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Abstract

The work in this thesis examines the effects of the application of oxide coatings
on the performance of the single crystalline silicon photovoltaic solar cells. A variety
of potential oxide materials for solar cells performance enhancement are investigated.
These films are silicon oxide, titanium oxide and rare earth ion-doped gadolinium
oxysulfide phosphor. This study compares the electrical characteristics, optical prop-
erties and surface chemical composition of mono-crystalline silicon cells before and
after coating.

The first study investigates the potential for using single and double layers of
silicon oxide films produced by low-temperature Plasma Enhanced Chemical Vapour
Deposition (PECVD) using tetramethylsilane as a silicon precursor and potassium
permanganate oxidising agent for efficiency enhancement of solar cells at low manu-
facturing cost. Deposition of the films contributes to the increase of the conversion
energy of the solar cells on one hand while the variety of colours obtained in this
study can be of great importance for building-integrated photovoltaic application on
the other hand. The obtained results demonstrated a relative enhancement of 3% in
the conversion efficiency of the crystalline silicon solar cell.

In the second study, the effects of using a single layer of titanium oxide and a stack
of silicon oxide and titanium oxide on the performance of solar cell are demonstrated.
Moreover, this study shows the use of different sputtering configurations and oxidation
methods. The experimental results showed a relative enhancement of 1.6% for solar
cells coated with a stack of silicon oxide/titanium oxide.

In the third study, silicon cells were coated with a luminescent layer consisting
of down-converting phosphor, gadolinium oxysulfide doped with erbium and terbium,
and a polymeric binder of EVA using doctor-blade screen printing technique. A rel-
ative enhancement of 4.45% in the energy conversion efficiency of PV solar cell was
achieved. Also, the effects of combining silicon oxide layers together with the lumi-
nescent composite are also presented in this study.
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Chapter 1

Introduction

Energy is the most important issue associated with the growth of developing

countries and to sustain the lifestyle in the developed countries. The availability and

accessibility of sufficient amount of energy accelerate the development of nations. It

is a well-established relationship that countries with more use of energy are in a more

advanced state of development. Therefore, higher energy supply is needed for the

growth of developing countries and to sustain the lifestyle in the developed countries.

The world energy requirements are ever growing due to the increase in global

population and the techno-economic growth of the countries. Currently, the need for

energy is fulfilled by the conventional energy sources (oil, gas and coal). However, the

fossil fuel based energy sources are limited in quantity and also cause environmental

pollution.

Fossil fuel is not a sustainable source of energy in the long term. It is estimated

that 1.3 trillion barrels of proven oil reserve left in the worlds major fields, which at

present rates of consumption will be sufficient to last for 40 years [1]. Fossil fuel is not

uniformly available in the world where two-thirds of the worlds remaining reserves are

in the Middle East. According to Solanki [2], countries with insufficient resources will

always feel insecure concerning their supply and will always be dependent on other
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nations. This dependency could result in conflict and possibly war. The other insecu-

rity comes from pricing these fuels is not stable. The world witnessed oil shocks due

to war and instability in the region of Middle East which resulted in an increase in

the oil price. Also, the rise in oil prices could be as a consequence that oil producing

countries are not able to increase their production to meet the increasing demands of

fuels [3]. The undisclosed price of using fossil fuels comes from its negative impact on

the environment including, global warming, air quality deterioration, thermal pollu-

tion, oil spills and acid rain. This hidden price of using fossil fuels carries a significant

threat to environment and existence of humankind.

The increase of global awareness on the impact of the use of conventional en-

ergy sources on the environmental, political and economic aspects of the society is

a great drive for the search for a new source of energy. A greater global desire to

gain independence from the use of fossil fuel and to replace it with the utilisation of

the sustainable energy sources for power generation was shown through governmental

plans.

Renewable energies such as wind, solar, geothermal, hydroelectric, and biomass

have provided a new strategy for energy generation by using free available and sus-

tainable natural resources without harm to the environment. In many nations around

the world, there is an increasing number of policies, roadmaps, and studies which all

share the vision of reducing CO2 emission and obtaining the majority of its energy

from renewables. In 2007, the European Union defined a target of 20% renewable

energy for the year 2020 and reducing the EUs greenhouse gas emissions by 20% [4].

Among various solar power technologies of sustainable energy sources, it is be-

lieved that solar energy including photovoltaic is capable of generating as much as

50% of the world energy demands by 2050 [5]. Photovoltaic has received consider-

able attention for the clean energy resource to solve the environmental problem on

the worldwide scale. Its popularity for electricity generation comes from its noiseless
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with zero carbon dioxide emission during its operation, scale flexibility and rather a

simple operation and maintenance [6]. It has been fifty years since the introduction of

photovoltaics into the consumer market. From its earliest application in space where

the cost was never a factor on the large scale of energy production on earth where

the main concern is the price per kilowatt-hour. Since the introduction of PV to its

current status, PV has evolved along the way due to considerable research and effort.

The primary objective of the research in solar cells is mainly focused on improving the

cell efficiency and reducing the cost. Among the various available PV technologies in

the market, the production of solar cells was and is still based mainly on crystalline

silicon cells, often called first generation PV, which dominates the PV market. It

holds about 90% of the photovoltaic world market [7].

The main challenge for commercial crystalline silicon is the cost of bulk material

as well as their limited conversion efficiency. A considerable amount of research is

undergoing to improve the conversion efficiency of silicon solar cells and their integra-

tion in building through the application of the thin films and materials in nanosized

scale which has demonstrated a capability of these approaches for energy performance

enhancement of crystalline silicon photovoltaic solar cells.

1.1 Motivation

The growth of global energy demands and the need for a sustainable and environ-

mentally friendly source of energy is the drive for this study through the investigation

of enhancing the performance of silicon solar photovoltaic cells.

The aim of this work is to improve the performance of the solar cells via the

application of oxide coatings while utilising safer processing methods in comparison

to the conventional ones. A variety of potential oxide materials for solar cells light-

absorption performance enhancement are investigated. These films are silicon oxide,
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titanium oxide, and rare earth ion-doped gadolinium oxysulfide phosphor.

1.2 Thesis Layout

This thesis consists of seven chapters in which the relevant details are explained

comprehensively in the respective chapter. This section briefly highlights the content

of each chapter where the organisation of the thesis is as follow:

Chapter 1: introduced the reader to the global energy status and its environ-

mental, political and economic aspects of the society. Also, it showed the role of

photovoltaic as a new strategy for energy generation.

Chapter 2: provides the relevant background regarding the photovoltaic solar

cell operation and the parameters affecting its conversion efficiency. Moreover, it gives

a perspective of the current development concepts for enhancing the performance of

the crystalline silicon solar cell.

Chapter 3: presents the equipment and instruments used for solar cells charac-

terisation at Brunel University. It describes the functions of particular devices, the

experimental procedures and the approach in carrying out of these experiments.

Chapter 4: illustrates the experimental work and results on silicon oxide films

for single and double anti-reflection layer for crystalline silicon solar cells.

Chapter 5: shows the work done on silicon solar cells coated with thin films of

titanium oxide and a stack of titanium/silicon oxide.

Chapter 6: demonstrates the work carried out on photovoltaic cells energy

performance enhancement with downconverting photoluminescence phosphor.

Chapter 7: provides a conclusion about the findings obtained from the experi-

mental results and gives recommendations for further studies of this work.
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Chapter 2

Background

Photovoltaic-based crystalline silicon solar cells are simply semiconductors that

have the ability to absorb the sunlight and convert a portion of the energy of the

absorbed incident light into electrical energy. Photovoltaic solar cells can be simply

described as a semiconductor diode that separates and collects the photo-generated

charge carriers, electron-hole pairs, and conduct current in a specific direction. This

chapter describes concisely the relevant background for the fundamental principles of

solar cells operation.

2.1 Solar Irradiation

The operation of the crystalline photovoltaic solar cell is based on the generation

of the charge carriers due partial absorption of sunlight by its semiconductor material.

Sunlight is an electromagnetic radiation which can be viewed as being composed of

particles called photons. These photons convey a specific amount of energy determined

by the spectral properties of their source.
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Figure 2.1: The radiation spectrum of a black body at 5762K compared with solar
AM0 and AM1.5 global spectra [8].

The electromagnetic radiation can be characterized by wavelength (λ) and fre-

quency (v) or in terms of photons which characterised by energy (hv) expressed in

electron volts where the energy carried by a single photon depends on its wavelength

(Eλ). The relation between these quantities are shown in the following equations:

v =
c

λ
(2.1)

Eλ =
hc

λ
(2.2)

In Equations 2.1 and 2.2, c is the speed of light in vacuum (2.998×108 m/s),

where h is Planck’s constant (6.626×10−34J.s).

The sun possesses many properties that could be discussed extensively. However,

the most important parameters for photovoltaic solar cells studies are the irradiance,

the amount power incidence on a surface per unit area, and the spectral characteris-
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tics of the light [9]. Figure 2.1 shows the spectral distributions of various sources of

the light. The irradiance value outside the Earth’s atmosphere is called the solar con-

stant, and it is equal to 1365 W/m2. However, once the irradiance enters the earth’s

atmosphere, it suffers from absorption losses due to the presence of molecules compos-

ing atmosphere such as ozone, oxygen, carbon dioxide and water vapour. Moreover,

aerosol and dust induce absorption losses nearly over the entire spectral range which

leads to a global reduction of the incident power [10].

Therefore, the radiation on the earth’s surface reaching a particular place is vari-

able. Also, other factors affect this variation including the daily and yearly variation

due to the motion of the sun, local atmospheric conditions such as the sun. The

mentioned conditions influence the spectral component of the sunlight, the direct and

the diffused components. The direct component of the solar irradiation is part of the

sunlight that reaches the earth’s surface directly whereas the diffused component is

generated due to scattering of the sunlight in the atmosphere. Also, albedo could

be presented to the total solar spectrum which refers to the reflected part of the so-

lar irradiation from the earth’s surface. The total solar radiation, also called global

radiation, is composed of these three components.

The standard solar spectrum is normally referred as AM1.5G where G stands for

global sun and AM stands for Air Mass. It is determined by the angle of the incidence

(θ), θ=0◦ when the sun is directly overhead; AM is defined in the Equation 2.3:

AirMass(number) =
LS
LA

=
1

cos θ
(2.3)

Where LS is the effective solar radiation path length in the atmosphere, LA is the

thickness of the atmosphere and also: the overhead path length of the light, vertical

positioning of the sun for the angle of the incidence (θ) relative to the normal of the

earth’s surface and irradiation flux of 1000 W/m2 (≡100 mW/cm2 or 1 sun).
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The AM factor refers to the information about absorption losses and changes to

the spectrum due to absorption in the atmosphere before reaching the solar converter.

Therefore, it varies with the latitude and the time of the day and the year.

Figure 2.2: A sketch showing definitions for AM factor [11].

The definition of AM is given in Figure 2.2 and Equation 2.3. The most commonly

used AM factor values are:

• AM0: defines the extra-terrestrial spectrum at the boundary of the atmosphere

which is the irradiance of 5800 K black body with intensity about 28% higher

than AM1.5G.

• AM1: measured at ground level for the sun at Zenith.

• AM1.5: correspond to an angle 48.2◦. It is the standard for evaluation of the

performance of solar panels. For solar concentrators, direct irradiation is used

and the corresponding spectrum is AM1.5D, which is 10% less intense in com-

parison to AM1.5G.

Weather station can provide measurements of the solar irradiation, and histor-

ical data can be recorded. Solar radiation database is available to access by the

US Department of Energy from EnergyPlus website [12]. Also, it can be obtained
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through Photovoltaic Geographical Information System (PVGIS) Website by Insti-

tute for Energy and Transport (IET) by the European Commission, which provides

with a map-based inventory of solar energy resource [13]. Figure 2.3 illustrates an ex-

ample of the average hourly radiation data for each month of the year for the location

of Gatwick, London obtained from EnergyPlus website.

Irradiance data is an essential component of the weather files for the assessment

of the electricity generation from photovoltaic systems. Despite the fact, that many

weather/meteorological stations measure the received irradiation, solar radiation can

be estimated with the knowledge of the local climate for a particular location using

solar radiation models. These models vary in complexity and summaries of these

approaches for the estimation for radiation data is given in [14, 15].

Figure 2.3: Average hourly radiation data for each month of the year in W/m2 for
Gatwick, London [16].
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2.2 Type of Solar Cells

Photovoltaic solar cells are typically divided into three categories called generations,

depending on the basic material used [17]:

• First Generation: Crystalline silicon.

• Second Generation: Thin film technologies.

• Third Generation: includes new concept devices.

Figure 2.4 shows a tree of PV technologies while the recorded efficiencies of solar cells

and commercial PV modules are presented in Table 2.1 and the time-line of the solar

cell energy conversion efficiencies records is shown in Figure 2.8.

Figure 2.4: PV technologies tree. Redrawn from Jelle et al.[17].

2.2.1 First Generation PV

The first generation includes solar cells that are relatively expensive to produce.

It includes mono-crystalline, multi-crystalline and ribbon silicon solar cells.
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2.2.1.1 Monocrystalline Solar Cells

Monocrystalline silicon solar cells are produced from a single crystal silicon struc-

ture high purity silicon ingot are extracted from a cast then cut into thin wafers and

then processed into PV cells. The corners of the cells are cropped because the silicon

wafer is cut from cylindrical ingots which is grown by the Czochralski process. The

estimated life span of these solar cells is around 25-30 years [18]. Mono-crystalline

silicon solar cells are expensive but more efficient than other type of solar cells. The

highest recorded efficiency of mono-crystalline solar cells is 25.6% by Panasonic[19].

2.2.1.2 Multicrystalline Solar Cells

Production of multi-crystalline silicon solar cells is more economical and efficient

in comparison to mono-crystalline solar cells. However, multi-crystalline solar cell

have a lower efficiency than a mono-crystalline solar cell. In multi-crystalline silicon,

the silicon is cast in blocks. When it hardens, it results in crystal structures of different

sizes and exhibits defects which reduces the degree of efficiency of the solar cell. The

highest recorded efficiency of the multi-crystalline solar cell is 21.3% by Trina Solar

[20].

2.2.1.3 Ribbon Solar Cells

Ribbon silicon cells are also called string ribbon cells. It is a type of multi-

crystalline silicon which is produced by extracting a flat thin films from molten silicon

and results in a polycrystalline structure. This technique provides low-cost Si due to

the high utilisation of the Si feedstock. Therefore, These cells are cheaper to make

than multi-Si, due to a significant reduction in silicon waste but they are also less

efficient.

11



2.2.2 Second Generation PV

The second generation covers types of solar cells with lower efficiency than the first

generation but is much cheaper to manufacture. The second generation photovoltaic

are often called thin-film solar cells because when compared to crystalline silicon-based

cells they are made of layers of semiconductor materials that is only a few micrometres

thick.

2.2.2.1 Amorphous Silicon Cells

The main difference between crystalline silicon and amorphous silicon (a-Si) that

in the later, the silicon atoms are located at various distances from each other un-

like crystalline and the angles between the Si-Si bonds do not have a unique value.

Amorphous silicon solar cells are incorporated with hydrogen which increases the

photo-conductivity significantly while pure silicon exhibit poor optical and electrical

properties [21]. It is important to mention that when the amorphous silicon solar cell

Figure 2.5: A schematic of amorphous silicon p-i-n solar cell structure.

is made of a p-n junction, the p and n material showed poor transport properties of

electrons and the p-n junction amorphous silicon solar cell had low efficiency. The

p-i-n junction cell as shown in Figure 2.5 was developed to enhance the poor transport

properties. Unlike crystalline silicon cells which feature a grid contacts on the top sur-

face, the p-i-n amorphous silicon solar has a transparent conducting contact deposited
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as a thin film of Tin oxide of at the surface of the p+ layer and a metal contact is

located at the rear of the cell [2]. The highest recorded efficiency of amorphous silicon

solar cells is 13.6% by AIST research centre for photovoltaic [20].

2.2.2.2 Copper Indium Selenide Cells

Overall, elements from the group I, III, VI in the periodic table are of great

potential for applications in photovoltaic and in particular for thin film solar cell

application. Copper Indium Gallium Selenide (CIGS) cells are made with a thin layer

of copper indium gallium diselenide Cu(In, Ga)Se2. CIGS solar cells are manufactured

by the deposition of a thin layer of the following materials: copper, indium, gallium

and selenide on a substrate of glass or plastic with electrodes collect the current on

the front and back. The highest recorded efficiency of CIGS cells is 22.3% by Solar

Frontier with similar durability as silicon solar cells. However, manufacturing costs

CIGS solar cells are high when compared with amorphous silicon solar cells.

2.2.2.3 Cadmium Telluride Cells

Cadmium telluride (CdTe) solar cells are often produced using manufacturing

processes such as screen-printing, galvanic disposition or spray pyrolysis can be used

to produce the CdTe cells. The structure of CdTe solar cells consists of a glass

substrate with a transparent conduction layer and an indium tin oxide (ITO) coated

front contact cover which is sandwiched with Cadmium Sulphide (CdS) to form a p-n

junction photovoltaic solar cell. Typically, CdTe cells use an n-i-p structure. However,

Large-scale of CdTe modules can be achieved through a vapour deposition process.

First Solar announced achieving a record 22.1% conversion efficiency in their CdTe

cells [19].
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2.2.3 Third Generation PV

The term third generation is used to describe solar cells that are very efficient.

Most technologies in this generation are not yet commercial, but there is an extensive

research is being carried out in this area.

2.2.3.1 Dye Sensitised and Organic cells

The primary material of a Dye Sensitised Solar Cells (DSSCs) is the semiconduc-

tor titanium dioxide. In comparison to p-n junction cells, dye-sensitised cells have a

different mode of function. Light absorption occurs at a very specific location in the

dye molecules which covers a porous layer of titania nanoparticles [22]. This is similar

to the way plants use chlorophyll to capture energy from sunlight through photo-

synthesis.Most of the materials for DSSCs are non-toxic and inexpensive to produce.

DSSCs are attractive as a replacement for existing technologies in ”low-density” ap-

plications like rooftop solar collectors, where the light weight of the glass-less collector

is a significant advantage.

The main disadvantage to the design of DSSCs is the use of the liquid electrolyte,

which results in temperature stability Issues. At low temperatures, the electrolyte can

freeze, terminating the generation of power while at higher temperatures can cause

the liquid to expand, making sealing the panels a serious problem. Dye-sensitised cells

are tolerant to poor incidence angles and shading with solar to electrical conversion

efficiency increasing at higher temperatures in contrast to crystalline silicon cells. The

highest reported DSSC efficiency achieved to date was 11.9% by Sharp [20]. Due to

the compatibility of solution-processible organic semiconductors with printing-based

production and low-cost, flexible substrates, organic cells offer a substantial potential

for photovoltaic systems in the future. Materials of particular interests are molecular,

and polymeric semiconductors and fullerene (C60) and its derivatives are attractive
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materials for the development of organic cells [23]. Recently, significant progress has

been made in enhancing the performance of organic solar cells. However, they still do

not achieve the requirements of practical applications. The highest achieved efficiency

reported for organic cells to date by Hong Kong UST who achieved an efficiency of

11.5% [20].

2.2.3.2 Perovskite Solar Cell

Perovskite solar cells have attracted a noticeable attention in a short period.

The conversion efficiency of perovskite solar cells improved from under 4% in 2010

to 22% in 2016. Perovskite solar cells features a high absorption coefficient with a

thickness of around 500 nm to absorb solar energy, but perovskite solar cell degrade

quickly in a moist environment [24]. The perovskite structure can be defined as any

compound that has the generic form ABX3 and the same crystallographic structure as

perovskite mineral. Perovskite can be illustrated as a large positively charged atomic

or molecular cation of type A in the centre of a cube. Also, positively charged cations

have occupied on the corners of the cube represented as atoms B where a smaller atom

X occupies the faces of the cube with a negative charge. The most efficient perovskite

Figure 2.6: A schematic of the structure of Pervoskite solar cell.

solar cells so far have been produced with the following combination of materials in the

usual perovskite form ABX3: A = an organic cation - methylammonium, B = a big

inorganic cation - typically lead, and X3= a slightly smaller anion typically chloride
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or iodide. Figure 2.6 shows a schematic of Perovskite solar cell where a perovskite

solar cells can be integrated very easily into a standard organic PV or other thin film

architecture.

2.2.3.3 The Multi-Junction III-V Solar Cells

III-V semiconductors such as Gallium Arsenide (GaAs), gallium aluminium ar-

senide (GaAlAs), Indium antimonide (InSb) and Indium phosphide (InP) have re-

ceived growing attention as photovoltaic materials. The III-V cells have a solar-

electrical conversion efficiency higher than that of Si cells. The highest recorded

multi-junctions solar cells under the non-concentrate light are 38.8% by Boing Spec-

trolab. Although multi-junction III-V solar cells have high conversion efficiency, they

have a disadvantage of using rare materials and have high production costs.

