tan et al., 2011; Xiao et al., 2014)

With low electrical resistivity and high optical transmittance, CdS films are
commonly used as a window or buffer layer material for many types of solar cells
such as CdS/Cu(ln,Ga)Se, (Singh & Patra, 2010), CdS/CdTe (Amin et al., 2007; Britt &
Ferekides, 1993b; Ferekides et al., 2000), CdS/CulnS, (Olekseyuk et al., 2000) or
CdS/CulnSe; (Ramanathan et al., 2003). Furthermore, CdS nanocrystals are also applied
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for photosensors, transducers, optical wave-guides, non-linear integrated optical
devices (Senthil et al,, 2001), lasers laser materials (Klimov et al., 2000), biological
labels (Bruchez et al., 1998), photo-conducting cells in sensors (Hur et al., 2008), paints

and photo-electrocatalysis devices (Santos Andrade et al., 2019).

Sulphur vacancies caused by excess cadmium atoms result in intrinsic n-type
conductivity for CdS. It can exist in three possible structures, wurtzile (wz); or zinc-
blend (zb); or high-pressure rock-salt (rs) phase. From the possible structures, the wz
structure is the most stable phase and easily synthesized. Under standard testing
conditions, the wz-CdS is a stable phase, but under high temperature and pressure, rs-
CdS is the stable phase. The zb-CdS is an intermediate phase between the
transformation of wz-CdS to rs-CdS. (Devamani et al., 2017a; Xiao et al., 2014)

The wz phase had been observed in both the bulk and nanocrystalline CdS,
while zb and rs phases are only observed in nanocrystalline CdS (Alkuam et al., 2017a;
Balaji et al., 2018; Devamani et al.,, 2017a; Nagai et al., 2002; Raj & Rajendran, 2015).
Band gaps vary for the different phases of CdS wz-CdS has a direct band gap of =2.4
eV, zb-CdS has a band gap of #2.55 eV, and rs-CdS has an indirect band gap of =1.5 eV
(Xiao et al., 2014).

The wz-CdS form comprises of hexagonal close packing, while, the zb-CdS and
rs-CdS structure have cubic close packing. In hexagonal wz-CdS and cubic zb-CdS, each
atom is co-ordinated to four other atoms in tetrahedral fashion in a way that each
atom has four neighbouring atoms of the opposite type, whereas in rs-CdS each atom
is co-ordinated to six other atoms in octahedral fashion such that each atom has six
neighbouring atoms of the opposite kind. Figure 1.13 shows the arrangement of the

atoms in the different structures. (Qutub, 2013; Tan et al., 2011)

In heterojunction solar cells, the structure of the CdS can affect the efficiency
by increasing or decreasing the lattice mismatch with the other material. (Arya et al,,

1982)
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(a) (b) (c)

Figure 1.13 Unit cell of CdS crystal, where the larger demonstrated atoms are that of
Cd and the smaller are that of S, showing (a) wurtzite, (b) zinc blend and

(c) rock salt phases. (Qutub, 2013)

1.7 Zinc oxide

ZnO is a wide band gap (3.37 eV) II-VI semiconductor, typically showing n-type
characteristics, even in the absence of intentional doping with low carrier
concentration. While light absorption within the CdS at wavelengths below &512 nm
does show a relatively poor EQE of #359%, such losses do not occur within ZnO films
which exhibit a band gap energy close to 3.37 eV and therefore show better
transparency in this spectral region. (Bhandari et al., 2013; Rattanawichai & Rattanachan,

2015)

Having great potential for applications in a wide array of fields, from medical to
photovoltaics, due to its unique properties, ZnO has been and still is a widely
researched compound. High chemical stability, a wide range of radiation absorption,
good transparency, high coupling coefficient and high photo-stability, are some of the
properties that justify the widespread utilization of ZnO. Due to its non -toxic,
biocompatible, and biodegradable properties, ZnO nanoparticles have been also used,
for targeted drug delivery and as a probe for bio -imaging as well as an anticancer and

antimicrobial agent. (Akhtar et al., 2020; Rattanawichai & Rattanachan, 2015)

Zn0 is one of the most interesting materials for optoelectronic applications

because of its highly effective electrical and optoelectronic properties. In particular, its
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wurtzite (wz) crystal structure with wide direct energy band gap (=3.37 eV) and large
excitation binding energy of ~60 meV, at room temperature (300K). ZnO nanostructures
have been extensively studied over the past years owing to the availability of a variety
of growth methods resulting in a number of different morphologies and a wide range
of material properties. In addition, ZnO nanostructures have attracted intensive
research efforts due to high performance in micro-scale to nano-scale optoelectronic
devices, such as transparent electronics and thin film solar cells. (Bhandari et al., 2013;

Krongarrom et al., 2012a; Nicolay et al., 2015; Rattanawichai & Rattanachan, 2015)

1.8 Research objectives

This work aims at the development of a window layer for Si solar cells with a
heterostructure acting as an additional light absorber, or filter. While the understanding
of the power conversion efficiency limits of single Si junction solar cells has advanced,
the formation mechanisms in alternative window layers such as ZnO or CdS are still a
matter of debate. A window layer, which generates additional excited carriers, is
especially promising as it offers efficient absorption at the UV-Visible wavelength range.
Other than being an additional active layer, a window layer also offers efficiency
improvement by downshifting high-energy photons to wavelengths that are better
suited to the band gap of the active layers. This thesis covers 2 compound materials
for a hetero-window layer: CdS, and ZnQO:Bi, responding the green light wavelength
(energy band gap of 2.4 eV), and the UV wavelength (energy band gap of 3.4 eV),

respectively, but with less understood properties.

Interesting progress has been achieved towards the implementation of CdS or
ZnO to a solar cell (Britt & Ferekides, 1993a; Fuhs, 2005; Gao et al., 2018; Krongarrom
et al,, 2012b; Rattanawichai et al., 2018) However, a characterisation of CdS/ZnQO:Bi
hetero films in a Si solar cell with appropriately designed layer thickness, has not yet
been reported. Most studies were either restricted to structural and optical
investigations or were limited by inherent shortcomings. Therefore, a systematic
characterization of the CdS/ZnO:Bi top cell is identified as the first step towards the

realization of a crystalline Si solar cell heterostructure. In these challenges, the
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principal objective of this thesis is to explore the general feasibility of a Si junction

solar cell incorporating CdS/Zn0O:Bi window layer. The main objectives are;

1) A study of appropriate fabrication technique and number of CdS/ZnO:Bi layers
and an enhanced understanding of nanocrystalline CdS formation on ZnO:Bi
film for a crystalline Si solar cell heterostructure.

2) A systematic investigation of structural, optical, and electrical characterisations
of CdS/ZnO:Bi window layer for the optimal solar cell properties.

3) A development and characterisation of crystalline Si photovoltaic device

incorporating CdS/Zn0O:Bi window layer.

1.9 Scope and limitations

1.9.1 Preparation method

Deposition techniques that will be considered for CdS and ZnQO:Bi, in
this thesis, include; SILAR, spin coating, and a hybrid of spin coating and SILAR. For the
SILAR technique, a cation and an anion solution are prepared separately, the deposited
in an alternating manner, to create a reaction between the two solutions, form CdS.
For spin coating, a single CdS solution is prepared and deposited onto a substrate,
then spun to create a homogenous layer. With a hybrid technique, a cation and an
anion solution are prepared, similarly to SILAR, but instead of dip coating, spin coating

is used to deposit the solutions.

1.9.2  Characterisations

For testing the properties of the window layer, the window layer first
needs to be deposited onto a quartz substrate, instead of a Si wafer. Individual
properties of the thin film such as transmission, reflection, absorption, and electrical
characteristics, can only be determined if the film is analysed independently of Si. For
structural properties, FTIR analysis is used to determine the type and strength of bonds
created, while XRD analysis will be used to determine crystal structure. SEM imaging
will be used to determine crystal size and film quality. The optical properties of the

window layer film will be determined through analyses by UV-Vis spectroscopy.



