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Abstract
Renewable energy continues to attract intensive interest as a possible alternative to fossil
fuel based energy sources due to its merits which are abundance, clean and geographi-
cally unlimited natural resources. The increased concerns of the harmful e�ects to the
environment by fossil fuels has prompted a massive drive for photovoltaic based energy so-
lutions. The current available solar technologies, thin film solar cells, have the potential of
reducing production costs. However, the low photo conversion e�ciency slows their rapid
integration into the energy mix. In this work, we explore sophisticated light management
strategies of silicon based thin film solar cells to enhance their photo conversion e�ciency.
These strategies ensure the enhancement of absorption of the complete solar spectrum,
also reduced materials costs and a strongly reduced emission of greenhouse gases. The
work involved fabricating and designing three significant layers of a hydrogenated amor-
phous silicon (a-Si:H) solar cell device, and integrating plasmonic nanoparticles in the
commercial a-Si device to enhance optical absorption through Surface Plasmon Resonance
(SPR). The project also involved several strategies to increase the conversion e�ciency
of a commercial a-Si standard device for comparative studies.

Recent approaches in the improvement of light absorption in solar cells were due to the
use of plasmonic nanoparticles. It is well known theoretically as well as experimentally
that metallic nanostructures have a strong interaction with light. This interaction allows
remarkable control of the trapping and propagation of the photons in the intrinsic layer
of thin film devices. For such a plasmon enhanced device to be economically viable and
commercialised, the nanoparticles must be silver (Ag) and gold (Au), and the method
used for the deposition must be carried out at temperatures lower than the ones used for
the fabrication of a-Si:H layers.

Thus the RF magnetron sputtering technique in combination with ion implantation
of each a-Si layers to form n and p-type a-Si was used to fabricate the three layers of
an a-Si:H device. The architecture of the device is in a n-i-p or p-i-n sequence of doped
semiconductor layers and each layer is fabricated using sputtering. Then Ag and Au
nanoparticles were integrated into the commercial a-Si reference device. The devices are
characterized for power conversion e�ciency and I-V characteristics.
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Chapter 1
1 Introduction

1.1 Renewable Energy Roadmap
The need for energy is increasing because of the ever growing human population and the
demands unleashed by the world economy. This pressure on the energy supply is likely
to be felt in the rapid developing economies, the key of which lie in sub-saharan Africa,
Asia and South America. This means that fossil fuels are bound to run out because of the
demands of producing energy[1]. The projected growth in the demand of world energy
is continuously rising at a near exponential rate as depicted by Figure 1.1. Among the
energy options available, fossil fuel based alternatives have over the years been heavily
utilized. The enormous pressure on these sources is bound to drive them to depletion.
Besides their exigent negative consequences and e�ects on the environment continues to
spur the drive for alternative non fossil fuel based energy resources.

Figure 1.1: An image showing growth in the world energy demands. The image shows
the increasing one million tonne of oil equivalent (Mtoe) with the increasing number of
years [2]

.

Coupled to the high demand is the associated high production costs for energy gen-
eration. The fossil fuels are found only in certain countries, and this has led to other
alternatives of energy like hydroelectric, biomass , wind, geothermal and solar[3]. Solar
energy is expected to rise by 30% in the next 25 years, making it the second fastest grow-
ing renewable energy source compared to wind energy, as shown by Figure 1.2. Most of
the energy that is used today is often produced in certain regions of the world, transported
over a thousand kilometers and it is imported at great peril[4]. Renewable energy is one
of the safest, cheapest and practically unlimited energy solution that can be used[5]. One
of the cheapest, a�ordable and environmentally friendly way to solve the energy crisis
around the world for now and in the future is to use the energy from the sun. This is
done by converting solar energy into electrical energy.
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Figure 1.2: An image showing the projected growth in solar energy as an alternative
source of energy compared to other renewable energy sources.[6]

Solar cells also known as Photovoltaics (PV) cells are the building blocks of solar
modules. These modules are put together to larger units known as solar panels. Photo-
voltaics cells are devices that absorb sunlight and convert it into electricity. The device
can be considered as a form of photoelectric cell, whose electrical characteristics such as
current, resistance and voltage vary when exposed to sunlight. The di�erence between
solar cells and battery cells is that the cells in solar panels are made to generate electricity
by capturing sunlight and the battery cells generate electricity from chemical reactions[7].

At the moment, a fascinating approach of designing photovoltaic devices is established
by the fabrication of the amorphous silicon (a-Si) solar cells in thin film format (nanometer
thickness) onto a given substrate[8]. The rationale for using Si in solar cells are[9, 10, 11,
12, 13, 14, 15]:

• Si is the second most abundant element on the earth’s crust.

• Si is the most common semiconductor material.

• Si PV plants are capable of reaching tera watts (TW) scales.

• Si is non-toxic.

• Si has a passivating oxide layer.

• Si has a low surface recombination rate.

• Si has an e�ective di�usion barrier for metal contacts, such as silver.
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• The Si wafer technology is established because it has been applied in other areas of
industry.

• The hydrated variant a-Si:H has a direct band gap (≥1.7 ≠ 1.8 eV ) with high
absorption coe�cient.

The thin film technology is based on the use of hydrogenated amorphous silicon (a-
Si:H)[16] which grants a large reduction in semiconductor thickness due to its capacity to
absorb approximately 100 times more light than crystalline silicon in the visible part of
the solar spectrum[17]. This means that 1 µm thick a-Si:H is able to absorb 90% of the
solar energy. Additionally, the thin film solar cell technology provides immense potential
in cost reduction. This is based on the easiness to manufacture vigorous, enormous and
rigid modules[18]. Nonetheless, because of the low conversion e�ciency of a-Si:H thin
film solar cells compared to regular wafer-based silicon devices, there is a lot of current
research going into the enhancement of photo-conversion e�ciency of all thin film solar
cells, especially a-Si:H solar cells.

1.2 Solar Energy Abundance
The sun is the most important source of energy, which is able to support energy demands
that are at a scale of (Terawatts) TW. The power radiated by the sun per unit area
is 6.25 ◊ 107 W/m2 and the average power arriving at the surface of the earth’s outer
atmosphere is 1366 W/m2[19]. Solar energy has the potential to cover the world’s energy
consumption, provided that the e�ciency is higher than 70% [20, 21]. The human energy
use around the world is approximated to be at 4 ◊ 1014 kWh/year, which is an average
power of 50 TW . The solar resource power on the earth’s surface is at an average of
1.7 ◊ 105 TW (1.5 ◊ 1018 kWh/year). The amount of solar energy available that can be
accessed is 5.5 ◊ 1017 kWh/year (3.6 ◊ 104 TWave) and it is greater than the amount for
the wind energy resource base, which is at 6 ◊ 1014 kWh/year (72 TWave)[22, 19].

The energy from the sun is reduced as it approaches the earth’s surface, because some
of it is absorbed and reflected by atmospheric gases and water as shown in Figure 1.3. De-
spite these losses, the solar emission spectrum depicted by Figure 1.4 provides su�cient
energy to power the world. The solar emission spectrum covers the ultraviolet, visible
and infrared regions of the electromagnetic spectrum. The irradiance of the sun’s energy
is greatest at visible wavelengths, 300 - 800 nm, whereas the absorption of sunlight by
water and atmospheric gases mainly occurs in the infrared region[24].

Solar energy already dominates the renewable energy sector when compared to other
alternative sources of energy, such as wind, hydropower, geothermal and biomass com-
bined. It also exceeds the known reserves of fossil fuels worldwide, including oil, uncon-
ventional shale gas and methane[26].
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Figure 1.3: An image showing the schematic flow of energy in proportion to their
importance[23].

Figure 1.4: An image showing a solar emission spectrum[25].
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1.3 Historical Development of Photovoltaic Technology
The photovoltaic e�ect was first discovered in 1839 by a French physicist, Edmond Bec-
querel. He noticed that the flow of electrical currents originates from certain photon/light
induced chemical reactions. The theoretical elucidation for the photoelectric e�ect was
later given by Albert Einstein in 1905[27]. In 1877, the discovery of photocurrents in
selenium-metal junctions led to the application of photoelectric e�ect in a solid system,
the photovoltaic e�ect in thin films that are at a sub mm scale in 1883 and the evolution
of doped semiconductors for solid state photovoltaic devices in 1927[28, 29, 30]. In 1954,
the first embodiment of what is considered as a modern solar cell came to existence and
was reported by the Bell Laboratories in the USA, this was driven by the optimized
growth of single-crystal Si and the fabrication of the first p/n junctions. The first Si
based solar cells had an e�ciency of 6% and this spurred interest in the field of renewable
energy, because at the time, 6% was higher than any previous energy device and people
could see the potential of this technology to revolutionalize the energy sector. The first
cell produced at the Bell Laboratories was also used to power the transmission of voices
over telephone wires[31].

Solar cell technologies are conventionally categorized into three generations. The first
generation of this technology is based on thick crystalline Si wafers and they currently
dominate the commercial market, because of their high e�ciency compared to other gen-
erations of solar cells. The highest e�ciency of these solar cells record to date is between
20 - 25 %, but they require a lot of energy for large scale industrial production.[32]. The
second generation of solar cells were developed to reduce the costs of production associ-
ated with thick films by trying to make them thinner. The e�ciency of these devices are
low compared to their first generation counterparts. The e�ciency of the second genera-
tion solar cells ranges from 10 - 15 % and their cheaper production costs is a motivation
for trying to enhance their e�ciency. Third generation PV technology uses organic mate-
rials, such as polymers or small molecules. These organic materials display photovoltaic
properties which are high optical absorption and low production costs. Organic photo-
voltaics (OPVs) have the short lifetimes and lowest power conversion e�ciency, which are
the critical factors hindering their application. The e�ciency of these solar cells is above
10%, reaching close to 12% and it is predicted that the combination of these organic and
inorganic materials will lead to the fourth generation of solar cells, which are estimated
to have an e�ciency of up to 41%[33, 34, 35, 36, 37].

In 1970, solar panels were produced for a lot of applications, especially in countries
where electricity was unavailable or expensive. Researchers started looking for di�erent
ways to make the production of the cells to be less expensive compared to commercialised
cells, which is based on crystalline silicon (c-Si). The less expensive solar cells have a lower
e�ciency compared to c-Si and they are made from a-Si:H, which can easily be deposited
as thin films[38]. The first experimental fabrication of a-Si:H solar cell was performed
by David Carlson and Christopher Wronski at the Radio Corporation of America (RCA)
Laboratories in 1976. They reported an e�ciency of 2.4% when the single p-i-n a-Si:H
solar cell was deposited on a glass substrate and aluminium was used as a back contact.
The reason behind the layout as a stacked solar cell was to increase the output voltage of
an a-Si:H solar cell. These solar cells were commercialised by electronic companies such
as Fuji Electric and Sanyo in 1976, because of their application in consumer electronics
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such as calculators and watches[39, 40, 41].

In 1980, the a-Si:H based alloys were studied in more detail and the conversion e�-
ciency in the lab was found to be 9% and the e�ciency of the commercialised stacked
solar cells was 5%. Recent approaches have shown even further cost reduction in the
production of a-Si:H solar cells compared to the preferred c-Si solar cells. Light trapping
is the standard technique for improving the a-Si:H solar cell e�ciencies and for harvesting
the spectrum of incoming sunlight. The e�ciency of a-Si:H solar cells has been increasing
over the years, the highest e�ciency recorded to date is 11.3% ≠ 15% [42, 43, 44].

1.4 Motivation for Thin Film Solar Cells
The most developed thin film solar cells are amorphous based silicon thin film solar cells,
because they can be deposited continuously on a standard glass substrate using di�erent
techniques and this will cut down production costs. Amorphous Si solar cells have higher
optical absorption it is easier to incorporate Plasmon based light management schemes
on the devices. Improving the e�ciencies of the current a-Si:H solar cells, while not
sacrificing the production cost remains the crucial driving force in the sustainability and
commercial viability of solar cell based devices. Flexible PV is only a niche area. Large
scale PV plants must be based on rigid and robust panels, and this will dominate the
market for photovoltaics worldwide. Thin film solar cells are easier to produce than c-Si
solar cells, and used for multiple applications or generally in situations where the space
available for photovoltaics is very small.

1.5 Problem Statement
The problem about a-Si:H solar cells is their low conversion e�ciency compared to c-
Si solar cells. However their low cost enables them to be a superior potential solar
cell devices that can remedy the exigent energy challenges around the world, especially
in South Africa, since there is a shortage and rationalization of the electricity usage
that has led to load shedding which has far reaching implications to industries and the
country’s economy. The advancements of smart grid technologies allow for higher levels of
renewable penetration, especially solar energy into the grid and are improving the grid’s
e�ciency, energy security and resilience. A lot of techniques have been studied in the
literature, but the e�ciency has been increasing rather modestly. For the a-Si:H solar cells
to surpass the e�ciency of the preferred c-Si solar cells, new strategies to light absorption
capabilities have to be developed. These strategies have to be implemented during the
fabrication processes used, improving the architecture of the device and understanding
the optical properties in the active layer.

1.6 Aims and Objectives
The aims of this project are to evaluate the possible fabrication of silicon based pho-
tovoltaics with existing infrastructure and to increase the e�ciency of these solar cells
using plasmonic nanoparticles. These modifications will enhance the short-circuit current
density (Jsc) and in turn improve the e�ciency of the photovoltaics.
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The objectives of this project are:

(i) To grow high quality hydrogenated a-Si layers by sputtering.

(ii) To dope a-Si layers using Al and P as dopants.

(iii) To fabricate a working silicon photovoltaic p-i-n architecture as a reference solar
cell.

(iv) Investigating the p-i-n junction silicon based solar cells.

(v) Investigating the optoelectronic properties of silicon based photovoltaics after im-
planting plasmonic nanoparticles at various layers in the device.

(vi) Incorporation of Au and Ag nanoparticles the commercial a-Si device.

(vii) Enhancing the commercial a-Si device with ZnO : Tb3+ as a down-conversion layer.

1.7 Structure of the Dissertation
This dissertation consists of six chapters and the structure of the dissertation is as follows:

Chapter 1: Describes the importance of increasing the e�ciency of photovoltaic de-
vices or solar cells and also gives the motivation for this study by looking at the current
trends in solar energy technologies. The low production cost of a-Si:H solar cells and its
advantages are presented as well.

Chapter 2: Presents a literature review on the working principles of solar cells in
general and explores on previously published studies concerning the e�ciency enhance-
ment strategies of photovoltaic devices.

Chapter 3: Serves as the theoretical background to describe the plasmonic resonance
of metal particles. The absorption mechanisms in a-Si:H solar cells are discussed when
plasmonic nanoparticle are used and di�erent applications of surface plasmons.

Chapter 4: Deals with various experimental techniques used in this work, such as
equipment and a brief overview of each equipment. The equipment can be categorized
into two types. The first part describes the working principles of experimental setups to
deposit di�erent layers of the solar cells and the synthesis of the plasmonic nanoparticles.
Secondly, the equipment for the characterization of the nanoparticles, the layers in the
device and the fully functional device is described in some detail.

Chapter 5: Discusses the results and the analysis obtained from the techniques
applied in the experiments. This also includes the analysis of the I-V and J-V chrac-
terization of the functional solar cell devices, the bare nanoparticles and nanoparticles
incorporated in the working device.

Chapter 6: Gives a summary of the experimental results. The dissertation is con-
cluded and possible recommendations will also be given for future improvements.
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Chapter 2
2 Literature Review

2.1 Working Principles of Photovoltaic Devices
The operation of solar cells is based on the photovoltaic e�ect, which is the conversion
of light energy to electrical energy[45]. The light from the sun is composed of very small
energy packets called photons. Some of these photons are absorbed by the semiconduc-
tor, however photons of energy less than the bandgap are transmitted through the device
without being absorbed, leading to losses[46]. The photovoltaic e�ect that underlies the
generation of electric current in doped semiconductors appears at the interface between
two doped semiconductors , i.e p-type and n-type Si. When light strikes the semicon-
ductor material, the photons will first of all be reflected, transmitted or absorbed by the
material and close to the interface, electrons and holes are produced due to di�erent mo-
bilities of majority charge carriers on the p and n side of the junction, electrons and holes
are separated and collected at the electrodes to generate electric current. The production
of electron-hole pairs can be explained by the energy band diagrams illustrated in Figure
2.1. It shows two energy levels, a valence band as the lowest occupied energy level and a
conduction band which is the highest energy level. The valence band contains the highest
unoccupied energy levels of the electrons known as valence electrons, which are bounded
to their parent atoms. In order for an electron to be removed from the atom, an energy
greater than the energy bandgap separating the two energy levels is required and there
will be free electrons located in the higher conduction band. Each electron that migrates
to the conduction band leaves behind a quasi particle known as a hole and this excitation
creates an electron-hole pair. In the case of Si, the electron-hole pair is weakly bound
and it gives rise to a hydrogen-like state referred to as the Wannier exciton. Note that
the n-type semiconductor contains free electrons in the conduction band because of the
ease of ionization of the donor atoms and the p-type semiconductor contains holes due
to the incomplete covalent bond around each donor atom[47]

At the interface, electrons (negatively charged) gather around the n-type semiconduc-
tor and the holes (positively charged) gather around the p-type semiconductor. Electricity
(flow of electrons) is created when the two electrode are connected together using an elec-
trical wire as depicted by Figure 2.2. The carriers will flow under the driving force of
di�usion up to the chemical potential which plays a major role in driving the charge car-
riers, resulting in the Fermi level to be the same in the p-type and n-type semiconductors.
A considerable amount of available sunlight will thus lead to a quite substantial flow of
free charge carriers. The amount of light incident on the cell is therefore proportional to
the amount of current flowing inside the cell[49].
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Figure 2.1: An image showing band diagrams of p-type and n-type semiconductor
materials[48].