The multi-junction III-V solar cells is an ideal device for achieving the best ef-

ficient use of the solar spectrum. The device is constituted by stacking some pn

junction, each with a bandgap, with the highest gap being at the top of the illumi-

nated device and the lowest at the bottom. This design allows every photon with

energy (Eg) will be absorbed and converted by an appropriate semiconductor without

any thermalisation loss. Herry et al. indicated that a predicted theoretical efficiency

of 72% could be achieved for Multi-junction (MJ) III-V solar cells with 32 bandgaps

[25]. Figure Schematic of 3,4,5,6 junction solar cells with their maximum theoretical

efficiency [26, 27].
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Figure 2.7: A schematic structure of 3,4,5,6 junctions solar cell with their maximum
theoretical efficiency.

Table 2.1: Confirmed efficiencies of solar cells and commercial PV modules [19].

Generation Technology
Efficiency (%)
Cell Module

1st
Mono-crystalline Silicon 25.6 22.9
Multicrystalline Silicon 20.4 18.5

2nd

CIGS 20.5 15.7
CdTe 19.6 17.5

Amorphous Silicon 10.1 11.6
Thin Film Polycrystalline Silicon 11.0 8.2

3rd
Multijunction 37.9 NA

Organic 10.7 NA
Dye Sensitised 11.9 NA
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Figure 2.8: Timeline of solar cell energy conversion efficiencies records [20].
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2.3 Principles of Solar Cells Operation

The concept of energy conversion of the p-n junction solar cells can be summarised

as follow [28, 2, 29]:

A photovoltaic solar cell is an electronic device that can convert sunlight into

electricity directly. Exposing the solar cell into light produces both current and voltage

which generate electrical power. This process, called photovoltaic effect, requires a

material where its absorption of the light raises an electron to a higher energy state

and then the movement of this higher energy electron from the solar cell into an

external load where it dissipates its energy in the external circuit and returns to the

solar cell. In general, the majority of the photovoltaic devices need an internal electric

field that leads to the separation of the photo-generated charge carriers (electrons and

holes) where this separation occurs at the p-n junction of the PV cell.

Figure 2.9 represents the common design pattern of the single p-n junction crys-

talline solar cells (mono or multi-crystalline silicon wafer), with a crystalline silicon

wafer 200-300 micron thick [30]. The electrical contacts in the cell are the front grid

and back contact. The front metallic grid pattern is designed in a way to maximise

the collection of photo-generated current by reducing the coverage of the front surface

of the cell by widely spacing the grid to allow the light to enter the cell but not extent

to raise a struggle for the fingers to collect the current produced by the cell. On the

other side of the cell, these restrictions do not apply to the rear metallic contact layer

which serves only as a metallic contact. The silicon wafer reflects 30% of the incident

light on the cell [31]. Therefore, an anti-reflection coating is applied to the front sur-

face of the solar cell to minimise the reflection losses from the top surface of the wafer

and increase the amount of light absorbed by the cell which leads to improving the

conversion efficiency of the silicon solar cell.

Silicon nitride is commonly used as an anti-reflection layer for commercial silicon
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Figure 2.9: Schematic of the architecture of a p-n junction Si solar cell [30].

solar cells due to its excellent passivation properties that prevent carrier recombination

at the surface of the solar cell. Silicon nitride is deposited on the solar cell as a thin

film with a thickness of about 80 nm using PECVD [30].

2.4 IV Characteristic of C-Si Solar Cell

Solar cells are semiconductors that can absorb the electromagnetic waves and

generate charge carriers. An ideal solar cell can be represented as a diode connected

in parallel with a light controlled current source as shown in Figure 2.10 [32, 33]:

Figure 2.10: The equivalent circuit model of an ideal solar cell.

The performance of crystalline silicon solar cells is evaluated by current-voltage

(I-V) measurement. Based on the standard diode equation, I-V characteristics of a
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single junction solar cell under illumination can be written as the linear superposition

of the I-V curve of the solar cell diode in the dark with the light-generated current

[2]:

I = Iph − Io
{
exp

(
qV

nkT

)
− 1

}
(2.4)

Where Io is the reverse saturation current, q is the elementary charge, T the absolute

temperature and n the ideality factor (n=1 for ideal p-n junction where the current is

dominated by diffusion mechanism whereas n=2 when the current is dominated by the

recombination phenomena in the space charge region), k the Boltzmann constant, Iph

is the photo-generated current. When the PV cell is not illuminated (dark condition),

there is no contributions from the photo-generated current and the resulting diode

characteristic curve is shown in Figure 2.11. By illuminating the PV cell, reported in

the same figure, the dark curve is shifted down into the forth quadrant by the current

Iph where the power can be extracted from the cell.

The output of the solar cell is characterized using four main parameters:

Figure 2.11: I-V characteristics curves of p-n junction solar cell under dark and light
illumination conditions [2].
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• Short circuit current (Isc): is current that can be reached through the solar cell

under illumination when the voltage across the solar cell is zero. (i.e., when

the PV device is short-circuited. In other words, when the terminals of the PV

device are connected with each other). Ideally, this parameter is equal to the

light-generated current under illumination (Iph).

• Open-circuit voltage (Voc): is the maximum voltage available from a solar cell

established under illumination, and this occurs when the current through the

PV device is zero, (i.e., when the circuit is not closed). Voc can be calculated

from Equation 2.4 with the condition I=0:

Voc =
nkT

q
ln

(
Iph
Io

+ 1

)
(2.5)

• Fill Factor (FF): is a measure of the squareness of the solar cell characteristics

and it is defined as:

FF =
VmpImp
VocIsc

(2.6)

Where (Imp, Vmp) is a particular operating point, corresponding to the maximum

power output. Graphically, FF corresponds to the area of the dashed rectangle

in Figure 2.11. The higher the FF, the higher the power that can be extracted

from the cell.

• Energy conversion efficiency is defined as:

η =
Pmp
GA

=
VocIscFF

GA
(2.7)

Where G is the incident solar radiation and A is the effective solar cell area

which represents the illuminated area of the solar cell. The efficiency of the

device depends on the parameters Isc, Voc and FF where the higher values of

these parameters, the higher efficiency of the PV device will be.
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The energy conversion efficiency of the photovoltaic solar cell depends on several

different external factors. Among these factors are:

• The conversion efficiency relies on the wavelength of the light. Therefore, the

efficiency of the photovoltaic cell will change with the variations in the spectrum

of the sunlight [34, 35].

• The conversion efficiency depends on the temperature. The photovoltaic module

will depend on the temperature of the surrounding air and also on the light

intensity and the local wind speed [36, 37].

• The conversion efficiency of the module depends on the reflectivity of the solar

cell, encapsulation material, and the glass which accommodates the cells. The

effects depend in particular on the angle on which the incoming light hits the

module’s surface [38, 39].

By taking in account all of the mentioned effects above, the operational conversion effi-

ciency of the photovoltaic modules results in a deviation from the conversion efficiency

of the solar cell under Standard Test Condition (STC). STC defines the measurements

conditions at temperature of 25 ◦C, 1000 W/m2 irradiance and AM1.5 Air Mass global

spectrum [40].

2.4.1 Practical Solar Cells Devices

In practice, I-V characteristics of the solar cell differ from the ideal one. Figure

2.12 shows the equivalent circuit model of a practical solar cell where a two diode

model is used where the second diode has a value of 2 of the ideality factor.

The circuit model also includes a series (Rs) and parallel or shunt (Rsh) resistances
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Figure 2.12: The equivalent circuit model of a practical solar cell.

resulting in characteristics in the following form:

I = Iph− I01

{
exp

(
V + IRs

nkBT

)
− 1

}
−I02

{
exp

(
V + IRs

nkBT

)
− 1

}
− V + IRs

Rsh

(2.8)

Actual devices are less efficient than ideal solar cells. Recombination of photo-

generated electron-hole pairs in the bulk and at surfaces are responsible for losses,

thus reducing the FF too. These mechanisms are taken into account in Equation 2.4

by the introduction of the ideality factor n. Moreover, the resistance of the semicon-

ductor materials and metal contacts give rise to a parasitic series resistance associated

with the solar cell. Also, leakage across p-n junction, due to the presence of crystal

defects, impurities, precipitates, create current shunting paths, which can be described

as a shunt resistance.

Figure 2.13: Effects of parasitic resistances: (A) series and (B) on the I-V curve.

The effects of the parasitics resistances on the I-V curve is shown in Figure 2.13.

The main impact of the parasitic resistances is to reduce the fill factor and thus the

conversion efficiency.
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As the series resistance increases, the voltage drop between the output terminal

becomes greater for the same current. As a result, the current controlled part of the

IV curve starts to sag toward the origin. High values of series resistance may also

reduce the short-circuit current. Therefore, the series resistance is of great concern at

higher light intensities, especially in solar concentrator systems.

On the other hand, the effects of shunt resistance are severe at low light levels

since the shunting pathway bleeds current away reducing output current, the loss of

this current due to shunt resistance would result in reducing the solar cell efficiency.

As the shunt resistance decreases, this causes the voltage controlled portion of the I-V

curve to be shifted down toward the origin. At low resistances, open circuit voltage

is severely reduced. Low shunt resistances refer to a leaky device with poor rectifying

characteristics.

Under illumination, the I-V curve of a PV device is a strong function of tem-

perature that must be considered in measuring the electrical characteristics of the

solar cell. The short circuit current has the smallest temperature dependence which

is caused by the semiconductor bandgap shifting to longer wavelengths with higher

temperatures [41]. On the other hand, the open circuit voltage circuit and maximum

power degrade rapidly with increasing temperature. Due to these strong dependencies,

a fixed temperature of 25 ◦C under standard test conditions [21].

2.4.2 Design of Antireflection Coatings

This section presents the theory of designing an antireflection coating for a Single

Layer Antireflection (SLAR) and Double Layer Antireflection (DLAR).

SLAR coating is the minimum requirement for the production of silicon solar

cells. The semiconducting materials such as silicon absorb light is and exhibit high

refractive indices. For instance, silicon has a refractive index of nSi= 3.939 at 600
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nm.8 which is much greater than air and glass. The refractive index of air and glass

at 600 nm are nair= 1.0 and n0=1.52 respectively [42]. The reflectance of incident

light at such an interface is given by Equation 2.9:

R = (
nSi − no
nSi + no

)2 (2.9)

This means that 35.4% or 19.6% of the light is reflected off an air:silicon or glass:silicon

interface in the first bounce, respectively. When the optimum thickness antireflec-

tion coating is introduced between the silicon and ambient medium, the minimum

reflectance is given by Equation 2.10:

R = (
nAR − nonSi
nAR + nonSi

)2 (2.10)

where nAR is the refractive index of the coating. Zero reflectance at one wavelength

can be achieved when the value nAR is calculated using Equation 2.11:

nAR =
√
nonSi (2.11)

and the film thickness dAR must meet the quarterwave optical thickness requirement

where λ is the wavelength of zero or minimum reflectivity where the film thickness

dAR is given by Equation 2.12:

dAR =
λo
nAR

(2.12)

The previous equations show that an antireflection coating for a silicon solar cell in

air should have a refractive index of 1.985 and a thickness of 75.6 nm, while a glass

encapsulated cell requires an AR coating with nAR= 2.447 and dAR= 61.3 nm.

In the design of SLAR coating, zero reflectance can be achieved at one wavelength

while a DLAR coating can offer a further reduction in reflectance. In DLAR, the

refractive indices are stacked as follows nSi >nAR2 >nAR1 >no, where nAR2 and nAR1

26



represent antireflection coatings with high and low refractive indices, respectively.

For layers with equal optical thickness, such that nAR2 dAR2= nAR1 dAR1= λ0/4, the

reflectance at λ0 becomes:

R = (
n2
AR1nSi − n2

AR2no
n2
AR1nSi + n2

AR2no
)2 (2.13)

The reflectance (R) will be either a maximum or minimum at λ0 depending on the

relationship between the refractive indices. From Equation 2.13, it can be seen that

if nAR1
2 nSi= nAR2

2 no, zero reflectance at λ0 can be achieved.

However, if nAR1nAR2= nonSi a maximum of R will occur at λ0 and double zero

reflectance will be achieved at two wavelengths either side of λ0. In case of two

quarter-wavelength coatings, the optimal refractive indices of each layer in a DLAR

stack can be obtained by Equations 2.14 and 2.15[43]:

n3
AR1 = n3

onSi (2.14)

n3
AR1 = n3

onSi (2.15)
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2.4.3 Quantum Efficiency

The quantum efficiency of the solar cell represents the percentage of photons

that are converted to electrical current when the solar cell is operated under short

circuit current conditions. Quantum efficiency of solar cell is represented by External

Quantum Efficiency (EQE) or Internal Quantum Efficiency (IQE).

EQE gives information about the fraction of incident photons that are being

converted to electrons in the device. Moreover, EQE can be seen as an indicator of

the severity of surface reflection as it consist of the effect of optical losses such as

transmission through the solar cell and reflection of light away from the cell.

IQE gives information about the fraction of absorbed photons that are being

converted to electrons in the device. It discounts the light that is not transmitted

through or reflected away from the cell.

IQE =
EQE

1−R− T
(2.16)

Where R and T are the reflection and transmission coefficient respectively. IQE is a

direct measurement of recombination and refers to solar cells ability to utilise photons.

In general, IQE is higher than EQE for a given device because the factor 1-R is always

less than 1.
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2.5 Energy Losses of p-n Junction Solar Cell

2.5.1 Energy Losses of Ideal Solar Cell

The photons of the radiation incident on the surface of a semiconductor can be

either reflected from the top surface, absorbed or transmitted through the semicon-

ductor material. Absorption of the photon by the semiconductor material will raise

Figure 2.14: Energy band diagram of p-n junction under illumination.

an electron from the valence band (Ev) to the conductive (Ec) band as illustrated in

Figure 2.14. However, reflection and transmission of the semiconductor are considered

as a loss mechanism in photovoltaic because these mechanisms do not contribute to

the generation of charge carriers.

The fundamental spectral losses in single junction silicon-based photovoltaic solar

cells can be large as results of the mismatch between the incident sunlight spectrum

and the spectral absorption properties of the semiconductor material.

It can be determined if a photon is absorbed or transmitted through the pho-

tovoltaic material by the energy of the photon. Photons striking the photovoltaic

semiconductor material can be classified into three groups based on their energy com-

pared to that of the semiconductor energy band gap:

1. Eph<Eg : photons with an energy Eph smaller than the band gap Eg are not ab-
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sorbed by the semiconductor even if the thickness is sufficiently thick. Therefore,

the inability of the semiconductor to absorb photons below bandgap energy will

not results in the generation of charge carriers. This energy loss is indicated by A

in Figure 2.15 which shows the solar energy spectrum assuming the black body

radiation at 6000K. This loss is referred as transmission loss which accounts for

about 23% for single junction silicon solar cell.

Figure 2.15: Spectral distribution of sunlight and energy losses [29].
A represents the energy that is not absorbed by semiconductor, B represents the

excess energy loss, C to the voltage factor loss and D to the fill factor loss.

2. Eph=Eg: photons with an energy Eph close to the semiconductor bandgap Eg

can create an electron-hole pair.

3. Eph>Eg: photons with energy Eph larger than the semiconductor bandgap energy

Eg are absorbed, but the excess energy is lost as a form of heat. The excess

energy Eph-Eg contributes to the lattice vibration, the loss of energy due to

thermalisation is indicated by B in Figure 2.15, this loss occurs even if the

electrons are created at the bottom of the conduction band and holes are created

at the top of the valence band.

The third reason for the energy loss in the p-n junction solar cell is because the open

circuit voltage is always smaller than the band gap energy because the Fermi level is

located inside the energy bandgap. This loss is shown in Figure 2.15 by C. The fourth
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reason is due to the fill factor is less than unity. This can be clearly noticed when

the maximum power is extracted from the electrical characteristics of the photovoltaic

solar cell where the operational voltage is always less than the open circuit voltage.

Energy loss due to this mechanism is represented by D in Figure 2.15. Due to these

mechanisms for energy loss of single p-n junction solar cells, what is converted by the

photovoltaic cell into electrical energy is shown in the hatched part in Figure 2.15.

2.5.2 Energy Losses of Real Solar Cell

The energy conversion efficiency of the solar cells in practice is lower than the

ideal solar cells due to additional losses which can be added to the fundamental losses

mentioned in the previous section. These losses come from the fact that obtaining an

ideal material quality for solar energy conversion under limited production processes

capabilities and cost. The main three factors which degrade the performance of the

solar cell are as follow:

• Reflection losses:

reflection losses come from the bare silicon wafer of the solar cells which reflects

around 30% of the incident light. Therefore, around 70% of the solar energy

is used in the conversion process by the cell. Minimising these losses can be

through coating the front surface of the solar cell with anti-reflection coating

material, texturing of the cell surface, the design of the front metal contacts

which block portions of the incident light reaching the solar cell.

• Recombination losses:

not all the generated charge carriers can contribute to the solar cell current and

voltage due to recombination which can occur on the surfaces or in the bulk

material. The most significant recombination process in the p-n junction silicon

solar cells is associated with the surface due to crystal lattice defects. This type
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of recombination can be minimised with anti-reflection thin film deposition.

• Resistance losses:

The parasitic resistance losses include series and shunt resistances. Series re-

sistance is caused by the sum of all the components that come in the path of

current, the resistance of semiconductor bulk due to the movement of current

through the emitter and base of the solar cell, semi conductor-metal contact

resistance and the resistance of the metal contacts. It is favourable for the solar

cell to have the series resistance as low a possible. However, the shunt resistance

is due to manufacturing defects such as crystal defects or precipitates of impu-

rity in the junction region. The effect of the shunt resistance of the solar cell is

severe at low light irradiances since there will be less light-generated current. As

opposite to series resistance, it is desirable to have the value of shunt resistance

as high as possible.

In summary, it is necessary to reduce all these losses to increase solar cell conver-

sion efficiency toward the ideal one. These losses due to technological reasons can be

minimised by adopting special fabrication processes. Several ways to overcome the in-

trinsic properties of the semiconductor solar cells have been proposed to increase their

energy conversion. These concepts are focused on a better use of the solar spectrum

and referred as third generation photovoltaic [44].
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2.6 Shockley-Queisser Limit

Shockley-Queisser (SQ) limit, also known as detailed balance limit, refers to

the calculation done by William Shockley and Hans Queisser, which presents the

maximum theoretical efficiency that can be achieved by a solar cell made from a

single p-n junction under solar AM1.5 illumination [45]. The SQ limit is established

by examining the amount of electrical energy that is extracted per incident photon.

The calculations of SQ are based on the main followings assumptions:

• Illumination of the solar cell is performed under unconcentrated sunlight.

• The solar cell consists of one p-n junction.

• The solar cell is made from a single material, excluding doping materials.

• Photons with energy below the band gap energy if the semiconductor material

is not absorbed.

• All recombination losses in the solar cell are radiative (i.e., no non-radiative

recombination losses).

• One electron-hole pair is excited per incident photon. Energy is converted to

heat from photons with energy in excess to the bandgap energy of the semicon-

ductor material.

The calculations state that the calculated maximum conversion efficiency of 33%

with regards to an illumination source of AM 1.5 solar spectrum and band-gap material

of 1.34 eV.
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2.7 Improving Conversion Efficiency of PV Cells

The fundamental spectral losses, discussed earlier in the chapter, can be as large

as 50% for single junction silicon solar cell [46], while the detailed balance limit of

conversion efficiency for single junction silicon solar cell determined by Shockley and

Queisser to be 33% [45]. Several ways of maximising the conversion efficiency of solar

cells have been proposed to address spectral losses and surpass the detailed balance

limit through a better exploitation of the solar spectrum such as:

• Minimising reflection losses.

• Concentrating the irradiation.

Using Third or Next Generation photovoltaics [47, 48, 49] where the achieved

results of using these concepts is due to advances in nanotechnology research. The

conducted research is focused on down conversion concept of the third generation

photovoltaics where some of the other concepts are listed below:

• Intermediate band gaps [50, 51].

• Multiple exciton generation [52, 53].

• Using multi junction/stacked cells [54, 55].

• Spectral conversion using Down/Up-Conversion [56, 57].

2.7.1 Spectral Conversion

Tuning the chemical and physical properties of the materials in nanometre-size

has a significant impact on a broad range of technological applications, including

photovoltaics. One of the important research areas of nanometre-sized materials for

photovoltaic solar cells involves spectral conversion. Using nanomaterials for modifi-

cation of the solar spectrum for single junction solar cells using down or upconverters
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as a simple and cost effective method to enhance the conversion efficiency of solar

cells [58].

Downconverters are located on top of solar cells as shown in Figure 2.16 as they

are designed to modify the solar spectrum in which UV and visible light photons are

converted to a more red rich photons where the silicon solar cell has better response

leading to enhance the conversion efficiency of the solar cells.

Figure 2.16: Schematic of a photovoltaic solar cell with down-converter layer on top
(left) and up-converter layer on the backside of the solar cell (right) [59].

On contrary to downconversion, upconversion layer is required to be placed on

the back of the solar cell as shown in Figure 2.16. Upconverter layer modifies the

solar spectrum where it converts photons that are not absorbed by the solar cells to

effectively shift infra-red part of the transmitted photons. Low energy photons into

Near infra-red or visible photos where a reflector on the back surface of the solar cell

is required. Figure 2.17 shows schematics of the energy diagrams showing photon

absorption and subsequent down conversion, downshifting and upconversion.