24

Electrical properties such as current density will be determined using a two-probe

method, passing a current through the film.

The structural properties of the window layer thin film will be analysed
and optimised by varying the number of layers and the ZnO:Bi buffer layer properties.
The structural properties of the Si wafer will be analysed and compared to Si with the
window layer, however the structural properties of the Si wafer cannot be improved

upon as it is manufactured externally and beyond scope of this research.

1.9.3  Power conversion efficiency (PCE) measurement of a prototype device
The PCE will be determined by measuring the electrical properties of
the solar cell, once a p-n junction is created. Open circuit voltage and short circuit

current can be used to determine the maximum generated power.

The PCE of the Si/window layer solar cell is analysed to determine the
PCE improvement created by the window layer. Efficiency of the window layer will not
be isolated, as no p-n junction will be developed using the window layer, aside from

the Si solar cell.



CHAPTER 2
LITERATURE REVIEW

2.1 Background

Factors affecting the properties of CdS and ZnO:Bi have been extensively
investigated over the years. During synthesis to deposition processes of quantum dots,
factors like annealing temperature and/or deposition technique can affect particle size,
crystal orientation and film thickness, which subsequently affects the film properties
— band gap, transmittance, conductivity, and resistivity. To determine the viability of
these materials, all factors need to be investigated. As an n-type quantum dot material,
CdS can be used in heterojunction thin film solar cells, together with other p-type
materials, such as PbS, CdTe, Si or perovskite. The different heterojunction structures
and methods of depositions, related to cadmium sulphide solar cell applications have

been reported and analysed in this chapter.

2.2 CdS particle size

The particle size of quantum dots may be the determining factor for many of
the film’s properties. Raj F.M, et al (2015) synthesized absorption coefficient CdS
nanoparticles via chemical precipitation method, for analysis for use in dye sensitized
solar cells. Particle size was controlled by adjusting the molar concentrations. 7 nm
particles were synthesized, with a band gap of 3.81 eV, with optical absorption edge
located at wavelength of 415 nm. Nida Qutub,et al. (2016), investigated the effect of
particle size on the band gap of synthesized CdS nanoparticles. The particles varied in
diameter, which affected the band gap and consequently the wavelength of light
absorbed. Table 2.1 shows the data from the optical analysis of the different CdS

nanoparticles:
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Table 2.1 The band gap energy and particle size (diameter) of synthesized CdS NPs,
obtained from absorption spectra. (Qutub et al., 2016)

A B C D E F
Absorption 475 470 465 445 425 415
Wavelength
(nm)
Band Gap (eV) 2.61 2.64 2.70 2.80 2.93 3.0
Particle size 10.18 8.06 7.04 5.16 4.26 3.9
(nm)

2.3 Band gap tuning

CdS QD’s to improve high-energy photon absorption and widen the band gap
of TiO, solar cell, was investigated by K. Veerathangam, et al. (2017), showing the good
optical properties of CdS QD needed for a window layer. Using SILAR technique CdS
particles, sized between 3.05 to 9.07 nm were successfully deposited onto spin coated
TiO, An increase in the number of SILAR cycles was proportional to the increase in
particle size, showing a correlation between thickness of the CdS film and the size of
particles (larger particles have smaller band gap), which will determine band gap. The
absorption spectra of TiO, was below 410 nm, due to its band gap of 3.02 eV, but
shifted to 550 nm (closer to visible light range) with the addition of the CdS film, as

seen in figure 2.1.

2.4 Temperature Variations

The effect of annealing temperature on the properties of the CdS film —
particle size and subsequently the band gap — has been previously investigated. C.T.
Tsai, et al (1996) presented the effect on particle sizes of RF sputtered CdS thin films.
The sizes grew as temperature increased, resulting in a decrease in band gap. Band gap
for a 400 nm CdS film was at 2.45 eV. F. Boakye, et al. (1997), determined the energy
band gap for CdS films prepared by thermal evaporation. This research showed that

an increase in annealing temperature of the film, from 30°C to 200°C, resulted in band
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gap decreasing from 3.24 eV to 2.46 eV. L. Arunraja, et al. (2016), also analyzed the
effect of annealing temperature on synthesized CdS, obtained through precipitation
method. Annealing temperatures between 300 °C -500°C were used and resulted in
particle sizes of 25 — 41.5 nm. It was observed that higher annealing temperatures
lowered the charge carrier resistance and sulphur concentration in the CdS. S.
Varghese, et al. (2002) and Bakiyaraj, et al. (2011) investigated the correlation between
annealing temperature and optical properties of CdS thin films that were deposited by
chemical bath deposition (CBD) and analysed using UV-Vis spectrophotometer. An
increase in annealing temperature showed a decrease in both the energy band gap
and he absorption coefficient of the deposited CdS films. The resulting structural and

optical properties from various annealing temperatures are presented in table 2.2:
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Figure 2.1 Optical absorption spectrum of bare TiO2, CdS 9, 12, 15 and 18 SILAR cycles.
(Veerathangam et al., 2017)
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Table 2.2 Properties of CdS thin films with and without annealing at different
temperatures, using CBD technique.

(Bakiyaraj et al., 2011; Varghese et al., 2002)

Annealing Grain size Conductivity Band Gap
Source
temperature (nm) (Q cm)? (eV)
S. Varghese, As deposited - - 2.4
et al. (2002) 250°C - - 2.35
(Varghese et
300°C - - 2.25
al,, 2002)
As deposited 6.48 6.7787X10° 3.5
Annealed
Bakiyaraj, et 8.87 1.344X10* 3.3
at 300°C
al. (2011)
Annealed
(Bakiyaraj et 11.51 3.248X 10" 3.15
at 400°C
al,, 2011)
Annealed
14.71 5.383X 10" 2.9
at 500°C

2.5 Crystal structure

Crystal structure can affect he efficiency of a solar cell. Kodigala (2010)
compared the cubic and hexagonal structures of CdS, concluding that hexagonal CdS
would be preferred for thin film solar cells, owing to a larger band gap, allowing for
increased light absorption. The band gap of CdS can change depending on the crystal
structure. Soltani, et al. (2012) investigated the change in band gap for different crystal
structures, finding that CdS with hexagonal closely packed (HCP) quantum dots have
higher energy band gaps than that of face centred cubic (FCC) structured quantum
dots. Particles were synthesized by microwave-hydrothermal method. Average particle
size of CdS was 8.5 -12.5 nm, with particle size shown to increase with longer
microwave exposure. Band gaps ranged from 2.54 -2.65 eV, decreasing with the increase
of microwave exposure time. Nagai, et al (2002) synthesised CdS by CVD, finding that
the absorption coefficient of HCP is higher than that FCC. Band gap was also found to
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be higher for HCP than FCC. Devamani, et al. (2017) reported on synthesis of CdS
nanoparticles via chemical co-precipitation method, achieving particles size of 31.54
nm and a hexagonal structure, with a band gap of 3.0 eV. Balaji, et al. (2018), studied
hexagonal CdS nanoparticles deposited by hot wall technique. The studies carried out
on the CdS thin films, analysing the optical properties, show transmittance of 80% and
a direct band gap of 2.4 eV. The absorption edge of films annealed at 300°C shifted
towards lower wavelength, which indicated the widening of the band gap, from 2.4 eV

to 2.7 eV.

2.6 Methods of deposition

Alkuam, et al. (2017) used electrodeposition and CBD techniques to synthesize
CdS thin films and CdS nanoparticles, respectively. Good hexagonal crystalline CdS
thin films were achieved by electrodeposition method, having a PCE of 2.7%, when
used with TiO,. CdS nanoparticles synthesized by CBD and used with TiO, showed PCE
of 0.86%. The most uniform thin film was achieved with a deposition time of 5 minutes
when compared with the other films made by different deposition times. The results
show that CdS can improve the performance of dye-sensitized solar cells (DSSC’s). Al-
Jawad, et al. (2017) achieved hexagonal structured CdS by both SILAR and CBD
methods. TiO, thin films was deposited by chemical bath deposition (CBD) and SILAR
methods, also using SILAR to deposit CdS. Absorption was shown by CdS for
wavelengths larger than =500 nm. Photocurrent of both CBD and SILAR deposited TiO,
was shown to increase with the addition of CdS, attributed to the increasing absorption
ability of CdS, in visible light wavelengths. A hexagonal structure was observed for CdS

deposited by SILAR and CBD methods. Reported band gaps are presented in table 2.3.