Figure 2.2: A p-n junction showing the flow of electrons and holes to create electricity[48].
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2.1.1 P-I-N Junction

Figure 2.3: An image showing a schematic diagram of a p-i-n junction[50].

The p-i-n junction design is similar to the p-n junction, the only di�erence is that
there is an absorbing layer of intrinsic semiconductor between the p-type and n-type
layers. The photocarriers in a p-i-n structure are collected by drift instead of di�usion.
This intrinsic semiconductor region sandwiched between the two doped regions results
in a larger energy bandgap and leads to a large potential di�erence bounded by vastly
di�erent hole and electron conductivities. The intrinsic layer is essential to extend the
thickness of the depletion layer, so that the photons can be absorbed e�ectively and the
electric field is able to extend over a wider region, as shown in Figure 2.3. The electron-
hole pairs generated in the i-layer are driven in the direction of the contacts by the electric
field, so that the trapping or recombination of charge carriers can be avoided in the doped
regions[51].

2.1.2 Organic Solar Cells

Organic solar cells are devices that are based on active organic materials in the form of
polymers, dendrimers and small organic molecules to convert light energy into electrical
energy. The organic materials used in these photovoltaic devices are based on conjugated
fi electron systems[52]. Delocalised orbitals such as fi and fiú partially controls charge
transport and optical absorption in these conjugated systems. The semi-conductive or-
ganic molecules have the capability to absorb light and to generate the transport of
electrical charges between the conduction band of the absorber to the conduction band
of the acceptor[53, 54].

The working principles of organic solar cells is one of the most researched topics in
photovoltaics, because of their fascinating electrical and optical properties due to the
conjugated systems in organic compounds[55, 56]. The photons absorbed by the solar
cell produces an electrostatically bound electron-hole pairs known as Frenkel excitons,
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rather than the free charges produced in inorganic solar cells. The energy variation be-
tween the Highest Occupied Molecular Orbital (HOMO) of the acceptor material and
the Lowest Unoccupied Molecular Orbital (LUMO) of the donor material provides the
su�cient energy for the separation of Frenkel excitons when light is absorbed. Inorganic
systems have the valence band at the top and the conduction band at the bottom in-
stead of HOMO and LUMO energy levels. There is a di�erence in stability (lifetime) and
localization properties of Frenkel excitons as compared to Warnier excitons, which has
to do with the nature of the chemical bond in organic systems. The generated excitons
move within the polymer chain leading to chain deformation in order for the supplemental
unstable energy to be minimized. The design and performance of organic photovoltaics
is influenced by the di�usion length of the excitons, which is restricted to a range of 10
nm. The electrostatically coupled electron hole pair is separated into free charges within
the range of 10 nm. This dissociation of excitons takes place at the donor and acceptor
interfaces. The dissociation of excitons is controlled by the disparity in the LUMO energy
levels of the donor and acceptor materials. In order for ample charge separation to occur,
the exciton binding energy should be less than the di�erence in LUMO energy levels and
this energy di�erence should be around 0.19 ≠ 0.3 eV [57, 58, 59, 60].

The energy di�erence can be expressed as follows[52]:

ExcitonBE<�(LUMOD ≠ LUMOA) (2.1)

The free charges generated from the charge separation process will travel through
materials, such as an Indium Tin Oxide (ITO) and a poly(3, 4- ethylenedioxithiophene)
doped with poly(styrene sulfonic acid), commonly known as PEDOT:PSS which is a
conductive conjugate polymer that acts as an anode bu�er layer. The charges will be
collected by electrodes, such as Aluminium and Calcium, as shown in Figure 2.4. The
current flow is influenced by the use of electrodes with di�erent work functions. The
electrode used as an anode has to be a material with a high work function and the
cathode material has to have a low work function. This allows the holes to travel to the
anode material with a high work function and the electrons to the low work function
cathode material. This situation is similar to the case of inorganic materials. Connecting
the electrodes to an external circuit will produce electricity[61].
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Figure 2.4: An image showing the structure of standard organic cell [62].

2.1.3 Silicon Solar Cells

Silicon is the most prominently used semiconductor material to manufacture inorganic
photovoltaic cells. The Si atom has four valence electrons and each Si atom allocates each
of its four valence electrons to the nearest Si atom, this creates a covalent bond between
the two Si atoms and this gives Si a tetrahedral lattice structure. Si can be converted
into two types, which are either n-type or p-type. The reason for the conversion of Si
into types is because Si is a poor conductor at room temperature and its conduction
can be increased by adding impurities to the intrinsic Si semiconductor. The addition of
impurities mainly influences the electronic structure of the semiconductor[63, 64]. The
Fermi level, which is the average work done to remove an electron from the material,
in an intrinsic Si semiconductor is positioned close to the center of the band gap. This
is because the concentration of thermally activated holes and electrons in an intrinsic
semiconductor is equal. The process of adding impurities in the semiconductor is known
as doping and the impurities are called dopants[65]. The position of the Fermi level will
be shifted from the center of the band gap in the direction of either the valence band or
conduction band depending on the dopant used. Atoms with an extra valence electron
than Si are used to make an n-type semiconductor and the one with less valence electron
are used to make a p-type semiconductor[66]. The n-type materials are made from group
V elements (P, As or Sb) in the periodic table. Their atoms have five valence electrons
and these electrons can form covalent bonds with the Si valence bonds, since the Si atom
have four valence bonds. The four valence electrons from each atom form a covalent
bond around the Si atoms and thus, an extra valence electron will be available for con-
duction. After doping, a lot of electrons will be added to the conduction band and this
will increase the number of free electrons available for conduction. The p-type materials
are fabricated using group III elements (B, Ga or In) in the periodic table. They have
one valence electrons less than Si. A hole will be formed, because the electrons available
are not adequate to form four covalent bonds around the atoms. In a p-type material,
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there are electrons constrained to the bonds and this results to an increasing number of
holes[67, 38].

A potential barrier is always created when the p-type and n-type materials are con-
nected to each other and this barrier is crucial to the working principles of inorganic solar
cells[68]. The electrons and holes will be distributed equally closer to the junction by
a process known as di�usion, if there is no applied electric field. The electrons in the
n-type material di�use to the side of the p-type material and leaves positively charged
pentavalent ions near the junction in the n-type material. The holes in the p-type ma-
terial move across the n-type region and leaves negatively charged trivalent ions closer
to the junction in the p-type region. This movement of electrons and holes generates
a built in electric field[38]. The absorption of photons can take place anywhere in the
device, but it is preferred to be closer to the p-n junction, so that a lot of electron-pairs
can be created. The device can absorb visible photons to excite the electrons above the
bandgap, where they have a chance of being collected. The thickness of the absorbing
layer is proportional to the layer’s optical depth and the best absorption can be achieved
with a layer of few tens or hundred microns. The photons originally absorbed by the gen-
eration of electron-hole pairs are used up while the electrons power the external circuit
and equilibrium is conserved. Electron-hole pairs will be continually generated by the
light incident on the cell and this creates a charge imbalance. The electric field reduces
the charge imbalance by giving up electrons in performing work[69].

2.1.3.1 a-Si:H Photovoltaics

The a-Si:H solar cells have three layers that are deposited using gases in either the p-i-n
or the n-i-p sequence, as shown in Figure 2.5. This is di�erent from the usual p-n se-
quence in c-Si solar cells. The structure of the a-Si:H PVs is a result of inadequate carrier
transport, needing drift to aid with carrier collection. The undoped intrinsic (i) layer is
placed between the p and n layer, because it keeps the doping atoms out of the absorbing
layers (p and n). The three layers are very thin, the thicknesses of the undoped layers
are typically around 300 ≠ 500 nm, 10 ≠ 20 nm for the p-type layer and 20 ≠ 30 nm for
the n-type layer[41, 38]. This rationale for the thicknesses is to maximise the absorption
of photons in the i-layer and minimise the photoabsorption in the p and n layers in order
to enhance the e�ciency of a-Si:H photovoltaics[38].

The photons incident on the solar cell enters the device through the p-type layer,
which is transparent. These incident photons are predominantly absorbed by the intrin-
sic layer and all the three layers absorb about 2.5 times more energy than the conventional
c-Si[71]. The working principles of p-i-n and p-n junctions are similar. The carrier trans-
port in a p-i-n junction is influenced by the midgap defects which lead to generation
and recombination processes. The other defects that occurs in a-Si are known as deep
midgap states and they are caused by the film defects when the deposition process is
taking place. These states are also caused by the missing valence bonds called dangling
bonds[72]. The electric field is produced in the intrinsic layer to collect and separate the
generated electron-hole pairs and the minority di�usion length carrier is around 0.1 µm.
The thickness of the intrinsic layer should be less than the width of the depletion layer
so that the built in electric field, which is more than 104 V/cm, is across the whole of the
intrinsic layer[41]. Amorphous Si has a short range atomic order and this makes each Si
atom only an average of four bonds with four atomic neighbours also causing the bonds
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Figure 2.5: An image showing the structure of an a-Si:H standard solar cell[70].

not to be uniform[43].

2.2 E�ciency Enhancement Strategies
The e�ciency in thin film based solar cells is currently researched at numerous institu-
tions around the world. Despite their potential for remarkably lower production cost,
thin film solar cells have low e�ciency compared to the preferred c-Si photovoltaics. The
reason for the low e�ciency is because of the weak absorption by the photons with long
wavelengths[73]. In order for the e�ciency of any photovoltaics to increase, the absorption
of photons by the device has to be improved. Light trapping is a customary method for
improving the e�ciency of thin film photovoltaics and for harvesting the spectrum of the
incoming photons[74]. Most semiconductor materials, including a-Si have a high refrac-
tive index in the visible range of the electromagnetic spectrum and substantial amount
of the photons are reflected from the top surface of the film.

The performance of a-Si:H solar cells is also strongly dependent on the characteristics
of its layers. It is imperative that the thicknesses of each layer, the overall ideal structure
and its functions be understood when fabricating it. Embedding metallic nanoparticles
inside a-Si:H photovoltaics is one of the most commonly used light trapping techniques
to improve the e�ciency of a-Si:H solar cells. Other methods used for light absorption
in thin film devices are spectral conversion (up and down) methods and using photonic
crystals as back reflectors[75, 76].

2.2.1 Plasmonic Nanostructures

Plasmonic nanostructures are metallic resonant structures that mediate the interaction
of free charges and light. These nanostructures absorb photons at a nanoscale by means
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of the collective oscillations of the free electron gas through the excitation of the surface
plasmon resonance (SPR) as illustrated in Figure 2.6 . Excitations of the SPR will lead
to the decaying of plasmons by radiating their energy which will result in the scattering
of light or they can decay non-radiatively by locating the acquired energy to electrons in
the conduction band of the material that produces hot electrons or converting absorbed
photons into heat [77, 78]. A lot of work has been done to quantify the e�ects of plas-
monic resonances of metallic nanoparticles on the enhancement of light trapping in solar
cell devices, where the investigation of di�erent parameters such as size, shape, interac-
tion of particles, properties of materials and the dielectric properties of the surrounding
medium have been considered. It turns out that plasmon resonance strongly depends on
the shape, size, and density of the NPs. The condition that limits the localized behaviour
of plasmon resonances is the physical contact between the adjacent NPs. The NPs in
contact with each other will resonate at lower frequencies due to hybridization e�ects[79].

Figure 2.6: An image showing the SPR when the free electrons in the metal are propelled
into oscillation.

The fundamental work that illustrated experimentally the prospective of increasing
light absorption in Si thin film PVs was done by Derkacs et al., 2006[80]. In his work
it was discovered that gold NPs deposited on the surface of the solar cell increases the
short-circuit photocurrent generation by 8.1%. This observation was supported by the
simulations due to Lim et al., 2007[81]. The work done by Ferry et al., 2010[82] followed
by investigating the fabrication, design and the measurement of a-Si:H solar cells em-
bedded with gold plasmonic structures at the back contact. This method increased the
short-circuit current response of the device by 50% when it is compared to the device
without the nanoparticles at the back end.

Thin film solar cells, such as a-Si:H, have three layers. This means that the plas-
monic nanostructures can be implanted in one of the layers, including the absorber layer
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(i-layer). This was demonstrated by Atwater et al., 2010[83]. Depositing the plasmonic
nanostructures inside the i-layer drops the e�ciency and the short-circuit current of the
device. These parameters of the PV device decrease regardless whether the size of the
nanoparticles is increased or decreased. One of reasons for the drop in e�ciency when
plasmonic nanostructures are embedded in the absorber layer is the density of defects,
mainly around the metallic NPs[84]. The occupancy of these defects increases optical
losses and this also increases the recombination rate. The recombination rate is consid-
ered to be 100 times higher compared to the value when there are no nanoparticles[85].

Defects can occur in one of the three layers in a p-i-n structure of an a-Si:H PV when
the plasmonic NPs are embedded, but the defects are lower in highly doped layers (p
and n) compared to the absorber layer. This is because most of the incoming photons
are absorbed by the p-layer before approaching the depletion region and the probability
of generating free electron-hole pairs outside the depletion region increases which leads
to the increase of the recombination rate[86, 87]. In order for electron-hole pairs to be
created inside the depletion layer, the photons must propagate in a longer path in the de-
vice. Thus, the e�ciency will be higher when the plasmonic nanostructures are deposited
at the rear end of the absorber layer[88]. The highest e�ciency in a p-i-n structure is
obtained when the metallic nanostructures are located at the rear end of the absorber
layer. This is because at the rear end of the absorber layer, the weakly absorbed photons
can be scattered back into the absorber layer[89].

These e�ects are well established on the basis of a standard theory of light scattering
by a spherical particle that was established by G. Mie in 1908[90, 91]. The scattering
cross-section of a particle with a radius R much smaller than the wavelength ⁄ of light
depends on R6 and its absorption cross-section depends on R3. Thus, absorption is of
great significance for extremely small particles and scattering is important for particles
with a circumference comparable to the wavelength of light[92].

The metallic NPs can also be embedded simultaneously in the two doped regions, but
the size of the particles has to be controlled. Large nanoparticles around the size of 200
- 300 nm can be placed at the bottom of the absorber layer to improve reflection and the
small NPs around the size of 30-40 nm can be located at the p-layer to allow some of the
optical energy to be absorbed by the device. The rationale for the exploitation of the size
of the metallic nanostructures is because large metallic NPs resonate at low frequencies
and smaller nanoparticles resonate at high frequencies. Thus large NPs contributes to
the scattering of incident photons and small nanoparticles contributes to the absorption
of light[93].

2.3 Spectral Conversions
The solar spectrum incident on a PV device comprises a wide range of photons, consisting
of di�erent wavelengths varying from 250 - 2500 nm. The conversion of the solar spectrum
accessible in the atmosphere is defined as the ability of utilising the solar cell device in
order for it to complement the solar spectrum better. The photons absorbed by a single
junction PV are the photons with equal or greater energy as the bandgap energy of the
solar cell’s material. The higher energy photons will lose their excess energy due to
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thermalisation. Photons with less energy than the bandgap energy are not absorbed by
the device and these photons cannot generate an electron-hole pair[94, 95]. The losses due
to an inferior response for UV and IR photons can be minimised by shifting or changing
the spectral light photons from an energy level to another by producing more, less or
equal number of photons and this process is known as spectral conversion. This process
can be achieved in practice by using luminescence up and down conversion layers[96].

(a) Structure of a solar cell fitted with an up-conversion layer and a back reflector.

(b) Structure of a solar cell fitted with a down-conversion layer and a back reflector.

Figure 2.7: Images of an up conversion layer placed at the back of the PV cell (a) and of
a down conversion layer placed at the top of the PV cell (b)[95]. A detailed description
of each luminescence process is presented in the subsequent sections.
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2.3.1 Up-Conversion

Up-conversion (UC) is an optical process whereby two photons with lower energy are
combined to produce a photon with a higher energy[97, 98]. This process was first sug-
gested in the late 1950s by Bloembergen et al., 1959[99], which led to the development of
infrared detectors (IR) by detecting IR through sequential absorption. UC materials were
first applied in solar cells by Saxena et al., 1983[100]. The layer for UC is placed at the
back of the PV device with a back reflector, as shown in Figure 2.7a, so that it can utilise
the transferred solar spectrum through the PV device[101]. The materials for UC layers
contain active ions that have the proper energy scheme level for absorption which are
embedded in one host material. Lanthanide ions, such as in Er3+, Y b3+ and Ho3+ have
so far extensively been used as active ions in UC layers, also in host materials such as
NaY F4, Gd2(MoO4)3 and TeO2 ≠ PbF2 [102, 103, 104, 105, 106, 107]. The highest solar
cell e�ciencies reported to date have been obtained from NaY F4 implanted with Er3+

and Y b3+ as active ions in UC layer materials. The up-conversion layer NaY F4 doped
with either Er3+ or Y b3+ on top of a GaAs cell showed an e�ciency increase of 2.5%[108].