For down conversion, high energy photons are converted into lower energy pho-

tons which can lead to quantum efficiency exceeding 100%. Thus, it is also known as

’quantum cutting’ [60, 61].

Downconversion or downshifting is associated with one incident photon per con-

version. Therefore, the intensity of the downconverted/downshifted emitted photons

35



Figure 2.17: Schematics of energy diagrams demonstrating and subsequent
downconversion, downshifting and upconversion [59].

scales linearly with light intensity where for upconverting which involves two photons,

the intensity of the converted emitted photon scales quadratically with incident light

intensity.

In the case of upconversion, two or more low energy photons are converted into

high energy photons [35]. Also, as can be seen from Figure 2.17 Down shifting is

similar to down conversion with the main difference that is one photon is emitted and

therefore the quantum efficiency of the quantum efficiency of the conversion process

is lower than unity [58, 61]. Therefore, it is preferable to use a downshifting with

quantum efficiency close to unity to minimise losses. Downshifting is also known as

Photo-luminescence [35].

By using upconversion, downshifting or downconversion layers, the performance

of the solar cell is affected optically where the changes in the values of the short circuit

current will be noticed through the application of these converters.
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2.8 Building Integrated Photovoltaics

PV modules are commonly installed on supporting structures but in BIPV instead

of mounting the PV modules on separate structures, it can be mounted directly onto

the building or integrated into the building structure [62]. BIPV systems represent

a remarkable, alternative approach for increasing the available area for electricity

production and potentially for further reduction in the cost of solar electricity.

PV modules are integrated into the buildings with roof or facade mounting. Fig-

ure 2.18 shows photographs illustrate different examples of the BIPV systems. BIPV

systems combine other functions of the building envelope with electricity generation.

Some of these advantages are summarised as follows [63]:

• External shading devices containing PV cells.

• Roofing tiles, replacing traditional pitched-roof materials.

• PV systems integrated into or mounted onto buildings save the cost of land.

• Cutting down the cost of cabling because buildings are normally connected to

the grid.

• Ventilated facades where PV is used as the external cladding element.

Two elements of the solar modules namely the glass and solar cells provide architects

an enormous degree of freedom in the designing possibilities in BIPV. Opportunities

in the design of the solar cells include cell shape, cell colour, cell size and geometric

arrangement of the cells within the solar module [65, 66].

Solar cells are coated with an anti-reflection material to optimise its light collec-

tion and thus its electrical conversion efficiency. Commercial solar cells with a single

layer of anti-reflection coating of silicon nitride on multi-crystalline solar usually have

bluish reflection colour while the best mono-crystalline cells usually have a black ap-

pearance. By variation of the thickness and the surface texture, a variety of colours

37



Figure 2.18: Photographs showing different examples of the BIPV systems.
A shows PV systems mounted onto the existing roof [64], B shows an example of

roofing PV system replacing the roof tiles [65], C shows a prominent example of the
facade integration of solar modules at Doxford Business Park in Sunderland [65], D

shows monocrystalline PV in a semitransparent module [65].
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can be obtained. The selection of the colour is often combined with a suitable glass

colour to enhance or reduce the colour contrast. Figure 2.19 illustrates the variety of

colours that can be obtained in the PECVD coating.

The aesthetic impression of a solar module becomes necessary in BIPV, including

its colour. The variety of solar cell colours and shapes available to architects and BIPV

system designers is still very limited. As a result, this is a barrier to the widespread

use of PV modules as a constructional material [67].

Two elements of the solar modules namely the glass and solar cells provide ar-

chitects an enormous degree of freedom in the designing possibilities in BIPV. Op-

portunities in the design of the solar cells include cell shape, cell colour, cell size and

geometric arrangement of the cells within the solar module [65, 66]. The design pos-

Figure 2.19: Various colours of solar cells can be obtained in the PECVD coating.

sibilities of the present day in BIPV requires engineers to find a solution for every

taste. When the aesthetic concerns of BIPV are of importance, the efficiency of the

solar module could be compromised. Therefore, access to efficient and coloured solar

cells is essential for the further development of BIPV systems.
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Chapter 3

Characterization of Crystalline

Silicon Solar Cells

This chapter presents the equipment and instruments used for solar cells charac-

terisation at Brunel University. It describes the functions of particular devices, the

experimental procedures and the approach in carrying out of these experiments.

3.1 Silicon Solar Cells

Photovoltaic solar cells used in the experiments were a mono-crystalline silicon

solar cells model XS156B3 from (Motech Industries, Taiwan). The essential features

of the mono-crystalline silicon solar cells are shown in Figure 3.1. It is made from

a thin (200±20 micron) wafer cut from a pure silicon crystal which has been doped

with boron. The cuts have a square shape of 156×156 mm2 with cropped corners.

Phosphorus is diffused into the wafer cut to form a p-n junction a fraction of a micron

below the front surface. This type is called ”n-on-p” which is the opposite to the p-on-

n cell by diffusing boron into a phosphorus doped wafer. It is common in commercial

cells to have an n-on-p type where p-layer is thicker than n-layer because n-type silicon
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has a higher surface quality than p-type silicon. Moreover, phosphorous diffusion

is easier compared with boron diffusion and the minority carrier in p-type base is

electron, which features a higher mobility. However, n-type substrate is more tolerant

to chemical and crystallographic defects. Therefore, it is placed at the front of the cell

where most of the light are absorbed. N-on-p type makes the top of the cell a negative

terminal and the rear of the cell a positive terminal. The front metal contact is in

the form of a narrow fingered grid with 1.4 mm silver busbars, while the back contact

is made of 2.5 mm discontinuous soldering pads of silver on the aluminium surface

which cover the entire back surface of the solar cell. The front surface of the silicon

solar cell is textured using an anisotropic etch during the manufacturing process. The

etching process of the solar cells forms small pyramids structures on the surface of the

PV solar cell. Moreover, the front has a dark silicon nitride anti-reflection coatings

with a thickness of 80 nm.

Figure 3.1: Motech crystalline silicon solar cell [68].

3.2 Preparation of Silicon Solar Cells

Solar cells were split into three equal parts by CO2 laser cutting model machine

TMX90 from (CTR Lasers, UK). Solar cells were cut into smaller sizes due to techno-

logical limitations such as the size of the coating chamber or due to economical reasons
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to minimise the waste of the material used especially in the initial experiments.

The CO2 laser cutting system is capable of cutting and engraving a broad range

of materials, including acrylics, woods, fabrics and even thin sheet metals. The laser

cutter is computerised and operated under the supervision of a skilled technician.

The DC laser cutter is shown in Figure 3.2 is equipped with a water chiller unit fitted

with interlocks to ensure the protection of the laser tube. The cutting process occurs

when the laser source generated a laser beam and directed to the cutting head by

mirrors where a lens focuses it to a small spot. The spot is placed on the surface of

the material to be cut. Solar cells were cut using 100 W DC CO2 laser power. Laser

power is the total energy emitted in the form of laser light per second. The intensity

of a laser beam is equal to its power divided by the area over which the power is

concentrated.

In the experiments, focusing a 100 W laser beam with a diameter of 0.1 mm will

result in a power density of approximately 125 W/mm2. The design of the cut is made

using Easycut 5.3 software. Before cutting the solar cells, a square of 15.6×15.6 cm2

with cropped corners similar to the shape of the solar cell is engraved on a wooden

plate. This step is made to ensure an accurate cutting process of the silicon solar cell.

After that, the solar cell is placed on the engraved square properly. Then, the fume of

the laser machine is shut and the cutting process starts by pressing START button.

Once cutting process is completed, the solar cell is removed and cutting a new solar

cell can not be started until warning light stop flashing which indicates that the water

temperature of the cooling system is outside the operating range (22±3◦C).

3.3 Electrical Measurements of the Solar Cells

Electrical measurements were carried out on the illuminated solar cells where solar

cells are connected to a temperature and electrical measurement units controlled by
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Figure 3.2: Laser cutter (Top), software set-up in computer (Left) and solar cell
layout on laser cutter (Right).

a computer as shown in the schematic in Figure 3.3

Figure 3.3: Electrical measurements set up.

The set-up of the system shown in Figure 3.3 is established to simulate the stan-

dard test conditions of the silicon solar cells. The illumination source of the solar
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simulator is Metal Halide 1000W lamp. Metal Halide lamp has a colour temperature

of 6000K which closely matches that of natural sunlight 5800K. The spectral distribu-

tion of the lamp is obtained from the manufacturer specification as shown in Figure

3.4 where it shows the spectrum of the lamps and the estimated amount of irradiance

in each wavelength interval is presented in Table 3.1. Obtaining an illumination in-

Figure 3.4: Spectral distribution of the illumination source [16].

tensity of one sun in the study is established by adjusting the distance between the

illumination source and the solar cell and also by adjusting the power of the illumi-

nation source which is controlled by adaptable ballasts. The illumination intensity

can be obtained from a reference cell calibrated cell by GBsol. A photograph of the

reference solar cells is shown in Figure 3.5. The study of the spectral distribution of

illumination source over a large is reported in [16].

Table 3.1: Spectral distribution with percentage contributions
each for wavelength band [16].

Wavelength Band (nm) Value (W/m2)
300-1100 815±13.7
1100-2800 46±26.6
>2800 64 ± 33.3

Using a mask on the solar cells plays many advantages when testing the solar cell
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Figure 3.5: Reference cell calibrated by GBsol.[16].

such as minimise the spectral variation over the illuminated area as well as in cases

when the coating material is applied partially on the solar cell [69]. In the experiments,

a mask from an acrylic material with a circular hole with a diameter of 32 mm is made

for covering the solar cell during the electrical testing. The acrylic mask is covered

with an adhesive mirror roll to make sure that infrared radiation cannot pass through

it. Figure 3.6 shows a schematic of the mask used in the experiments. The method for

Figure 3.6: Schematic of the Mask used in the electrical measurements.

characterising the voltage-current characteristics of solar cells is to use a parameter

analyser which employs measurements ports known as Source-Measurement Units

(SMUs). SMU is capable of providing a known current and measuring the resulting

current or vice versa. The used SMU in the experiments is Keithley 2601B source-

meter and the I-V curves were obtained by sweeping the voltage across the solar cell
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electrodes using an embedded TSPExpress software.

Analysing I-V parameters have been obtained from the I-V curves by numerical

interpolation I-V measurements of the measurements performed under conditions of

T=25 ◦C and illumination of 1000 W/m2 and illumination surface area of 8.544 cm2.

3.4 Material Deposition Machines

This section shows the equipment used for deposition of thin films on the crys-

talline silicon solar cells using PECVD system and sputtering deposition machine.

3.4.1 PECVD Machine

Deposition of silicon oxide films on silicon solar cells was conducted using a 13.6

MHz rf powered, capacitively coupled, PECVD process (sometimes referred to as

plasma assisted, PACVD) at Experimental Techniques Centre (ETC). The experi-

mental configuration of the PECVD machine is shown in the Figure 3.7. The samples

are placed horizontally on the cathode plate which is mounted in a stainless steel

grounded chamber of 50 cm in diameter and 50 cm in height. For deposition process,

a mixture of argon and Tetramethylsilane (TMS) gas was used. The flow rate of the

gases is controlled through Mass Flow Controllers (MFC). The gas was introduced

into the reactor through a grating at the top of the chamber and evacuated off axis

at the base below the cathode.

3.4.2 Sputtering Deposition Process and QBox

Sputtering deposition is widely used technique to deposit thin films of material

onto a surface of the substrate. This technique is part of the Physical Vapour Deposi-

tion (PVD) techniques which include thermal evaporation and pulsed laser deposition.
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Figure 3.7: Photograph of PECVD Coating System.

Sputtering is based on creating a gaseous plasma and then accelerating the ions

of this plasma into the source material, the target, the source material is eroded by

ion bombardment via energy transfer resulting in atoms or/and cluster of atoms are

being ejected from the target and deposited on the substrate. Sputtering system can

be powered by a variety of methods. It can be powered using Radio Frequency (RF)

or Direct Current (DC) modes.

3.4.2.1 DC Sputtering

This method is considered the simplest and least expensive way to operate the

machine is by using a DC power supply. It is a very efficient method of thin films

deposition for conductive materials. Using this method, a constant voltage can be

used to accelerate the ions bombardment to the desired velocity. Once the ions strike

the surface, the resulting charges can move freely about the material to prevent any

charge build up. However, this method is not suitable for using a dielectric material

47



as this will accumulate the sputtered charged ions at the cathode leading to a positive

charge build up which neutralise the cathode bias and stop the deposition process

[70].

3.4.2.2 RF Sputtering

In DC systems, preventing positive charge builds up on the cathode (target) for

depositing insulating materials would require high unachievable voltage. Therefore,

RF sputtering is suitable for dielectric targets where the charge builds up is prevented

by an alternating voltage which allows the ions to repel from the surface during the

positive half of the cycle.

3.4.2.3 QBox Series System

The system features a large access door allowing the user to place the substrate

on the stage by hand quickly and easily. The coating system is fully automated by

computer using TITANIUM Control System Software package which logs and controls

all features of the system. Automatic pump down and vent of coating chamber can be

performed using a pre-programmed feature of the software. The system is equipped

with a 300l/s turbo pump that is backed by a dry scroll pump. This combination allows

for the sputtering system to maintain a base pressure of 2x10−7 torr. The thickness of

the coating can be monitored by a Quartz Crystal deposition Monitor (QCM) which

is placed directly below the substrate for calibration. The system is equipped with

three CUSP series magnetron sputter sources mounted on flanges located at the base

of the system and are arranged in a circular pattern aimed at a common focal point

with a 30 degrees tilt angle from the table normal. The distance between the target

and the substrate is 16 cm to the centre of the table.

The CUSP sources can be used for RF and DC power. The RF power supply to
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bias the target during deposition work at 13.5 MHz. Figure 3.8 shows photographs

of the Mantis deposition system where (A) displays the deposition and control units,

(B) shows the coating chamber and (C) illustrates the coating chamber during the

deposition process.

Figure 3.8: Photographs of the Mantis deposition system - QBox Series System.
(A) displays the deposition and control units, (B) the coating chamber and (C) the

coating chamber during the deposition process.

3.5 UV/Vis Spectrophotometer

A spectrophotometer is a device that measures the light intensity over a defined

electromagnetic spectrum. A conventional spectrometer system includes a broadband

light source, a light diffraction splitter and a detector where the system is connected
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to a computer for data acquisition and processing through a specific software.

In this work, optical properties of the photovoltaic solar cells are measured us-

ing PerkinElmer Precisely Lambda 650S UV/Vis Spectrometer at Brunel University.

The spectrometer features a double beam, double monochromator and ratio recording

optical system where all the optical components in this system are coated with silica

for durability. The spectrometer contains two radiation sources, a pre-aligned Deu-

terium (UV) Lamp (DL) and tungsten-Halogen Lamp (HL) over the working range

of the spectrometer which extends from 900 to 190 nm. The spectrometer scans from

higher toward lower wavelength with spectral bandwidth from (0.17-5) nm in 0.01 nm

increments of the UV/Vis range [71]. During the course of measurements, a source of

Figure 3.9: Photograph of PerkinElmer Precisely Lambda 650S UV/Vis
Spectrometer.

light impinges on diffraction gratings is split into a single wavelength. Then, through

a series of mirrors and other optical elements, the path of wavelength selected beam

of light is directed to the measured object. The light reflected or transmitted by the

sample is captured by an optical detector, R955 Photomultiplier model which gives

high energy throughout the whole UV/Vis range, sensitive in a wavelength range com-

patible with the selected beam. The collected Information from the detector is then

compared wavelength by wavelength to reference transmittance and reflectance spec-

tra. The optical information is recorded using UV Winlab Software Kit. Therefore,
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the measured spectra are reported in percentage.

A photograph of the used spectrometer in this thesis is shown in Figure 3.9. This

technique allows the measurement of transmittance and reflectance of a specimen with

respect to the wavelength of incoming light. Thus, the absorption of the material can

be calculated from equation 3.1 where absorption is light that is not transmitted or

reflected by material:

A(%) = 100(%)− T (%)−R(%) (3.1)

where A=absorptance, T=transmittance, and R=reflectance.

Two types of the slides were used in the experiment. Clear quartz and glass slides

with 1 mm thick from (AdValue Technology, USA) are used. Before any deposition,

slides were ultrasonically cleaned in the following sequence: 10 minutes in deionised

water; 20 minutes in isopropanol alcohol; then left over night to dry in the laboratory

fume hood.

3.6 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used for both structural and morphol-

ogy analysis of coated samples. An ultra high-performance field emission scanning

electron microscope, ZEISS SUPRA 35VP field emission SEM, located at Brunel Ex-

perimental Techniques Centre (ETC), shown in Figure 3.10 is used in this study to

observe the microstructures of the coated solar cells and to record images.

The microscope is equipped with both high vacuum and variable pressure capa-

bility. The field emission source and Gemini column provide with a high-resolution

capability while the variable pressure system enables imaging and analysis of the

specimen in their natural state which allows non-destructive examination of the en-

vironmentally sensitive specimen as well as an insulating specimen. The SEM is also
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equipped with a suite of analytical techniques such as Energy Dispersive X-ray Anal-

ysis (EDXA) for material composition and phase detection.

Figure 3.10: ZEISS SUPRA 35 VP Scanning Electron Microscope.

3.6.1 SEM Sample Preparation

For the purpose of obtaining a high-quality SEM image, the specimen should

present an excellent electrical conductivity to prevent charging, good thermal conduc-

tivity to reduce damage due to the heating effect of the electron beam, mechanical

rigidity to reduced the effects of vibration and stability under vacuum [72]. Prepara-

tion of the samples for SEM imaging can be divided into two stages: epoxy preparation

and sputter coater.
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3.6.1.1 Epoxy Preparation

The first stage starts with slicing the sample using a clean diamond cutter to cut

the required size of the coated silicon solar cell to fit the mould. Then, the moulds

are produced using EpoxiCure obtained from Buehler company. EpoxyCure consists

of two parts, a resin and a hardener. Three parts of the resin are mixed with one

part of the hardener in a disposable mixing cup for two minutes using a mixing stick.

Then, the mixture is poured into the mould where the sample is resting on a metal

mounting clip if necessarily. The epoxy resin takes approximately 6 to 8 hours to cure

at 28 degrees.

The next step is to grind the surface of the mould on abrasive paper. Silicon

carbide abrasive papers discs from MetPrep Metallographic Materials are used. The

grinding starts using a coarse grit and gradually toward a finer grit sizes. The samples

are held with moderate pressure on the polishing wheel on which the abrasive is placed

on.

3.6.1.2 Sputter Coater

Samples are coated with platinum using a sputter coater which is a standard

method for preparation of the non-conductive or poorly conductive specimen for ob-

servation in SEM. In this study, POLARON sputter coater shown in Figure 3.11 is

used. Detailes on the coating procedures can be found in the appendices.

3.7 High Pressure Stirred Reactor and Furnace

Figure 3.12 shows the fume-hood at the lab which contains an autoclave and

a furnace. The used autoclave model is Parr Model 5500 high-pressure compact

stirred reactor with a volume of 300 ml. The reactor is connected with a temperature
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Figure 3.11: Polarab sputter coater.

controller Parr-4836.

Thermal annealing for the material is carried out using Lindberg/Blue M Mol-

datherm 1100 ◦C box furnace which includes ceramic fibre insulation and heating

element composites to minimize outer surface temperatures while maintaining uni-

form heat distribution within the chamber [73]. In chapter 5, the stirred reactor is

used to fabricate titania nanoparticles. In Chapter 6, the furnace is used to oxidise

titanium films and also to curve EVA layer.
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Figure 3.12: High pressure stirred reactor and furnace.

3.8 Phosphor Material Characterization

Details on the instruments and sample preparation methodology used in Chapter

7 including X-ray powder diffraction, photo-luminescence spectroscopy and differential

scanning calorimetry are described in the following subsections:

3.8.1 X-ray Powder Diffraction

The crystallinity and phase identification of the rare earth material is analysed us-

ing X-ray Powder Diffraction (XRPD). Bruker D8 ADVANCED X-ray powder diffrac-

tometer, shown in Figure 3.13 (right), equipped with copper source and LynxEyeTM

silicon strip detector is used to record diffraction pattern of the sample.

The machine is operated by a personal computer, and the resulting XRPD pat-

terns are refined, and the average size of crystallites are calculated by Total Pattern

Analysis Solution (TOPAS) software. Preparation of powder specimen for XRD ma-

terial is carried out by pressing the powder in a standard sample holder by glass slide
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to make a flat surface before placing the specimen holder in XRD scanning chamber.

Data were collected from 5◦ to 100◦ (2θ) for 35 minutes in the step scan mode.

3.8.2 Photo-luminescence Spectroscopy

The absorbed incident light by the down-converting phosphor material is re-

emitted at longer wavelength producing photons that better match the solar cell

spectral response. Thus, the physical process of the luminescence may enhance the

efficiency of the solar cell. Characterization of luminescence properties of the rare

earth doped phosphor material requires a dual monochromator system in which it

includes an excitation and an emission monochromator.

Both monochromators showed in Figure 3.13 (left) can be used together to record

material excitation and emission properties. Bentham M300 phosphor research spec-

trometer embedded BenWin+ software. The emission spectrum is recorded from 300

nm to 800 nm using 291 nm UV light as an exciting source.