Table 2.3 Energy band values for TiO,, CdS, and TiO,/CdS deposited by CBD and SILAR
methods. (Al-Jawad, 2017)

Method Eg of TiO, Eg of CdS Eg of TiO,/CdS

CBD 3.7 2.7 3.02
SILAR 3.6 2.7 3.0
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2.7 Downshifting

Downshifting is an ability of quantum dot materials like CdS, which can be
exploited for improvement of solar cells. Lopez-Delgadowe R, et al. (2017) synthesized
CdSe/CdS nanoparticles via hot injection method for improvement of Si solar cells,
employing QD downshifting abilities. The Si solar cells showed improvement in PCE
when QD’s were used. Short circuit current density (Jsc) improved from 32.5 to
37.0mA/cm?, this led to an approximately 13% increase in the PCE, from 12.0 to 13.5%.
High-energy wavelengths were absorbed and then emitted as lower energy

wavelengths to be absorbed by the Si absorber layer, as shown in figure 2.2.

Flores-Pacheco A, et al. (2020) analyses the use of various QD layers on silicon
solar cells, to use its downshifting abilities for the efficiency improvement of solar cells.
When used, ZnO QD layer was shown to absorb wavelengths of high-energy light
(unabsorbable by Si due to small band gap) and emit the light at lower wavelengths
that can be absorbed by Si, as shown in figure 2.3.
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Figure 2.2 Absorbance and photoluminescence emission spectra of synthesized

CdSe/CdS QD’s. (Lopez-Delgado et al., 2017)
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Figure 2.3 Absorbance and photoluminescence (PL) emission spectra of synthesized
ZnO QDs with different pH values. The PL spectrum was obtained using an

excitation wavelength of 340 nm. (Flores-Pacheco et al., 2020).

2.8 Cadmium sulphide in heterojunction solar cells

2.8.1 Cadmium sulphide with crystalline silicon

Using CdS as the n-type material in a heterojunction cell with p-type Si
has shown promising results, owing to the reduced thickness of the cell and different
band gap, compared to conventional bulk Si cells. Arya, et al. (1982), researched P-
Si/CdS heterojunction solar cells using various methods of deposition, as shown in
table 4. Lattice mismatch was investigated, finding that a higher lattice mismatch would
result in a lower efficiency. Cubic structured CdS allows for a low lattice mismatch with
the diamond cubic structure of Si; a 7.7% lattice mismatch yielded an 11% PCE from
single source evaporation deposition of CdS. Saha, et al (2015), used spin coating
technique to deposit CdS onto P-Si, achieving hexagonal structured CdS, 8nm in
diameter. The efficiency achieved by the heterojunction cell was 0.51%. Gao, et al
(2018) deposited CdS by evaporation, to create a P-Si/CdS solar cell, achieving
efficiencies up to 10.64%.
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Table 2.4 Methods of deposition for P-Si/CdS (Arya et al., 1982).

Method of deposition Temperature (°C) PCE (%)
Single Source evaporation 175 11
Vacuum evaporation - 55
Electron beam - 7

Multisource evaporation (In

and Cd)

200-250 9.5

2.8.2 Cadmium sulphide with cadmium tellurium

E.W. Jones, et al. (2009), used chemical vapour deposition (CVD) for film
deposition and SCAPS software simulation to calculate various parameters. The
improvement of CdTe solar cells by using a CdS and cadmium zinc sulphide
(Cdp.9Zng1S) was investigated. When a 1 um thick CdTe layer was used with a 250 nm
thick CdS window layer, CdTe/CdS showed a PCE of 7.31%, while Cdy¢ZNng 1S showed
PCE of 11.42%. Hodgson SD, et al. (2013) investigated QD luminescent downshifting by
applying a Cdy,Zn,S window layer to a CdTe thin film solar cell. Using the window
layer showed high the number of charge carriers generated for wavelengths ranging
from 470 — 850 nm, ultimately improving the external quantum efficiency (EQE). Light
in the blue region was blocked due to the band cap of the window layer.
Dhatchinamurthy, et al. (2019) dip coated glass substrates to achieve hexagonal shaped
CdS, determining that CdS nanostructure thin films were suitable for window layer
applications due to its “impact of quantum confinement and the shifts in optical band

gap”. As a window layer in a CdTe/CdS solar cell a 4.81% PCE was achieved.

2.8.3 Cadmium sulphide with lead sulphide
Bandhari et al. (2013) used CdS as the n-type material in a
heterojunction p-n junction thin film PbS/CdS solar cell. The RF sputtering deposition
technique was used, achieving an efficiency of 3.3%. Patel J, et al. (2014) used spin
coating technique to deposit lead sulphide (PbS) and CdS films, reporting high
transmittance in visible light region of the light spectrum, making it suitable for window

layer applications in a heterojunction solar cell. The reported band gap for deposited
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CdS was 2.5 eV. A PCE of 0.24% for spin coated PbS/CdS p-n junction solar cell was

achieved.

2.8.4 Cadmium sulphide with perovskite

CdS has also shown potential as an n-type window layer in perovskite
solar cells. Peng, et al. (2016) investigated the use of CdS as an electron transport layer
(ETL) for perovskite solar cells. PCE of 16.1% was achieved, comparable to TiO, based
devices. It was determined that CdS-based devices presented a higher recombination
resistance than TiO,-based devices, reducing carrier recombination (ultimately reducing
losses) and increasing open circuit voltage. The entire device was achieved with
temperature lower than 100°C, making it a sustainable option for use in perovskite
solar cells. Wang, et al. (2017), investigated the effect of Urea (complexing agent) on
the properties of the CdS ETL, as part of a spiro-OMeTAD/perovskite/CdS solar cell. It
was found that a higher concentration of urea decreased the grain size of the CdS and
affected the final PCE. Highest PCE obtained was 2.27%. Wessendorf, et al. (2018)
investigated the use of a CdS thin film layer as an electron transport layer (ETL) for
perovskite solar cells, comparing it to a TiO, ETL. It was found that CdS strongly
suppressed hysteresis losses, showing possibility of reversing hysteresis, as a result of
the higher electron mobility of CdS, compared to TiO,. TiO, had more oxygen
vacancies, allowing for recombination. Optimal CdS film thickness was found to be 50

nm, with band gap assumed to be 3.8 eV.

2.9  Zinc oxide thin films

Rattanawichai, et al. (2018) synthesized nanocrystalline zinc oxide films doped
with bismuth (nc-ZnO:Bi) through sol-gel processing and then by spin coating method.
ZnO:Bi films showed transmittances over than 80 % in the wavelength range of 390-
800 nm and low effective reflectance, less than 17%. Films had current density of

3.98x102 mA/cm? (at 0.8V). Band gap is approximately 3.33 — 3.38 eV.
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2.10 Summary

The previous research done, relating to cadmium sulphide, although not the
same as the research in this thesis, can be referenced for methods of deposition,
factors affecting optical properties, and to compare results. The results from papers in

this chapter is summarized in table 2.5.