Amorphous Si is known to have a wider energy bandgap compared to c-Si, and a-Si:H
solar cells have bandgap energies of up to ≥ 2 eV. The first application of a UC layer to
an a-Si:H PV cell was done by De Wild et al., 2010[109], using — ≠ NaF2 : Y b3+, Y b3+

as a UC layer material with a thickness of 200 - 300 µm. They continued the work in
2010 by using a UC layer with the same host material, but di�erent concentrations of
the dopant ions, which are Y b3+(18%), Y b3+(2%) and this increased the e�ciency of the
device by 0.03%. This was followed by the work of Liu et al., 2011[110], where they
coupled Y3Al5O12 : Y b3+, Er3+ transparent ceramics with dye-sensitized solar cells and
this increased the Jsc = 0.2 mA/cm2 by one order of magnitude. De Wild et al., 2013[111],
improved the solar response of an a-Si:H PV by using Gd2O2S as a host material and
the dopant ions, Y b3+and Er3+. A high transparency is also a critical factor for the
e�ective performance of UC layers in a-Si:H solar cells[112, 113]. This key factor can be
manipulated by preparing di�erent concentrations of Er3+ ≠ Y b3+ and co-doping it with
TeO2 ≠ PbF2 oxyfluoride tellurite glasses. This technique can increase the e�ciency of
an a-Si:H device by 0.45% [114, 115]. Other UC materials that have been extensively
studied as a potential replacement of current host materials are bromide (Cs3Lu2Br9),
fluoride (LiY F4), chloride (Cs3Lu2Cl9) and oxide (Y AlO3) compounds doped in Er3+,
Ho3+, Dy3+, Nd3+, Tm3+ and Pr3+[116, 117, 118, 119, 120, 121, 122]. The lanthanides
are stable in their trivalent form and consist of a partly filled 4f inner shell that is the
source of optical and magnetic properties in these materials. All the combinations of the
lanthanides can have a very complex spectrum of energy levels, as depicted by Figure 2.8.
The logic for doping transparent glassy materials with rare earth ions is because of their
optically active 4f orbital being well protected from the host material by the outer filled
5s and 5p orbitals but the surrounding crystal field will still give rise to the splitting of
the energy levels[98, 123].
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Figure 2.8: A diagram of the energy levels of trivalent lanthanide ions[124].

2.3.2 Down-Conversion / Downshifting

Energy transfer and down-conversion (DC) is the converse process to UC, whereby a
material absorbs high energy photons and generates lower energy photons[125]. This
process, like UC, was also theoretically proposed for the first time in the late 1950’s by
Dexter et al., 1957[126]. The theory was experimentally proven independently in 1974
by Piper et al[127] and Sommerdijk et al[128] using Pr3+ as a lanthanide and Y F3 as a
host material. The first theoretical description of DC for solar cells was by Trupke et al.,
2002[129] and an e�ciency of 30.9% was predicted for solar cells with Eg = 1.1 eV. This
was followed by a first experimental demonstration of DC on solar cells in 2004, which
involved the coupling of Tb3+ ≠ Y b3+ through cooperative energy transfer from Tb3+ to
two Y b3+ ions[130]. The material layer of DC is placed at the top of the solar cell as shown
by Figure 2.7b and the material layer is also made from two coupled active ions, one of the
two ions always being Y b3+ embedded inside a host material. The lanthanides ions and
host materials in DC are di�erent from the ones used in UC. Higher e�ciencies have been
obtained by using coupled ions, such as Tb3+≠Y b3+, Tm3+≠Y b3+ and Pr3+≠Y b3+ within
di�erent host materials, such as Y F3, LiGdF4 and (Y, Y b)PO4[106]. The application of
the DC process in solar cells shows the potential e�ciency enhancement only for solar
cells with narrow bandgaps, such as c-Si PV cells. For wider bandgap solar cells, such as
a-Si:H PV cells, active ions like Ho3+, Er3+ and Nd3+ coupled with Y b3+ can be used as
down converters with di�erent host materials, because these systems reside in the energy
range of 2.56-2.64 eV[131].
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Chapter 3
3 Theoretical Framework

3.1 Metal-Semicondutor Contacts
One of the earliest practical investigations on semiconductor devices was the metal-
semiconductor contact applied in a point-contact rectifier, which exhibited the depen-
dence of the total resistance on the surface conditions and on the polarity of the applied
voltage. This device led to a lot of applications since 1904. In 1938, W. Schottky es-
tablished a theory for the rectifying behaviour of the device by introducing a principal
notion known as a Schottky barrier, as shown in Figure 3.1. This energy barrier is formed
at the interface of the metal-semiconductor junction. When a metal makes contact with
a semiconductor, a linear characteristic can also be observed and this is because of the
contact having a small resistance despite the polarity of the applied voltage. This contact
is known as an ohmic contact and in electronic systems, ohmic contacts are indispensable
to all semiconductor devices, including integrated circuits in order to make connections
to other devices[132, 86, 133, 134].

3.1.1 Work Function

!"#$ !"#$
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!"/

!0/

!()*+,(1)

%2
%&1

3%456 7%89:;<=>:4;?
(p or n-type)

Figure 3.1: Schematic energy band diagram showing an isolated metal next to an isolated
semiconductor (p or n-type).

Figure 3.1 illustrates the separated band diagrams of a metal and a semiconductor
(p or n-type) next to each other. The band diagram of a metal is partially filled with
electrons and this positions the Fermi energy (EF ermi) at the top of the highest occupied
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level in a metal which lies above the conduction band. EF ermi is the Fermi energy with
subscripts M and S for metal and semiconductor, respectively. A parameter of great
significance for the metal is the work function e„M , which is defined as the work needed
to remove the least tightly bound electron from a Fermi level to the vacuum level (EV ac),
i.e outside the material. A semiconductor is characterized by two parameters, which are
the work function e„S and the electron a�nity e‰. The work function e„S, is defined
as the work required to extract an electron or hole from a p or n-type semiconductor,
respectively. In metals, the work function is always equal to the electron a�nity and
in semiconductors, e„S is controlled by the type of doping. This is because the loca-
tion of the Fermi level is dependent on the type of doping, i.e. the work function of an
n-type doped semiconductor is smaller than a p-typed doped semiconductor[135, 136, 24].

The key parameters of the energy bands can be expressed as follows[86]:

e„M = EV ac ≠ EF ermi(M) (3.1)

e„S = EV ac ≠ EF ermi(S) (3.2)

e‰ = EV ac ≠ ECB (3.3)

EV ac is constant for both materials, EF ermi(S)>EF ermi(M) and this is true if e„M>e„S

before contact.

3.1.2 Schottky Barriers

After bringing the metal and the n-type semiconductor in contact with each other, as
shown in Figure 3.2 (A), electrons will move in both directions because of their higher
electrostatic potential energy and the metal will be negatively charged, creating a bound-
ary known as the depletion region within the semiconductor [137]. Between the two
materials (n-type semiconductor and metal), a barrier which averts the flow of electrons
will be formed and it is known as the Schottky barrier e„Bn. Assuming that an electron in
a metal can be raised from the EF ermi energy level to the conduction band (ECB) energy
level in the semiconductor, then it can also relocate from the metal into the semicon-
ductor. From Eq (3.1), (3.2) and (3.3), the Schottky barrier corresponding to an n-type
semiconductor in contact to a metal is given by:

e„Bn = e(„M ≠ ‰) (3.4)

When a metal and a p-type semiconductor are brought together as demonstrated by
Figure 3.2 (B), the holes from the semiconductor will move to the metal. These holes will
create a positive charge inside the metal, leaving behind ionized acceptor atoms. In this
scenario, the Schottky barrier is defined as the barrier that prevents the flow of holes from
the metal into the p-type semiconductor. In order for the hole in the metal to relocate to
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Figure 3.2: Schematic diagrams showing the formation of the Schottky barrier after
the metal and the semiconductor are brought in contact with each other. (A) and (B)
shows the resulting energy band diagrams of a metal-semiconductor (n-type) and metal-
semiconductor (p-type), respectively after contact.

the semiconductor, it must increase its energy level from EF emi(M) to EV B. Taking the
EV ac as a reference point, EF emi(M) is located at a distance that is the same as e„M and
the distance of EV B is the same as e‰ + EG, where EG is described as the energy band
gap of the semiconductor. Therefore, the Schottky barrier for a p-type semiconductor in
contact with a metal is given by the following equation[138, 139] :

e„Bp = EG + e‰ ≠ e„M (3.5)

Thus:

e„Bp = EG ≠ e(‰ ≠ „M) (3.6)

Merging (3.4) and (3.6), we acquire the sum of the barrier heights for n-type and p-type
which is approximately equal the band gap energy (Eg) and it is expressed as follows:

e(„Bn + „Bp) ¥ Eg (3.7)

„Bn is the Schottky barrier height for the electrons.

„Bp is the Schottky barrier height for the holes.

Eq (3.7) determines the conductivity between the metal and the semiconductor (p-
type and n-type).

22



3.1.3 Current-Voltage (I-V) Characteristics

The I-V characteristics curves are the electrical response of a device and they are utilized
to extract device electrical parameters and predict the performance of the device[140].
One of the parameters that can be obtained from the I-V curves is the Schottky barrier
height of the metal-semiconductor junction, which is the barrier that the electrons or
holes from the metal must overcome in order to flow easily to the semiconductor. To
extract the Schottky barrier from the I-V curves, thermionic emission theory must be
applied since it best describes carrier injection for low voltages. This phenomenon was
reported in 1873 and it assumes that e„>>kT , which means that thermal equilibrium is
entrenched at the plane that determines emission and this equilibrium is not influenced
by the presence of the net current flow[141, 86].

For moderately doped semiconductors, the I-V characteristic of a metal-semiconductor
under thermionic emission in the forward bias is given by the following equation:

J = Js

Q

aexp
A

eV

kBT

B

≠ 1
R

b (3.8)

J is the current density,

e is the magnitude of the electric charge,

V is the applied voltage,

kB is the Boltzmann constant,

T is the operating temperature at which the I-V characteristics were carried out.

The saturation current density (Js) is given by the expression:

Js ¥ AúT 2 exp
A

≠ e„B

kBT

B

(3.9)

Js is dependent on Aú, which is the e�ective Richardson constant. Aú is expressed as:

Aú = 4fimúk2
B

h3 (3.10)

with mú as the e�ective mass of an electron or hole,

h is the Planck’s constant.

Merging (3.8) and (3.9), we get:

J = AúT 2 exp
A

≠ e„B

kBT

B S

Uexp
A

eV

kBT

B

≠ 1
T

V (3.11)

23



Under thermionic emission conditions and by deducing the forward bias condition in the
I-V curve, then Js can be approximated by a linear expression as V æ 0. Similarly
through linearization of Eq (3.12), the barrier can be extracted. Starting from:

J = Js ¥ AúT 2 exp
A

≠ e„B

kBT

B

(3.12)

and solving for „B using Eq (3.12), we obtain the barrier height:

„B = ≠kBT

e
ln

A
J

AúT 2

B

(3.13)

The barrier width is also known as the depletion layer (also called the space charge
limited region). Under the given conditions, the region experiences no/zero net current
densities [142]. The size (width) of the depletion layer is calculated using the following
equation:

w =
Û

2‘r‘0„B

eN
(3.14)

‘r = 11.9 is the relative permittivity or dielectric constant of Si[143, 144, 86],

‘0 is the permittivity in vacuum,

N is the dopant concentration (electron donors/holes).

Once the size of the depletion layer is obtained, then the electric field (E) between
the metal and the semiconductor can be calculated using the following equation:

E = eN

‘r‘0w
(3.15)

Another parameter that can be extracted from the J-V curves is the specific contact
resistance. This is a contribution to the total resistance of a system caused by the contact
between the metal and the semiconductor. The contact resistance is defined as:

Rc =
C

ˆJ

ˆV

D≠1

V =0
(3.16)

Therefore,

Rc = kB

eAúT
exp

A
e„B

kBT

B

(3.17)
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The last parameter to be obtained is the sheet resistance (Rs), which can be found
by using the Van der Pauw method according to the expression[145]:

Rs = fl

t
(3.18)

t is the thickness of a homogenous film and fl is the resistivity, which is calculated
using the I-V characteristics by extrapolating values in the linear region of the graph and
it is expressed as:

fl = (fi)(t)
ln(2)

A
V

I

B

(3.19)

For a rectangular/square shape of the film and a collinear arrangement of the contact
probes. The general expression has the geometrical factor f(Q), f(Q) æ 1 for films that
are homogenous in thickness and

Q =
A

R2
R1

B

Eq (3.19) is only valid for homogeneous samples. Substituting Eq (3.18) into Eq
(3.19), we obtain:

Rs = fi

ln(2)

A
V

I

B

(3.20)

3.2 Plasmonic Nanoparticles
Small scale metal NPs, having a size that is much smaller than the wavelength of light
are known to reveal near field optical characteristics, such as Surface Enhanced Raman
Scattering (SERS) compared to bulk metals[146]. A plasmon is a quasi-particle, meaning
that it can be described by a collection of interacting particles such as free electrons
or the Fermi gas. Plasmons occur at the surface of the metal, they are quantized and
consist of collective oscillations of the free electron gas[147]. The wavelengths of light
incident on the NPs are often larger than the size of the particles, thus for visible light,
the wavelength is around 400 - 700 nm and the size of most NPs are below 100 nm. The
excitation of an electron cloud by this external (EM) wave distorts the center of mass
of the electron cloud leading to SP excitation as shown in Figure 3.3. If it is excited
at resonance frequency for a particular configuration, then the absorption of light and
the response of the particle will be very strong, but if it is not excited at its resonant
frequency, then it will not absorb much light[148].

Optical absorption and scattering characteristics by metal NPs rely heavily on the
surface plasmon absorption and this absorption is dependent on the size, shape and the

25



Figure 3.3: Schematic diagram showing the mechanisms of the enhanced optical near
field around a plasmonic nanoparticle[149].

Figure 3.4: A picture of the Gothic stained glass window containing small amount of gold
nanoparticles, exhibiting this unusual optical characteristic[150].

free electron density which is dependent on the metal used. The application of plasmonic
NPs have been used for hundreds of years as represented by Figure 3.4. People used
metal salts, like gold and silver, and mix them with molten glass and once they are in
the glass, the metal particles will coagulate into small NPs. When you get the right size
and the right mixture of these nanoparticles, there will be resonances at certain colours.
For example, gold will produce bright red glass and silver will produce yellow glass,
depending on the angle that the light hits the glass[151]. The first scientific elucidation
of these phenomena was in 1908, when Gustav Mie proposed a theoretical explanation
on the optical properties of metallic colloids[152]. The surface plasmons can be excited
by the metallic NPs and this allows them to increase the optical path length in layers of
thin film PVs to increase photoabsorption.
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3.2.1 Surface Plasmon Polaritons

Surface plasmon polaritons (SPPs) occur when the surface and volume charge density
oscillations are sustained by the metal’s free electron gas at certain optical frequencies.
The polaritons are due to the pairing of electromagnetic radiation and electron plasma
excitations moving along the interface, and this only occurs when the wave vectors of
the SPPs and incident electromagnetic wave are equal and have the same frequency, Ê
and momentum, k̨. A free space photon will have less momentum compared to the SPP
because of their distinctive dispersion relations as illustrated by Figure 3.5. The inter-
faces that support these types of collective excitations are between a conductor and an
insulator[153].

Figure 3.5: An image showing a dispersion curve for SPP[154].

In order to understand this e�ect, we may use the Drude-Lorentz-Sommerfield model
for free electrons, where we have electrons floating around in the lattice and they have
some mass, m. We can use one of Maxwell’s equations, which contains the electric
field[155, 156].

D̨ = Á0Ę + P̨ (3.21)

where,

D̨ is the dielectric displacement.

Á0 is the relative permittivity.

Ę is the electric field.

P̨ is the electric polarization, which is the net electric dipole per unit volume.
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Therefore:

D̨ = Án(Á)Ę (3.22)

which is the displacement vector for free space.

Writing the equation of motion for a single free electron in free space:

m
ˆ2x̨

ˆt2 + m“
ˆx̨

ˆt
= ≠eĘ (3.23)

The damping term “ is related to the time it takes for the electron to collide with
another electron (mean relaxation time) and it is expressed in the following.

“ = 1
·

(3.24)

· is the mean free time and it can be written as:

· = vF

l
(3.25)

where l is the electron mean free path and vF is the Fermi velocity.

Assuming that the electron is driven by a periodic force, then we get:

Ę(t) = Ę0e
≠iÊt (3.26)

Due to the harmonic dependence, we assume a periodic response, i.e.

x̨(t) = x̨0e
≠iÊt (3.27)

Then, the solution will be.

x̨(t) = e

m(Ê2 + i“Ê)Ę(t) (3.28)

e is the electric charge.
Ê is the frequency.

Taking the solution of Eq (3.28) and putting it back to the polarization, which can
be written as:

P̨ = ≠nex̨ (3.29)

Thus:

P̨ = ≠ne2

m(Ê2 + i“Ê)Ę(t) (3.30)
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From Eq (3.21) and (3.22), we obtain.

D̨ = Á0

Q

a1 ≠
Ê2

p

Ê2 + i“Ê

R

b Ę (3.31)

Êp is the plasma frequency and it gives a scale for the resonance e�ect. The plasma
frequency is represented by the following equation.