3.8.3 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that

measures the temperature and heat flow accompanying with transitions in materials

as a function of time and temperature in a controlled environment. These measure-

ments provide with quantitative and qualitative information about the physical and

chemical changes that involve an endothermic or exothermic process or changes in

heat capacity [74]. The DSC instrument was also used to determine the curing pro-

cess of EVA utilised as binder in the phosphor composite coating. In the past, this

was determined using a method based on solvent extraction. Recently, it was shown

that DSC measurements can also be used [75].

DSC measurements were carried out using a single-furnace DSC 6000 controlled
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Figure 3.13: Bentham M300 monochromator detector system (left) and Bruker D8
ADVANCED X-ray powder diffractometer (right).

by a personal computer from (PerkinElmer, USA) equipped with cooling accessory

Intracooler 2P mechanical refrigerator as shown in Figure 3.14. Nitrogen zero grade

from (BOC, UK) is used as the sample purge gas at 20 ml/min. For, DSC mea-

surements, small EVA discs of about 10 mg were cut and encapsulated in a standard

aluminium pan.

3.9 Measurements

Electrical characteristics of the coated and uncoated solar cells were determined

through comparative current versus voltage (I-V) and power versus voltage (P-V)

curves. Electrical characteristics of the solar cells were obtained by connecting the

cell to a Keithley 2601B source-meter with an embedded TSPExpress software.

Solar cells were tested with illumination surface area of 8.544 cm2 using a visible
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Figure 3.14: Differential scanning calorimetry system.
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and ultraviolet light sources at a temperature of 25 ◦C and light intensity of 1000

W/m2 and 46.1 W/m2 respectively. Electrical measurements of the solar cell param-

eters are short circuit current (Isc), open circuit voltage (Voc), fill factor (FF) and the

maximum power (Pmax) can be obtained from these curves.

Prior to the measurements, the light intensity was measured with a reference cell

calibrated by GBSOL and solar power metre (Di LOG-model: S102) instrument to

check the visible irradiance and UV light metre (LT Luton-model: UV-340) device

was used to check ultraviolet irradiance. All the samples were tested using the same

conditions.

Reflectance spectra were measured at room temperature using PerkinElmer Lambda

650 UV/Vis spectrophotometer in a spectral range from 200 to 850 nm. The structural

and chemical composition analysis of the solar cells were carried out before and after

deposition of silicon oxide films using a ZEISS SUPRA 35VP field emission Scanning

Electron Microscope with associated Energy Dispersive X-ray (EDX) analysis was

used to confirm the presence of the coating.

Photoluminescence (PL) and Photoluminescence Excitation (PLE) spectra were

obtained using Bentham M300 monochromator with Xenon lamp as light source.

Reflectance spectra were measured at room temperature using Perkin-Elmer Lambda

650S UV-Vis spectrophotometer in a spectral range from 200 to 800 nm.

The film morphology is analysed using a ZEISS SUPRA 35VP field emission

scanning electron microscope (SEM). Energy dispersive X-ray analysis (EDX) was

used to confirm the presence of the coating. IQE measurements were carried out

using SPEQUEST system by LOT-QuantumDesign.
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Chapter 4

Silicon Oxide for PV Solar Cell

Silicon oxide ARC films can reduce sunlight reflection and increase the energy

conversion of industrially manufactured crystalline silicon solar cells. In this chapter,

single and double layers of silicon oxide films produced by low-temperature PECVD

are deposited on commercial mono-crystalline silicon solar cells as one possible way to

increase the efficiency of silicon solar cell at low cost. TetramethylSilane, (C4H12Si),

and potassium permanganate (KMnO4) materials are respectively used as a precursor

for silicon layer deposition onto the cells and an in situ oxidation agent. The nanofilm

of silicon is simultaneously oxidised using potassium permanganate compound present

in the PECVD chamber.

This study compares the electrical characteristics and optical properties of mono-

crystalline silicon cells before and after coating with single and double layers of silicon

oxide films. The PV cells surface chemical composition was analysed using SEM.

Reflectance analysis results are also presented. The experimental results show that

various colours of the mono-crystalline silicon solar cells can be obtained using PECVD

technique that can be of great importance for BIPV.
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4.1 Introduction

Silicon is a leading material for the commercial production of low-cost PV solar

cells given the non-toxicity, raw material cost and abundance of silicon [76]. PV

solar cells based on crystalline silicon account for the largest share of production of

all types of solar cells on the market, representing about 90% of the world total PV

cell production in 2014 [7]. The cost effectiveness of silicon solar cells can be further

reduced by improving the solar cell efficiency while maintaining low fabrication costs.

The primary spectral losses in a single junction solar cell are high due to the

mismatch between the irradiance incident of the solar spectrum and the spectral ab-

sorption properties of the material leading to the thermalisation of the charge carriers

[57]. Enhancing the energy conversion of the conventional solar cell above the the-

oretical limit of 33% calculated by Shockley and Queisser could be approached by

preventing thermalisation of the charge carriers with the help of down conversion

materials [45, 77].

To improve the competitiveness of crystalline silicon solar cells through reduction

of the optical and electrical losses, thin films ARC can play a significance role in

enhancing light absorption and reducing the surface reflection of incident light which

can result in an increase in the conversion efficiency of the solar cell. Without a proper

ARC layer on the surface of silicon solar cells, around 37% of the solar irradiation is

reflected from the cell’s surface under terrestrial solar irradiation of Air Mass 1.5 [31].

Commercial silicon solar cells are usually coated with silicon nitride deposited

by low-temperature PECVD as ARC layer due to its unique combination of good

electronic and optical properties which contributes to solar cell conversion efficiency

enhancement as a result of maximising the photo-generated current with the silicon

substrate and reducing recombination at the surface of the silicon solar cell [78].

However, it has the disadvantage of narrow wavelength range for light absorption and
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high absorption in the UV light band reducing the short circuit current and thus the

solar cell conversion efficiency [79]. To solve these problems, a double ARC is applied

to the solar cell using silicon oxide.

The silicon oxide/silicon nitride stack is more promising due to its advantages

of surface passivation, absorbing light in broader wavelength region and has lower

reflectance compared to single layer ARC. Moreover, silicon oxide film can serve as

an ARC and down conversion layer on the Si solar cells due to its optical property of

absorbing ultraviolet radiation and re-emitting the absorbed energy by these films as

red light where the Si solar cell has greater response [44].

4.2 Related Work

The need for cost reduction in the fabrication of crystalline silicon solar cells

involves new technological solutions such as the use of safer processes and maintaining

low processing temperature.

Silicon oxide films can be grown out on a silicon substrate by thermal oxida-

tion. However, thermal oxidation is high-temperature processing (reaching about

1000◦C) and relies on Si substrate consumption. For the low-temperature processing,

alternative deposition techniques have to be employed. Among various deposition

techniques such as Liquid Phase Deposition (LPD), sputtering, spin-on glass, etc.

Chemical Vapour Deposition (CVD) is a superior approach for silicon dioxide depo-

sition due to its unique versatility, possibility of deposition at low temperature. As

for photovoltaics, the device continues to scale down the diffusion of the dopant in

the semiconductor must be minimised to make the junction shallow. Therefore, the

fabrication temperature must be as low as possible. Also, low-temperature deposition

can reduce process induced crystallographic damages, degradation of metal contacts

and contamination by impurities diffusion due to the requirement for low-temperature
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deposition.

In recent decades, silane has been widely used a raw material when preparing

silicon containing thin films using PECVD systems [80, 81]. However, silane gas is

toxic and has a pyrophoric nature that can initialise an explosion hazard especially

in mass manufacturing processes which require a considerable amount of silane gas

to be stored on site increasing the explosion danger. Currently, organosilicon as in

liquid/vapour-phase TMS has been adopted as a source of silicon instead of hazardous

silane gas.

Cojocaru et al. showed that the tetramethylsilane is a good candidate for replac-

ing the silane gas in photovoltaic cell manufacturing processes [82]. TMS is stable,

non-pyrophoric and volatile at room temperature. The TMS volatility, due to its high

vapour pressure, has the cost advantage of not requiring heating apparatus as the

high vapour flows can be obtained without heating the liquid line.

Kim et al. improved the efficiency of mono-crystalline silicon solar cells as a result

of reducing the reflected light from the surface of the solar cell by coating the solar

cells with silicon nitride and silicon oxide by PECVD method. They demonstrated an

increase in the electrical conversion efficiency with an absolute enhancement of 0.31

by comparing a single anti-reflection coating with SiNx with double anti-reflection

coating with SiNx/SiO2 [78].

Carrilo-Lopez et al. showed that silicon solar cells coated with silicon oxide pro-

duced by low-temperature PECVD improve the performance of the cells due to the

increase in the short circuit current in the UV range as results of the red luminescence

of these films containing silicon nanoparticles. These films have excellent optical prop-

erties of absorption of UV radiation and then re-emitted as red light which arrives

the active region of the p-n junction. Thus, increasing the generated photo-current

of the cell [44]. There are two principal mechanisms for the generation of the photo-

luminescence of non-stoichiometric silica films due to quantum confinement due to
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nano-crystals and defects presented in the material [44, 83]. Also, the excellent trans-

mittance of those films of greater than 80% for the wavelength greater than 400 nm

plays a role in the obtained enhanced performance of the cells as the material does not

absorb the light within the visible and near infra-red light range [44, 84]. As results,

the re-emitted red light will be absorbed by the solar cell. Therefore, these films can

be an excellent passivation material because they absorb the high energetic photons

and generates photo-luminescence where the solar cells have a greater response.

This chapter presents an investigation into the electrical and optical parameters

of commercial mono-crystalline silicon solar cells before and after coating with single

and double anti-reflection layers of silicon oxide using low-temperature PECVD and

TMS as a silicon precursor and oxidised in situ with potassium permanganate without

a significant increase in the fabrication cost.

4.3 Experimental Method

4.3.1 Silicon Precursor

In the experiments, TMS is used as a silicon precursor. TMS is an organosilicon

compound with chemical formula (C4H12Si) and the molecular structure is shown in

Figure 4.1 where a central silicon (Si) atom is bonded to four methyl (CH3) groups.

The most important physical and chemical characteristics of the TMS precursor are

summarised in Table 4.1.

TMS precursor is a stable, slightly irritable, in-toxic, colourless liquid, volatile

at room temperature. The volatility is due to its high vapour pressure which consid-

ered as an advantage because high vapour flows can be obtained without the need of

heating apparatus [87]. In the lab, the precursor is stored in a glass container. It is

also common to be stored in a stainless steel or plastic container. The precursor is
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Figure 4.1: Tetramethylsilane molecular structure [85].

Table 4.1: Physical and chemical properties of TMS [86].

Molecular Formula Si(CH3)4 Physical State(at 20◦C) Liquid
Molecular Weight 88.2 g/mol Vapor Pressure(at 20◦C) 589 Torr
Stability Stable Density(at 20◦C) 0.648 g/cm3

Use of Standard MFC Yes Viscosity (at 20◦C) 2.42 N/s.m2

Pyrophoricity No Melting Point -99◦C
Flammability Yes Boiling Point 26-28◦C
Toxicity No Flash Point -27◦C
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placed close to the reactor to avoid leakage and minimise the gas line cost. Tetram-

ethylsilane is obtained from (FluroChem Ltd, UK) with a purity of (≥99.99%). The

tetramethylsilane stock is deposited in the refrigerator at 5 degrees in the lab. The

initial experiments TMS was used as silicon precursor in different plasma condition

to observe in which measure the atomic species can be integrated into stable and

homogeneous films on textured silicon solar cells with reasonable deposition rate and

optical properties. The coating conditions of the solar cells with the TMS precursor

are summarised in Table 4.2.

Table 4.2: Summary of the coating conditions for
solar cells using TMS precursor.

Coating Conditions X1 X2 X3 X4 X5 X6 X7 X8 X9

DC Bias (volts) 300 300 300 200 200 200 100 100 100
TMS Flow Rate (cm3/min) 25 25 25 25 25 25 25 25 25
Time (minutes) 4 10 15 4 10 15 4 10 15

In all of the coatings the TMS flow rate is fixed at 25 cm3/min. This deposition

rate is appropriate for maintaining the plasma environment in the coating chamber

during the deposition process.

The initial experiments showed three different patterns according to the bias

voltage of the coating conditions.

The first pattern is obtained at a bias voltage of 300V. Solar cells coated at

different deposition times of 4, 8 and 10 minutes resulted in a rainbow-like coating

with the a poor homogeneity of deposited layers. An example of the obtained coating

is representing in (A) in Figure 4.2 which corresponds to the coating condition of X1.

Decreasing the DC bias voltage to 200V improved the homogeneity of the de-

posited layers. However, solar cells coated at DC bias voltage of 200V showed a pink

colour with huge green spots around the edges of the solar cell for different deposition

times. A photograph showing an example of this pattern is shown in (B) in Figure

4.2 which represents the coating conditions of X5.
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Figure 4.2: Photographs of the TMS-coated solar cells at different
coating conditions.

(A) displays an example of the obtained coated solar cell which corresponds to the
coating condition of X1, (B) shows the solar cell obtained using the coating

conditions of X5, (C) presents the obtained coated solar cell using coating conditions
of X7 and (D) shows a solar cell before coating (blue) and and a coated solar cell

using coating conditions of X9.
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At 100V DC bias, the deposited layer showed a good uniformity on the entire

of the solar cells with a green colour as shown in (C) which represents the coating

conditions of X7. The uniformity was enhanced by increasing the deposition time

from 5 minutes to 15 minutes.

According to the results, it can be concluded that the most influencing param-

eter for obtaining a homogeneous layer using TMS is the bias voltage and then the

deposition time for a deposition rate of 25 cm3/min. It was found that the PECVD

conditions of DC bias voltage of 100V, TMS flow rate of 25 cm3/min and deposition

time of 15 minutes yielded the best homogeneous layer for silicon solar cells as shown

in (D) in Figure 4.2. Therefore, coating conditions of X9 were used in the silicon oxide

study.

4.3.2 Oxidation Agent

Silicon films were oxidised during the coating process, oxidation of the films was

carried out by introduced potassium permanganate in the coating chamber.

Potassium permanganate is obtained from (Fisher Scientific, UK). It is an inor-

ganic compound with chemical formula KMnO4 with a purity of (≥99.0%). Potassium

permanganate is a strong oxidising agent where the thermal decomposition of the ma-

terial forms a mixture of potassium permanganate, manganese dioxide and release

oxygen [88].

The temperature inside the vacuum chamber is about 200 ◦C allowing the thermal

decomposition of potassium permanganate which could be represented in the following

scheme:

10KMnO4 
 5K2MnO4 + 5MnO2 + 5O2 (4.1)

68



4.3.3 PECVD Coating Process

Experiments were carried out on mono-crystalline silicon solar cells model XS156B3

(Motech Industries, Taiwan) with a dimension of 156× 156 mm2. Silicon oxide films

were deposited on top of commercial solar cells to form a single and double ARC layer

as shown in the schematic in Figure 4.3.

Figure 4.3: The schematic structures of commercial solar cell before
and after coating with a single and double layer of silicon oxide.

Deposition of silicon oxide films on silicon solar cells was conducted using a 13.6

MHz rf powered, capacitively coupled, PECVD process (also referred to as Plasma

Assisted Chemical Vapour Deposition, PACVD). More details on the system config-

urations can be found in [89]. A schematic of the used PECVD reactor is shown in

Figure 4.4.

Prior to deposition, cells were cleaned using an Isopropyl alcohol solution. The

cleaning continues inside the PECVD chamber by argon ion bombardment. The argon

flow rate was 30 cm3/min for 5 minutes with a 100V DC bias for each experiment. The

argon treatment displaces impurities on the substrates through energetic argon ion

bombardment. The solar cells were placed on an electrode, whose configuration was

designed to provide a uniform plasma environment and to ensure good film uniformity

across the entire area of the cell. Solar cells were introduced into the process chamber

of the PECVD reactor and reaction species are ionized at radio frequency of 13.56

MHz. The precursor used for the deposition of silicon is TMS. The TMS entering the

chamber is ionized and strikes the substrate placed on a supporting cathode table.
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Figure 4.4: Schematic of the PECVD reactor and the substrate positioning.

The flow of the process gas is controlled and monitored using mass flow controllers;

Table 4.3: Summary of the coating conditions for solar cells with a
single anti-reflection layer of silicon oxide.

Coating Conditions S1 S2 S3 S4 S5 S6

DC Bias (volts) 100 100 100 100 100 100
TMS Flow Rate (cm3/min) 25 25 25 25 25 25
Time (minutes) 15 15 15 15 15 15
KMnO4 Mass (grams) 5 10 20 30 40 50

and the chamber pressure maintained at 10−4 bar is controlled and monitored using

a capacitance manometer and pressure control unit.

One mono-crystalline cell was placed inside the chamber for each experiment.

The coating parameters are voltage and the flow of TMS. Those parameters remained

constant for each experiment while the mass of potassium permanganate was varied

for each experiment. Potassium permanganate was placed in a 10 cm glass Petri dish

and the crystalline powder was distributed evenly to ensure good exposure to the

plasma field. The coating conditions for single layer deposition of silicon oxide are

summarised in Table 4.3.
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Table 4.4: Summary of the coating conditions for solar cells with a
double anti-reflection layer of silicon oxide.

Coating Conditions D1 D2 D3

DC Bias (volts) 100 100 100
TMS Flow Rate (cm3/min) 25 25 25
Time (minutes) 15 15 15
KMnO4 Mass (grams) 10 20 30

For double ARC with silicon oxide films, a quarter of the solar cell was covered

with an aluminium mask and coated with same coating conditions as S3 to form the

first layer. The second layer is formed on top of S3 layer with appropriate coverage

with the aluminium mask. The coating conditions for the top layer of the solar cells

coated with double ARC layers are summarised in Table 4.4.
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4.4 Results and Discussion

For the purpose of proving the enhanced photon absorption effect via I-V curves,

solar cells were illuminated with UV light, high energy excitation (UV-Blue) photons,

I-V measurements were carried out under the UV light intensity of 46.1 W/m2 where

this value represents the amount of UV light in the standard AM 1.5 spectrum between

280 and 400 nm [8, 90].

Figure 4.5: I-V curves of solar cells before and after coating with single layer of
silicon oxide film under UV light illumination.

Figure 4.5 shows I-V curves of the uncoated and coated silicon solar cells oxidised

with (5, 10, 20, 30, 40, 50) g KMnO4. It can be seen from Figure 4.5, the following best

results were obtained in the case of the coated solar cell oxidised with 20 g KMnO4.

It was found that Isc=19.1 mA and Voc=381 mV in comparison with uncoated cell

with Isc=12.4 mA and Voc=381 mV. According to these values of the short circuit

current and open circuit voltage under UV light illumination, the coated cell shows

higher Isc than the uncoated cell. This improvement in the current can be ascribed

to absorption within Si nanoparticles embedded in the oxide matrix [91].
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Details of the electrical characteristics of the coated solar cells under UV light

illumination are summarised in Table 4.5. It can be seen that the electrical conversion

Table 4.5: Electrical characteristics of the uncoated (S0) and coated
cells (S1, S2, S3, S4, S5, S6) under UV light illumination.

Sample
Isc Voc Pmax FF η R(200−400)nm

mA mV W – % %
Uncoated S0 0.0124 0.381 0.0012 0.26 3.36 21.386

S1 0.0171 0.381 0.0021 0.33 5.80 8.212
Uncoated S0 0.0120 0.381 0.0013 0.26 3.24 21.166

S2 0.0181 0.382 0.0024 0.34 6.34 8.291
Uncoated S0 0.0131 0.380 0.0013 0.26 3.53 21.011

S3 0.0191 0.381 0.0024 0.33 6.48 8.017
Uncoated S0 0.0129 0.381 0.0012 0.26 3.45 21.367

S4 0.0188 0.380 0.0020 0.29 5.59 11.918
Uncoated S0 0.0119 0.380 0.0013 0.26 3.27 21.717

S5 0.0151 0.381 0.0017 0.29 4.50 13.647
Uncoated S0 0.0117 0.381 0.0012 0.26 3.22 21.716

S6 0.0141 0.381 0.0014 0.25 3.77 14.177

efficiency of the coated cells oxidised with (5, 10, 20, 30, 40, 50) g of the oxidizing

agent have higher electrical conversion efficiency as a result of an increase in the short

circuit current. The conversion efficiency of the coated cells increases with the in-

creased mass of the potassium permanganate peaking at 20 g mass of the oxidizing

agent then the efficiency starts to drop with increased mass of potassium perman-

ganate. Also, the average reflectance of these cells in the UV range is shown in Table

4.5. Also, the reflection values of the cells in the UV band correspond to the conver-

sion efficiency performance of the cells under UV illumination where the increasing

values of the reflection in the UV range correspond to the decreasing values of the

conversion efficiency. This increase in the conversion efficiency can be ascribed to

the coatings generates enhanced overall photon absorption effects where the lower the

reflectance values result in more photons being absorbed and converted into visible

light wavelengths where the solar cells have a better response.