Table 2.5 Summary of results achieved from previous experiments

Annealing CdS film
CdS deposition Grain size CdS Band gap
Source Material temperature  thickness PCE (%)
method (nm) (eV)
°O) (nm)
Single source
Arya, et al. (1982)  P-Si/CdS 175 - - - 11
evaporation
Tsai. C.T., et al,,
Cds RF sputtering - 400 28 2.45 -
(1996)
F. Boakye, et al.
CdsS Thermal evaporation 30 - 200 250 - 400 - 3.24 - 2.46 -
(1997)
S. Varghese, et al. -
Cds CBD 0-300 610 - 2.4-225
(2002)
E.W. Jones, et al.
CdTe/CdS CVD 400 240 - 2.4 7.31
(2009)
Bakiyaraj, et al.
(2011) Cds CBD 0-500 - 6.48 -14.71 35-29 -
Bandhari et al.
(2013) PbS/CdS RF sputtering - 70 - 24 3.3

G¢



Table 2.5 Summary of results achieved from previous experiments (Continued)

Annealing CdS film
CdS deposition Grain size CdS Band gap
Source Material temperature  thickness PCE (%)
method (nm) (eV)
(O] (nm)
Saha, et al. (2015)  P-Si/CdS Spin coating 60 8 3.42 0.51
Raj F.M, et al Chemical
CdS 200 - 7 3.81 -
(2015) precipitation method
Arunraja, et al. Chemical
CdS 300 - 500 - 21 -415
(2016) precipitation method
Qutub N, et al. Chemical
CdS - 10.18 - 3.9 2.61-3.0
(2016) precipitation method
Perovskite/
Peng, et al. (2016) CBD 100 - - 16.1
CdS
K. Veerathangam,
TiO,/CdS SILAR (15 cycles) - - 6.8 2.26 1.8
et al. (2017)
CBD - - 3.02
TiO,/CdS
Al-Jawad, et al. SILAR - - 3.0
(2017) CBD - - 2.7
CdS
SILAR - - 2.7

9¢



Table 2.5 Summary of results achieved from previous experiments (Continued)

Annealing CdS film
CdS deposition Grain size CdS Band gap
Source Material temperature  thickness PCE (%)
method o (nm) (eV)
°C) (nm)
Alkuam, et al. Electrodeposition 2.7
TiO,/CdS
(2017) CBD 0.86
Devamani, et al. Chemical
Cds - -- 31.54 3.0 -
(2017) precipitation
spiro-
Wang, et al. OMeTAD/
CBD 90 ~200 - 3.8 2.27
(2017) Perovskite/
Cds
P-
Gao, et al. 2018)  Si/CdS/AZ Evaporation p 60-300 - - 10.64
O
Balaji, et al.
CdsS Hot wall 300 - 60 2.4 -
(2018)
Rattanawichai, et
ZnQO:Bi Spin coating 350 - 550 118 - 202 10 - 20 33-38 -

al. (2018)

A



Table 2.5 Summary of results achieved from previous experiments (Continued)

Annealing CdS film

CdS deposition Grain size CdS Band gap
Source Material temperature  thickness PCE (%)
method o (nm) (eV)
°C) (nm)
Wessendorf, et al.  Perovskite/
CBD - 50 - 38 11
(2018) CdsS
Dhatchinamurthy,
CdS Dip coating 50 - - 2.57 -

et al. (2019)

8¢



CHAPTER 3
METHODOLOGY

3.1 Introduction

The materials and processes of deposition used to create thin films for
potential window layer applications are described in this chapter. The steps taken to
analyse the properties of the films, to determine its viability, together with the factors
affecting those properties are explained. Equipment used to perform tests,
characterizing the thin films, and analytical methods are broken down. To determine
if the ZnO:Bi and CdS films are suitable for window layer/ heterojunction applications,
the films need to be analysed. By determining the factors that can affect the properties
related to solar cells, and how they can be manipulated, we can optimize materials

for use in solar cells.

3.2  Materials

For the ZnO thin film doped with (Bi), zinc acetate dihydrate
(Zn(CH5CO0),-2H,0) (CARLO ERBA) was used for the source of ZnO, while bismuth
nitrate pentahydrate (Bi(NOs);-5H,0) (Fluka) was used as the source of the dopant, with
a solvent consisting of ethylene glycol (C,HO,) (CARLO ERBA) and monoethanolamine
(MEA) (HOCH,CH,NH,) (CARLO ERBA).

For cadmium sulphide thin films, cadmium acetate dihydrate (Cd(CH;COO),.2H,0)
(CARLO ERBA) was used as the source of cadmium, while sodium sulphide nonahydrate
(Na,S- 9H,0) (CARLO ERBA) was used as the source of sulphur. Deionized (DI) water was
used as a solvent for both solutions. For optical measurements, fused quartz was used
as substrates to deposit thin films onto. To incorporate the window layer into a
photovoltaic device, polycrystalline PN silicon wafers from Solartron PLC were used as

the substrate to deposit ZnO:Bi and/or CdS.
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3.3  Procedure

3.3.1 Zinc oxide preparation
For a Bismuth-doped Zinc Oxide (ZnO:Bi) buffer layer, the ZnO:Bi
solution was prepared by sol-gel method, using low amounts of Bi dopant source to
avoid initial phase segregation of Bi,Os; further explained in our previous work

(Krongarrom et al., 2012b).

Zinc acetate of 0.7M was dissolved in a solution consisting of ethylene
glycol-MEA, with a ratio of Zn:MEA at 1:1. The solution was then stirred for 10 minutes
at 80°C, bismuth nitrate pentahydrate at a concentration of 0.2 at. % was then added.
The mixture was stirred continuously for 1 hour at 80°C, after which 0.823mM of CTAB
was slowly added drop-wise, for quality enhancement of the ZnO films. After further
stirring for 30 minutes to ensure that the complete sol-gel is homogenous, the solution
was left to rest at room temperature for 24 hours. Fused quartz substrates were
cleaned using the Ratio Corporation of America (RCA) process. After resting, layers of
ZnO:Bi solution were deposited onto the quartz substrate via spin coating, with speed
a of 2500rpm for 30 seconds, then dried at 250°C for 30 minutes. The ZnO:Bi films
were annealed at 550°C for 2 hours, using a ramp rate of 1°C/min for both drying and

annealing. The synthesis process is summarized in figure 3.1.

3.3.2 Cadmium sulphide preparation
For the cation solution of CdS, 0.1 M of cadmium acetate dihydrate was
used, while 0.1 M of sodium sulphide was used for the anion solution, with both being

dissolved in DI water. Both solutions were stirred for 30 minutes, at 70°C.

The CdS thin films were deposited onto cleaned quartz substrates, 25
mm x 25 mm, by spin coating. The quartz substrates were held on the spin coating
chuck at room temperature for the deposition of the CdS films. The speed was set to
an initial 500 rpm for 10 seconds, then to 2500 rpm for 30 seconds to obtain
homogenous films. After spinning the cation solution, the anion solution was spun,
creating one layer of CdS; the process was repeated for multiple layers, the samples
were then dried at 200 °C for 2 hours. Quartz substrate was used to deposit CdS, after

deposition of ZnO:Bi buffer layer. Samples contained various numbers of CdS layers
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— 3 layers (3L), 5 layers (5L), 8 layers (8L) and 11 layers (11L). The ZnO:Bi buffer layers
are used for all samples to improve film quality; without the buffer layer, the CdS film
is non-homogenous and difficult to analyse. The deposition process for CdS is

summarized in figure 3.2.

When the cadmium acetate reacts with the sodium sulphide, the

following reaction occurs:

Cadmium Acetate +Sodium sulphide = Cadmium Sulphide + Sodium acetate

C4H6Cd04 + Nazs — CdS + C2H3N802

Zn BiNO3

Acetatw. ; .:;:Iy:glycol- g ‘ '
BTEE N

1. Add Zn:MEA with ratio 1:1 2, Stir for 10 min at 80°C 3, Add BiNO; at 0.2 at.%

&~

4. Stir 1 hour at 80°C

ataa

7. Rest for 24 hours 6. Stir for 30 min 5. Drop 0.823 mM CTAB

Figure 3.1 Process for synthesizing bismuth doped zinc oxide.
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5. Dry at 200°C for 4. Spin coat anion layer 3. Spin coat cation layer at
Z.hours at 500rpm for 10s, the 500rpm for 10s, the
2500rpm for 30s 2500rpm for 30s

Figure 3.2 Process of depositing cadmium sulphide thin film by spin coating.