Ê2
p = ne2

Á0m
(3.32)

n is the number density of electrons and m is the rest mass of the free electron,

D̨ = Á0Á(Ê)Ę (3.33)

since, Á(Ê) is a complex quantity defined in the form,

Á(Ê) =
Q

a1 ≠
Ê2

p

Ê2 + i“Ê

R

b (3.34)

Then, the permittivity can be expressed in its real and imaginary parts as follows;

Á(Ê) = Á1(Ê) + iÁ2(Ê) (3.35)

where the real part is given by,

Á1 = 1 ≠
Ê2

p· 2

1 + Ê2· 2 (3.36)

while the imaginary term as;

Á2 =
Ê2

p· 2

Ê(1 + Ê2· 2) (3.37)

The dielectric constant can also be related to the index of refraction in the form,

Á = ñ2 (3.38)

in which the complex index of refraction is given in its real and imaginary term as,

ñ = n + ik (3.39)
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where k is the extinction coe�cient and n the refractive index. k is mathematically
expressed as,

k = Ê

c
(3.40)

c is the speed of light.

The SPPs are obtained from the solution of the electromagnetic wave equation at an
interface between a dielectric material having a dielectric constant Á1 and a conducting
material with a dielectric function Á(Ê). The component of the electric field that is
perpendicular to the interface decreases exponentially as the distance from the interface
is increased, because of the standard boundary conditions at such an interface. The
solution to the wave equation produces the following equation for the dispersion relation
for the SPPs[157, 155, 158],

— = k

ı̂ıÙ Á(Ê)Á1
Á(Ê) + Á1

(3.41)

— is the component of the wave vector in the direction of propagation of the plasmonic
oscillation at the interface. The conditions for the appearance of the SPPs according to
Eq (3.41) are that one of the dielectric functions (Á(Ê) or Á1) must be negative and greater
than the other.

3.3 Localized Surface Plasmonic Resonance
Localized surface plasmonic resonance (LSPR) can be described as non-propagating ex-
citations of the conduction electrons of a metallic nanostructure coupled to an electro-
magnetic field[157]. When a field incident on a particle interacts with the particle, the
atoms inside the particles will oscillate in response to it and in return re-radiate a field
that combines with the incident field to produce the scattered field. Some of the energy
will be converted into heat and to other forms of energy.

The electrostatic approach can be used to study the properties of localized surface
plasmons on metal NPs. This is done by considering a spherical particle with radius
a, permittivity Á(Ê), surrounding dielectric medium with permittivity Á1 and a uniform
electric field E = E0ẑ as illustrated in Figure3.6. In order for the extinction in the sphere
to be investigated, the electric field in the presence of the particle has to be known. This
may be done by solving the Laplace equation for the electric potential � inside and out-
side the sphere. The Laplace equation is given by:

Ò2�in = 0, r < a (3.42)

Ò2�out = 0, r > a (3.43)

The electric field of the sphere will be:
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Figure 3.6: A spherical particle of radius a exposed to a uniform electric field E.

Ein = ≠Ò�in (3.44)

and,

Eout = ≠Ò�out (3.45)

The Laplace equation inside or outside the sphere may be expressed in spherical co-
ordinates (r, ◊, Ï) as follows:

Ò2�(r, ◊, Ï) = 1
r2 sin ◊

S

Usin ◊
ˆ

ˆr

A
r2ˆ

ˆr

B

+ ˆ

ˆ◊

A

sin ◊
ˆ

ˆ◊+

B

+ 1
sin ◊

ˆ2

ˆÏ2

T

V �(r, ◊, Ï) = 0

(3.46)

Because of the symmetry with respect to the azimuthal angle Ï. The solution to Eq
(3.46) will be of the form[155, 157],

�(r, ◊) =
l=Œÿ

0
[Alr

l + Blr
≠(l+1)]Pl cos ◊ (3.47)

Al and Bl are real constants. Pl is the Legendre polynomials of lth degree and the
potential has to be finite inside the sphere, resulting to the expression:

�in(r, ◊) =
l=Œÿ

0
Alr

lPl cos ◊ (3.48)
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The potential outside the sphere will be,

�out(r, ◊) =
l=Œÿ

0
[Alr

l + Clr
≠(l=1)]Pl cos ◊ (3.49)

The three constants Al, Bl and Cl are determined by the boundary conditions at
r æ Œ and at the surface of the sphere r = a. Making Eout(r æ Œ) = E0 = ≠E0r cos ◊
gives the coe�cients Bl = ≠E0 and Bl = 0 for l ”= 1[156, 157, 159]. Al and Cl are
described by the boundary conditions at r = a. The boundary conditions require the
continuity of the tangential components of the electric field and the normal components
of the electric displacement field D at the surface of the sphere. They are expressed as:

ˆ�in(r = a)
ˆ◊

= ˆ�out(r = a)
ˆ◊

(3.50)

and

Á(Ê)ˆ�in(r = a)
ˆr

= Á1
ˆ�out(r = a)

ˆr
(3.51)

The application of the boundary conditions to the coe�cients Al and Cl results to
Al = Cl = 0 for l ”= 1. The remaining coe�cients can be calculated by taking into
consideration the first two terms in the sum (first order approximation) and the potentials
(inside and outside) of the sphere will evaluate to[153, 160],

�in = ≠ 3Á1
Á(Ê) + 2Á1

E0r cos ◊ (3.52)

and

�out = ≠E0r cos ◊ + Á(Ê) ≠ Á1
Á(Ê) + 2Á1

E0a
3 cos ◊

r2 (3.53)

�out can be defined as the superposition of the applied field and that of an oscillating
dipole field located at the center of the particle. Thus, the dipole moment p can be
introduced into �out as follows[156, 157]:

�out = ≠E0r cos ◊ + p · r
4fiÁ0Á1r3 (3.54)

and,

p = 4fiÁ0Á1a
3 Á(Ê) ≠ Á1
Á(Ê) + 2Á1

E (3.55)

Therefore, the applied field induces a dipole moment inside the sphere, proportional
to |E| and the polarizability, denoted by (–), of a metallic sphere is then obtained from
Eq (3.53) as[156, 157, 159]:
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–(Ê) = 4fia3 Á(Ê) ≠ Á1
Á(Ê) + 2Á1

(3.56)

The distributions of the electric fields are obtained from the electric potentials in Eq
(3.44) and (3.45), which gives the electric field inside and outside the sphere as:

Ein = 3Á1
Á(Ê) + 2Á1

E0 (3.57)

and

Eout = E0 + 3n(n · p) ≠ p
4fiÁ0Á1r3 (3.58)

n is the unit vector in the direction of point r of interest. The magnetic field for the
oscillating fields will amount to[156, 157, 159]:

H = iÊ

4fi
(n ◊ p) 1

r2 (3.59)

The average rate at which electromagnetic energy per unit area is transferred through
the surface of a spherical NP is known as the Poynting vector, S and it is given by

S = 1
2(E ◊ H) (3.60)

The boundary conditions applied at the sphere assume that the tangential components
of the electric and magnetic field is zero. Thus, the solution for E and H together with
the Poynting vector give the expression for the scattering cross section in the form;

‡sca = 2fi

k2

Œÿ

n=1
(2n + 1)(|an|2 + |bn|2) (3.61)

The coe�cients an and bnvanishes, since the particles are very small when compared
to the wavelength (Rayleigh approximation). Thus,

‡abs ¥ ‡ext = k

Á0
Im[–(Ê)] (3.62)

‡sca = k4

6fiÁ2
0

--–(Ê)
--2 (3.63)

The e�ect of particle size, t should determine the relative strength of absorption or
scattering cross-sections such that:
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for t >> 0

‡sca > ‡abs

and

while for t æ 0

‡sca < ‡abs

Therefore, Eq (3.62) and (3.63) can be expressed as,

‡abs = 4fika3 Im
A

Á(Ê) ≠ Á1
Á(Ê) + 2Á1

B

(3.64)

‡sca = 8fik4a6
-----

Á(Ê) ≠ Á1
Á(Ê) + 2Á1

-----

2

(3.65)

The scattering cross section can be expressed as follows[156],

‡sca = Psca

Iinc
(3.66)

where,

Psca is the scattered power.

Iinc is the irradiance incidence.

while the absorbed cross section is given as:

‡abs = Pabs

Iinc
(3.67)

where Pabs is the absorbed power.

The total energy is the sum of absorption and scattering, which is known as extinction.

Therefore:

‡ext = Pext

Iinc
(3.68)

The energy of the LSPRs is dependent on the size, type of material used, shape and
the dielectric environment.
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When taking into account the interband transitions for metallic spherical NPs in the
dielectric function for the material of the particle, the optical response of the material
(Au/Ag) will have an additional contribution in the dielectric permittivity created by
these interband electronic transitions. This additional contribution will be a complex
valued interband susceptibility and it is expressed as follows:

‰(Ê) = ‰1(Ê) + i‰2(Ê) (3.69)

The susceptibility will modify the optical extinction (absorption and scattering) and
contribute to the total dielectric permittivity that is above a definite threshold frequency.
‰1(Ê) is delocalized on the frequency scale, which widens to zero frequency and the
complex term, ‰2(Ê) is localized to the electron transition frequencies[161].

3.3.1 Size Dependence

Figure 3.7: An image showing absorption cross section for Ag NPs for varying
diameter[162].

Increasing or decreasing the size of the metallic NPs has an influence on the amount of
absorption and scattering, which contributes to the amount of extinction. The extinction
of large NPs is mostly dominated by scattering while for small NPs, it is dominated by
absorption as depicted in Figure 3.7[163, 164]. The e�ect of the size of NPs have on the
extinction can be seen from Eq (3.64) and (3.65). The wave number, k is dependent on
the wavelength, ⁄. Thus,

k = 2fi

⁄
(3.70)
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Therefore,

‡sca Ã 1
⁄4 and ‡abs Ã 1

⁄

The change between large and small NPs can be observed by an obvious colour change
which depends on the type of NPs. Au and Ag have di�erent absorption bands for the
same size. For large NPs, the spectrum for both types of nanoparticles becomes green
and for small ones, the red colour is observed[153, 156].

3.3.2 Shape Dependence

Figure 3.8: An image showing the extinction spectra of Au spheroidal NPs. The 1st
peak at 520 nm is the main surface absorption (transverse mode) and the 2nd peak is
the longitudinal plasmon resonance mode[165].

The shape of the NP is of great significance for the surface plasmon resonance and it
is the basis for the resonance frequency to be redshifted. Di�erent complex shapes have
the ability to optimize the localization of the plasmons, accompanied by an enhancement
of the field coupled with the LSPRs[163]. The spherical shape for NPs is only limited to
reveal a single plasmon resonance, due to its symmetry. Complex shapes often produce
multiple plasmon resonances and they can be thought of as the amalgamation of ele-
mentary plasmons of simpler shapes[166]. The expressions for scattering and absorption
cross sections has to be modified for non-spherical shapes. Multiple resonances exist for
di�erent directions of polarization of the incoming field. One of the advantages of having
complex shapes of NPs is that the absorption and scattering can occur at di�erent places
in the structure. Having shapes that have sharp corners or edges, like triangular or star
like shapes, the electromagnetic field intensity is higher in these shapes compared to other
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simpler shapes[167]. Other non-spherical NPs show remarkable changes, especially ellip-
tical shapes. These shapes exhibit two plasmon resonance absorptions and this modifies
Mie’s theory to include two contributions of two di�erent dipole polarization modes. The
split into two bands is due to the oscillation of electrons perpendicular to a (i) Transverse
Mode or along the major (ii) Longitudinal Mode axis of the particle.

The transverse mode exhibits a resonance at about 520 nm (2.4 eV) as shown in Figure
3.8, which coincides with the plasmon band of spherical particles. The other absorption
appears to be much stronger due to the longitudinal oscillation of the electrons. The
longitudinal mode, which is above 700 nm is red shifted with respect to the transverse
plasmon and it depends on the aspect ratio of the NP[168, 165].

3.3.3 Materials of the Plasmonic Nanoparticles

The type of materials used to make NPs also a�ects the resonance frequency, because
di�erent materials resonate at di�erent frequencies. Metals are favourable materials for
NPs due to their good properties, such as absorption and scattering. The materials that
are most frequently used are gold (Au) and silver (Ag) and recently, the alloying of the
two materials is used. Alloying the two materials (Au and Ag) at di�erent quantities will
give resonances between the resonances due to pure Ag and Au particles, because Au
NPs have a lower resonance frequency than Ag NPs[169, 170]. Resonance absorptions of
Au, Ag and Al appear at di�erent places in the EM spectrum. Al plasmonic response is
in the UV region, can also extend to NIR region. Ag and Au NPs of di�erent sizes and
shapes exhibit good plasmonic response in the visible near infrared region[171, 172]. Au
is known to be a good absorber for visible wavelengths, especially for small spherically
shaped particles. Absorption of Ag NPs can be enhanced by manipulating their shapes.
However, Ag is oxidized easily when it comes in contact with moisture or air. Thus,
the probability of an oxide shell forming on the surface of the NP is high and this will
decrease optical properties of the particles[173].

3.4 Absorption Mechanisms of Plasmonics
Integrating PV devices with plasmonic NPs leads to the enhancement of electromagnetic
energy absorption in semiconductors and also increases the performance of the solar cell.
The absorption mechanisms for the improvement of semiconductor devices are based on
the following processes:

3.4.1 Electromagnetic field enhancement

The electromagnetic field incident on the NPs, having a frequency Ê, will be absorbed
by the metallic NPs which act as subwavelength antennas. The fields emitted by the
NPs are highly concentrated in the near field of the plasmonic, which is coupled to the
active layer of a PV device. Embedding the plasmonic NPs closer or within the active
layer leads to higher absorption in the vicinity of the active layer, due to the near field
concentration. When the photons travel a longer distance down from the top of the PV
cell into the absorbing layer of the PV cell, the attenuation properties of the material
will decrease the intensity of the photons. Light usually escapes the Si solar cells before
being adequately absorbed and having NPs will help with the absorption, before all the
photons are lost to the device[83, 174, 175, 176].
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3.4.2 Light scattering into the active layer

The electromagnetic wave that is incident on the device will interact with the NP and the
wave that will be transmitted by the NP will have components moving in the tangential
direction of the incident wave[174, 177]. Locating the NP close to the active layer will
transmit the incident waves at non-normal angles and the incident light will be scattered
into the semiconductor, because the semiconductor has a greater permittivity[178]. The
photons will be scattered again by the back contact metal, this will happen up to the
critical angle of ¥ 16¶ between the Si interface and the absorbing layer. If the transmitted
wave impinges at an angle greater than the critical angle of the active layer, the photons
will be absorbed. The reflected light from the back contact will be scattered into the
active layer[179, 82, 180].

3.4.3 Formation of electron-hole pairs in the NPs

LSPRs on metal NPs can create electron-hole pairs in Si based PV cells by emitting the
energy of a plasmon in the directions along the semiconductor. This increases the proba-
bility of optical absorption and e�ective optical path of the light. The electron-hole pair
can also be formed from the excitation of the near field of the plasmon and this preserves
the conservation of momentum through a resonant energy transfer to the NP[157]. The
work function of the NPs must be the same as that of the semiconductor’s conduction
band and there will be a high probability of the created electron to be transferred to the
semiconductor’s conduction band[181].
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Chapter 4
4 Methodology
This section presents a brief description of methods used to fabricate thin films and
the characterization techniques to investigate the film properties. The essential growth
technique (Radio Frequency magnetron sputtering) is examined with regards to the de-
position of hydrogenated (a-Si:H) and non-hydrogenated (a-Si) thin films on a glass/ITO
substrate. The measurement techniques utilized in the optical, structural and electrical
characterization are discussed. Commercial a-Si solar cells of size 50 mm by 25 mm were
purchased from MR WATT shop based in Italy.

4.1 Radio Frequency (RF) Magnetron Sputtering Technique
Sputtering is a deposition technique that is extensively used in the thin film industry.
The sputtering technique is a physical vapour deposition (PVD) that mainly depends on
the bombardment of a target by ions in the plasma as depicted in Figures 4.1a and 4.1b.
The target is bombarded by energetic ions that are created by the ionization of a working
gas (Ar) under an applied voltage. The ionization of the Ar gas leads to plasma ignition,
which is the source of Ar+. When the silicon target is bombarded, it will eject atoms of
the silicon target and they will float and condense on the glass substrate.

Compared to other deposition methods, sputtering does not involve chemical interac-
tion between the species. When the silicon target is bombarded with energetic ions, it
will release equally energetic atoms that condense on the substrate to form a film. The
constant flow of source material deposited promotes film growth and it also improves
the film characteristics. The advantage of using sputtering is that it can be used at
very low temperatures, even at room temperatures to grow good quality films. Thus
the hydrogenated amorphous silicon can be grown at temperatures <500 ¶C, because
at temperatures >500 ¶C, the silicon crystallizes. The advantages of depositing silicon
are[183]:

1. No toxic or hazardous gasses are involved in the process.

2. The amount of Hydrogen fused into the deposited film can be manipulated.

3. The process temperature can be reduced.

4. The silicon target can be doped before or after it is sputtered.

The sputtering process can be catergorized into DC or RF depending on the type of
power supplied. DC sputtering is mainly used to deposit conducting targets and RF is
more suitable for semiconductor and insulator targets. The frequencies that are normally
used for RF are in the range of 5 to 30 MHz, but the preferred frequency is 13.56 MHz
for RF sputtering. The major di�erence between DC and RF sputtering is that in the
RF system, the power supplied to the chamber is less compared to the power supply in
the DC system[184, 185].
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(a) Experimental set-up of the RF Magnetron Sputtering.