Figure 4.6 shows the reflection spectra of the uncoated and coated cells with
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Figure 4.6: Reflection spectra of the coated and uncoated solar cells
with single anti-reflection layer of silicon oxide.

silicon films oxidised with (10, 20, 30, 40, 50) g of potassium permanganate. It can be

seen that solar cells coated with a single layer of silicon oxide have a lower reflectance

in the range of (200-400) nm in comparison with the uncoated cell. Also, it can be

seen from the figure that the reflectance in the UV range increases with the increased

mass of the oxidising agent. Amorphous silicon oxide coating is transparent in the

measured wavelength range, and the reflection of the silicon oxide film is dependent

on the thickness. With the increase in the thickness of the coating layer, the reflection

changes correspondingly. The effect of the thickness on the reflection spectra in the

UV range is indicated by Aguilar et al. where the increase in the reflection corresponds

to the increased thickness of the silicon oxide film [92].

Figure 4.7 shows the electrical conversion efficiency of the solar cells against the

mass of the KMnO4 under ultraviolet and visible light illumination. Under visible

light illumination, it can be seen from the graph that the efficiency increases with

the increasing value of the KMnO4 until it reaches an optimum value then it starts

to decrease. The change in the optical properties and electrical characteristics is
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Figure 4.7: Efficiency versus KMnO4 mass under visible and
ultraviolet light illumination.

due to an increase in the mass of KMnO4 introduced in the coating chamber which

results in increasing the amount of oxygen released due to thermal decomposition

of KMnO4. Since the coating parameters were similar for all the coated cells, it

means that the depth of oxygen diffusion within the silicon layer affects the electrical

conversion efficiency of the cell significantly. The electrical characteristics of the solar

cells under visible light illumination are summarised in Table 4.6.

Under UV light illumination, the conversion efficiency curve of the coated cells

against the change in mass of KMnO4 shows a similar tendency compared to the

conversion efficiency curve under visible light illumination. However, all the coated

solar cells show higher conversion efficiency in comparison with the uncoated solar cell

as a result of having a better response to the UV after the coating process.

Figure 4.8 shows reflection spectra of the uncoated (D0) and coated solar cells

with double layers of silicon oxide (D1, D2, D3) where double layers in this thesis

refers to solar cell coated twice with the mentioned parameters as a possible way to
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Table 4.6: Electrical characteristics of the uncoated (S0) and coated
cells (S1, S2, S3, S4, S5, S6) under visible light illumination.

Sample Isc Voc Pmp FF η
label A V W – %

Uncoated S0 0.277 0.547 0.0888 0.59 11.05
S1 0.279 0.547 0.0898 0.59 11.17

Uncoated S0 0.277 0.547 0.0896 0.59 11.07
S2 0.285 0.547 0.0904 0.58 11.24

Uncoated S0 0.277 0.547 0.0895 0.59 11.06
S3 0.287 0.547 0.0911 0.58 11.34

Uncoated S0 0.278 0.547 0.0896 0.59 11.08
S4 0.285 0.547 0.0902 0.58 11.22

Uncoated S0 0.278 0.547 0.0893 0.59 11.04
S5 0.275 0.547 0.0883 0.59 10.99

Uncoated S0 0.278 0.547 0.0892 0.59 11.03
S6 0.270 0.547 0.0873 0.59 10.86

increase the thickness of the layer. It can be seen that only the solar cell coated with

double anti-reflection layer (D1) presents a lower reflection in comparison with single

anti-reflection (S1). Solar cell coated with D1 showed a light green and D2 yellow and

D3 magenta colour for the naked eye as shown in Figure 4.9.

Figure 4.8: Reflection spectra of coated cells with double anti-refection coating.

The electrical characteristics of the solar cells coated with double anti-reflection
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Figure 4.9: Photographs of mono-crystalline silicon solar cell coated
with double layers of silicon oxide.

layers are summarised in Table 4.7. It can be seen from the Table 4.7 that the

reflection spectra corresponds to the electrical characteristics of the solar cells where

D1 shows an improved electrical characteristic to S1 while the other solar cells coated

with double ARC layers showed a lower conversion efficiency in comparison with the

solar cell at maximum enhancement obtained with single ARC layer S1.

Table 4.7: Electrical characteristics of the uncoated (D0) and coated
solar cells (D1, D2, D3) under visible light illumination at the
illuminated surface area of 8.544 cm2, 1000 W/m2 and 25 ◦C.

Sample Isc Voc Pmp FF η Colour
label mA V W – % –
D0 277 0.547 0.0888 0.59 11.05 Blue
D1 287.7 0.547 0.0913 0.58 11.36 Magenta
D2 284.6 0.547 0.0902 0.58 11.23 Green
D3 283.6 0.547 0.0898 0.58 11.18 Yellow

Figure 4.10 shows I-V and P-V curves of the uncoated and coated cell with a

double anti-reflection layer. It can be seen from the curve that the improvement in

the electrical performance of the solar cell after the coating is due to a better exploit

of the light which can be seen as an increase in the short circuit current. However, the
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Figure 4.10: I-V and P-V curves of the coated cell at the maximum
enhancement obtained under visible light Illumination at the
illuminated surface area of 8.544 cm2, 1000 W/m2 and 25 ◦C.

open circuit voltage remained constant before and after the process. No increase was

observed in the open circuit voltage. This corresponds to the concept of the additional

converter layer which does not influence the energy gap of the silicon-based solar cell

[91]. Moreover, no reduction in the open circuit voltage means that low-temperature

PECVD process did not cause damage to the solar cell surface in which can happen

in high-temperature deposition techniques [93].

Figure 4.11 shows the transmission and absorption spectra of the anti-reflection

coatings for the silicon solar cell with optimum electrical characteristics obtained for

single (S3) and double (D2) layers of silicon oxide. It can be seen from the absorption

spectra, that double anti-reflection layer of silicon oxide has higher absorption from

the single anti-reflection layer over the UV light band of the spectrum. This tendency

can be ascribed to the increased thickness of the silicon oxide layer where thicker layers

of silicon oxide absorb more light [92]. However, in the visible light range, a decrease

in the absorption of the double anti-reflection layer in comparison to the single one

can be observed.
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From the transmission spectra, it can be seen that the obtained results correspond

to the absorption ones. The increase in the transmission in the visible part of the

spectrum for a double anti-reflection layer of the silicon oxide in comparison to the

single anti-reflection layer can be ascribed to the light interference occurring in the

double layer coating. Light interference can be referred to the graded index in the

design of the double anti-refection layer where the layer with the greater refractive

index is placed on the bottom of double anti-reflective design and layer with the lower

refractive index is built on top of the first layer. The double anti-reflection design of

(D2) consists of the bottom layer of S3 which is oxidised with 20 g of KMnO4 during

the deposition process, and the top layer of silicon is oxidised with 10 g of KMnO4.

Figure 4.11: Absorption and reflection spectra of the single and double
anti-reflection layers for solar cells with optimum enhancement obtained.

Figure 4.12 shows the chemical composition of the surface of the uncoated and

coated cells. It can be seen for the uncoated solar cell, the presence of the elements

N and Si because the commercial solar cells are coated with an anti-reflection layer of

silicon nitride. However, the coated cell shows the presence of additional elements of

C and O where carbon is deposited on the surface due to the TMS precursor during
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PECVD process due in which the decomposition of TMS is viewed as breakage of

methyl groups [82] and the presence of oxygen is because of the use of the oxidizing

agent, potassium permanganate. The electrical conversion efficiency could be further

enhanced by optimising the PECVD deposition process to lower the impurity content

of silicon oxide film that is incorporated in the compound such as carbon during the

PECVD processes. It is important to mention that since the potassium permanganate

used in as an oxidation agent, other impurities could be incorporated in the Silicon

oxide such as K and Mn. These impurities may fall off the range of EDAX analysis.

Figure 4.12: EDX spectrum of the coated and uncoated solar cell.

Results of EDX spectra of three silicon solar cells coated with single anti-reflection

coating layer oxidized with (10, 20, 30) g of the oxidising agent are shown in Table 4.8.

Three different areas (x1, x2, x3) of interests were examined on each sample and the

mean for these samples is presented. It can be seen from the table that the increase

in the average values of the oxygen on cell surface corresponds to the increase in the

amount of potassium permanganate in the coating chamber. Also, the decreasing

values of Nitride in the samples with increased mass of potassium permanganate can

be ascribed to an increase in the thickness of the anti-reflection layer.

80



Table 4.8: Values of the EDX spectra of the coated silicon solar
cells (S2, S3, S4).

Sample C N O Si Total

10 mg
x1 24 8.47 7.52 60.01 100
x2 24.13 8.38 7.31 60.18 100
x3 24.10 8.24 7.44 60.22 100

Mean 24.08 8.36 7.42 60.14
Standard deviation 0.07 0.12 0.11 0.11

20 mg
x1 23.64 7.43 8.49 60.44 100
x2 23.69 7.64 8.04 60.63 100
x3 23.43 7.33 8.42 60.82 100

Mean 23.59 7.47 8.32 60.63 100
Standard deviation 0.14 0.16 0.24 0.19

30 mg
x1 23.56 6.89 8.57 60.98 100
x2 23.32 6.66 8.90 61.12 100
x3 23.15 6.91 8.63 61.31 100

Mean 23.34 6.82 8.70 61.14 100
Standard deviation 0.21 0.14 0.18 0.17

All results shown in the table are in weight %

4.5 Summary

Silicon solar cells coated with silicon oxide films can reduce reflection from the

silicon surface and contribute to the increase of the conversion energy of the solar

cells in one hand while the variety of colours obtained in this study can be of great

importance for building integrated photovoltaic application in another hand.

This study demonstrates the potential for using silicon oxide films produced by

low-temperature PECVD using TMS as a silicon precursor and KMnO4 oxidising

agent for efficiency enhancement of solar cells at low manufacturing cost.

With optimised oxygen diffusion in the silicon films for solar cells coated with a

single layer of silicon oxide can yield a competitive electrical conversion efficiency in

comparison to a double layer of silicon oxide coating. Also, double ARC is more flexi-

ble to modulate colours while maintaining good passivation quality. Various coloured

mono-crystalline silicon solar cells were obtained by depositing an additional layer of

silicon oxide with better performance can be achieved in comparison to uncoated cells
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where the solar cells showed a relative enhancement of about 3% in the conversion effi-

ciency. The conversion efficiency of coloured solar cells shows a little variation (+0.1%

to 0.7%) compared to the reference cells with standard single anti-reflection layer of

silicon nitride. A variety of obtained colours can find an application in the industry

such as BIPV despite the trade-off between efficiency and the colour of the solar cell

when the aesthetic visibility for BIPV is preferable to the conversion efficiency of the

solar cells.
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Chapter 5

Titanium Oxide for PV Solar Cell

In this chapter, silicon-based photovoltaic solar cells were coated with oxide layers

for a single layer of titanium oxide and double layers of silicon oxide and titanium oxide

anti-reflective coatings. This research presents an experimental study of titanium thin

films deposited by either RF or DC magnetron sputtering system at room temperature

and oxidised by means of thermal or plasma annealing process.

The optical properties of titanium films and their application as an ARC for

mono-crystalline silicon solar cells are also studied. Optical energy bandgap of the

deposited films was investigated and compared to a known structure of titanium oxide

produced in the lab. Optical and electrical analysis showed that RF sputtering is more

appropriate over DC sputtering for the solar cell. Moreover, thermal annealing showed

a better suitability for solar cell coating over the plasma annealing.

A study of titanium oxide/silicon oxide stack as an anti-reflection coating is also

presented in this chapter. Solar cells coated with a silicon oxide and titanium stack

showed a relative enhancement of 1.6% (from 12.057% to 12.26%) in the conversion

efficiency of the crystalline silicon solar cells.
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5.1 Introduction

Titanium dioxide thin films is one of the transition-metal oxides which has been

studied extensively in the last two decades due to its unique optical and dielectric

properties which make TiO2 thin films an attractive option for anti-reflection coating

in the photovoltaic industry. The use of TiO2 thin films provides many advantages

such as exhibiting excellent chemical resistance to the majority of the chemicals used

in PV industry [94], ease of deposition and low fabrication cost [95], and their optimal

refractive index is for solar encapsulated silicon solar cells [96].

In this chapter, the effects of thin films of silicon oxide and titanium oxide as

single and double anti-reflection coating are studied. Titanium and silicon oxide stack

allow a design of low-high refractive index design for solar cells. Silicon oxide possesses

a lower refractive index than titanium oxide, good passivation and scratch resistance

properties and shows chemical stability at elevated temperatures of (350-800)◦C [97].

A variety of techniques are being used to deposit titanium oxide films, including

sputtering [98], sol-gel [99], screen printing [100], Atomic Layer Deposition (ALD)

[101], Chemical Spray Pyrolysis (CSP) [102], Chemical Vapour Deposition (CVD)

[103] and Pulsed Laser Deposition (PLD)[96].

The sol-gel method is an efficient cost effective option for titanium coating for

solar cells, but the thickness is not precisely controlled using this technique [104, 105].

The need for high vacuum in CVD process makes this technique more challenging for

mass production of PV silicon solar cells [106].

Most of the titanium deposition techniques require heating the substrate during

or after deposition of the material where the samples could be annealed to a high

temperature for an extended period. Heat treatment at high temperatures in silicon

solar cells processes could introduce defects which in turns could act as recombination

centres for charge carrier in the solar cell. Moreover, this heat treatment could change
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the intended compositional distribution of solar cells [107, 108].

Titanium dioxide can exist in three different crystalline polymorphs forms: rutile

(tetragonal), anatase (tetragonal) and brookite (orthorhombic). Each phase of the

titanium possesses different unique properties. Rutile, the most thermodynamically

stable phase of titania, is denser than anatase and brookite). Each form of titania

is characterised with different optical energy bandgap; anatase has the highest value

of 3.2 eV and rutile has the value of 3 eV. Therefore, thin films with different ratios

of the titania phases can be characterised by various optical and electrical properties.

Both anatase and rutile are stable crystalline phases of titania, anatase phase can be

of keen interest for photovoltaics where titanium thin film containing anatase phase

has a better transmittance than titanium thin film which is pure rutile phase, even if

the rutile film is much thinner than the anatase film [109].

In addition to the excellent optical properties exhibited by the anatase crystal

structure of titania, anatase phase is preferred in PV applications as this phase occurs

at a relatively low temperature that is suitable for PV cell manufacturing processes

[110]. Typically, anatase phase is achieved at deposition temperatures above 350 ◦C

and rutile at temperatures above 800 ◦C while films deposited at temperatures below

300 ◦C are primarily amorphous [94].

Plasma-assisted oxidation of metal films shows considerable potential, especially

taking into consideration the temperature requirement, in comparison to other con-

ventional annealing techniques. Oxidation performed in the presence of an electric

field, and low temperatures not only enhances the directionality of oxidation but

also reduces interdiffusion of thin films and defect generation compared with high-

temperature thermally driven processes [111].

85



5.2 Related work

Researchers demonstrated the potential of titania thin films to improve the con-

version efficiency and reduce the production costs of commercially produced silicon

solar cells using a variety of deposition techniques. The obtained improvement is due

to reducing reflection and improving the light generated current by TiO2 anti-reflection

coating [96, 106, 112].

The conversion efficiency of titanium coated crystalline silicon solar cells can be

further improved by depositing an additional layer of silicon oxide to form a silicon

oxide/titanium oxide stack. This design could allow the design of low-high refractive

index for solar cell and consequently a broader improvement in the optical perfor-

mance of the anti-reflection layer. Lien et al. showed the effect of a single layer of

titanium and a stack of silicon oxide/titanium oxide on non-textured monocrystalline

silicon solar gel using sol-gel deposition technique. The author obtained an absolute

enhancement of 3% for solar cells coated with titanium and a further improvement of

0.5% for solar cells coated with a stack of silicon oxide/titanium oxide.[113]

Reports on the optical studies of titanium oxide films deposited by DC or RF

sputtering demonstrated the potential of using the techniques for solar cell application

[114, 115, 116]. However, the reported literature lacks the application of these films

into PV solar cells. Khuram et al. studied the effects of a single layer of titanium

oxide fabricated by RF sputtering and the effects of a double layer of silicon oxide

and titanium oxide for the non-textured surface of the mono-crystalline silicon solar

cell. The author obtained an absolute enhancement in the conversion efficiency by

1.7% and 3.4% for single and double layer coating respectively in comparison to the

as-grown silicon solar cell. The obtained improvement was as a result of an increase

in the short-circuit current due to decreased reflection losses through the addition of

anti-reflection coating films [112, 117].
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5.3 Experimental Method

5.3.1 Deposition of Thin Films

The first step of the experiment is to coat the solar cells with thin films of titanium

using Qbox sputtering system. A schematic of the Obox sputtering system is shown in

Figure 5.1. The coating process starts with loading the solar cell and quartz slide into

the chamber. Substrates are mounted on the substrate holder facing down then the

stage is rotated by slowly turning the speed adjust knob on the rotation controller to

the desired level in order to check the substrates are correctly placed on the substrate

holder. It is important to check visually that the sample rotation is smooth and level

before proceeding to the next step.

Figure 5.1: Schematic of the Qbox sputtering system.

After loading the samples, the coating chamber is pumped down to a high vacuum

using a rotary pump. Base pressure is set to 2x10−3 mbar for DC sputtering and

1x10−3 mbar for RF sputtering during the course of the experiments. These pressures

can be reached within 25-30 minutes for a clean system. If the system is left open

to the atmosphere even for short period of time i.e. 10 min, the pumping time will

increase significantly.
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The deposition of titanium films may be performed once the required vacuum level

is reached. The deposition of the titanium on the substrate was carried out at room

temperature without heating the substrate. A titanium disc of 99.99% purity with

50 mm diameter and 5 mm thickness was used as the target. Argon was used as the

default working gas with flow rates of 30 sccm and 15 sccm for RF and DC sputtering

respectively. These conditions were considered as an optimal condition for deposition

as in the case of using lower flow rates; the plasma will not be sustained. The working

pressure in the chamber can be controlled by setting the flow level of Argon. After

setting the working pressure, the deposition can be started. The deposition can be

controlled by the pressure and the applied power.

Table 5.1: The deposition conditions of titanium films.

Cathode Sputtering Pressure Thickness Deposition Argon Room Table
No. Power Set Actual Set Actual Rate Flow Temperature Speed

(W) (mbar) (nm) (A◦/sec) (sccm) ( ◦C) (rpm)

DC Power Supply
TDC1 100 2x10−3 2.42x10−3 4 4.058 0.31 15 21 10
TDC2 100 2x10−3 2.24x10−3 6 5.993 0.27 15 21 10
TDC3 100 2x10−3 2.24x10−3 8 8.180 0.36 15 21.3 10
TDC4 100 2x10−3 2.09x10−3 4 4.403 0.37 15 19.7 10
TDC5 100 2x10−3 2.44x10−3 4 4.170 0.41 15 19.8 10

RF Power Supply
TRF1 300 1x10−3 1.90x10−3 4 4.354 0.48 30 21.7 10
TRF2 300 1x10−3 1.90x10−3 8 8.366 0.47 30 18.5 10
TRF3 300 1x10−3 1.92x10−3 6 5.920 0.48 30 19.7 10
TRF4 300 1x10−3 1.94x10−3 4 4.258 0.48 30 19.9 10
TRF5 300 1x10−3 1.97x10−3 4 4.170 0.46 30 19.2 10

RF Power Supply
TS1 300 1x10−3 2.03x10−3 4 4.14 0.45 30 20.1 10
TS2 300 1x10−3 2.05x10−3 4 4.08 0.45 30 20.3 10
TS3 300 1x10−3 2.09x10−3 4 4.11 0.46 30 20.9 10

Plasma is created in the chamber by applying the power. The glowing plasma

can be used to clean the substrate which is immersed in plasma at this stage. The

deposition of the films is monitored using a Quartz Crystal deposition Monitor (QCM)

is often integrated into the system for calibration purposes. The QCM can be placed

directly below the substrate for calibration. Visual inspection of the plasma can give
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a good indication regarding argon ionisation level in which a pink appearing colour of

plasma means that the ionisation level of plasma is low whereas the blue appearing

colour occurs at high ionised plasma.

The deposition does not start before the bias is applied to the target. The

system is left to run for few minutes to precondition the target before the growth on

the substrate start. The growth of titanium film is initialised by opening the shutter

and leaving it for the time needed to grow the desired thickness of the material. A

list of the details of the coating conditions is summarised in Table 5.1.

Once the deposition is finished, almost reaching the desired thickness, the shutter

is closed, and the power supply is switched off, and Mass Flow Controllers MFCs are

set to zero. Then, the chamber can be vented, and the solar cell and quartz slide can

be removed.

Figure 5.2: Schematic shows PECVD configuration for oxidation process.

After depositing titanium films on the solar cells, an oxidation process is started

using plasma or thermal annealing.

Plasma annealing of the films is carried out using PECVD coating machine with the

configuration shown in the schematic in Figure 5.2. The oxidation process of the films

was carried out in the chamber of PECVD machine using the following conditions:
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(processing time: 1 hour, amount of oxidising agent KMnO4: 30g, Argon gas flow

rate: 25 cm3/min, total pressure: 3×10−3 torr, power: 15 W, bias voltage: 100 V).