3.3.3 Characterizing thin films
The CdS and ZnO:Bi films were first deposited onto quartz substrates
to analyse their properties — Electrical, optical, and structural — and determine if it

is viable for solar cell applications.

For structural properties: Fourier Transform Infrared Spectroscopy (FTIR)
analysis, field emission scanning electron microscope (FESEM) and X-ray diffraction
(XRD), was conducted, to study the chemical compositions of the fabricated thin films,
the crystal structure, as well as the functional groups and types of bonds present in

the nanostructures, through vibrations of chemical bonds.

The two-probe method (Keithley a Tektronix Electrometer 2400), shown
in Figure 3.3, was used to determine the photocurrent-voltage (I-V) measurements,
which together with the thickness measured by optical profiler, was used to calculate
the current density, conductivity, resistivity, and electrical behaviour. The Electrometer
applies voltage to the thin film and the current that passes through gets measured.

Measured current will be used to calculate the current density.
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1.Electrometer model 2400
Keithley a Tektronix company

2. Labview program

Zn0 + CdS
thin film layer

\ ¢ mmd Silver contact

| Quartz |

Figure 3.3 Keithley a Tektronix Electrometer 2400 used for two-probe method to find

current density

Current density was calculated using equation 2:

== (2)

j>>—<

where J is the current density (A/cm?), |'is the current (A), and A is the cross-sectional
area (cm?), which was obtained with the radius of the contact and thickness of the

films.

The photocurrent gain, used to plot the J-V curve (figure 4.9) for each

sample, was calculated using equation 3:

- Tiluminag
Photocurrent gain = -luminaton (3)

J Dark

where Jijjumination S the current density under illuminated conditions and Jpga is the

current density in dark conditions.

The electrical conductivity and resistivity of all samples were calculated

using equation 4:



a4
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where p is resistivity (R.cm), 0 is conductivity (S/cm), 1 is length between contacts

(cm) and R’ is resistance (Q).

Ultraviolet-Visible (UV-VIS) spectrophotometer model Cary 300 was
used for analyzing the optical properties of the film, in the range of 200 to 850 nm,
with an incident angle of 0° in an integrating sphere mode. Optical properties
determined from this analysis include transmission, absorption, reflectance, and energy
band gap.

Absorption  coefficient (&) was calculated using equation 5

(Rattanawichai et al., 2018) :

J (1-R)*+4T?R2-(1-R)2
2TR?

a==In (5)

where t is the thickness of the film, T and R are the transmittance and reflectance of
the film, respectively.

The Tauc plot for the fabricated samples was plotted using their
respective energy band gaps, estimated using equation 6 (Rattanawichai et al., 2018;

Veerathangam et al., 2017):

1
ahv=C(hv-Eg) (6)

where C is a constant for a direct transition and photon energy, Eg is the band gap of

1
material, hv is the photon energy (eV), and the exponent n is equal to = for direct
2

band gap materials.

Refractive indices (n) were estimated using equation 3 (Pankove, 2010):

- QR+2)+ J ((2R+2)-4(R-1)(RK2-K*+R-1))

n= 2®D (a).
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where K is a constant, the absorption coefficient.

For film quality the samples were analysed using field emission scanning
electron microscope (FESEM), to closely inspect the film surface. Together with the
FESEM, an energy dispersive x-ray spectrometer was used to determine the type of

materials and compounds present in the surface of the films.

After depositing films onto silicon wafers, screen printing is used to
create silver and aluminum contacts on the front and rear of the wafer. The screen-
printing technique is depicted in figure 3.4. Fast firing was used to ensure a good
contact between the metal and the wafer. For fast firing, three stages were used to
increase temperature: stage 1 at 300°C for 10 seconds, stage 2 at 600°C for 10 seconds,

and stage 3 at 915°C for 7seconds.

To test the PN junction and the behaviour of the solar cell, a bias
voltage from the Keithley electrometer was applied across the cell. Figure 3.5 shows
the process of applying the bias voltage to the solar cell, showing holes and electrons
migrating across the junction when the voltage exceeds the threshold voltage of the
cell, creating a flow of current. If the cell works as a solar cell, carriers will migrate in

the opposite direction.



Figure 3.4 Screen-printing technique used for metal contacts
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Figure 3.5 Diode behaviour when a bias voltage is applied to solar cell to test PN

junction properties

The samples were prepared and analysed as follows:



1)

2)

3)

a)

5)

6)

a7

ZnQO:Bi films with 1-4 layers were deposited onto quartz and the properties
were analysed via UV-Vis and SEM imaging.

CdS was spin coated onto quartz, both with and without a precoated ZnO:Bi
film, to determine if the ZnO:Bi buffer would improve homogeneity.

The ZnO:Bi/CdS thin films on quartz were characterised by XRD and FTIR to
assess the structural properties, SEM imaging for film quality, UV-Vis for the
optical analysis, and two-probe method for electrical properties.

The number of CdS layers was increased to determine the effect of the
number of layers on the band gap.

The drying temperature of CdS was varied between 100°C-300°C, to
determine the effect of increased temperature on the film. 200°C was used
as the default temperature for CdS, based on previous literature reviewed.
The ZnO:Bi/CdS with varying layers was deposited onto P-N junction Si
wafers. Silver front contacts and aluminium rear contacts were made to
collect charge carriers. Samples were then analysed using UV-Vis for optical

properties, and Keithley electrometer for P-N junction quality.

3.4  Summary

Thin films consisting of ZnO:Bi and/or CdS will be deposited by spin coating

technique onto quartz to have various properties analysed, through analytical

equipment such as FTIR, XRD, SEM, UV-Vis and Keithley two-probe method. The results

will be process using various analytical methods, to characterize the films and

determine if the properties discovered can be beneficial to solar cells.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction

To determine the viability of ZnO:Bi and CdS for solar cell applications,
specifically window layers; properties related to solar cell efficiency need to be
analysed. The use of a ZnO:Bi buffer layer, the effect of the number of layers on the
optical properties, and the electrical properties, are investigated. Factors affecting the
band gap of quantum dots are also analysed, attempting to understand how to tune
band gaps to the desired width. A heterojunction solar cell prototype with ZnO:Bi and
Si'is attempted.

4.2  Analysis of bismuth doped zinc oxide multilayers

Prior to using the bismuth doped zinc oxide as a buffer layer, the films need to
be independently analysed to determine it will be beneficial or detrimental to
improvement of solar cell efficiency. The optical properties are analysed through UV-
Vis and structural properties are obtained through FTIR. The number of layers used
also affect the properties of the film which are important in light absorption. In figure
4.1 we can see the transmittance rates of ZnO:Bi, with 1-4 layers. The transmittance
generally decreases with more layers used, especially in the near-UV region, while
remaining high in the visible region of the spectrum. This shows that if used a buffer
layer, the number of layers need to be kept at a minimum so as to not significantly

reduce transmission.

Reflectance is shown in figure 4.2, where the film with 4 layers shows an
increased reflection around the 400 nm wavelength, which would negatively impact

the absorption of light in silicon cells.
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Figure 4.3 shows the FTIR spectra for different number of layers of zinc oxide, the
samples containing more layers show stronger bonds at 540nm compared to 485 nm.

Indicating that more layers can result in increased zinc-oxygen bonds.

The FESEM results depicted in figures 4.4 and 4.5 show the ZnO:Bi 1L and
ZnO:Bi 4L, respectively. Magnification shows that the more layers used, the more

continuous and homogenous the film would be.

100 ~
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—— ZnO:Bi_2L
—— ZnO:Bi_3L
— ZnO:Bi_4L

Transmittance (%)
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T T T T
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Wavelength (nm)

Figure 4.1 Transmittance rates of bismuth doped zinc oxide with different number of

layers, for varying wavelengths.
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Figure 4.2 Reflectance rates of bismuth doped zinc oxide with different number of

layers, for varying wavelengths.
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Figure 4.3 FTIR spectra of ZnO:Bi thin films on quartz with varied number of layers.
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Figure 4.4 FESEM image of 1 layer bismuth doped zinc oxide on quartz substrate
magnified 1000 times.