Matchbox
RF Generator

(b) Schematic diagram of RF Sputtering[182].

Figure 4.1: Images showing the experimental set-up (a) and the schematic diagram of
the mechanism for the RF magnetron sputtering system (b).

The vacuum chamber is evacuated by a rotary pump to a pressure of 10≠2 mbar. The
turbo pumps are switched on in order to reduce the pressure to 10≠5 mbar and this is to
ensure that the plasma can be ignited in an O2 free ambient, also to sustain the discharge
and to clear any contamination inside the chamber. When the vacuum reaches a specific
point, electrically neutral Ar atoms will be introduced into the self-bias chamber. Ap-
plying the RF power to the target will lead to the creation of a DC voltage between the
substrate and the target. A field will be created by this DC and accelerates free electrons
already in the vacuum chamber. Inside the chamber, the Ar atoms will collide with the
accelerating electrons and if the collision is inelastic, then the plasma also known as glow
discharge will be formed.

The ions created will collide with the surface of the cathode target, which is held at
negative voltage. There will be enough energy, due to the collision, to break the bonds of
the atoms of the target material (Si) and sputter the Si atoms. The sputtered atoms will
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move in a straight line perpendicular to the substrate and get scattered by the Ar atoms
inside the vacuum chamber. These physically ejected atoms will move some distance
before condensing on the substrate to form a film. The damage of the film is minimized
by a built in magnetic field that is closer to the Si target which spirals the electrons along
the magnetic flux lines next to the target. The location of the magnets being near the
target increases the probability of more Ar atoms being ionized. The plasma created will
have more ions and this increases the working e�ciency of the sputtering system. The
sputtering rate is proportional to the deposition rate, the deposition rate increases when
the ions are ejected at a faster rate. The deposition rate can be defined as the amount
of the material deposited on the substrate at a certain time and it is proportional to the
sputter yield, which is defined as the amount of atoms released from the target for every
incident Ar ion[186, 187].

4.1.1 Deposition procedure

The glass substrate was cleaned with acetone and dried by using Nitrogen gas. The
sputtering chamber was opened, so that the target (Si), which has to be deposited on
glass, can be mounted inside the chamber. The magnetic valve was switched on in order
to evacuate the chamber followed by the switching on of the rotary pump to ensure the
ba�e valve that isolates the chamber from the turbo pump is fully open to increase the
conductance and e�ciency of the pump. The system’s pressure decreased to 10≠2 mbar,
which takes about 30 minutes and the pressure was decreased further by switching on
the turbo pump until it reached a pressure of 10≠5 mbar. The gas tanks were open
and the pressure in the ba�e valve was increased to enhance continuous Ar ionization
to sustain glow discharge. This ensures that the electron mean free path is equal to
the Ar interparticle/molecule distance. The voltage was adjusted while the sample was
away from the target and pre-sputtered for 3 minutes at a power of 100 W. The sample
was rotated to face the target and Si was deposited for a certain amount of time and
power. After depositing Si, the voltage was slowly reduced and switched o� along with
the pressure gauge and the two pumps.

4.2 Thermal Evaporation
The thermal evaporation technique is a physical vapour deosition process that involves
the heating of a solid material at high temperatures. The evaporated material condenses
to form a film on the substrate, which is positioned above the evaporation site. Ther-
mal evaporation was primarily used for the deposition of NPs which has the following
advantages[189]:

• The process is the least expensive compared to other PVD processes.

• The material that is evaporated will be deposited in pure solid form on the substrate.

• The deposition rate is easily monitored and controllable.

The thermal evaporation technique uses low pressures (10≠5 mbar) because the fil-
ament can only be excited through an evacuated chamber. The solid is vaporized by
heating the material at high temperatures. The material’s particles di�uses vertically
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(a) Experimental set-up of the thermal evaporation system.

(b) Schematic diagram of the thermal evaporation system[188].

Figure 4.2: Images showing the experimental set-up (a) and the schematic diagram of
the mechanism for the thermal evaporation system (b).

upwards from the evaporation source and condenses at a cooler substrate located a dis-
tance away above the material. The vaporized molecules should have an average kinetic
energy lower than the binding energy of the material. When the atoms reach the surface
of the substrate with low energy, the film deposited will be more homogeneous as the par-
ticles will be equally distributed. The deposition rate and the thickness of the deposited
film are measured by a quartz crystal monitor[190, 191]. The thermal evaporation set-up
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used in this work is presented in Figures 4.2a and 4.2b.

4.2.1 Deposition procedure

The Bell glass jar of the chamber was cleaned and the substrate mounted in a perpen-
dicular position at 70 mm from the deposition source. The chamber was assembled to
ensure that the O-rings of the lid and base is well aligned for a good seal. The vent
(angle valve) was closed and the rotary pump to the vacuum chamber was open. The
vacuum gauge and rotary pump were turned on to evacuate the chamber for 30 minutes.
This ensures that the chamber approaches a roughing pressure of 10≠2 mbar. The valve
between the rotary pump and the vacuum chamber was closed. The pressure took 2 - 3
hours to reach between 10≠5 and 10≠6 mbar. When the highest vacuum was reached, the
shutter was positioned to block the vapour source, the power supply was turned on and
the voltage was slowly adjusted to desired power (V=70 V and I=200 A). The vapour
source was unblocked by turning the shutter away and deposition took place for a desired
time. After deposition, the shutter was closed and the voltage was slowly dropped before
turning o� the power supply. The chamber from the di�usion pump was closed and the
power of the di�usion pump was turned o�. It took 2 hours for the di�usion pump to
cool down and the throttle valve between the bottom and the chamber above it, was
closed. The vacuum chamber to the rotary pump was opened, the water flow and the
rotary pump were turned o�. The chamber was vented by the angle valve to atmospheric
pressure to remove the sample from the chamber.

4.3 Ion Implantation
In order to control the amounts of dopants into semiconductors, two processes can be used,
namely ion implantation and di�usion. The process used here was ion implantation. Ion
implantation involves the incorporation of energetic dopant ions into the semiconductor
using a high energy ion beam. The ion beam is generated by a filament which emits
electrons and they are accelerated to acquire su�cient energy for the implantation. The
electrons collide with the atoms or molecules and ionizes them. The ions are extracted
and accelerated towards the magnet for mass/charge selection. The magnet will bend
the ion beam through a right angle to select the desired species, as shown in Figure 4.3b.
The advantages of using ion implantation to dope thin film solar cells are[86]:

• The process can be done at low temperatures (room temperature).

• The process o�ers high dopant profiles and doses.

• The ions implanted can be patterned.

• The repeatability and uniformity are high in this process.

• Depth sensitivity.

For this work, the plasma source ion implanter illustrated in Figure 4.3a was used.
The key parameters used to implant Al, B and P ions in Si are given in Table 4.1
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(a) Experimental set-up of the 1.4 MeV Cockcroft-Walton ion implanter.

(b) Schematic diagram of the ion implanter.

Figure 4.3: Images showing the experimental set-up (a) and the schematic diagram of
the mechanism for ion implantation (b).
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Table 4.1: Table showing ion implantation conditions. The implantation was done at
room temperature.

Element Beam Energy (keV) Fluence (ions/cm2) Implantation time (hours)

Al 20 3 ◊ 1015 2

B 20 2.3 ◊ 1014 1.5

P 20 9 ◊ 1016 3

The chemical element for doping the Si layer was placed at the ion source and the ions
extracted from it. This source can be either in gaseous or solid form. These ions will be
deflected as a result of the magnetic field that is dependent on the charge/mass ratio.
The ions will then be accelerated and implanted to the target (thin film). They will
lose energy by colliding with the nuclei or electrons of the sample. The implant doses
and energies used in this process are simulated by Stopping and Range of Ions in Matter
(SRIM) computer program. The implant dose is defined as the number of ions implanted
per unit area. The amorphization of the layer is dependent on the fixed energy and the
ion dose. In order for the doped layers to remain amorphous, the beam energy must be
roughly 20 keV and the ion dose must be Ø 1016 ions/cm2[192].

4.3.1 SRIM Software

The SRIM computer software was used to perform Transport of Ions in Matter (TRIM)
Monte Carlo calculations to predict implant distribution, radiation damage and collision
details of the recoil atoms creating implant ions[193]. The SRIM software was also used
to simulate the beam energies and the doses for n-type and the p-type Si in a layer
thickness of 20 nm. Di�erent thicknesses were compared to di�erent beam energies and
the distribution of ions inside the thin film were taken into account by these simulations.
The simulations also takes into account the increasing ion dose with the crystal structure
dynamic modification.

4.4 Layer Thickness Optimization
The thickness of the sputtered layers can be determined by using three methods. One
of the first method is to create a step in the coating by covering a small fraction with
a tape and this tape has to be removed from the sample after the deposition is done
and a surface profilometer can be used to measure the step edge. The second method
for determining the layer thickness is by using a scanning electron microscope (SEM)
and the third method is using X-ray reflectometry. In these two methods, di�erent glass
pieces with deposited silicon layers are broken in order to generate a cross section for
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the thickness measurement[194].

The thicknesses for the project of each sputtered layer is determined by using a technique
similar to the first method using a profilometer. The conditions for depositing di�erent
layers of Si on glass are shown in Table 4.2

Table 4.2: Table showing conditions of sputtered layers.

Process Power Ar gas Deposition time Film Thickness Deposition rate

(W) (sccm) (min) (nm) (nm/min)

1 100 20 10 288.9 28.89

2 75 20 20 204.3 10.215

3 120 20 20 331.8 16.59

4 100 20 20 340.2 17.01

5 75 25 20 173.9 8.695

The thickness is found by measuring the distance between the two step edges using a
surface profilometer. Once the thickness of each of the samples is known, the deposition
rate can be calculated from the linearity of the film thickness with deposition time.
Therefore, any desired film size can be deposited using any conditions from the five
samples. The conditions for process 5 were used to deposit the three layers (p-i-n) of
an a-Si:H PV for any desired length. The higher Ar gas flow rate was used to minimize
residual stresses in the film which could lead to delamination of the films.

4.5 Architecture of a-Si:H Device
The fundamental device configuration inside a-Si:H cells consist of three layers that are
deposited in either the p-i-n or n-i-p sequence. The p and n layers are the doped 20
nm a-Si thin films. The i-layer, which is also known as an intrinsic layer is the active
layer for generating photocurrent (electron-hole) in the cell, where excitons are split to
form charge carriers. The i-layer is a significant layer in a-S:H solar cells. The p-i-n
sequence implies that the p-layer is deposited first, then the i-layer is the second layer
deposited and the n-layer is the last one to be deposited on the substrate[41]. The n-i-p
configuration is chosen when stainless steel or any other non-transparent material is used
as a substrate and the p-i-n deposition sequence is chosen if glass or any other transparent
material is used as a substrate[38]. The three layers are very thin, the thicknesses of
the p-layer are typically 10 - 20 nm, for the n-layer, they are typically 20 - 30 nm. For
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Figure 4.4: An image showing the structure of a standard a-Si:H solar cell[41]

the intrinsic layer, the thickness is bigger compared to the two layers, which is typically
300 - 500 nm[195]. The rationale for the large value of film thickness of the i-layer is
to collect the maximum number of electron-hole pairs generated by photoabsorption
because this process is dependent on the film thickness, also on the optimal compromise
between the electrical properties (series resistance) and optical absorption. In addition
to the three layers, a layer of Transparent Conducting Oxide (TCO) which acts as
an anode (top electrode) and a metallic material as a rear electrode are added to the
device due to their di�erences in work functions. The TCO is deposited on top of the
p-layer and has a thickness of around 20 nm. A rear electrode is after the n-layer.
The best choice for a TCO is Indium Tin Oxide (ITO) because of its good electrical
conductivity and optical transparency, especially in the visible region of the spectrum.
For a rear electrode, aluminium (Al) and Ag are the most popular materials used[38, 196].

When ITO was used as a substrate, the p-i-n deposition sequence was used, as shown
in Figure 4.4. The thickness for the p and n layer was chosen to be 20 nm, and for the
i-layer, it was set at 300 nm. These values were taken from the literature according to
the work of Pawlewicz et al., 1978[197].

4.5.1 Fabrication of the p-type a-Si Layer

The p-type layer should be non-absorbing and really thin, this is because the i-layer
has to absorb maximum photons transmitted by the p-type layer and this can be seen
in the transmission spectra in Figure 4.5. The p-type was the first layer deposited on
the conducting side of the ITO. It was sputtered for 2 minutes and 18 seconds by using
deposition conditions for process 5 in Table 4.2.
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Figure 4.5: An image showing transmission spectra of p-doped layers. The layers were
doped with Al and B.

4.5.1.1 P-type doping

The electrical properties of this layer can be manipulated by adding impurities that form
a semiconductor with holes as the major carriers. The element implanted in the layer
was Al and the Al ions were implanted at a beam energy of 20 keV with a dose of 4◊1015

ions/cm2 for 2 hours. Boron (B) was also used to form a p-type layer. Boron ions were
implanted at a beam energy of 20 keV with a dose of 2.3 ◊ 1014 ions/cm2 for 1 hour and
30 minutes.

4.5.2 Fabrication of the i-type a-Si:H Layer

The i-layer is supposed to be thicker than the two layers, because it should be able to
absorb more photons without trading o� the electrical properties of the entire device. The
i-layer is the second layer deposited after the 20 nm p-layer on the ITO. It was deposited
using process 5 conditions in Table 4.2, except this time a gaseous mixture of Ar and H
was used. The composition of the H2 in the mixture was 4% and the mixture of the two
gases increases optical absorption in the layer[197, 38]. The time for the deposition was
optimized to 34 minutes and 30 seconds to yield 300 nm thin a-Si:H films.

4.5.3 Fabrication of the n-type a-Si Layer

The function of the 20 nm n-layer is to create a built in electric field between the two
doped layers due to their di�erences in chemical potential and allow for the extraction of
the charge carriers (electrons and holes). It is also the thinnest layer of the device, so that
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the unabsorbed photons can be transmitted to the back electrode and be reflected back
to the i-layer. The n-type was the third layer deposited on the ITO and it was deposited
after the i-layer. It was sputtered for 2 minutes and 18 seconds by using deposition
conditions for process 5 in Table 4.2.

4.5.3.1 N-type doping

The element implanted in the layer was phosphorus (P) and the P ions were implanted
at a beam energy of 20 keV with the dose of 9 ◊ 1016 ions/cm2 for 3 hours.

4.5.4 Fabrication of the Metal Contact Layer

The purpose of this layer is two fold; firstly this layer reflects photons that were not
absorbed by the i-layer back to the i-layer. Secondly, the metallic layer is used to provide
the field needed to collect the electrons. Thus, it functions as a cathode. The materials
that are mostly used in the literature are Ag and Al. However Al is preferred over Ag,
because Ag has a higher work function than Al and this causes electromigration in the
device. The thickness of this layer should be thicker than the n and p-type layers. The
thickness of this layer, which is 200 nm, was chosen based on the work of Derkacks et
al., 2006[80]. The sputtering conditions were 100 W, Ar gas of 25 sccm. The deposition
time for 200 nm was 29 minutes and 15 seconds. These sputtered conditions were based
on the work of Alkoy et al., 2005[198].

4.6 Synthesis of Ag and Au NPs
The metal NPs were made using two di�erent PVD processes, which are thermal evap-
oration and RF Magnetron sputtering. The Ag nanoparticles were sputtered using the
conditions shown in Table 4.3. These conditions were selected from the work of previ-
ous co-workers Ranganathan et al., 2015[199]. The incorporation of Ag NPs using these
conditions in organic PV cells increased the e�ciency of the device from 0.5% to 1.4%.

Table 4.3: The Sputtering conditions for the deposition of Ag Nanoparticles

Process Power Ar gas Deposition time

(W) (sccm) (s)

1 10 20 10

2 10 20 20

3 10 20 30

The Au NPs on the other hand were produced by thermally evaporating Au pellet on a
Mo boat. The conditions for the fabrication of Au NPs are shown in Table 4.4
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Table 4.4: Thermal evaporation conditions for the deposition of Au Nanoparticles

Process Voltage Current Deposition time

(V) (A) (s)

1 70 200 90

2 70 200 120

4.7 Optical and Morphological Properties of a-Si:H Layers
The optical properties of each layer in the a-Si:H solar cell was analyzed by using a UV-
Vis NIR-500 Cary Spectrometer, and the morphological properties were characterized
with a Zeiss Sigma Field Emission Scanning Electron Microscopy (SEM). The former
was utilized to analyze the absorption and transmission of the each layer in the device
including the Ag and Au NPs. From the SEM, morphological information regarding the
nanoparticles size, shape and composition were obtained.

4.7.1 UV-Vis Spectroscopy Analysis

The photons incident on any material can be characterized by absorption, reflection
and transmission in the UV-Vis spectral region. The amount of light that can be ab-
sorbed or scattered by the material is dependent on the material’s surface topography
and composition. The detection of colours in the sample a�ects the absorption mea-
surements in the visible range of the spectrum, and this is because of the electronic
interband transitions[200]. Transmission should dominate in the two doped layers, ab-
sorption should dominate in the i-layer and there should be more reflection in the back
rear electrode. All of these processes should occur over wide ranges of wavelengths. The
measurements were accomplished by the UV spectroscopy set to measure between 200 -
800 nm. Baseline calibration was carried out for transmission and absorption for 0% and
100% transmission for the double beam method.