The samples were thermally annealed in the furnace at 300 ◦C for 1 hour at

a controlled heat-up rate of 10 ◦C/sec to eliminate thermal shock to the material.

Figure 5.3 shows the thickness-versus-time diagram of Ti oxidised to TiO2 film. Once

the thermal annealing process is completed, samples were left in the furnace to cool

down to room temperature.

Figure 5.3: Thickness of Ti oxidised to TiO2 versus the required time[118].

For solar cells with double layers, titanium films were produced using RF sput-

tering and a layer of silicon oxide deposited with conditions summarised in Table 5.2.

Figure 5.4 shows a flow chart summarises step of the of coating process presented in

this chapter.

Table 5.2: Summary of the coating conditions of silicon oxide layer
for solar cells with a double anti-reflection layer of silicon

oxide/titanium oxide.

Coating Conditions TS1 TS2 TS3

DC Bias (volts) 100 100 100
TMS Flow Rate (cm3/min) 25 25 25
Time (minutes) 15 15 15
KMnO4 Mass (grams) 10 20 30
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Figure 5.4: Flow chart illustrates the coating steps.

5.4 Results and Discussion

5.4.1 Single Layer Titanium Oxide

This section describes the results for silicon solar cells coated with a single layer

of titanium thin film sputtered using DC or RF configuration and oxidised by means

of plasma or thermal annealing.

Figure 5.5 shows the efficiency drop of the silicon solar cell coated with titanium

thin films for the thickness of 4, 6 and 8 nm sputtered using DC or RF configura-

tions and oxidised by plasma annealing. The bar chart shows the differences in the

conversion efficiency by subtracting the conversion efficiency of the coated cells from

uncoated ones. It can be seen from the bar chart that all the solar cells suffer a drop

in efficiency after coating with titanium thin films oxidised by plasma annealing. This

drop in efficiency increases with the increased thickness of titanium oxide layer for

both types of the sputtered films. However, the decrease in the efficiency of the solar

cells coated with titanium films with DC sputtering is higher than coated cells with

RF sputtering.
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Figure 5.5: Efficiency drop of solar cells coated with plasma oxidised titanium films.

Figure 5.6 shows I-V curve of silicon solar cell coated with 4 nm RF sputtered

titanium film before and after oxidation. It can be seen that titanium film before oxi-

dation has a shadowing effect on the electrical parameters of the solar cell. Oxidation

of the film increased from the efficiency of the solar cell in comparison to the efficiency

of the cells before oxidation but it remains lower than the uncoated cell. The differ-

ences in the efficiency of the silicon solar cells coated with RF and DC sputtered can

be seen as a result of the differences in the optical properties of the deposited films.

Figure 5.7 shows absorption spectra of titanium thin films after plasma oxidation

process. It can be seen that the absorption of the deposited layer by RF sputtering

increases with the increased thickness of titanium films. Moreover, the absorption of

the DC sputtered film is greater than RF sputtered film for the same film thickness.

In order to understand the effects of RF and DC sputtering configurations as

well as plasma and thermal annealing processes on the electrical characteristics of the

solar cells, four solar cells were coated with a thickness of 4 nm of titanium where

two of them were DC sputtered and the other two were RF sputtered. After that,
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Figure 5.6: I-V curve of the solar cell coated 4 nm titanium before
and after plasma oxidation.

Figure 5.7: Absorption spectra of titanium films processed by plasma oxidation.
(left), comparison RF/DC and (right), RF-influence of the titanium oxide film

thickness.
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solar cells were thermally or plasma annealed. It was found earlier that RF sputtering

is more appropriate in comparison with DC sputtered titanium films oxidised with

plasma annealing. Figure 5.8 also shows that RF sputtering is more appropriate than

DC sputtered titanium films produced by thermal annealing. Annealed films also

reduce the efficiency of the silicon solar cell but it can be seen that thermal annealing

process produces better films in comparison with plasma annealing technique in terms

of conversion efficiency.

Figure 5.8: Efficiency drop using different techniques.

Figure 5.9 shows an insignificant difference in the absorption spectra of the RF or

DC sputtered titanium films under thermal annealing process. However, DC sputtered

film shows a greater absorption over RF sputtered film for the wavelengths below 500

nm. Moreover, it can be seen that thermally annealed films have lower absorption in

comparison to plasma annealed cells. The electrical characteristics of the solar cells

showed a significant decrease in the conversion efficiency for the solar cells oxidised by

plasma annealing over thermal annealing. This increase in efficiency can be attributed

to the significant increase in the absorption of the films oxidised by plasma annealing

over the visible and near infra-red light in comparison to thermally annealed ones.
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Figure 5.9: Absorption spectra of 4 nm TiO2 coated with various conditions.

Figure 5.10 shows transmission spectra of titanium films deposited by RF sput-

tering with a thickness of 4, 6 and 8 nm before and after plasma annealing. It also

shows the difference between the films with 4 nm thickness deposited by RF and DC

sputtering and oxidised by thermal annealing.

For plasma annealed samples, it can be seen the effects of plasma annealing of

titanium films where oxidation process is associated with an increase in the transmis-

sion of the layers. Also, the increase in the thickness of the deposited films corresponds

to the reduction in the transmission of the films. The obtained results are in good

agreement with the absorption spectra shown in Figure 5.7 where the reduction in

transmission is due to the increase in the absorption of the films with increased thick-

ness.

For thermally annealed films, it can be seen that thermally annealed films have

a higher transmission (from 400 nm) in comparison to those produced by plasma

annealed for the same thickness. For thermally annealed films, it can be seen that RF

sputtered films have higher transmission than DC sputtered films.
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Figure 5.10: Transmission spectra of 4 nm TiO2 coated with various conditions.

The conversion efficiency and the optical properties of titanium oxide layers pro-

duced using different methods were analysed. The next section compares the energy

band gap and colour of these layers. The next section also shows the band gap en-

ergy of titania nanoparticles using High-Temperature Supercritical Drying (HTSD)

method.
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5.4.2 Energy Band Gap

The phase of titanium dioxide produced by plasma oxidation using potassium

permanganate and thermal annealing was determined using UV-Vis spectroscopy and

compared to titanium dioxide nanoparticles fabricated in the lab.

Parayil et al.[119] produced titanium dioxide nanoparticles with the Anatase

structure by HTSD method of titanium isopropoxide mixed with methanol in nitrogen

medium gas. Using similar approach titanium dioxide was produced in the lab by using

the following materials as received:

Methanol (99+%, Alfa Aesar, UK), Propanol (99+%, Alfa Aesar, UK), and Ti-

tanium tetrachloride (99.9% trace metals basis, Sigma-Aldrich, UK).

In order to produce 1.5 gram of titanium, 3.5 mL of titanium tetrachloride was

poured into 40 mL of methanol in a 500 mL capacity beaker. Then, the contents

are stirred for 5 minutes using a magnet stirrer where titanium tetrachloride is fully

dissolved in methanol. After that, the contents were poured into a glass liner and

placed in an autoclave. The used autoclave in the experiment is Parr Model 5500

Figure 5.11: Illustration of the steps for preparation of titanium
dioxide nanoparticles.

high-pressure compact stirred reactor with temperature controller Parr-4836. Hydro-

gen gas was introduced into the autoclave at a pressure of 10 bar. After that, the

autoclave is heated at a rate of 1 ◦C/min to a final temperature of 200 ◦C. Once the

temperature is achieved, the pressure of the autoclave is found to be around 52 bar.
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Then the autoclave is maintained at 200 ◦C for two hours. The required temperature

for obtaining titanium precipitates is found by repeating the experiments at tempera-

tures of 150, 175 and 200 ◦C. After running the experiment for two hours, the autoclave

is left to cool down to room temperature. Then, the autoclave is disassembled and

the obtained powder is washed three times in a 500 mL conical flask.

The produced powder is thermally annealed in a furnace for 10 hours at 400 ◦C

at a heating rate of 10 ◦C/min. An illustration of the steps for preparation of titanium

dioxide nanoparticles is presented in the schematic in Figure 5.11.

Figure 5.12: TEM images of Anatase (aerogel) titanium dioxide nanoparticles.

Figure 5.13: XRD patterns of Anatase (aerogel) titanium dioxide nanoparticles.
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Figure 5.12 shows TEM images of the produced nanostructured aerogel titanium

oxide material. XRD patterns of the titania aerogel produced in the lab is shown

in Figure 5.13. The obtained powder is pure titania with Anatase phase [120]. The

Figure 5.14: Energy bandgap obtained by extrapolating the linear
portion of the versus hv curve.

optical energy bandgap of the oxidised titanium films by either furnace or plasma

annealing is estimated using the classical relation for optical absorption [121, 122]:

αhv = B(hv − Eg)m (5.1)

Where B, Eg and hv denote the band tailing parameter, the optical bandgap and the

photon energy respectively. The energy band gap can be determined by extrapolation

to the zero coefficients, which is calculated from the above equation. The intercept

of the tangent to the plot (ahv)2 versus hv shown in Figure 5.14 gives a good ap-

proximation of the band gap energy for this direct band gap material. The obtained

band gap energies (Eg) of the TiO2 nanoparticles, TiO2 RF thermally annealed and

TiO2 DC thermally annealed were 3.54, 3.46 and 3.43 eV respectively. Energy band

gap of the plasma oxidised films showed energy band gap of 3.03 and 3.1 RF and
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DC sputtered films respectively. The obtained energy band gaps are larger than the

value of 3.2 eV for the bulk TiO2. This can be explained because the band gap of

the semiconductors has been found to be particle size dependent [123]. The band gap

increases with decreasing particle size and the absorption edge is shifted to a higher

energy (blue shift) with decreasing particle size. Considering the blue shift of the

absorption position from the bulk TiO2, the absorption onset of the present samples

can be assigned to the direct transition of electrons.

Figure 5.15 shows the colour of the RF sputtered films on quartz slides. It can

be seen with the naked eye the difference in colour of the thin films before and after

oxidation processes. For oxidised plasma films, the produced films have a grey colour

while thermally annealed films provided a golden colour.

Figure 5.15: Titanium coated slides using plasma and thermal annealing.

Colour characterisation was conducted to supplement the data of the optical

properties of titanium oxide films. The colour of the deposited titanium oxide layers

on the slides and the Energy bandgap results correspond to the colour of thin films

of titanium oxide. The golden colour is reported in literature for Anatase films [124,

125]. However, the grey colour is reported for non-stoichiometric films where titanium

dioxide thin films exhibit greyish hue once they are reduced (Oxygen deficiency) to

TiO2−x or TiyOx [126, 127, 128].
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5.4.3 Double Layers Titanium/Silicon Oxide

In this section, the second layer of silicon film oxidised in situ with a different

mass of the oxidising agent is deposited on the titanium oxide layer with a thickness

of 4 nm produced by RF sputtering and oxidised by thermal annealing method.

Figure 5.16 shows the reflection spectra of the uncoated and coated solar cells

with a double layer of titanium and silicon oxide. It can be seen from the spectra that

coatings reduced the reflection of the solar cell surface. An increase in the reflection

is observed in the region of 350-500 nm where the rise in the intensity of the peaks

corresponds to the increase in the mass of potassium permanganate introduced to the

coating chamber during the deposition of silicon oxide films.

Figure 5.16: Reflection spectra of double layer coating.

Figures 5.17 and 5.18 show transmission and absorption spectra of silicon oxide

and titanium oxide films respectively. Transmission spectra of the double layers pro-

duced with different coating conditions show slight differences where the reduction in

transmission is associated with the increased mass of the oxidising agent introduced

into the coating chamber. It can be seen from Figure 5.17 that depositing a second
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layer of silicon oxide increased the transmission of the titanium oxide silicon oxide

film compared to the titanium oxide film. The increase in the transmission of the

wavy-shaped spectra can play a part in improving the electrical output of the solar

cells in comparison to the single layer coated cells with titanium oxide.

Absorption spectra shown in Figure 5.18 are in good agreement with the trans-

mission ones where the reduction in the transmission of these spectra corresponds to

the increase in absorption of these films. The optical results demonstrates clearly the

advantage of using low-high refractive index through the addition of silicon oxide and

this can be reflected in an improvement in the conversion efficiency silicon solar cell.

Figure 5.17: Transmission spectra of double layer coating.

Table 5.3 summarises the electrical characteristics of the solar cells before and

after coating with double anti-reflection layers. It can be seen from the table that the

solar cells before coating (C1, C2, C3) do not share identical values of the parameters

of electrical characteristics of the solar cells. This variation represented in different

values of the short-circuit current and fill factor. This difference is due to the induced

effects of the laser cutting process on the solar cell where solar cells were cut into

smaller sizes to fit in the coating chamber of the sputtering deposition system.
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A photograph of the solar cell is shown in Figure 5.19. It can be seen from

the table an increase in the conversion efficiency of the solar cells with multi-layers

of anti-reflection coatings. An increase in the conversion efficiency from 12.057% to

12.265%, from 11.864% to 12.028% and from 11.960% to 12.161% for the solar cells

coated using the coating conditions in TS1, TS2 and TS3 respectively.

Figure 5.18: Absorption spectra of double layer coating.

The produced coatings are associated with an absolute enhancement between 0.16

and 0.20 in the electrical conversion efficiency of the solar cells. Since the obtained

optical properties of the double layers of silicon oxide and titanium oxide showed

insignificant differences and the variance in the initial conditions of the parameters of

the electrical characteristics of the solar cells, it can be concluded that double anti-

reflection coating improved the electrical performance of the solar cell. However, the

differences in the electrical parameters are too small for a precise quantification of the

conversion efficiency enhancement with the different coating conditions.

The measured P-V and I-V curves of the silicon solar cell coated with a double

layer of silicon oxide and titanium oxide with optimum enhancement obtained are

shown in Figure 5.19. Under the test conditions, the solar cell before coating shows
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an open circuit voltage of 0.549 V, short-circuit current of 285 mA, fill factor of 62%,

and conversion efficiency of 12.0.57% are presented. After the coating process, the

Table 5.3: Electrical characteristics of the uncoated and coated cells with a double
ARC layers at the illuminated surface area of 8.544 cm2, 1000 W/m2 and 25 ◦C.

Sample
Isc Voc Pmp FF η
A V W – %

Uncoated (C1) 0.285 0.549 0.0969 0.62 12.057
TS1 0.291 0.550 0.0986 0.62 12.265

Uncoated (C2) 0.280 0.549 0.0954 0.61 11.864
TS2 0.286 0.550 0.0967 0.61 12.028

Uncoated (C3) 0.283 0.549 0.0961 0.62 11.960
TS3 0.289 0.550 0.0978 0.62 12.161

parameters of the electrical characteristics of the solar cell show an open circuit voltage

of 0.550 V, short-circuit current of 291 mA, fill factor of 62%, and conversion efficiency

of 12.265%. The obtained increase in the conversion efficiency of the solar cell is a

result of the improved optical properties of the deposited layers which are reflected in

an increase in the short circuit current.

Figure 5.19: I-V and P-V curve of solar cells with double layer coating at the
illuminated surface area of 8.544 cm2, 1000 W/m2 and 25 ◦C.
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5.5 Summary

In this chapter, thin films of titanium were deposited on silicon solar cells using

sputtering technique at room temperature. Titanium films were oxidised using plasma

or thermal annealing. Oxidised titanium thin films were studied as single layer coating

for silicon solar cells.

The effects of the optical properties and electrical characteristics of these layers

on the conversion efficiency of the cells were presented. Optical energy bandgap of

the deposited films was studied and compared to a known structure of titanium oxide

produced in the lab. Optical and electrical analysis showed that RF sputtering is

more appropriate over DC sputtering for the solar cell. Moreover, thermal annealing

showed a better suitability for solar cell coating.

The effects of an additional layer of silicon oxide on titanium oxide with optimum

characteristics obtained for solar cells were studied. Double layers of silicon oxide and

titanium oxide showed an enhanced electrical conversion efficiency in comparison to

the uncoated solar cell.
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Chapter 6

Phosphor for PV Solar Cell

This chapter presents the experimental work on using ultraviolet-spectral down

conversion material for enhancing the spectral response and electrical characteristics

of commercial mono-crystalline silicon solar cells. The down-converting material em-

ployed in the experiment is gadolinium oxysulfide doped with erbium and terbium

where the phosphor material is synthesised by the urea homo-precipitation method.

Silicon cells were coated with a luminescent layer consisting of the phosphor ma-

terial encapsulated in Ethyl Vinyl-Acetate (EVA) binder using doctor-blade screen

printing technique. With an optimum concentration of phosphor in the composite

resulted in the largest light conversion, and improved electrical output and energy

transfer efficiency. The obtained results showed that the composition of dispersed

phosphors has a strong influence on the amount of ultraviolet light converted and

transition electron capacity of PV cells. The experimental results showed in an opti-

mised silicon solar cell, a relative enhancement of 4.45% (from 12.11% to 12.65%) in

the energy conversion efficiency of PV solar cell was achieved.

Finally, the effects of combining silicon oxide layers described in chapter 4 to-

gether with the luminescent composite are also presented in this chapter.
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6.1 Introduction

Currently, photovoltaic modules that dominate the market are based on crys-

talline silicon because of its abundance, stability, non-toxicity and relatively low pro-

cessing costs [76]. These commercially produced PV silicon cells show a poorer spectral

response to the UV and blue wavelengths compared with the visible light of the solar

spectrum.

Figure 6.1: Typical spectral response (SR) vs wavelength of Motech
silicon photovoltaic solar cell [68].

Figure 6.1 shows the spectral response of the solar cell used in the experiments.

It can be seen that the spectral response increases for wavelengths shorter than the

bandgap of silicon at 1100 nm (1.1 eV), peaking at 960 nm and then decreases toward

the short wavelengths. The fundamental reason is short wavelength photons have high

energy content whose energy is difficult to harness efficiently due to interaction with

the front layers of the PV device [129]. Therefore, the short wavelength response is

reduced due to some distinctive mechanisms:

• Fast recombination rate in the heavily doped emitter.

• Parasitic absorption and reflection due to the silicon nitride ARC [130].

Spectral conversion principle based on nanostructured materials technology can
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be used through down conversion technique to improve the performance of the PV so-

lar cell. Down conversion approach is based on absorbing high energy photons (short

wavelengths band) of the light and re-emits it at lower energy photons (long wave-

lengths band). Therefore, it can overcome the poor response of the silicon solar cells

in the short wavelengths and consequently improve the energy conversion efficiency of

the solar cell.

Spectral conversion applied in the experiment consists of a luminescent layer

composed of erbium and terbium-doped gadolinium oxysulfide phosphors embedded

in a transparent layer of EVA. A fraction of the UV light incident on the luminescent

composite is absorbed by Gd2O2S(Er,Tb) and re-emitted into the solar cell as a green

light. The rest of the photons are absorbed by the solar cell directly as shown in

Figure 6.2. A pyramidally textured structure of Si3N4 coated on the surface of the

c-Si solar cell is widely used to increase the absorption of the solar light [131].

Figure 6.2: Operating principle of the luminescent material. Re-drawn from [132].

The emission of the phosphor is multi-directional, and it can be emitted in all direc-

tions. Subsequently, when the DC material is placed on top of silicon solar cell, it is

only expected that half of the luminescence emitted by down converter contributes to

photo-current emitted into the direction of the solar cell [133]. Therefore, a fraction

of the re-emitted photons escape to the top, and the edge of the cell and some are

re-absorbed and go through these processes again. All other photons reach the solar
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cells directly or through reflection from the top surface. However, the pyramidally

textured surface can reduce this loss and thus more exploited photons can contribute

to the generation of charge carriers and consequently increasing the conversion effi-

ciency. The optical properties of the luminescent composite should be controlled to

maximise the fraction of photons reaching the solar cell and converting into electricity.

6.2 Aim and Objectives

The aim of the experimental work is to improve the energy conversion efficiency

using down-converting material which absorbs the UV light where the solar cell is

inefficient and emits in the visible range where the solar cell has a better response to

the light. The objectives of the experiments are summarised as follow:

• Evaluate and examine the potential applications of down-converting Tb3+ and

Er3+ co-doped Gd2O2S in an attempt to improve the efficiency of silicon-based

PV cells through comparative study of the performance of the solar cells before

and after coating.

• To understand the separate and combined effects of the EVA binder and the

phosphor on the solar cells performance.

• Utilising doctor blading screen printing technique as low-cost implementation

method to form a luminescent layer directly on top of commercially available

mono-crystalline PV solar cell to convert the UV photons into photons with

longer wavelengths where the Si solar cell shows a better response.
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6.3 Related Work

The potential of DC materials to improve the conversion efficiency of the single

junction crystalline silicon solar cells using spectral conversion technique has attracted

many researchers. They demonstrated an enhancement in the performance of the solar

cells by incorporating a downconverting luminescent film into solar cells.

6.3.1 Energy Enhancement Using Luminescence Species

Chung et al. reported an energy improvement of the PV solar cell by utilising

a down-converting phosphor of Y2O2S:Eu+3 dispersed in PVA on top of EVA encap-

sulated mc-Si solar cell. An increase in power conversion efficiency by up to a factor

of 14 under UV illumination [134]. Also, Marchionna et al. who demonstrated 1%

absolute increase of the delivered power of commercial mono-crystalline solar cell for

the case of Air Mass 0 lighting conditions with an active coating of poly-vinyl acetate

film doped with Phenanthroline-Eu+3 complex [135].