SUT FESEM EHT= 800KV Mag= 100KX WD=80mm Signal A~ SE2

Figure 4.5 FESEM image of 4-layer bismuth doped zinc oxide on quartz substrate
magnified 1000 times.
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4.3  Using bismuth doped zinc oxide as a buffer layer for cadmium
sulphide

4.3.1 Determining the ideal number of layers of ZnO:Bi for the buffer

layer
Figure 4.6 shows the positive effect (homogeneity) of the ZnO:Bi buffer
layer between the quartz substrate and CdS film, If CdS is deposited directly onto the
quartz substrate, the film is non-homogenous, but if the ZnO:Bi buffer layer is
deposited onto the quartz substrate prior to deposition of CdS, the CdS film quality

improves, becoming homogenous.

4.3.1.1 Structural properties

FTIR analysis depicted in figure 4.7 shows broad weak absorption
valley at 3385 cm™ is attributed to O-H stretching (strong bonds) (Akhtar et al., 2020;
Devamani et al., 2017b; Ghosh et al., 2018; Qutub et al,, 2016), which only starts to
appear for the ZnO:Bi 3L/CdS 3L film, possibly as a result of more H and O being
absorbed. Weak absorption valley at 1372 cm™ - 1561 cm™ can indicate the bending
vibrations of O-H/H,O molecules (hydroxyl group) (Ghosh et al.,, 2018), the valley
intensity increases with the increase in number of layers, possibly due to higher H,O

absorption (Devamani et al., 2017b).

@) | )

Figure 4.6 Comparison of surface homogeneity between 3 CdS layer samples
deposited (a) directly onto quartz substrate and (b) onto ZnO:Bi buffer

layer.
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Figure 4.7 FTIR spectra of fabricated ZnO:Bi and CdS nanostructure thin films.

Valleys at the absorption bands 1134 cm™-1118 cm’, attributed
to C-O/S-0 stretching (Devamani et al., 2017b; Qutub et al., 2016; Veerathangam et al,,
2017), move from higher to lower wave numbers as number of layers on the samples
increase, meaning an increase in the number of molecules with C-O/S-O bonds as the
number of layers increase, potentially a result of a thicker film having more particles

interacting with O, and CO, in the atmosphere.

Sharp absorption band at 867 cm™ was assigned to bending
vibrations of S-S and stretching vibrations of C-H bonds (Qutub et al, 2016;
Veerathangam et al., 2017).

Very weak, broad valleys in the absorption range of 600 cm™~
670 cm™—only visible for samples containing CdS, are attributed to Cd-S bonds
stretching (Arunraja et al.,, 2016; Choudhary & Verma, 2019; Ghosh et al., 2018; Kamble
et al., 2020; Rafic et al,, 2017; Raut et al,, 2012; Ubale et al., 2012; Yeole et al., 2015).
A sharp intense valley at the absorption band of 481.48 cm™ represent Zn-O bonds
stretching (Akhtar et al., 2020; Ghosh et al., 2018) and Cd-S bonds stretching (Akhtar et
al., 2020; Arunraja et al,, 2016; Devamani et al.,, 2017b; Ghosh et al., 2018; Kamble et
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al., 2020; Pandian et al., 2011; Qutub et al., 2016; Rafic et al., 2017), indicating ZnO:Bi

and CdS nanoparticles presences.

The CdS films on quartz with/without ZnO:Bi buffer layer were
characterized. The various valleys on the FTIR spectra, as shown in figure 4.7 are a
result of the thin film sample, indicating bonds present, together with their strength.
Table 4.1 contains the wavenumber of the valley and the corresponding bonds they

represent.

Table 4.1 Interpretation of the valleys obtained by the FTIR spectra of the synthesized
CdS/ZnO:Bi nanostructures

Valley
Possible types of  Intensity of
wavenumber Reference
bonds valley
(cm™)
(Akhtar et al., 2020; Arunraja
et al,, 2016; Devamani et al.,
Cd-S stretching 2017b; Ghosh et al., 2018;
Sharp 481.48
Zn-0O stretching Kamble et al., 2020; Pandian
et al,, 2011; Qutub et al,,
2016; Rafic et al., 2017)
(Arunraja et al.,, 2016;
Choudhary & Verma, 2019;
Ghosh et al., 2018; Kamble et
Cd-S stretching Small Broad 600-670
al., 2020; Rafic et al., 2017;
Raut et al,, 2012; Ubale et
al., 2012; Yeole et al., 2015)
C-H bending (Ghosh et al., 2018;
Sharp 867
S-S bending Qutub et al,, 2016)
(Devamani et al., 2017b;
C-O bonds
Sharp 1118-1134 Qutub et al,, 2016;
S-O bonds

Veerathangam et al., 2017)
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Table 4.1 Interpretation of the valleys obtained by the FTIR spectra of the synthesized
CdS/ZnO:Bi nanostructures (Continued)

Valley
Possible types of  Intensity of
wavenumber Reference
bonds valley
(cm™)
H bonds/water Medium
1372-1561 (Ghosh et al., 2018)
molecules bending broad
(Fthenakis et al., 2020; Ghosh
H bonds

Broad 3385 et al,, 2018; Pankove, 2010;

O-H stretching
Qutub et al., 2016)

4.3.1.2 Electrical properties
Linearity of the J-V curve (figure 4.8) illustrates the ohmic
contact behaviour of the samples. For the ZnO:Bi 3L/CdS 3L sample, ohmic contact
behaviour is displayed under both illuminated and dark conditions, while all other
samples had significantly lower current densities under both conditions, resulting in
unobservable linearity of the J-V curves. Ohmic contact behaviour signifies the

potential of the film to be used as a window layer, due to the low resistivity.

From the J-V plot (figure 4.8), all samples displayed
photocurrent gains, however, when considering samples which displayed good curves
for both the dark and illuminated test, the ZnO:Bi 3L/CdS 3L sample showed the
highest photocurrent gain. It can also be observed that while the ZnO:Bi 3L sample
had the highest photocurrent gain overall, it had bad current density under dark
condition tests, improving with the addition of CdS in the ZnO:Bi_3L/CdS 3L sample.
Sample ZnO:Bi 3L/CdS 3L also showed an increased current density for illuminated
conditions, due to a higher absorption range being achieved with the addition of the

CdS layer (Candelise et al., 2012).
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Figure 4.8 J-V curve for all samples under dark vs illumination test for determination

of ohmic/non-ohmic behaviour.

Although the ZnO:Bi 3L/CdS 3L sample has the best
conductivity under illumination conditions, it has the second-best conductivity under
dark condition. The sample that achieved the best conductivity under dark conditions
is the ZnO:Bi_2L/CdS_3L sample, this is due to decreased thickness and less ZnO:Bi,
which resulted in a lower band gap, improving absorption of lower energy photons
(Richter et al., 2013). Conductivity and current densities for all samples under different
conditions are displayed in table 4.2, together with their respective cross-sectional

areas.
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Figure 4.9 J-V plot in dark vs illumination test for photocurrent gain.



Table 4.2 Thickness and electrical properties of nanostructure thin films fabricated.