4.7.2 SEM Analysis

The chemical or elemental analysis for the SEM sample can be determined by an analyt-
ical tool known as Energy Dispersive X-ray Spectroscopy (EDX, EDS, or XEDS). This
technique of analysis is dependent on the electron beam’s interaction with the sample.
This interaction produces the X-ray characteristics of the chemical composition of the
sample area that is irradiated. These X-ray characteristics will be shown as a measure-
ment of a unique set of peaks in the X-ray spectrum[201].
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4.8 Growth of ZnO : Tb3+ Thin Films
ZnO doped with Tb3+ was used as a spectral down conversion (DC) layer on the
a-Si commercial solar cells. The reason for applying ZnO : Tb3+ as a DC layer is
because, ZnO is a direct and wider bandgap semiconductor (about 3.37 eV at room
temperature)[202]. This makes the ZnO layer to be a suitable material for photonic
and optoelectronic applications in the UV-blue spectral range. The bandgap of the
ZnO layer can be increased by doping it with one of the rare earth (RE3+) ions. For
this project, Tb3+ ions were used as a dopant to the ZnO layer. When the layer of
ZnO : Tb3+ is deposited on the front of the solar cell, this will increase the absorption
of photons incident on the device, resulting in increasing the photocurrent of the PV
device[203, 204, 205].

The ZnO : Tb3+ down conversion layer was deposited on top of the commercial a-Si PV
devices by using RF magnetron sputtering. The sputtering conditions used here were
based on the work of Otieno et al., 2018[206]. Rutherford Backscattering Spectroscopy
(RBS) confirmed that there is a presence of Tb3+ in the thin film by using their sputtering
conditions. The increased emission of light in the resonance wavelength leads to increased
photon intensity to be absorbed by the active layer since absorption in the DC layer means
loss of photons to the active layer. The work resulted in the enhancement of the OPV
device performance when the ZnO : Tb3+ layer was used as a DC layer and as a bu�er
layer. The ZnO : Tb3+ layers were deposited on the a-Si commercial devices at an RF
power of 100 W and an Ar gas flow of 13 sccm. The ZnO : Tb3+ layers were grown on
top of the PV devices for 2 minutes and 5 minutes[131, 206].

4.8.1 Incorporation of Ag and Au NPs in ZnO : Tb3+ Layer

The Ag and Au NPs were deposited on the commercial a-Si solar cells with ZnO : Tb3+

layers using sputtering conditions in Table 4.3 and Table 4.4. Process 1 in Table 4.3 was
applied in the PV cell with ZnO : Tb3+ layer deposited for 5 minutes and process 2 in
Table 4.4 was applied in the PV cells with ZnO : Tb3+ layer deposited for 2 minutes and
5 minutes, respectively.

4.8.2 Annealing of PV Cells with Spectral Layers and NPs

Thin films are amorphous and thus have structural defects that lead to photoluminescence
(PL) emission. The presence of these luminescent defects results in the reduction of
light emission e�ciency. Annealing can reduce the number of defects and thus defect
emission in the visible range, and preferentially allow Tb3+ emission to contribute to
the DC process. ZnO on its own possess a diversity of intrinsic defects which provide
visible emission from blue to IR and Tb ions provide strong absorption bands in the UV
blue spectral range and a high emission in the green spectral range. In order for the
ZnO : Tb3+ layer to have greater light emission e�ciency, the ratio of the intrinsic and
extrinsic defects in the ZnO : Tb3+ has to be even[207, 208]. The emission spectrum and
the luminescence e�ciency of the layer can be manipulated by controlling the defects.
This can be achieved by annealing the commercial devices (a-Si) with ZnO : Tb3+ layers
at certain temperatures and this temperatures must not exceed 500 ¶C, as temperatures
above 500 ¶C will crystallize the a-Si solar cells[209]. Commercial devices (a-Si) were
annealed at a temperature of 150 ¶C for 1 hour with a ramping temperature of 10 ¶C/min.
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This annealing conditions were also used in the PV cells with ZnO : Tb3+ layers and
Ag/Au NPs.

4.9 I-V Characterization

Figure 4.6: An image showing the I-V curve of a solar cell

The current-voltage (I-V) characteristic is an important type of measurement in solar
cells, as it gives the electrical properties as a result of the photoresponse of the PV device.
The short-circuit current (Isc) and the open-circuit voltage (Voc) are the maximum
current and voltage, for a given solar cell as shown in Figure 4.6. Once the I-V curve
is obtained, then a lot of important device properties can be calculated including the
fill factor (FF) and the e�ciency(÷). The fill factor is defined as the measurement of
how e�cient electrons and holes are generated in the device as a function of voltage.
The photo-conversion e�ciency (÷) is the ratio of the power output to the input power
measured at a reference standard AM 1.5. FF and ÷ can be mathematically expressed
as:

FF = VmpImp

IocIsc
(4.1)

and

÷ = Pout

Pin
= (Vmp)(Imp)

Pin
(4.2)
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Vmp and Imp are the voltage and current at maximum power respectively.

Equation (4.2) is basically the ratio between electrical power that is generated by the
solar cell vs. the incident light power of the sun[70, 210].

The I-V data is collected by connecting probes to the anode and the cathode of the device
or substrate and the voltage will be swept while measuring the current. We used an HP
4141B Source Measuring Unit (SMU) that supplies voltage sourcing and measurement
resolution at or lower than 1 mV, also the current sourcing and measurement resolution
lower than 1 µA. The SMU is connected to a computer which includes a software known
as LabView that captures data. This software outputs a voltage in order to control
the amount of current sink and current that can flow in the circuit. Therefore, the I-V
curves of the device or sample will be generated in the software by collecting a certain
number of points in evenly spaced intervals from the starting voltage at the same time
measuring current.

The a-Si commercial solar cells electrical characteristics were also analyzed using dark
I-V measurements using the HP 4141B SMU system without the solar simulator. Thus
the information regarding the Isc is not provided, but other parameters, such as shunt
resistance and series resistance are determined by these measurements. The Mott-Gurney
law could be employed to determine the mobility of the charge carriers since in the
framework of dark I-V measurements, the charge carriers are injected in the solar cell by
an applied electrical field, only.
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Chapter 5
5 Results and Discussion
In this chapter, the discussion on the I-V characteristics of the doped Si layers is presented
with a determination of the Schottky barrier formed after annealing the doped layers
below the recrystallization temperature of a-Si. The optical properties of these layers are
presented and analyzed in detail. Additionally, the I-V characteristics of commercial a-Si
devices with NPs and spectral conversion layers are analyzed and discussed in detail.

5.1 Schottky Barrier Analysis
The undoped layer of a-Si with a thickness, t of 20 nm was deposited on a glass substrate
and contacted using an Ag electrode. Two undoped layers were produced, one of them
was implanted with P ions and the other with Al ions. The doped samples were also
annealed at 300¶ C for 20 minutes, because the semiconductor gets damaged by the
radiation due to implantation. This damage to the semiconductor is attributed to the
energy and the mass of the bombarding ions. After these samples were contacted with
an Ag thin film as an electrode, the I-V characteristic curves were measured at room
temperature and several parameters were obtained from these plots. The values of the
physical constants used to calculate the key parameters of the metal-semiconductor (n
and p-type) contacts are listed in Table 5.1:
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Table 5.1: Table showing physical constants used to determine key parameters of metal-
semiconductor contacts[86].

Constants Symbol S.I Units

Richardson Constants for extrinsic Si Aú 120 A/cm2K2

Richardson Constants for electrons in Si Aú
n 117.6 A/cm2K2

Richardson Constants for holed in Si Aú
p 117.6 A/cm2K2

I-V characteristics operating temperature T 300 K

Electronic charge e 1.60218 ◊ 10≠19 C

Applied voltage V 0.1 V

Boltzmann constant kB 1.38066 ◊ 10≠23 J/K

Area of the film A 0.25 cm2

5.1.1 I-V Characteristics of the Metal-Semiconductor Contacts

The I-V curves of the n and p-types a-Si in contact with a metal are plotted in
Figure 5.1 and 5.2. From the data obtained, important parameters can be extracted,
such as the Schottky barrier height („B), saturation current density (Js), barrier
width (x), electric field (E), contact (Rc) and sheet (Rs) resistance. The behaviour
of the curves reveal a strong doping dependence when dopants such as Al and P are
implanted into the a-Si layer, the curves become rectified rather than ohmic as the
dopants are added to the thin film a-Si layer. The curves are also temperature dependent.

Note that when the semiconductor is implanted with energetic ions, some of the
regions in the semiconductor will be damaged. This damage is due to the energy of
and by the mass of the implanted ions. The parameters of the semiconductor, such
as carrier lifetime and mobility will be reduced. Thus, results in extended defects
during subsequent thermal processing, and they act as scattering centres for the the
charge carriers. In order for the semiconductor parameters to be restored and for the
implanted ions to be activated, the semiconductor has to be annealed at an appropriate
temperature and time[86, 142].
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Figure 5.1: I-V characteristics of an undoped, Al doped and annealed Al doped 20 nm
a-Si film contacted to an Ag electrode. The Al doped film is annealed at 300 ¶C for 20
minutes.

Annealing the 20 nm P doped a-Si thin film at 300 ¶C, the current density remained the
same, but the 20 nm a-Si thin film implanted with Al ions current density increased.
This is because of the di�usion coe�cient (D) of P in a-Si. The di�usion coe�cient
at 300 ¶C for P in a-Si is 9.111 ◊ 10≠30 cm2/s with an activation energy (Ea) of
3.29 eV and for Al in a-Si at 300¶C is 2.409 ◊ 10≠30 cm2/s and Ea = 3.47 eV[211].
The lower di�usion coe�cient of Al in a-Si compared to that of P in a-Si at the
same temperature, makes the di�usion of P ions travel deeper into the 20 nm a-Si
film when they are annealed compared to the implantation of Al ions in a-Si[212].
The addition of impurities into the intrinsic a-Si shows the enhancement of electrical
properties in the film. The electrical properties of the doped a-Si thin films further
increased when they were annealed at 300 ¶C, especially the a-Si thin film doped with Al.

The Schottky barrier height in the undoped a-Si layer in Figure 5.1 and 5.2 is high
for both holes and electrons compared to the a-Si layers implanted with Al and P
ions. The value for the barrier height for the intrinsic a-Si is „B = (0.78± 2.6 ◊ 10≠2)
V. The barrier height for the a-Si implanted with P ions (n-type) is „Bn = (0.70±
2.4 ◊ 10≠2) V and the a-Si layer implanted with Al ions (p-type) is „Bp = (0.69±
2.3 ◊ 10≠2) V. This shows that the barrier height has decreased when the intrinsic
a-Si was implanted with Al and P ions, because of the defect levels inside the bandgap
of the bulk semiconductor that are being created by the implantation process. The
barrier height for electrons decreased from 0.78 V to 0.70 V while for holes, it changed
from 0.78 V to 0.69 V. The chemical potential di�erence ensures that electrons and
holes travel to di�erent electrodes, Ag or ITO when dopants are added to the intrinsic
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Figure 5.2: I-V characteristics of an undoped, P doped and annealed P doped 20 nm a-Si
film contacted to an Ag electrode. The P doped film is annealed at 300 ¶ for 20 minutes.

a-Si films. This exhibits that the electrons will have to overcome a higher barrier
height compared to the holes. The electrons from the Ag metal will interact with the
majority carriers in the n-type semiconductor, thus there is a Coulomb repulsion be-
tween the electrons from the Ag electrode and the majority carriers in the n-type a-Si film.

The barrier for the majority carriers in the p-type a-Si is less compared to the barrier
of the minority carriers, because it is easy for the majority carriers in the p-type to
interact with the electrons in the Ag electrode. Annealing both samples at 300 ¶C for
20 minutes, the barrier height of the p-type a-Si decreased from 0.69 V to 0.62 V. The
current density of the n-type a-Si thin film also slightly decreased and because of the
exponential form of the I-V characteristics, the barrier height increased from 0.70 V
to 0.73 V. From Eq (3.7), Eg ¥ 1.39 eV ± 4.7 ◊ 10≠2 eV and when the samples are
annealed, thus Eg ¥ 1.35 eV ± 4.6 ◊ 10≠2 eV. These band gap energies obtained are in
agreement with the theoretical value, which is ¥ 1.7 eV[213].

The width of the depletion layer decreases with the increasing concentration of minority
or majority carriers. The width also increases with the increasing Schottky barrier
height. For the intrinsic a-Si thin film, the width of the depletion layer was (2.66 ±
4.5 ◊ 10≠2) nm and the width decreased for the extrinsic a-Si thin film. The width
further decreased from orders of 100 nm to 10≠2 nm for the film implanted with P ions
and annealed. For the p-type a-Si semiconductor, the width decreased from orders of 100
nm to 0.1 nm, even after it was annealed. This shows that the movement of minority
and majority carriers is easier when the intrinsic a-Si is doped with Al and P ions. The
width of the depletion layer is reduced, making it easier for the carriers to move from the

57



Ta
bl

e
5.

2:
Ta

bl
e

sh
ow

in
g

pa
ra

m
et

er
s

ob
ta

in
ed

fro
m

th
e

A
g

m
et

al
-s

em
ic

on
du

ct
or

(n
an

d
p-

ty
pe

)
co

nt
ac

ts
fo

r
a

ju
nc

tio
n

ar
ea

of
0.

25
cm

2

a-
Si

J
s

„
B

R
s

R
c

E
x

(µ
A

/c
m

2 )
(V

)
(k

�
.c

m
2 )

(k
�

.c
m

2 )
(k

V
/c

m
)

n
m

U
nd

op
ed

Si
0.

85
0.

78
53

1
30

.3
5.

9
◊

10
≠

2
2.

66

±
2.

7
◊

10
≠

2
±

2.
6

◊
10

≠
2

±
58

.6
±

1.
01

±
9.

9
◊

10
≠

4
±

4.
5

◊
10

≠
2

A
ld

op
ed

29
.2

0.
69

15
.5

0.
89

24
7

5.
01

◊
10

≠
4

±
4.

6
±

2.
3

◊
10

≠
2

±
1.

71
±

0.
03

±
93

±
8.

5
◊

10
≠

6

A
nn

ea
le

d
A

ld
op

ed
5.

62
0.

62
8.

06
0.

46
55

.1
2.

27
◊

10
≠

3

±
0.

31
±

2.
1

◊
10

≠
2

±
0.

89
±

1.
53

◊
10

≠
2

±
9.

22
±

3.
84

◊
10

≠
5

P
do

pe
d

29
.5

0.
70

15
3

8.
75

58
.4

2.
4

◊
10

≠
3

±
4.

8
±

2.
4

◊
10

≠
2

±
16

.9
±

0.
29

±
9.

73
±

4.
1

◊
10

≠
5

A
nn

ea
le

d
P

do
pe

d
5.

47
0.

73
82

.8
4.

72
28

3
5.

17
◊

10
≠

4

±
0.

24
±

2.
5

◊
10

≠
2

±
9.

13
±

0.
16

±
96

±
8.

5
◊

10
≠

6

58



extrinsic semiconductor to the metal and from the metal to the extrinsic semiconductor.

The electric field created between the Ag electrode and the extrinsic a-Si is also
dependent on the size of the depletion layer. The electric field for the intrinsic a-Si layer
was very low compared to the extrinsic a-Si thin film. The value of the electric field for
the intrinsic a-Si was 58.6 V/cm. When it was implanted with P and Al ions, it went up
to the orders of 104 ≠ 105 V/cm. This increase is due to an application of an external
electric field which produces strong conduction in the doped semiconductor. Heavier
doping level produces stronger conduction. Therefore, a poorly conducting intrinsic semi-
conductor has been converted into a good electrical conductor as mentioned in Chapter 3.

The contact resistance, Rc also shows that the low barrier height gives a small Rc. The
undoped a-Si film has a very high Rc compared to the ion implanted a-Si thin films
even after they were annealed. The contact resistance for the undoped a-Si thin film is
(30.3 ± 1.01) k�.cm2, for the n-type and p-type, Rcn= (8.75 ± 0.29) k�.cm2 and Rcp=
(0.89 ± 0.03) k�.cm2, respectively. When the p-type sample was annealed, the contact
resistance decreased exponentially and became (0.46 ± 1.53 ◊ 10≠2) k�.cm2. The n-type
a-Si thin film increased slightly because of the increased barrier height after annealing,
Rcn= (4.72 ± 0.16) k�.cm2.

The sheet resistance (Rs) has the same trend as the contact resistance. Rs for the
undoped 20 nm a-Si film is (531 ± 58.6) k�.cm2. When the referenced a-Si thin film is
doped with P to make an n-type a-Si, Rsn = (153 ± 16.9) k�.cm2 and for the p-type,
Rsp = (15.5 ± 1.71) k�.cm2. For the annealed samples, Rsn = (82.8 ± 9.13) k�.cm2 and
Rsp = (8.06 ± 0.889) k�.cm2.

5.1.2 Optical Properties of a-Si P-I-N Layers

400 500 600 700 800
Wavelength(nm)

20

40

60

80

100
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Optical Transmission Spectra of 20 nm Si Thin Films
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Figure 5.3: UV-Vis spectrometer transmission measurements of the p-i-n layers of a-Si.
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Figure 5.4: Absorption coe�cient (–) against the energy.