Wang et al. achieved 0.42% absolute enhancement in the conversion efficiency

of multi-crystalline silicon cell by applying a luminescent layer of Eu+3 complexes

incorporated in EVA [136] on top of the solar cell.

Yen-Chi et al. have demonstrated an absolute increase of 0.64% in the power

conversion efficiency of multi-crystalline silicon solar cell coated with down-converting

KCaGd(PO4)2:Eu+3 phosphor dispersed in PMMA matrix [137]. Moreover, the au-

thors demonstrated the effect of placing of an up-converting layer on top and the

bottom of the silicon solar cell. The authors showed an enhancement in the con-

version efficiency of the mc-Si solar cell by applying up-converting La2Mo2O9:Yb,Er

phosphor dispersed in PMMA matrix. An absolute enhancement of 0.27% is obtained

when the phosphor is applied on the top of the solar cell, and 0.44% is obtained when

applied to the backside of the solar cell [138].
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6.3.2 Encapsulation of the Luminescence Species

DC materials can be incorporated in various ways in the PV modules such as:

• Incorporating Luminescence species in a commercial encapsulation binder. Re-

searchers showed the possibility of mixing the phosphor material with the binder

and then spin coated into the solar cell [134, 135]. Also, the phosphor could in-

corporate into the binder by soaking pre-existed EVA sheets in luminescent

solution of Eu+3 complexes [136].

• Doping the top float glass of module [139].

• Depositing the phosphor directly on top of the silicon solar cell [140].

6.4 Experimental Method

6.4.1 Materials

Terbium, Erbium-doped gadolinium oxysulfide Gd2O2S(Erx,Tb)x is selected for

the study as a material of interest due to its UV photons absorption and visible

emission as the response to these stimuli. The selected Gd2O2S(Er0.2,Tb)0.01 phosphor

has a lower refractive index than Si or Si3N4 that may be capable of converting

more UV photons into longer wavelength where Si-based solar cell shows a greater

response. This section shows the properties of the used materials in the fabrication

of the luminescent layer for the solar cell.

6.4.1.1 Luminescent Material

Rare earth oxysulfide phosphors are one of the promising materials due to their

good luminescent properties in comparison with other optical materials. They are used
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for X-ray intensifying screen for medical diagnosis or cathode- ray screens. These ma-

terials could be synthesised as powders with characteristics depending on the particle

size and morphology that are regulated during the synthesis stage [141].

Nanometre-sized rare earth doped phosphor powder, Gd2O2S(Er0.2,Tb)0.01, is

prepared by Xiao et al. at Centre for Phosphors and Display Materials at Brunel

University [142]. The author reported controlled phosphor emission intensity through

cross-relaxation processes by changing the ion concentration where the optimum con-

centration obtained by the author is used for the experiments.

Figure 6.3: SEM images of Gd2O2S(Er0.2,Tb)0.01 particles.

Rare earth ions (RE3+) activated phosphor lattices is produced via two-step process:

The first step is obtaining sub-micron spherical precursor powders using the urea

homogeneous precipitation which resulted in a non-crystalline material with spherical

particle morphology.

The second step is converting the non-crystalline precipitates into oxysulfide phos-

phors via appropriate firing treatment. A detailed description of the fabrication pro-

cedures can be obtained from [142]. Figure 6.3 shows SEM images of the morphologies

of Tb3+ and Er3+ co-doped Gd2O2S sample.
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Figure 6.4: XRPD patterns of Tb3+ and Er3+ co-doped Gd2O2S.

Figure 6.4 presents simple bars which correspond to the crystallographic reference

(PDF 03-065-3449 Gd2O2S Gadolinium Oxide Sulfide) where the Gd2O2S diffrac-

togram is obtained experimentally using XRPD. It can be seen from the matched

diffraction patterns that the used material is free from impurities where all the peaks

are related with the pure hexagonal phase of (Gd2O2S) where the metal ion is sur-

rounded by four oxygen and three sulfur ions without impurities. The diffraction

pattern of the phosphor shows a a good agreement with the hexagonal phase of the

Gadolinium Oxysulfide structure reported in [143]. Table 6.1 shows the calculated

crystallites size data obtained from TOPAS software associated with the XRD ma-

chine.

Table 6.1: Crystal size and lattice parameters of the phosphor particles.

Material Crystal Size (nm) a(Å) c(Å)
Gd2O2S(Er0.2,Tb)0.01 155.7 3.7265 6.2651

Composite STEM and Cathodo-luminescence (CL) image taken in TEM that

shows the high uniformity of visible light emission from the nano-phosphor synthesised

using a homogeneous precipitation method. Figure 6.5 CL and High Angle Annular
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Dark Field (HAADF) STEM composite image of the phosphor.

Figure 6.5: Luminescent material used in the experiment.

Gd2O2S(Er0.2,Tb)0.01 phosphor can be excited with 292 nm UV light and produces

green emission peaking at 545 nm. Figure 6.6 shows the PLE absorption spectrum of

Gd2O2S(Er0.2,Tb)0.01 phosphor in the wavelength domain of 250 to 334 nm and a max-

imal emission in the wavelength in the domain of 535 to 560 nm. Since the silicon solar

cell shows poor absorption in the UV spectral range, applying Gd2O2S(Er0.2,Tb)0.01

phosphor on top of solar cell surface would be expected to enhance the spectral re-

sponse of the cell and thus the conversion efficiency.

Figure 6.21 presents the temperature coefficient of the uncoated, EVA coated,

and EVA+phosphor coated solar cell. It can be seen for all solar cells a decrease

in the open circuit voltage and consequently the conversion efficiency of the PV cell

performance decreases with increasing temperature. The output power of a PV cell

depends linearly on the operating temperature, and it decreases with the increasing

temperature due to the intrinsic properties of the solar cell [144].

Utilising the down-converting material could improve the performance of the solar

cell as a result of reducing the phenomenon of thermally excited phonons. Excitation

of phonons occurs when photons with energy greater than the bandgap energy in
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Figure 6.6: PLE and PL of the phosphor at room temperature.

Figure 6.7: Emission of the phosphor at different temperatures.
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which are absorbed by silicon solar cells. The excess energy leads to thermalisation

of charge carriers and hence limit the theoretical efficiency. However, a decrease in

the PL emission of the phosphor with increasing temperature would result in a lower

electrical efficiency due to less emission obtained.

Since the operating temperature plays a principal role in the photovoltaic conver-

sion process, it is necessary to examine the stability of the emission of the phosphor

material at elevated temperatures. According to earlier reports [145, 146], the highest

intensity of photoluminesce of the material occurs at low temperature and decreases

with elevated temperature which is a typical feature is of the phosphor material.

Figure 6.7 shows the emission spectra of the Gd2O2S(Er0.2,Tb)0.01 phosphor at tem-

peratures of 25, 50 and 75 ◦C. It can be seen that the emission of the phosphor material

has a very marginal reduction in the emission of the elevated temperature with the

range of study.

From the results, it can be concluded that the effect of the phosphor emission

intensity at elevated temperature is insignificant on the reduction of the solar cell

performance at elevated temperature. Therefore, the reduction of the PV cell per-

formance at higher temperature comes from the intrinsic properties of semiconductor

operation with increased temperatures as shown in Figure 6.21.

6.4.2 Binder

Various materials can be used for encapsulation of solar cells, but the used binder

in the experiments is Ethylene-Vinyl Acetate (EVA), also known as poly(ethylene-

vinyl acetate) (PEVA), is the copolymer of ethylene and vinyl acetate with chemical

formula (C2H4)m(C4H6O2)n. The chemical structures of ethylene and vinyl acetate

monomers and poly (ethylene vinyl acetate) is illustrated in Figure 6.8.

In the commercial production of EVA encapsulate, the binder is typically for-
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mulated with additives such as curing agent, UV stabiliser, antioxidant and adhesion

promoter [147, 148].

Figure 6.8: Chemical structures of ethylene and vinyl acetate
monomers and poly (ethylene vinyl acetate) [149].

EVA is widely used in the photovoltaic industry. It has many desirable properties

which make it the material of choice for this study:

• EVA is suitable encapsulating material for crystalline modules designed for a

25-year operational lifetime.

• EVA is easy to handle material as it is not adhesive at room temperature.

• EVA cross-linking allows a permanent and adhesive tight seal in the solar-cell

system as well as enhanced bonding when the EVA layer is heated [150].

• Cross-linked EVA has high optical transmittance, good adhesion to various PV

module materials, excellent dielectric properties, and significant moisture barrier

properties.

6.4.3 Solvent

Various organic solvents were screened to select an appropriate one for dissolving

EVA. The most favourable solvents for dissolving EVA are the aromatic-type ones

[151, 152]. Chlorinated aromatic solvents such as o-dichlorobenzene and chlorobenzene
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are suitable solvents for EVA dissolution [152]. However, they were excluded in the

study for health, safety and environmental reasons. The technology development

requires the search for alternative lower toxicity solvents that could provide with

appropriate morphology for enhanced solar cells.

The final morphology of the layer depends on many factors where the choice of

the solvent, annealing temperature and time are the most critical ones. Properties

of the solvent including the vapour pressure, boiling point and surface tension of the

solvent have great influence on the morphology of the deposited layer [153]. Table 6.2

summarises the properties of the screened solvents for this study.

Table 6.2: Physical properties of the solvents.

Solvent P-xylene [154] Chlorobenzene [155] Toluene [156]
Molecular Formula C8H10 C6H5Cl C7H8

Colour clear clear clear
Vapour Pressure (mbar at 20 ◦C) 8 12 29
Boiling Point (◦C) 138 131 111
Surface Tension (dyn/cm at 20 ◦C) 28.27 32.99 28.52
Viscosity (mPa/s at 20 ◦C) 0.648 0.8 0.6

6.4.4 Coating Process

Mono-Crystalline silicon solar cells XS156B3 from Motech were used. The c-Si

solar cells with an area of 15.6×15.6 cm2 were cut into three equal sizes by CTR

TMX90 laser machine. The EVA or Phosphor/EVA mixture is then blade screen

printed on top of random pyramids structure of Si3N4 reflective layer of the solar

cells. Only an area of 3×3 cm2 of each cell was coated. Then, the coated cells

were heated in the furnace to 190 ◦C at 10 ◦C/min. After the heating step, leads

were welded on them. Preparation of the EVA and EVA+Phosphor layers and their

deposition are described in the following subsections.
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6.4.4.1 EVA Layer

EVA was used in the experiment for encapsulation. EVA was supplied from STR

Solar company as a foil with a thickness of 0.40 mm. EVA foils were dissolved in

P-Xylene solvent in different ratios of 6, 10, 14 and 18 wt% where 300 mg of EVA

is used for each concentration. EVA sheet for the respective concentration is cut

into small pieces to facilitate the dissolving process. Then, EVA and P-Xylene were

mixed in a beaker using a magnetic stirrer for 15 minutes. After that, glass substrates

were coated with different ratio of EVA-solvent mixtures using doctor blade printing

technique to study the optical properties of the layer. Also, solar cells were coated to

examine the effects of the EVA layer on the electrical performance of the silicon solar

cell. The ratio of 18 wt% has resulted in a homogeneous layer of EVA applied on top

of the cell as well as presenting good optical properties of reflection and transmission.

Thus, this ratio was chosen for mixing with the luminescence phosphor.

6.4.4.2 EVA+Phosphor Preparation

Phosphor nano-powder Gd2O2S(Er0.2,Tb)0.01 produced at Centre for Phosphors

and Display Materials was used in the experiment. Different mass weights of the

phosphor powder of (1, 3, 5, 7) mg were dispersed in P-Xylene using the ultrasonic

bath for 15 minutes then the photo-luminescent solution is well mixed with EVA in

ratios of 18 wt%. Different concentrations of the phosphor powder were used in an

attempt to find the best concentration of the phosphor powder to the EVA that results

in an optimum energy conversion enhancement in the PV cell.

6.4.4.3 Layer Application

EVA and Phosphor+ EVA layers were deposited by doctor blade screen printing

technique. Figure 6.9 shows examples of the films produced these approach under
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UV light illumination where the top cell, shows a green emission, is coated with

Phosphor+EVA and the bottom cell is coated with EVA layer only.

Figure 6.9: EVA+Phosphor coated (top) and EVA coated (bottom)
solar cell under UV light excitation.

Doctor blade screen printing technique is a quick method for films deposition.

The coating process is illustrated in Figure 6.10. It starts with placing the guides on

the solar cell where the used guides in the experiments are low tack 0.1 mm thick from

(3M, UK). Then, a solution of EVA or EVA+Phosphor mixture is dropped through

pippet onto the solar cell between two guides near the edge After that; the solution

drops are spread by pulling the blade across the guides forming a luminescent layer

on the cell. Many factors affect the thickness of the film including the height of the

guides, the concentration of the mixture, the surface energy of the substrate and the

surface tension of the solution. However, the height of guides has the greatest impact

for controlling the thickness of the formulated layer [69]. Using this method, the

variation in thickness of the produced layer over the applied surface is ± 3 µm, but it

subject to the thickness of the guides. The variation in the thickness of the layer was

measured using roughness measurements by Talysurf instrument with a resolution of

0.1 µm.

The applied mixture of Phosphor and EVA formed a layer with a thickness of

about 9 µm on the surface of the solar cell. A schematic of the luminescent layer

applied on top of solar cell is illustrated in Figure 6.11.
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Figure 6.10: Doctor blade screen printing technique.

Figure 6.11: A schematic of the textured mono-crystalline solar cell with DC layer.
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6.5 Results and Discussion

6.5.1 EVA Layer

DSC measurement was used to find the required temperature and time for curing

the EVA sheet. Figure 6.12 shows DSC measurements of the raw EVA material.

Figure 6.12: The first (blue) and second (green) heating curve of raw EVA material.

The first heating curve, highlighted in blue, shows an endothermic melting peak

29.67 J/g proceeded by the exothermic curing peak with the curing enthalpy of 6 J/g.

The second heating curve, highlighted in green, shows a smaller melting peak (9.54

J/g vs. 29.67 J/g), and there is no noticeable curing exothermal peak. Therefore, by

comparing the first heating curve with the second heating curve, it can be seen clearly

that EVA raw material is cured completely after first heating to 220 ◦C.

Figure 6.13 shows transmission spectra of the EVA layers dissolved in P-Xylene

after the heating process. It can be seen that EVA layers were dissolved in the solvent

with the concentrations 6, 10, 14, 18 wt% have excellent transmission properties in

comparison to the glass substrate. The weight percentage (wt%) is calculated using
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Figure 6.13: Transmission spectra for EVA layers dissolved in
different concentrations of the solvent.

the Equation 6.1 where the mass of the polymer (EVA) is fixed, and the values 6, 10,

14, 18 wt% are obtained by varying the mass of the solvent. Since the height of the

guides and the coating procedures are similar for the produced layers, it means the

higher the values of the weight percentages, the more EVA content in the produced

layer is obtained. Therefore, the layer contains more additives such as curing agent,

UV stabiliser, antioxidant and adhesion promoter which result in a decrease in the

transmission as shown in the zoom in the wavelength band of (300-360) nm at the

knee of the transmission curves in Figure 6.13. The curve shows the transmission

spectrum of the glass substrate which has the highest transmission value. The coated

substrates with different wt% of the binder exhibit an excellent transmission with

properties similar to the glass substrate except the range from 300 to 360 nm where

the decrease of the transmission spectra of the layer corresponds to the increased

contents of the additives.

Mass of polymer

Mass of polymer(g) +Mass of Solvent(g)
= %wt of the polymer (6.1)
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Figure 6.14 shows the reflection spectra of the uncoated cell and coated cells with

EVA layers. Solar cells coated with EVA layers shows a significant reduction in the

reflection spectra in comparison to reflection spectrum of the uncoated solar cell over

the measured range. The decrease in the reflection is due to enhancing the trapping

properties of the light on the solar cells due to the addition of EVA layer.

Figure 6.14: Reflection spectra for EVA layers dissolved in different
concentrations of the solvent.

Figure 6.15 shows a photograph of the crystalline solar cell with an uncoated and

coated part with EVA. Also, the influence of EVA coating on the electrical charac-

teristics of the solar cell before and after heating is shown in the I-V curve. Before

heating, it can be seen that the electrical performance of the coated cell is lower after

the coating process. The effect of adding an uncured EVA layer is similar to the shad-

ing effects on the I-V curve of the solar cell due to reduced transparency. However, it

can be seen that cured EVA layer through the heating process enhanced the electrical

performance of the solar cell due the improved optical properties of the layer as shown

earlier in Figures 6.14 and 6.13.
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Figure 6.15: I-V curve of EVA coating before and after heat treatment at the
illuminated surface area of 8.544 cm2, 1000 W/m2 and 25 ◦C.

6.5.2 EVA/Phosphor Layer

6.5.2.1 Optical Properties

Figure 6.16 shows and compares the reflectance spectra of the uncoated, EVA

coated and EVA+phosphor coated solar cells. Comparison between these cells in-

dicates that phosphor coating on the surface of the Si wafer can effectively reduce

reflection and increase light absorption in the entire range from 200 to 800 nm. The

coated cells show a significant reduction in the reflectance in the UV range.
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Figure 6.16: Comparison of reflectance spectra for uncoated and coated cells.

6.5.2.2 Electrical Characteristics

Figure 6.17 shows the current versus voltage I-V curves and the power versus

voltage P-V curves for the solar cell before and after coating at the maximum enhanced

conversion efficiency obtained. It can be seen that the Isc has been increased from 280

to 289 mA due to light spectral conversion without any significant change in the open

circuit voltage value. The enhancement in Isc resulted in increasing the conversion

efficiency from 12.11% to 12.65%. Detailed I-V characteristics of the coated solar

cells are summarised in Table 6.3. It can be seen that the coating contributed to

enhancing the efficiency of the cells. By comparing the performances of the uncoated,

EVA and phosphor coating with different percentages, the enhancement brought by

EVA through reducing anti-reflection loss could be obtained.

Also, the results show that enhancement brought by phosphor coating with dif-

ferent percentages in a polymeric matrix can be also achieved. These enhancements

are shown in Figure 6.18 in which the efficiency enhancement brought by EVA, 1 mg, 3

mg, 5 mg, 7 mg is 0.23%, 0.41%, 0.54%, 0.28% and 0.18% respectively. As mentioned
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Figure 6.17: I-V and P-V curves of the solar cells at the maximum enhancement at
the illuminated surface area of 8.544 cm2, 1000 W/m2 and 25 ◦C.

Table 6.3: Electrical characteristics of the uncoated and coated cells
at the illuminated surface area of 8.544 cm2, 1000 W/m2 and 25 ◦C.

Cell Type
Isc Voc Pmax FF η
mA mV mW – %

Uncoated 0.280 0.548 0.0973 0.63 12.11
EVA 0.284 0.549 0.0992 0.64 12.34
Uncoated 0.280 0.548 0.0968 0.63 12.08
1 mg phosphor + EVA 0.286 0.549 0.1006 0.64 12.52
Uncoated 0.280 0.548 0.0969 0.63 12.07
3 mg Phosphor + EVA 0.289 0.549 0.1017 0.64 12.65
Uncoated 0.280 0.548 0.0968 0.63 12.07
5 mg Phosphor + EVA 0.286 0.548 0.0968 0.64 12.39
Uncoated 0.280 0.548 0.0969 0.63 12.06
7 mg Phosphor + EVA 0.281 0.548 0.0988 0.64 12.29
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Figure 6.18: Efficiency enhancement of the coated solar cells.

before the enhancement achieved by luminescent layer consists of two parts. One part

is enhancement brought by anti-reflection effects of the EVA layer and the other part

is the enhancement brought by the photo-luminescent effects of the phosphor powder.

Therefore, by comparing improvement brought by EVA and EVA with the phosphor

coating, the increase produced by down conversion effect of the luminescent layers can

be obtained. For phosphor coating with 3 mg, this absolute efficiency enhancement is

+0.54% which corresponds to 4.45% relative efficiency increase.

To further verify the experimental results, transmission analysis of the coated lay-

ers was investigated by coating a quartz and glass substrates using the same condition

used for coating the solar cells.

Figure 6.19 shows the transmission of the EVA and EVA with different phos-

phor concentration layers. It can be seen that the EVA coating has the highest

transmittance. Transmission spectra of the coated substrates show a decrease in the

transmission with increased concentration of the phosphor powder. The later explains

the reduction in the Isc and thus lower conversion efficiency. The Figure shows the

effects of using different substrates for the transmission of the layer. Quartz substrates
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have a better transmission in comparison to the glass substrates as well as the optical

cut-off wavelength goes down to 220 nm where the optical cut-off wavelength of the

glass substrate goes down to 270 nm. Thus, coated quartz substrates show better

optical properties in comparison to the coated glass ones. It should be noted that the

electrical characteristics were carried out without a glass or quartz cover. However, in

real life operation of photovoltaic solar panels, solar cells are encapsulated in a glass

cover. Therefore, the optical characteristics of the solar panel will be influenced by

the optical properties of the glass cover.