Average Current density at 5V (A/cm?) Conductivity (S/cm)
Type of thin film thickness Photocurrent gain
(nm)
Dark [Wlumination Dark [lumination

Non-

CdS 3L 9.37 x 10” 1.17 x 10* 1.25 2.56x 107 3.25x 107

homogenous

ZnO 2L 131.03 1.76 x 10* 8.91 x 107 5.07 x 10° 1.64 x 10° 1.72x107

ZnO 3L 259.94 3.05x 10°¢ 1.33 x 10 4.36 x 10 1.81x 107 2.63x107

ZnO_2L/CdS 3L 171.07 6.83 x 107 9.73 x 107 1.42 x 10! 1.75x 107 2.00x1072

ZnO 2L/CdS 5L 330.03 3.32 x 10 1.05 x 107 3.16 7.41x 107 2.02x10*

ZnO_3L/CdS 3L 282.03 6.36 x 10 1.74 2.73 x 10° 1.39x 10 3.34 x10™

8¢



59

4.3.1.3 Optical properties

Figure 4.10 and figure 4.11 show the transmittance and
reflectance spectra of CdS and ZnO:Bi thin film layers in the range of 200 — 850 nm. It
shows that all fabricated samples have a low transmittance for shorter wavelengths (<
400 nm). The transmittance increases toward 90% (considering ~5% transmittance drop
caused by quartz substrate) in the visible to near-infrared light range (400 — 1100 nm),
which is good since the film is for use as a window layer and the visible to near-infrared
region of light is the range most absorbed by Si solar cells (Green, 2008; Sproul & Green,
1991).

Samples containing both the ZnO:Bi buffer layer and CdS
window layer, have the lowest transmittance relative to other fabricated samples, due
to increased thickness (Table 7). However, the transmittance of the visible to near-
infrared region is high enough to allow light to reach the absorber layer on Si solar
cells. The transmittance in the blue to UV range is low, being lowest for combined
buffer and CdS layers. A low transmittance of low-wavelength photons (< 450 nm),
exceeding the band gap of Si (1.1 eV), will lower losses in the Si solar cell, improving

efficiency (Trupke et al., 2002).

While reflectance in the visible to near-infrared wavelength
range is high for CdS samples containing the ZnO:Bi buffer layer (ZnO:Bi 2L/CdS 3L,
ZnO:Bi_2L/CdS 5L, ZnO:Bi 3L/CdS 3L), relative to other fabricated samples, it is still
low enough (< 10%) (taking ~2% reflectance of quartz substrate into consideration) to
be used as a window layer for Si solar cells. Reflectance for shorter wavelengths is
higher than the in the visible region, for all samples, which will potentially reduce heat
losses caused by high-energy photons that exceed the absorption range of Si solar

cells (Akhtar et al., 2020; Ramalingam & Indulkar, 2017).
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Figure 4.10 Transmittance spectra of CdS window layer and ZnO:Bi buffer layer with

samples containing varying number of layers.
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Samples only containing ZnO:Bi display an absorption edge at
wavelength of 380 nm. The samples containing only CdS display an absorption edge
at wavelength of 535 nm. When ZnO:Bi is used as the buffer layer for CdS, the
absorption edge shifts to wavelengths shorter than that of CdS and longer than that
of ZnO:Bi. With an increase in the number of CdS layers added to the buffer layer, the
absorption edge shifts to shorter wavelengths. With an absorption edge between, 500-
550 nm, as seen in figure 4.12, the window layer can potentially improve the
absorption in the visible region, for Si solar cells (Green, 2008; Schinke et al., 2015;
Sproul & Green, 1991).

It is observable from the Tauc plot in figure 4.13 that when ZnO:Bi is
used as the buffer layer, the band gap broadens.

For ZnO:Bi_2L/CdS 3L and ZnO:Bi 3L/CdS 3L samples the band gaps
are 2.61 eV and 2.69 eV, indicating that an increase in ZnO:Bi layers, increased the band
gap. This results from the increase in concentration of ZnO:Bi nanoparticles that have

a larger band gap (3.29 eV), compared to CdS (2.49 eV).

For ZnO:Bi_2L/CdS_3L and ZnO:Bi_2L/CdS 5L the band gaps are 2.61
eV and 2.56 eV, indicating that an increase in CdS layers decreased the band gap. A
decrease in the band gap can be attributed to the increase in CdS particle size when

more layers are used (Veerathangam et al., 2017).

Linearity of the curves in figure 4.13 provide confirmation of the direct

band gap of the materials (Ubale et al., 2012)

A broadened band gap can increase the photon energy efficiency of Si
solar cells by allowing higher energy photons to be converted to electricity

(Ramalingam & Indulkar, 2017).

Refractive indices of ZnO:Bi 2L and ZnO:Bi 3L samples are the lowest
(Figure 4.14); the refractive index of CdS_3L is higher than ZnO:Bi samples, but lower
than CdS samples containing the ZnO:Bi buffer layer. All samples show refractive
indices below 2 (considering refraction of quartz substrate), in the visible to near-

infrared region of the spectrum, with increased refraction for high-energy photons (<400
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nm). Refractive indices of the films are lower than that of Si (=4 at 600 nm), therefore
if used as a window layer, it would comply with Snell’s law (Boccard et al., 2014;
Bryant, 1958). By complying with the law, light is refracted toward the normal of the
absorber layer, instead of away, potentially reducing surface recombination losses. This
shows that the number of high-energy photons converted to heat by Si can potentially
be reduced by the it’s refraction through the window layer (Ramalingam & Indulkar,

2017).

5x10° ——F———T——— 11T T T T T T T
— Quartz
—— ZnO:Bi_2L
—— ZnO:Bi_3L

4x10° | ZnO:Bi_2L/CdS_3L —

ZnO:Bi_2L/CdS_5L
ZnO:Bi_3L/CdS_3L
CdS_3L

3x10°

7x10*

6x10*
5x10* |

2x10°

4x10* r

3x10° [ h

2x10* L

Absorption coefficient (cm™)

Absorption coefficient (cm™)

1x10°

\
350 400 450 500 550 600 |
Wavelength (nm)

0 L X L L i
200 250 300 350 400 450 500 550 600 650 700 750 800 850

Wavelength (nm)

Figure 4.12 Absorption coefficients for fabricated samples at different wavelengths

and inset are the estimated wavelengths for absorption edges
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Figure 4.14 Refractive index for all fabricated samples.
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4.3.2 The effect of a varied temperature for drying cadmium sulphide

While drying the cadmium sulphide thin films — deposited onto quartz
substrates by spin coating — the drying temperature was varied. Three different
temperatures were used while keeping time constant and 30 minutes, and ramp rate
constant at 1°C/min. The number of layers in the film was also kept constant, with 1
layer of ZnO:Bi and 5 layers of CdS. Figure 4.15 show the results from FESEM analysis,
in which we can see that increased temperature results in fewer cracks present in the
surface, which would be a better quality of film. The sample prepared at 300°C (Figure
4.15.C) shows crystals forming.

Figure 4.15 FESEM images showing surface of ZnO:Bi_1L/CdS 5L prepared at a)100°C,
b)200°C and ¢)300°C.

From the EDS analysis we can see that these crystals in figure 4.16.a
correspond to sodium and zinc concentrations, in figures 4.16.c and 4.16.d,
respectively. The crystals are possibly formed by sodium acetate (C,H;NaO,), from the

reaction to obtain cadmium sulphide. These crystals represent phase separation
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occurring when higher temperatures are used. Figure 4.16.d shows an even spread of
sulphur and figure 4.16.e shows an even spread of cadmium, these concentrations

represent a homogenous cadmium sulphide deposition.

The XRD analysis shown in figure 4.17, of the samples prepared at
different temperatures, show a cubic face structure for all samples, with peaks being
more visible for samples prepared at lower temperature. This could be a result of a

hanging in structure from cubic to hexagonal, with the higher temperature used.

Figure 4.16 EDS data for film prepared at 300°C, showing the concentration of different
elements on the ZnO_1L/CdS 5L film, proving the crystals formed are of
sodium acetate. a) captured image from electron microscope, b) Oxygen
concentration, ¢) Sodium concentration, d) Sulphur concentration, e)

Cadmium concentration, f) Zinc concentration.
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4.3.3 The effect of a varied number of layers for cadmium sulphide
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The number of ZnO:Bi layers were kept constant at 3 layers, while

variations of 3, 5, 8 and 11 layers of cadmium sulphide were used, to determine the

effect of the number of layers, on the characteristics of the film.