Figure 5.3 shows transmittance results from the UV-Vis spectrophotometer for three
di�erent thin film layers of a-Si. The bandgap energies for p-type , i-layer and n-type
are 1.78 eV, 1.53 eV and 1.93 eV, respectively. Thus, these bandgap energies are larger
than the bandgap energy of crystalline Si (≥ 1.1 eV). (The energy bandgap values are
extrapolated from Figure 5.4, where the curve intersect the x-axis. The absorption
coe�cient – is plotted against the energy.) The absorption coe�cient determines how
far the light of a particular wavelength has travelled in the film before it is absorbed
by the material. Therefore, the transmission of light reduces as it passes through the
thin film. This shows that the bandgap energies are in the visible region of the solar
spectrum and these higher energetic photons incident on the solar cell can be absorbed
by the i-layer and transmitted by the p and n-type layers of a-Si. Additionally, Figure
5.4 shows that the intrinsic layer of a-Si has a direct transition because the slope of
the curve within the linear regime is smaller and this transition rate is determined by
Fermi’s golden rule.

The i-layer has a smaller bandgap energy (Egap) compared to the doped layers. The
bandgap energy of the n-type a-Si layer is greater than the Egap of the p-type layer, thus
the p layer has to allow the photons incident on the device to be transmitted into the
other layers in the device. The increase in the Egap when adding donor impurities in the
intrinsic a-Si film can be due to the Burstein-Moss e�ect and the adding of acceptor im-
purities should lower the Egap of the layer. This e�ect in semiconductor is seen as a shift
with increasing doping of the bandgap[214]. The shift emerges because the EF lies in the
conduction band when the film is heavily n-type doped and for p-type doping, it lies in the
valence band. The occupied electronic states limit optical and thermal excitation. As a
result, the band gaps measured from the start of interband absorption will move to higher
energies. The thickness of the layer also plays a major role in the absorbance of photons.
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The absorbance in the i-layer can be enhanced by increasing the thickness of the film[215].
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Figure 5.5: Optical absorption spectra of a 20 nm n-type a-Si, 300 nm a-Si:H and 20 nm
intrinsic a-Si layers stacked on top of each other by sputtering. The p-type Si is formed
from B and Al ions implanted into an intrinsic 20 nm a-Si film.

Figure 5.5 shows the optical characteristics of three di�erent layers deposited on a 300
nm glass substrate. The first layer deposited was the Al doped layer of 20 nm thickness,
followed by the i-layer deposited in an Ar and H2 gaseous mixture. The last layer to
be deposited was the i-layer without the H2 gas of 20 nm thickness. This process was
repeated by using B instead of Al as a dopant to form an p-type a-Si.

The optical absorption spectra of these three layers reveals that there is a slight shift of
the spectrum compared to the individual layers in Figure 5.3 as more layers are stacked
on top each other. The wavelengths absorbed in both figures are in the visible range of
the solar spectrum.
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5.2 Analysis of the a-Si Commercial Device
5.2.1 I-V Characteristics of Commercial a-Si Solar Cells

The commercial a-Si solar cell was illuminated under AM 1.5 and the I-V characteristics
were measured at varying intensities (F) as shown in Figure 5.6. The values of the
intensities are presented in Table 5.3.
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F1=0.5 mW/cm2

F2=1.5 mW/cm2

F3=10 mW/cm2

F4=25 mW/cm2

F5=50 mW/cm2

F6=100 mW/cm2

Figure 5.6: I-V characteristics of a commercial a-Si solar cell at di�erent intensities of
light.

When the light intensity incident on a solar cell is changed, all parameters of the
device such as Jsc, Voc, FF, Rseries, Rshunt and PCE changes. These parameters are
dependent on the level of light illumination incident on the solar cell. The current
increases proportional to light intensity, but if this was the only change, then the
e�ciency would remain the same. However, Voc increases with the natural logarithm of
intensity, as illustrated in Figure 5.7. Table 5.3 shows that the only parameters that
decrease as the illumination level of light increases are Rseries and Rshunt. At lower light
intensities, Rshunt becomes significant because the current and the bias point in the
solar cell decrease, bringing the overall resistance of the device closer to Rshunt. The two
resistances (Rseries and Rshunt) are di�erent, Rshunt >> Rseries, and Rshunt has a higher
value than Rseries, which is 2 orders of magnitude at low and high intensities. The
power loss due to Rshunt is caused by the increase in the total current flowing through
Rshunt. The fill factor slightly increases with low light intensities and this is because of
the influence of Rseries.

The highest light intensity (F6) was used for the I-V characterization of a-Si commercial
solar cells, including the devices incorporated with NPs and spectral conversion layers.
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Figure 5.7: Diagram showing open circuit voltage Voc plotted against light intensity F.

The intensity dependence of Voc is much stronger when Schokley-Read-Hall (SRH) re-
combination is included and the slope of the graph is expected to increase. The change
of slope when SRH recombination plays an important role was also noted in a-Si solar
cells by Schi� et al., 2003[216]. However, due to the strongly varying density of trapped
electrons, the rate of constant for SRH recombination will strongly vary throughout the
device, and, consequently, the assumption of generation and recombination cancelling
everywhere breaks down.

5.2.2 Morphology of Ag and Au NP’s

The Ag and Au NPs were deposited on commercial a-Si PV devices at various deposition
times and the Scanning Electron Microscope (SEM) was used to determine the morphol-
ogy of the NPs in the device. This procedure would also allow for the determination
of the size of the NPs, as illustrated in Table 5.4. The size and shape of NPs are
determined by using an image processing software known as ImageJ. The software
displayed a high surface coverage due to the particles being close to one another.
The NPs displayed by the SEM images displayed shapes assumed to be elliptical,
spherical and hemispherical. The shape of the NPs were assumed to be spherical for
simplicity and the various average size distributions indicated by the surface statistical
analysis ranged from 22.3 nm to 142 nm for Au and Ag NPs, as shown in Figures 5.8 - 5.13.

The average sizes of Au and Ag NPs were also di�erent. The reason for this dissimilarity
in the two arises from the use of deposition techniques with varying conditions (RF
sputtering and thermal evaporation). The deposition rate for the two methods is not the
same and it also depends quite strongly on the deposited material. The Au NPs were
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deposited for a longer time compared to the deposition time of Ag NPs. The deposition
time for Au NPs was 90 s and 120 s using thermal evaporation. RF sputtering was used
for the deposition of Ag NPs and the deposition times were 10 s, 20 s and 30 s. The
average sizes of the Au NPs that were thermally evaporated for 90 s and 120 s are 30.6
nm and 33.8 nm, respectively. The average sizes of Ag NPs RF sputtered for 10 s, 20 s,
30 s turned out to be 32.3 nm, 65.0 nm and 113 nm, respectively. Another factor for the
di�erence in the average sizes of the nanoparticles is the distance between the deposited
material and the substrate.

(a) An SEM image showing the NPs of Ag
deposited for 10 s.

(b) EDS image of Ag NPs deposited for 10 s.

Figure 5.8: Images of SEM and EDS for Ag NPs deposited for 10 s.

(a) An SEM image showing the NPs of Ag
deposited for 20 s.

(b) EDS image of Ag NPs deposited for 20 s.

Figure 5.9: Images of SEM and EDS for Ag NPs deposited for 20 s.
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(a) An SEM image showing the NPs of Ag
deposited for 30 s.

(b) EDS image of Ag NPs deposited for 30 s.

Figure 5.10: Images of SEM and EDS for Ag NPs deposited for 30 s.

(a) An SEM image showing the NPs of Au
deposited for 90 s.

(b) EDS image of Au NPs deposited for 90 s.

Figure 5.11: Images of SEM and EDS for Au NPs deposited for 90 s.

(a) An SEM image showing the NPs of Au
deposited for 120 s.

(b) EDS image of Au NPs deposited for 120 s.

Figure 5.12: Images of SEM and EDS for Au NPs deposited for 120 s.

66



(a) An SEM image showing the NPs of Au
deposited for 120 s and Ag deposited for
30 s.

(b) EDS image of Au NPs deposited for 120 s and
Ag deposited for 30 s.

Figure 5.13: Images of SEM and EDS for Au NPs deposited for 120 s and Ag deposited
for 30 s.

Figures 5.8 - 5.13 display the images of the SEM and the EDS spectrum. The SEM
evaluation of the dispersion of Ag and Au NPs revealed the presence of clusters of NPs
around the average size of approximately 82 ± 2.93 nm. The arrangement of the NPs
indicated that the clusters are held together by weak binding forces. The chemical
composition of the NPs (Au and Ag) was confirmed by the EDS spectrum, which detects
the NPs deposited on top of the commercial a-Si solar cells.

Figures 5.8 - 5.10 show the SEM images and EDS spectra for RF sputtered Ag NPs at
di�erent times on the a-Si commercial PV. The highest peak in the three EDS spectrums
is Si and it also shows that there is a presence of Ag NPs corresponding to the lowest
peak. The peak for Ag increases in the EDS spectra with increasing deposition time.
Figure 5.10b has a higher peak intensity of Ag compared to Figures 5.8b and 5.9b of the
EDS spectrum. Sputtering for a longer time increases the Ag peak, as more of Ag NPs
are deposited on the a-Si solar cell. Nitrogen and Carbon are other elements confirmed
by the EDS spectrum. Carbon only appears in Figure 5.8b for the 10 s deposition of
Ag. However, the peak of Carbon in the EDS spectrum is less compared to the Ag
and Si peaks. Nitrogen is present in all the three EDS spectrums. The reason for the
appearance of these unexpected elements (Carbon and Nitrogen) is possibly due to the
sputtering chamber being contaminated. Nitrogen gas is used by the sputtering system
for venting and targets containing Carbon may have been used previously by the system.

The thermally evaporated Au NPs are shown in Figures 5.11 - 5.12. The peak of the
Au element in the EDS spectrum is slightly lower than the peak of Si when depositing
Au NPs for 90 s, as illustrated by Figure 5.11b and the peak of the Au NPs deposited
for 120 s is moderately higher than the Si peak of the EDS spectrum. The intensity of
the Au and Si peak increases along with the Full Width at Half Maximum (FWHM)
with increasing deposition time. This change in peaks is because of the quantity of Au
deposited in a specific area of the cell was detected by the SEM. Carbon and Nitrogen are
also confirmed by the EDS spectrum for thermally evaporated Au NPs. The occurrence
of these elements is the same reason as the sputtered Ag NPs. Figure 5.13 exhibits an
SEM image and the EDS spectrum of Ag NPs deposited first by sputtering for 30 s
followed by the thermal evaporation of Au NPs for 120 s. The EDS reveals a strong
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Figure 5.14: Size distribution of deposited Ag Nanoparticles using RF sputtering and the
deposition of Au Nanoparticles using thermal evaporation at di�erent times.

presence of the Au and Ag elements and their peaks are approximately the same as
the peaks in Figure 5.10b and 5.12b when the elements are deposited separately on the
commercial a-Si solar cells.

The most significant di�erence in the two deposition methods is the rate at which the
materials are deposited on a surface. However, the type of material used can also play
an important role in the deposition process. The images of the SEM show that the two
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materials are dissimilar and that the NPs deposited for a longer time becomes more
spherical, more evenly spaced and larger in agreement with the Volmer-Weber growth
mode. The SEM images of thermally evaporated Au NPs in Figures 5.11a - 5.12a are
brighter than the SEM images of sputtered Ag NPs in Figures 5.8a - 5.10a whereas the
SEM image (Figure 5.13a) of the deposition times of Ag and Au NPs is less brighter than
the images of the thermally evaporated Au NPs. The reason for the decrease in brightness
in Figure 5.13a is because there is a mixture of Au and Ag NPs, and the brightness of
Au is a�ected by Ag plasmon resonance.

5.2.3 Optical Properties of Ag/Au NPs

The NPs were also deposited on glass in order to measure their absorption and
transmission. Plasmonic resonance excitation shows strong absorption and scattering of
incoming photons resulting in the surface plasmon extinction bands being intensified.
This plasmon extinction is dependent on the size and shape of the NPs.
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30 s RF Sputtered Ag and 120 s Thermally Evaporated Au

Figure 5.15: Optical absorption spectra of Ag and Au NPs deposited on glass.

Optical properties for the Ag/Au NPs deposited on a glass substrate are shown in Figure
5.15 and it can be observed that the Ag NPs deposited for 10 s absorb more light in the
UV region compared to Ag NPs deposited for 20 s and 30 s. The three sputtered Ag NPs
absorbs more photons between 460-490 nm of the UV-Vis spectrum. The 10 s sputtered
Ag NPs have a higher absorbance than the 20 s and 30 s deposition of Ag NPs because
depositing the NPs for a longer time increases the average size of the NPs and larger NPs
contributes to scattering and reflection losses. The Au NPs absorption spectra deposited
for 120 s is slightly higher than the absorption spectra of Ag NPs deposited for 10 s
and the 90 s deposition of Au. Both the Au NPs have a broad LSP resonance and this
can be explained in terms of the e�ects from the LSP multi-pole e�ects as stated by the
Mie theory[217]. The Au NPs deposited for 90 s has less absorption than the Au NPs
deposited for 120 s. It is expected for the absorption to decrease as the Au is deposited
for a longer time, but Au NPs have an optimum size of 20 - 30 nm[218]. The deposition
of Ag NPs for 30 s and the Au NPs for 120 s on glass shows reduction in absorption due
to possible reflection losses. This is because the size of these NPs are larger since the Au
NPs will increase coverage leading to contact with the Ag NPs deposited initially on the
glass substrate. The coalescence of these two types of NPs will increase the surface area

69



of the individual NPs and thus increase the average size of the NPs. The shape of these
NPs looks more spherical compared to the shapes of other NPs in the absorption spectra,
but this large spherical NPs will scatter light rather than absorbing it.

5.2.4 E�ciency Enhancement of the a-Si Commercial Standard Device

The attempt to increase the e�ciency of the commercial a-Si devices was done by
depositing only Ag/Au NPs on top of the commercial a-Si device. The Ag NPs were
deposited for 10 s , 20 s and 30 s using RF sputtering, and the Au NPs deposited by
thermally evaporating Au for 90 s and 120 s on the a-Si solar cells. The Au and Ag NPs
were combined by initially depositing Ag NPs for 30 s followed by the deposition of Au
NPs for 120 s on the same a-Si device.

The second approach was to deposit only ZnO : Tb3+ as a spectral conversion layer using
RF magnetron sputtering. The ZnO : Tb3+ layer was deposited on top of the a-Si solar
cells as a DC layer for 2 minutes and 5 minutes. These deposition times were selected
because of the transmission spectra in Figure 5.18. The NPs (Au and Ag) are then
deposited on top of the a-Si commercial devices with the ZnO : Tb3+ layer. This is done
in the ZnO : Tb3+/Ag and ZnO : Tb3+/Au sequences on top of the a-Si devices. The
deposition conditions used for the growth of NPs in front of the ZnO : Tb3+ layer are
listed on Table 4.3 and Table 4.4. The attempt to further increase the e�ciency of the
commercial a-Si devices was completed by annealing the a-Si devices with ZnO : Tb3+

layer only and the one combined with the NPs.

5.2.4.1 NPs E�ciency Enhancement on Commercial a-Si PVs
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30 s RF Sputtered Ag

Figure 5.16: I-V characteristics of commercial a-Si solar cells with Ag and Au NPs.

Noble metal NPs absorb light initially through the Surface Plasmon Resonance (SPR)
e�ect. The tuning of the resonance is dependent on the density of the free electrons, their
e�ective masses, shape or size of the NPs. For larger NPs, scattering of light dominates
over absorption, thus plasmonic size dependent e�ects should enhance photocurrent in
solar cell devices. The resulting enhancement of photocurrent could lead to e�ciency
enhancement of the device.
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The IV characteristics of the modified a-Si commercial solar cells with Ag/Au NPs are
shown by Figure 5.16. When depositing the Ag NPs for 10 s on top of the reference
a-Si solar cell, Jsc increases from 22.1 mA/cm2 to 27.5 mA/cm2. For the a-Si devices
deposited with Ag NPs for 20 s and 30 s, Jsc decreases from 27.5 mA/cm2 to 24.2
mA/cm2 for both devices, but the FF for the 30 s deposition of the Ag NPs is the lowest
compared to the 10 s and 20 s deposition times. The FF value for Ag NPs deposited
for 30 s is 0.32, for the 20 s one, it is 0.50 and 0.52 for the 10 s deposition time of Ag
NPs. The a-Si PV with Au NPs deposited for 120 s increases the Jsc to 26.0 mA/cm2.
The commercial a-Si devices with the highest Jsc value are supported by Figure 5.15
which shows that Au NPs deposited for 120 s and the Ag NPs deposited for 10 s absorbs
more photons compared to other NPs deposited on the a-Si solar cells. The lowest Jsc

value is observed when the Ag NPs are deposited for 30 s followed by the deposition of
Au NPs for 120 s and Jsc = 10.3 mA/cm2. This a-Si device with the lowest Jsc has the
highest FF = 0.65 value compared to other a-Si solar cells deposited with NPs including
the reference a-Si device. The low Jsc value could be attributed to the reflection losses
caused by the shape and size of these nanoparticles.
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● 30s Rf Sputtered Ag + 120s Thermally Evaporated Au

Figure 5.17: Dependence of e�ciency on the coverage of Ag/Au NPs.

The variation of the photoconversion e�ciency with the deposition time of nobel metal
NPs is shown in Figure 5.17. The dependence arises from linear correlation between NP
size with the deposition time. Depositing the NPs on the device for a longer time yields
larger particles as compared to depositing them for a short time. The e�ciency of the
a-Si PV cell with Ag NPs deposited for 10 s is greater than the e�ciency of the a-Si solar
cell deposited with Ag NPs for 20 s and 30 s. The increase in e�ciency from a commercial
a-Si PV cell without NPs (Ag/Au) to an a-Si solar cell deposited with Ag NPs for 10 s
is 0.5%. When the a-Si PV is deposited with Ag NPs for 20 s and 30 s, the e�ciency
decreases by 0.9% and 3.1%, respectively. The average size of the Ag NPs deposited for
10 s is 32.3 nm and this size is less than the average sizes of the Ag NPs deposited for
20 s and 30 s. The average sizes of the Ag NPs deposited for 20 s and 30 s are 65.0 nm
and 113 nm, respectively. When the commercial a-Si solar cell is deposited with Au NPs
for 90 s, using a di�erent deposition system (Thermal evaporation) from the one used
to deposit Ag NPs (RF Magnetron), the average sizes of the two NPs are slightly the
same, but the e�ciency is higher for Au NPs than Ag NPs. The performance of the a-Si
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commercial solar cell with NPs can be attributed to the surface coverage di�erence and
the size distributions of the NPs. The average size of the Au NPs deposited for 90 s is
30.6 nm and e�ciency di�erence between the materials is that Au NPs resonates at a
higher frequency compared to Ag NPs. Increasing the deposition time for Au NPs to 120
s also increases the e�ciency of the a-Si device, even though the average size of the NPs
(33.8 nm) is closer to the average size of the Ag NPs deposited for 10 s. Combining the
Au and Ag NPs together by depositing Ag NPs for 30 s first and finally depositing Au
NPs for 120 s will decrease the e�ciency of the a-Si PV, also increasing the size of the NPs.

Table 5.4 shows the parameters of the reference a-Si solar cell and for that of a-Si solar
cells deposited with NPs. The two parameters that a�ects the overall performance of the
a-Si solar cell are known as parasitic resistances and they are the series resistance (Rseries)
and shunt resistance (Rshunt). The e�ciency in the a-Si PV is decreased by Rseries which
dissipates power through the parasitic resistances. The two resistances are extracted from
the IV characteristic curve in Figure 5.16 by taking the inverse slope closer to Isc and Voc,
respectively. In the reference device, the value of Rseries and Rshunt have the lowest value
compared to the devices with NPs, and they are 5.1 �.cm2 and 48.5 �.cm2, respectively.
The two resistances increase in value upon deposition of NPs on the commercial a-Si
solar cells with Rshunt always higher than Rseries. It is also observed from Table 5.4 that
the Rseries and Rshunt are dependent on the FF value. The decrease in PCE of the entire
device is because of the drop in FF, which is attributed to the increase in Rshunt and
Rseries. The degradation of PCE is also due to the drop in Jsc which is attributed to the
optical transmission losses caused by thermalization and the large NPs on the devices, as
in the case of the 30 s and 120 s deposition times of Ag and Au NPs, respectively. The
increase in the Rseries is dependent on the conductivity of the acceptor and donor layers
of the device. The addition of the NPs on the device (acceptor layer) changes the Rseries,
thus the mobility of the layer a�ects Rseries and space charges are generated by the NPs.
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5.2.4.2 Optical Properties of ZnO : Tb3+ with Au/Ag NPs

The ZnO : Tb3+ layers were deposited at di�erent times on a glass substrate using RF
magnetron sputtering and the optical transmission of each layer was analyzed.
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Figure 5.18: Optical transmission spectra of ZnO : Tb3+ layers deposited on glass.

The ZnO : Tb3+ layers deposited on glass at di�erent times are shown in Figure
5.18 and from this figure it can be seen that the transmission spectra of the layers
slightly increases when ZnO : Tb3+ is deposited for a longer time. These variations
are considered as proof of optical transitions at di�erent peaks of the spectrum for the
spectral conversion layers. These direct optical transitions are at 3.28 eV (378 nm) and
3.16 eV (392 nm) for the ZnO : Tb3+ layers deposited for 2 minutes and 5 minutes,
respectively. The ZnO : Tb3+ layer had optical transitions at 1.73 eV (718 nm) and 2.94
eV (422 nm). Thicker ZnO : Tb3+ layers show more than one direct optical transition.
The ZnO : Tb3+ layer deposited for 10 minutes had direct optical transitions at 1.91
eV (648 nm) and 2.59 eV (478 nm). The thickest ZnO : Tb3+ layer deposited for 20
minutes had three direct optical transitions at 1.86 eV (667 nm), 2.42 eV (nm) and
2.92 eV (424 nm). The energies in the transmission spectra give the locations of the
local minima of the ZnO : Tb3+ films in the visible part of the spectrum. The local
minima of thicker ZnO : Tb3+ layers are deep and sharp, and they correspond to the
interference patterns. Depositing ZnO : Tb3+ on glass for a longer time results in ZnO
and Tb3+ atoms being distributed evenly, meaning that there more Tb3+ atoms sputtered
compared to a shorter deposition time and the optical transitions of ZnO : Tb3+ layers
deposited are closer to the bandgap value of ZnO, which is 3.3 eV[219]. According to
the work of Miller et al, 1974[220], as more Tb3+ atoms are deposited, the electronic
bands are expected to be of zero slope and they will be parallel at interband points that
are symmetrical. As a result, the spectra shown in Figure 5.18 may be due to these
transitions at symmetrical interband points located below and above the Fermi level[221].

The Ag/Au NPs were deposited on top of the ZnO : Tb3+ layers are shown in Figure
5.19 and their optical absorption spectra is shown below. The Au NPs were deposited
for 2 minutes and the Ag NPs were deposited for 10 s.
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Figure 5.19: Optical absorption spectra of ZnO : Tb3+ layers with Ag/Au NPs deposited
on glass.

The absorption spectra in Figure 5.19 is compared to the spectra in Figure 5.15. The Au
NPs deposited for 120 s and the Ag NPs deposited for 10 s were chosen because they dis-
played the highest absorption in the spectra in Figure 5.15. The deposition of the Ag/Au
NPs on top of the ZnO : Tb3+ layer shift the optical transitions to longer wavelengths,
but the absorption decreases moderately. The shifts in the absorption spectra of Figure
5.15 and 5.19 are due to the screening of the local fields by the dielectric environment
which establishes the charge oscillation by reducing the restoring forces. The NPs in
Figure 5.19 exhibit strong dipolar resonances and all the modes from Figure 5.15 are
shifted to longer wavelengths[222].
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Figure 5.20: Optical transmission spectra of ZnO : Tb3+ layers with Ag/Au NPs de-
posited on glass and they were annealed at 150 ¶C

The transmission spectra in Figure 5.20 shows that when the Au NPs are deposited on
the 2 minute sputtered ZnO : Tb3+ layer, there is more light transmitted in the UV
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region of the spectrum, particularly at 598 - 611 nm. There are small sharp peaks at
600 nm for the annealed samples and they could be attributed to the movement of the
defects in the ZnO.

5.2.4.3 E�ciency Enhancement by a Spectral Conversion Layer and NPs on
the Commercial a-Si PVs
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Figure 5.21: I-V characteristics of commercial a-Si solar cells deposited with ZnO : Tb3+

and NPs (Au/Ag).

A layer of ZnO : Tb3+ on top of a commercial a-Si solar cell increases the e�ciency and
it is dependent on the deposition time. The ZnO : Tb3+ layer deposited for 5 minutes
insignificantly increased the e�ciency of the device by 0.1% and the layer deposited for
2 minutes did not change the e�ciency of the device, it remained the same. The increase
to the e�ciency in a-Si solar cells is due to more Tb ions being extracted from the target
when depositing for a longer time as compared to depositing for a shorter time and this
increased the emission intensity from the layer, as shown in Figure 5.18.

Adding NPs on the layer of ZnO : Tb3+ to increase photo absorption in the device
leads to the enhancement of the e�ciency. This is observed in Figure 5.19 and the
summarised device performance parameters in Table 5.5. The deposition of Au and Ag
NPs increased the e�ciency when the NPs were deposited on the commercial a-Si device
were chosen based on the optical spectra in Figure 5.15 where Au NPs have �÷ ≥ 1.0%
corresponding to an increase by 16%. The e�ciency of the commercial a-Si solar cells
increased when the NPs were deposited on the layer of ZnO : Tb3+. Depositing Ag NPs
for 10 s on the ZnO : Tb3+ layer sputtered for 5 minutes increased the e�ciency of the
a-Si device by 0.2% and the evaporation of Au NPs on the 2 minute sputtered layer
of ZnO : Tb3+ increased the e�ciency from 7.5% - 8.5%. Due to the higher e�ciency
enhancement of the commercial a-Si devices by Au NPs deposited for 2 minutes. Thus,
the Au NPs were evaporated for 2 minutes on top of the ZnO : Tb3+ layer sputtered for
5 minutes and this further increased the e�ciency of the a-Si device by 1.4%, making
it closer to the e�ciency value of the a-Si device when Au NPs were deposited on the
a-Si PV for 2 minutes. Figure 5.21 shows that the ZnO : Tb3+ layer deposited for 2
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minutes with Au NPs deposited for 2 minutes has the highest current compared to all
the other a-Si devices with NPs and spectral conversion layers. Ag absorption is between
460-490 nm, while the bandgap for a-Si varies between 1.8-2 eV, thus this mismatch
could lead to low photocurrent for Ag NPs. Also, the increase in the photocurrent for
Au NPs deposited for 120 s and subsequently the increase in e�ciency is attributed to
the matching of LSPR with the bandgap of a-Si.

Kumar et al., 2013[223] reported emission in the ZnO thin films from Zn and O vacancies
defect sites when fabricated by RF sputtering. The luminescence from rare earth
ions and transition block metal-ions by using sputtering was reported by Tsai et al.,
1996[223, 224]. One of the most commonly observed e�ect in direct sputtering oxides
doped with rare earth targets is the deficiency of lighter atoms. This e�ect can be
controlled by performing a post-deposition anneal treatment at higher temperatures
in O2 or air atmosphere. This will make the film to oxidize during treatment and the
oxygen deficiency in the deposited thin films will be resolved[225]. The commercial a-Si
devices with a spectral layer of ZnO : Tb3+ and NPs were annealed in a O2 atmosphere
to remove O vacancies through O compensation. The I-V characteristics for this post
deposition treatment are shown below in Figure 5.22.
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Reference PV
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Annealed 5 min ZnO:Tb3+ with 2 min Au

Figure 5.22: I-V characteristics of the annealed commercial a-Si solar cells deposited with
ZnO : Tb3+ and NPs (Au/Ag). The commercial devices were annealed at a temperature
of 150¶C for 1 hour.

Annealing the a-Si commercial solar cell for 1 hour at 150 ¶C improved the e�ciency
of the device with the ZnO : Tb3+ deposited for 2 minutes from 7.5% - 8.1%. The
e�ciency of the a-Si device with the spectral conversion layer sputtered for 5 minutes
and the deposition of Ag NPs for 10 s remained the same. The e�ciency of the annealed
commercial a-Si devices with ZnO : Tb3+ layer deposited for 2 minutes and 5 minutes
also with the deposition of Au NPs decreased as compared to the e�ciency values in
Table 5.5. The explanation for the decrease in e�ciency in the annealed commercial
a-Si devices is due to the temperature used. Otieno et al., 2018[206] reported that
post-deposition annealing temperatures at higher annealing temperatures (600¶C -
900¶C) for the ZnO : Tb3+ layer deposited by RF magnetron sputtering technique
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showed increase in the layer’s optical and electrical properties, but in our case the
annealing temperature is a limiting factor because the temperatures has to be less than
500 ¶C. This is because temperatures above 500 ¶C will crystallize the a-Si devices with
NPs and the ZnO : Tb3+ layers.

Figure 5.22 shows that the commercial a-Si solar cell with ZnO : Tb3+ layer and Au
NPs deposited for 2 minutes leads to the highest photocurrent. This is also supported
by the parameters in Table 5.6 by showing the decrease in Rseries which indicates
exceptional improvement in the entire device. The current for the other devices with
NPs and spectral conversion layers is more or less the same after annealing. This could
be attributed to the increase in Rseries in these devices, which can also be caused by
thermalization.
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5.2.4.4 Dark I-V Characsteristics
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(a) Dark I-V characteristics of annealed commercial a-Si PVs with NPs and a ZnO : Tb
3+ layer.
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(b) Semi-log dark I-V characteristics of annealed commercial a-Si PVs with NPs and a ZnO : Tb
3+ layer.

Figure 5.23: (a) Shows dark I-V characteristics of a-Si devices incorporated with NPs
and a ZnO : Tb3+ layer annealed at 150 ¶C while (b) is a semi-log plot of the I-V
characteristics in the dark.

The annealed commercial a-Si solar cells with ZnO : Tb3+ layer and NPs were measured
in the dark, as presented in Figure 5.23. The dark current semi-log plot in Figure 5.23b
shows higher reverse saturation current indicating that the ZnO : Tb3+ layer and NPs (Au
and Ag) incorporated in the commercial a-Si solar cells significantly introduced surface
recombination centers, resulting to excessive high leakage current density[226]. This is
supported by the decrease in value of Rshunt when the ZnO : Tb3+ layer and NPs are
added in the a-Si device. It can be seen from Figure 5.23 (b) that the reverse saturation
current is not high and in the forward bias , three regions are observed, the ohmic region
(at V æ 0) and the two non-linear regions, where J Ã V n, where n is an integer.
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Chapter 6
6 Conclusions and Recommendations

6.1 Conclusion
The research reported in this dissertation focused on the fabrication of layer components
of plasmon enhanced a-Si:H solar cells on top of the ITO coated glass and increasing the
e�ciency of commercial a-Si solar cells using plasmonic NPs and a spectral conversion
layer. The a-Si:H PV layers (p-i-n), NPs and the ZnO : Tb3+ layer were grown by
using a physical vapour technique. The NPs and the spectral conversion layers were
incorporated on commercial a-Si devices. The fabrication of the PVs had an initial
focus on the electrical characteristics of Schottky barrier contacts using mainly I-V
characteristics. The I-V characteristic of a diode was used to extract the barrier height,
contact resistance, sheet resistance and the electric field between the three individual
fundamental layers (p-i-n) of a-Si:H PV in contact with a metal. The Schottky barrier
heights obtained from the I-V curves are in agreement with the theoretical values from
Ashcroft et al., 1976[142]. The theoretical values that were calculated by Ashcroft et al.,
1976 [142] for the Schottky barrier heights of n-type silicon are between the values of 0.70
- 0.80 V and for the p-type, they are between 0.50 - 0.65 V. These values also depend
on the type of metal used as the electrode. The values of the size of the depletion layer
and the electric field are also in agreement with the theoretical values from Ashcroft et
al., 1976[142] and Sze et al., 2006[86]. The theoretical values obtained by Ashcroft et
al., 1976[142] and Sze et al., 2006[86] for the width of the depletion layer is of the range
10≠6 ≠ 10≠4 cm, and the for the electric field it ranges from 104 ≠ 105 V/cm. The contact
resistance is also dependent on the barrier height. The contact resistance is small for low
barrier heights, which means that there will be less resistance for the electrons to move
from the metal to the semiconductor. The electric field and the size of the depletion
layer increases when adding dopants to intrinsic a-Si. Thus, the n and p doped layers
were prepared for the fabrication of p-i-n a-Si:H solar cell to optimize the sizes of the
di�erent layers.

The size of the NPs used to improve the e�ciencies of the commercial a-Si solar cells was
found to be dependent on the deposition time. The plasmonic resonance for Ag and Au
NPs absorption spans from 400 nm to 800 nm. Au NPs have exhibited better plasmonic
response than Ag NPs as the resonance band matches the bandgap of the commercial
a-Si solar cell investigated. ZnO : Tb3+ layers increases the e�ciency of the commercial
a-Si devices and when the NPs (Au and Ag) are added to the layer, the e�ciency of
the a-Si device increases even further. Annealed commercial a-Si devices with a spectral
conversion layer and NPs showed decreased e�ciency of the a-Si device, but an annealed
a-Si device with only the spectral conversion layer showed increased e�ciency compared
with the ones with just the NPs. These findings indicate a very complex interplay between
absorption and photon conversion in the vicinity of the plasmonic nanoparticles, which
has to be explored in much more detail to drastically improve the e�ciency of the type
of solar cells examined in this study.
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6.2 Future Work
During the course of this project, several new ideas emerged to increase the e�ciency of
the fabricated and the commercial a-Si devices. These ideas includes the modification of
the active layer in the device and a better control over the incoming solar photons. The
following ideas that should be investigated in the future are:

• Embedding NPs on top of the i-layer and the n-layer.

• Depositing an intrinsic layer of 300 nm of thickness between the n-type and p-type
layers.

• Spectral conversion using ZnO layers doped with either Eu3+ and Nd3+ ions on
top of the commercial a-Si solar cells.

• Adding Ag and Au NPs at various layers of the fabricated a-Si:H device.

• Annealing of the ZnO:RE layers at temperatures higher than 150¶C, but less than
500 ¶C.

• Fabrication of the entire a-Si:H solar cell using P or using Sb dopants supplied
through di�usion driven processes.

• A Transmission Electron Microscope (TEM) with a higher resolution will be used
to distinguish between single particles and clumps of particles.
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