The surface morphology of the fabricated films was studied by FESEM

analysis (Figure 4.18). It is observable that the thicker film (more layers) has more cracks

in the surface, showing a correlation between the number of layers and the frequency

of cracks. Changes in the film thickness are observed to affect the optical properties

such as transmittance.
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Figure 4.18 SEM images of CdS films at 30000 x magnification; a) CdS_3L, b) CdS_5L,
c) CdS 8L, d) CdS_11L.

From XRD analysis, the broad peaks of CdS nanostructures (Figure 4.19)
at 26.77°, 44°, and 52.1° are in good correspondence with the (111), (220), and (311)
planes of cubic phase CdS crystal structures, respectively, following the JCPDS data
cards (No. 80-0019). Because of the smaller crystals, the diffraction lines have become
broadened, the number of its lattice planes and thus the extent of orderly

arrangement also decrease. (Gupta & Pal, 2012)
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Figure 4.19 XRD results from samples containing various number of layers of CdS on

3 ZnO:Bi layers.

It is observable from the Tauc plot in Figure 4.21, that the band gaps

correspond to the absorption edges from Figure 4.20.

For ZnO:Bi_3L and ZnO:Bi_3L/CdS 3L samples, the band gaps are 3.30 eV and
2.71 eV, respectively, indicating that the addition of ZnQO:Bi layers, increased the band
gap. This results from the increase in concentration of ZnO:Bi nanoparticles that have

a larger band gap (3.30 eV), compared to cubic CdS (= 2.4-2.7 eV).

When the number of CdS layer increases, the calculated band gap is
tunable from 2.71eV to 2.41 eV. A decrease in the band gap can be attributed to the

increase in CdS grain size when more layers are used (Veerathangam et al., 2017).
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Linearity of the curves in Figure 4.21 confirms the direct band gap of
the materials (Ubale et al.,, 2012). All band gaps illustrated maintain a band gap greater
than that of Si solar cells. A broadened band gap can increase the photon energy
efficiency of Si solar cells by allowing higher energy photons to be converted to

electricity (Ramalingam & Indulkar, 2017).

Correlation between the absorption edges, band gaps, grain sizes and

the number of deposition cycles used can be seen in table 4.3.
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Figure 4.20 Absorption coefficients of CdS window layer and ZnO:Bi buffer layer with

samples containing varying number of layers.



70

x 101°
10 -
] ZnO:Bi_3L/CdS_3L
9 - ZnO:Bi_3L/CdS_5L
y ZnO:Bi_3L/CdS_8L
8 ] ZnO:Bi_3L/CdS_11L
= ZnO:Bi_3L
=
S 6
= 2.43 eV
CA
NE 2.41 eV ,
3 4 2.54 eV .'
3 4 2.71 eV i 3.30 eV
I
2 - |
{
14 ]
i I
O 1 | | , 1 1
1 2 3 4 5

Photon energy (eV)
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Table 4.3 Correlation between the number of layers of CdS and the grain size,

absorption edge and band gap.

Number of CdS Estimated grain Absorption edge Band gap
layers size (nm) wavelength (eV)
(nm)
3 5 500 2.71
5 6.5 530 2.54
8 8.54 550 2.43
11 9.46 560 241

The structural and optical properties show that an increase in the
number of CdS layers will affect the performance of the thin films as part of a solar

cell. The correlation between the band gap, grain size, and the number of layers was
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determined in this experiment; an increase in the number of CdS layers will result in

an increased grain size, which subsequently decreases the band gap.

4.4 Cadmium sulphide deposited by spin coating onto PN Silicon
Zn0O:Bi and CdS were deposited onto PN silicon wafers by spin coating method,

metal contacts were then made on the front and rear. The resulting solar cell was

subjected to an external bias voltage to test the diode PN junction. The structure of

post-firing and pre-firing samples are shown in Figure 4.22 (a) and (b), respectively.

In figure 4.23, the diode results of the pre-firing cell samples showed |-V
characteristics indicative of a non-rectify property, with high metal-contact resistance
from the illustrated low |-V slope. When the post-firing sample without cut edges
obtains a non-rectify property, since a PN junction short circuit exists. This severe effect
was dealt with by cutting the edges. The cut edeed sample under the post-firing
process provides a diode rectify behavior, due to shallow diffusion of contact metals

with 0.25V threshold voltage which is less than a typical PN diode at 0.5-0.6V.

The tested PN Si solar cells (6.45 cm? area size) with varying ZnO:Bi/CdS layers
were measured under the 1sun simulator test (1000 Watt/m?), which showed the |-V
curve in figure 4.24. It was found that the increase in CdS film thickness strongly affects
the power conversion performance of PN Si/ZnO:Bi/CdS cells. The power conversion
is shown to decrease with the increase of CdS layer thickness. This is due to low

transmittance of the light through the 11 CdS layers.
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Figure 4.22 Structure of prototype photovoltaic cell where metal makes a) contact
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Figure 4.24 Current density and voltage of samples, with efficiencies, measured

under solar simulator.

4.5 Summary

The structural, optical, and electrical analyses show properties of the
ZnO:Bi/CdS as suitable for window layer applications in solar cells. The structural
properties show Cd-S bonds in the cadmium sulphide films, and Zn-O bonds from the
ZnO:Bi films, proving the effectiveness of the fabrication technique. Band gap is shown
to be affected by the number of layers of the films used, which also affects the particle
sizes. Optical analyses show desirable transmittance, reflectance, and refractive

properties, with relation to window layer applications.

Application of the window layer on the prototype PN-Si shows that the metal
contacts were not making good contact on the PN-junction, resulting in the detection
of charge carriers across the electric field of the two n-layers being measured — rather

than the charge carriers migrating across the PN-junction.



CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

The need for an economical solution to improve the efficiency of current solar
cell technology is clear. By incorporating quantum dots into existing solar cells, there
is a potential to improve efficiency, through downshifting or through generating more
electron-hole pairs. Besides being used as a window layer on PN silicon, quantum dots
can also be used in heterojunction solar cells, being the active layer in a thin film solar
cell. By having a direct band gap, the absorption coefficients are lower, meaning that

photons don’t have to penetrate the cell as deep as with bulk materials.

From this research, we can conclude that the CdS films, together with ZnO:Bi
show good structural properties — having strong bonds, similar to other related
research, and showing crystal structures in line with previous research using similar
techniques — proving the method of fabrication is effective in creating a good quality
film. The ZnO:Bi buffer layer enables the CdS film to be homogenous, with fewer
cracks in the surface, while also contributing to reducing reflectance and widening the

band gap.

From the analysis of optical properties of ZnO:Bi/CdS films, we can see that
they have the potential to be used as a window layer in heterojunction solar cells.
The reflectance is low in the visible light region of the spectrum, minimizing the
parasitic losses from a window layer. Transmission is high in the visible region while
being reduced in the near-UV region, indicating absorption and possible downshifting
of high-energy light. Absorption of light in regions outside of the absorption range of
the band gap of Si, is what an ideal window layer should do, and what we can observe

through the analysed films.

The factors affecting properties of the film, including the grain size, temperature,
and number of layers were investigated, showing that by manipulating these factors

we can achieve the desired characteristics of the material.
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A good quality film was achieved, proving the spin coating deposition technique
successful. Characterization of the thin films are achieved in this thesis, proving that
cadmium sulphide can be used as a window layer material, showing properties needed
to improve the efficiency of a singly junction silicon solar cell. While the PN-junction
silicon with the window layer has not shown the desired electrical properties, due to
short circuit and metal contact faults — which are not a result of the window layer —
the optical properties show that the window layer reduces reflectance in all areas and
improves absorption in the near-UV range of the spectrum. This proves the potential

of the window layer to be beneficial to the solar cell.

For future research, the metal contacts can be further investigated to
determine how to create better contact with the PN-junction. Using different
deposition methods and annealing temperatures can further be investigated to
improve the properties of the window layer. Various quantum dot p-type materials
can be used to create a thin film heterojunction solar cell with the window layer

investigated — instead of crystalline Si.
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