Figure 6.19: Transmission spectra of the Phosphor+EVA layers.

Figure 6.20 shows the absorption spectra of the quartz substrate and quartz

substrates coated with different percentages of the phosphor material. It can be

seen from the graph that the absorption of the layers increases with the increased

concentration of the phosphor powder in the layer. Absorption spectra correspond to

the layers are in good agreements with the transmission spectra reported in Figure

6.19.

Figure 6.21 shows the temperature coefficient of the uncoated cell, EVA coated

and Phosphor+EVA coated solar cell. It can be seen from the figure the drop of the
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Figure 6.20: Absorption spectra of the Phosphor+EVA layers.

open circuit voltage of the solar cells with increasing temperature of the solar cell.

Figure 6.21: Temperature coefficient of solar cells.

The internal quantum efficiency of the uncoated cell, EVA coated, and EVA

doped with different concentrations of the phosphor were measured and shown in

Figure 6.22 in order to obtain the optimum concentration of the phosphor in EVA
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layer.

By comparing the spectra of the EVA coated cell and the phosphor incorporated

into the EVA with different concentrations, an enhancement of the conversion effi-

ciency can be detected in the spectral region corresponding to the absorption of the

phosphor material incorporated in the EVA film. The increase in the concentration

of the phosphor corresponds to the increase in the magnitude of IQE spectra in the

UV region.

Figure 6.22: IQE spectra of the solar cells.

From IQE spectra, it can be seen that 1 and 3 mg concentrations provide with a

good response in the visible region. However, it can be concluded that 3mg is the best

concentration where it shows to absorb more photons in the UV region. These results

also confirm the improvement in the solar cell performance by the conversion from

the short wavelengths where the reduction in reflection was found to correspond to an

increase in the short circuit current of the solar cells. However, by comparing 5 and 7

mg concentration of the phosphor and EVA coated solar cells with the uncoated solar

cell, it can be seen an insignificant decrease in the visible light response of the solar
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cell. This decrease in visible light response could be expected to be greater with that

a higher concentration of the phosphor in the powder because the phosphor aggregate

at high concentration leads poor film quality due to low transparency because of light

scattering.

6.5.3 Microstructure of the Phosphor-Coated Solar Cell

Figure 6.23 shows cross-section SEM image of the solar cell coated using doctor

blade screen printing technique. The image shows the good uniformity of the deposited

luminescent layer with a thickness of 9.3 µm on top of a pyramidally textured surface

of the silicon solar cell.

Figure 6.23: Cross section SEM image of the coated cell with EVA+phosphor.

Figure 6.24 shows low magnification SEM image in backscattered mode of the

top surface of the photo-luminescent layer with 3 mg of the phosphor. The top image

of coating layer exhibits a granular feature due to phosphor particles. EDX results

confirmed the presence and composition of the phosphor nano-powder.

The granular feature of the top image is in good agreement with the results

obtained by Chen et al. [137]. However, the obtained results look very similar to the

tops of the random pyramids. To confirm that the obtained structure is due to the

phosphor and not because of the pyramidal structure of the top surface of the silicon
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Figure 6.24: EDX spectrum and top SEM image of the coated solar
cell with EVA and phosphor.

cell, surface analysis using EDX of two silicon solar cells were tested. One cell is coated

with EVA only while the other is coated with EVA and phosphor with a concentration

of 3 mg. The coating was carried out with the similar coating conditions to obtain

the same thickness for both coated cells. The granular feature was not detected in the

Figure 6.25: EDX images of the EVA + Phosphor (left) and EVA (right) coated cell.

solar cell coated with EVA only even at high magnification whereas it is noticeable in

the other sample coated with phosphor and EVA. This was confirmed by the results

of the selected areas on both cells shown in Table 6.4 where the selected area shows

the presence of Gadolinium only in the sample coated with phosphor and EVA and it

not detected in the other sample. Furthermore, when selecting the granular feature

(S1, S2, S3) of the coated cell gadolinium feature was presented while when selecting

a black spot as in S4 gadolinium was not detected.
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Table 6.4: Values of the EDX spectra of the coated silicon solar
cells with EVA+phosphor and EVA only.

Sample C Gd O Si Total

EVA+Phosphor

S1 86.31 10.11 2.50 1.08 100
S2 86.77 9.41 3.19 0.63 100
S3 87.04 9.57 2.67 0.72 100
S4 85.96 – 10.38 3.66 100
A 82.52 1.07 13.13 3.11 100

EVA A 85.88 – 11.41 2.71 100
All results shown in the table are in weight %, S refer to selected Spot and A to Area.

In general, it can be seen from EDX analysis a presence of Si due to the silicon

substrate of the solar cell, Carbon presence is due to EVA binder, Oxygen due to

heat treatment of the binder and gadolinium due to the phosphor. It can be seen in

the analysis that Terbium and Erbium are not detected as their concentration in the

phosphor encapsulated in EVA binder is below the detection limit for EDAX which

is between 0.2-0.5 %(w/w).

6.5.4 Combined EVA/Phosphor/Silicon Oxide layer

This section presents the results of combining silicon oxide film together with the

phosphor layer. Solar cells were coated with two layers consist of a layer of silicon

oxide and a layer of a composite of EVA and Gadolinium Oxysulfide doped with

erbium and terbium as shown in the schematic in Figure 6.26. Solar cells were coated

with silicon oxide film with the condition in which the optimum enhancement was

obtained for solar cells with a single layer of silicon oxide with coating conditions of

(Bias voltage 100V, 15 minutes deposition time, TMS flow rate of 25 (cm3/min) and

20 g of the KMnO4 oxidising agent). The second layer of the luminescent composite

layer is produced under the same conditions as outlined in this chapter.

This design allows the use of silicon oxide which has excellent anti-reflection

properties and a layer of the luminescent phosphor for solar cell enhancement. The
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Figure 6.26: A schematic of the textured mono-crystalline solar cell
with SiO2 and DC layers.

luminescent layer plays a part in modifying the solar spectrum in which UV and

visible light photons are converted into less energetic photons that can be utilised

into a useful energy by the solar cell while the silicon oxide layer could play a part in

further reducing the reflection of silicon solar cells.

This design is shown potential for efficiency improvement of crystalline silicon

solar by a recent study by Yang et al. who used the combination of europium doped

silicate phosphors downshifting and SiO2 anti-reflective coating. The authors demon-

strated an absolute enhancement of two percent in the conversion efficiency of the

solar cell [157].

Figure 6.27 shows transmission and absorption spectra of the layer of EVA and

phosphor (3 mg) and layer of EVA, phosphor (3 mg) and SiO2. The results showed a

similar tendency to the results obtained for solar cells coated with a composite of EVA

and phosphor. It can be seen from the figure a reduction in the transmission of the

layer of EVA+phosphor+SiO2 in comparison to the EVA+phosphor layer due to an

increase in the absorption in the coating containing SiO2 as shown in the absorption

spectra.

Figure 6.28 shows the conversion efficiency of the solar coated with EVA+phosphor

on a monocrystalline solar cell coated with a layer of SiO2 at different concentrations

of the phosphor. The parameters of the solar cells are presented in Table 6.5. It
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Figure 6.27: Transmission and absorption spectra of the layers.

Figure 6.28: Conversion efficiency of the solar cells.
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Table 6.5: Electrical characteristics of the uncoated and coated cells
at the illuminated surface area of 8.544 cm2, 1000 W/m2 and 25 ◦C.

Cell Type
Isc Voc Pmax FF η
A V W – %

Uncoated 0.2991 0.548 0.10328 0.63 12.080
1 mg phosphor + EVA + SiO2 0.3079 0.548 0.10631 0.63 12.434
Uncoated 0.2990 0.548 0.10324 0.63 12.075
3 mg Phosphor + EVA + SiO2 0.3117 0.548 0.10764 0.63 12.590
Uncoated 0.2989 0.548 0.10319 0.63 12.070
5 mg Phosphor + EVA + SiO2 0.3054 0.548 0.10543 0.63 12.332
Uncoated 0.2987 0.548 0.10314 0.63 12.064
7 mg Phosphor + EVA + SiO2 0.3011 0.548 0.10397 0.63 12.161

can be seen an increase in the conversion efficiency of the coated solar cells with an

EVA+phosphor+SiO2 layers in comparison to the uncoated ones. The optimum con-

centration was found with a concentration of 3 mg of the phosphor. The efficiency

curve shows a similar tendency to the earlier reported curve for the solar cells coated

with a composite of EVA+phosphor. However, a reduction in the conversion efficiency

of the solar cells was obtained by adding a layer of silicon oxide in comparison to the

obtained efficiency using the luminescent layer of the phosphor and EVA.
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6.6 Conclusion

This chapter demonstrated the possibility of enhancing the performance of com-

mercial PV cell by using spectral conversion by applying a phosphor material dispersed

in a polymeric matrix on top of mono-crystalline solar cells.

Blade screen printing technique formed a layer with a good uniformity, and this

method can apply to other powder phosphors. The results demonstrated that the

coating can effectively increase the values of the short circuit current and consequently

the conversion efficiency.

A relative enhancement of 4.45% has been demonstrated in this study. The

photo-luminescent layer did not serve only as a spectral conversion layer for one part

of the solar spectrum but also as a low reflective layer for a different part of the solar

spectrum. Thus, it can be concluded that the enhancement in the conversion efficiency

is due to the effects of the properties of EVA binder and the phosphor and the top

surface structure of the silicon solar cell.

The design of double layers of the luminescent composite and silicon oxide showed

a deterioration in the improvement in the energy conversion efficiency of solar cells in

comparison to the luminescent composite coating.

The same method can be optimised and extended to a spectral range more suit-

able for PV application by tuning the absorption and emission of the phosphor into

more desirable wavelengths.
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Chapter 7

Conclusions and Future Work

The primary goal of this research is to investigate the application of oxide coatings

on the performance of crystalline silicon solar cells. The investigated oxide layers

were silicon oxide, titanium oxide and gadolinium oxysulfide doped with terbium and

erbium. A considerable motivation in this study is to avoid the use of a silane, as

it is toxic and pyrophoric and thus provides a safer alternative way of delivering the

passivation coating that can be employed in the preparation of silicon solar cells.

Oxide coatings for solar cells were applied successfully using various techniques in

this study. PECVD technique is used for deposition of silicon oxide layers. Sputtering

which is part of PVD technique is used for the deposition of titanium films. Doctor-

blade-screen-printing method is used for applying the luminescent layer. Furthermore,

the oxide layers are deposited without substrate heating as heat treatment at high

temperatures in silicon solar cells processes could introduce defects into the silicon

solar cell, which offers a significant advantage for solar cells manufacturing; and would

be a key driver for successful implementation in the c-Si solar cell manufacturing

industry.

Silicon solar cells coated with silicon oxide films can reduce reflection from the

silicon surface and contribute to the increase of the conversion energy of the solar
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cells on one hand while the variety of colours obtained in this study can be of great

importance for building integrated photovoltaic application on the other hand.

With optimised oxygen diffusion in the silicon films for solar cells coated with a

single layer of silicon oxide can yield a competitive electrical conversion efficiency in

comparison to a double layer of silicon oxide coating. Also, double ARC is more flexible

to modulate colours while maintaining good passivation quality. Various coloured

mono-crystalline silicon solar cells were obtained by depositing an additional layer of

silicon oxide with better performance can be achieved in comparison to uncoated cells

where the solar cells showed a relative enhancement of about 3% in the conversion

efficiency.

The majority of commercially available monocrystalline solar cells in the market

are of either dark-blue or black colour, and this can be an aesthetical disadvantage of

PV products. When solar cells are colourful, more aesthetically pleasing PV devices

are an option, and can play a significant part in boosting its integration in the market

or any other application such as PV for electrical vehicles. Therefore, the work on the

silicon oxide can be extended to produce more colourful solar cells.

Titanium layers were deposited using two different configurations of the sputter-

ing techniques, namely DC and RF sputtering. Deposited titanium films oxidised in

the plasma using the KMnO4 oxidising agent did not yield competitive results in com-

parison to the thermal oxidation method. In this chapter, the effects of a single layer

of titanium oxide and double layers of titanium oxide and silicon oxide on the perfor-

mance of silicon solar cells were studied. Titania nanoparticles produced by HTSD

method for energy band-gap comparison study in Chapter 5 could find application

for dye-sensitised solar cells (DSSCs). Since titania nanoparticles are stable, nontoxic

and have a relatively high transmittance in the visible spectrum. The anatase phase

is favoured due to its excellent photocatalytic properties and wide direct band gap.

Therefore, it becomes a promising nanoparticle material for applications in DSSCs.
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The best results of the application of oxide layers in this thesis were obtained

by applying phosphor coating of the solar cells. A relative enhancement of 4.45%

has been demonstrated in this study. The design of double layers of the luminescent

composite and silicon oxide showed a deterioration in the improvement in the energy

conversion efficiency of solar cells in comparison to the luminescent composite coating.

The overall benefit in short circuit current and conversion efficiency that has

been achieved in this thesis is rather small for mono-crystalline silicon PV cells. The

efficiency of the commercial PV modules is progressively boosted by improving the op-

toelectronic properties of solar cells at production scale. Adopting the used techniques

thesis at commercial production scale would add a little to the current conversion ef-

ficiency. However, such an action could be based on environmental considerations

rather than efficiency enhancement due to safety consideration of using silane gas as

silicon precursor or toxicity of cadmium used in luminescent materials in the which

are highly in use in the production process.

Blade screen printing technique formed a good photo-luminescent layer which did

not serve only as a spectral conversion layer for one part of the solar spectrum but

also as a low reflective layer for a different part of the solar spectrum. Films produced

by doctor blade screen printing technique in the experimental work used a single type

of the guides for comparison purposes for the effects of phosphor concentration on the

performance of the solar cell. A variety of thicknesses of the luminescent layer can

be obtained by using guides with different heights. Also, this deposition techniques

could be improved to produce different shapes and sizes of the luminescent layer to

meet the requirements of BIPV.

An interesting avenue for future work is to explore new photo-luminescent ma-

terials for up-conversion. Since the up-conversion layer is placed at the bottom of

the solar cells, it has the advantages of avoiding forming a barrier to the incident

light on the top surface of the solar cell. Spectral conversion is a promising option

141



to overcome the existing weaknesses of commercial silicon PV solar cells. Therefore,

it attracts scientists and engineers continuously to improve the solar cells efficiency

beyond the theoretical limit. Suitability, availability and prices of the luminescent

material can be the most challenging factor in the application of luminescent layers to

the PV solar cells. It is expected that a significant breakthrough of implementation

luminescent materials for solar cells may come through the development of rare-earth

ion complexes. This could be acquired by developing materials with an expanded

absorption band of un-utilised part of the solar spectrum by the solar cell and an

emission to desirable wavelengths were the solar cells show a better response. Spec-

tral conversion is associated with modifying the solar spectrum and not the structure

of the solar cells. Thus, the effects of the luminescent layer can not be limited to

mono-crystalline solar cells and it can find applications in other PV technology.

Since phosphor serves as spectral conversion layer in which converts parts of UV

light to visible light, it is expected that phosphor coating would reduce the EVA

degradation due to UV light exposure. Therefore, this could be investigated and add

a significant value of doping EVA with luminescent species.

Commercial solar panels come with a 25 year as standard. Therefore, it is im-

portant to conduct environmental testing by an outdoor installation of silicon solar

cells with the deposited materials to observe their durability for the implementation

in the photovoltaic market.
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Soldering Solar Cells

After preparing the required size of the solar cell, soldering solar cells can be

completed using a 1.2 mm wide and 0.1 mm thick solder coated tabbing wire for solar

cell consists of oxygen free soft copper clad with silver, tin and lead, supplied from

(Torpedo Speciality Wire Inc., USA). The tabbing wire physical properties are shown

in Table 1. Soldering solar cells was carried out using the following procedures:

• Before soldering solar cells, it is a good practice to do soldering on broken ones.

• The tabbing wire was cleaned and cut to 50 mm length.

• Rosin flux pen, no-clean soldering flux pen, was used to paint the flux on the

tabbing wire.

• The soldering iron was heated to 350 ◦C. The temperature of the soldering iron is

controlled by a soldering station (TENHAM model). It is important to keep the

temperature for soldering, and the pressure applied as low as possible because

differences in the thermal and mechanical properties of the used silicon solar cell

and the tabbing wire cause a residual stress around the bonding area leading to

cracks in the crystalline solar cell [158].

• Two tabbing wires were soldered to the solar cells, the tabbing wire was placed

on the top of the front surface of the cell, and the soldering iron is dragged along

it. Similarly, the second wire was soldered onto the back side of the cell.

Table 1: Physical properties of the Sn-Pb-Ag solder [159].

Composition Copper Tin Lead Silver
Standards (%) 0 36 2 62
Physical state Solid
Colour Gray
Melting point 179 ◦C (solder alloy)
Yield strength <90 N/mm2
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Calibration of Thermocouples

The temperature unit used in the experiment consists of a thermocouple in con-

tact with the back of the solar cell and data acquisition system connected to the

computer. The thermocouple is a type of temperature sensor. It is made by joining

two dissimilar metals at one end. The first joined end is referred to as the hot junction

which is exposed to heat where the other end is the cold junction in which is formed

at the last point of thermocouple material. Once a difference in temperature between

the hot and cold junction occurs, a small voltage is created. This voltage is used to

indicate temperature [160].

Figure 1: Schematic of the temperature data acquisition system.

The used thermocouples in the experiments were Type K thermocouple which

is made from chromel (positive leg) and alumel (negative leg) alloys with a tip di-

ameter of 1.5 and temperature range from -70 to 250 ◦C. Thermocouples and Data

loggers were purchased from (Pico Technology, UK). The limits of error stated by

the manufacturer, adhered to the American Society for Testing Materials (ASTM)

specifications, is greatest of 0.75% of the reading in ◦C [161].

Figure 1 shows a schematic of the Temperature Data Acquisition System (TDAS).

To establish the error for TDAS including the error for thermocouples, extension wire

and data logging device used in the experiments. TDAS is connected to a portable

OMEGA model Cl-3512A thermocouple source as can be seen in Figure 2 which

provides with equivalent temperature millivolt simulated signals in accordance with

ASTM standards. The calibration device is a cold junction compensated for ambient

temperature variations and provides a thermocouple connector output [162].

A 10 point calibration curve is created across the temperature range of (10-50)◦C.

The calibration curve for the used thermocouple is shown in Figure 3. Each point on

the calibration curve is a representation of the average results from 4 readings of the

thermocouples. The standard deviation (σ), is taken for each set of readings, where
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Figure 2: Calibration of thermocouples and data logger.

(σ) is used in instances where the uncertainty is associated with the measurements of

a known value such as calibration of thermocouples. Standard deviation is calculated

using Equation 1:

σ =

√∑
(x− x̄)2

n− 1
(1)

Figure 3: Calibration curve for thermocouples.

The ◦C error at each temperature is calculated using the gradient of the cali-

bration curve, as shown in figure 3. The error is calculated as a percentage of the

reference temperature provided by the OMEGA thermocouple source simulator. Cal-

ibration data for thermocouple are summarised in Table 2.
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Table 2: Calibration data for 1.5 mm thermocouple.

Ref
TC1 TC2 TC3 TC4 Average

Standard Standard
Deviation Deviation Uncertainty

(mV) (mV) (mV) (mV) (mV) (mV) (◦C)
10 -0.655 -0.658 -0.653 -0.658 -0.656 0.00245 0.058 0.58%
15 -0.449 -0.455 -0.45 -0.453 -0.420 0.00275 0.066 0.44%
20 -0.250 -0.257 -0.254 -0.259 -0.255 0.00392 0.093 0.47%
25 -0.048 -0.046 -0.047 -0.043 -0.046 0.00216 0.051 0.21%
30 0.158 0.163 0.152 0.157 0.158 0.00451 0.107 0.36%
35 0.397 0.404 0.400 0.395 0.399 0.00392 0.093 0.27%
40 0.604 0.605 0.601 0.610 0.605 0.00374 0.089 0.22%
45 0.805 0.813 0.799 0.804 0.805 0.00580 0.138 0.31%
50 1.013 1.007 1.018 1.001 1.010 0.00737 0.175 0.35%

Preparation of SEM Samples Using Sputter Coater

The standard coating procedures using POLARON sputter coater is as follow:

Before placing the samples in the vacuum chamber, check the LEAK valve is

closed, and Argon gas regulator is open and set the pressure to 0.7 bar. Then, shut

the sputter coater lid and press the MANUAL button. Set the coating time for 30

seconds and 1.5 KV respectively before starting the rotary pump by pressing the

START SEQUENCE button. After that, the chambers pressure metre will fall to

about 10−1 mbar where the LEAK valve will open for 5 seconds purging the system

with a processing gas. The system will continue to pump down.

When reaching an ultimate pressure approximately 1×10−2 mbar, operate the

START button to start the coating process in which the plasma will strike, and the

sputtering process will deposit target material on the base plate. On completion of

the sputtering process, the plasma discharge will extinguish, and the END indicator

will illuminate.

To vent the system, press and hold the VENT/STOP button. The Vent indicator

will illuminate, and the rotary vacuum pump will stop, and the chamber will be vented

to Argon gas. Wait for the chamber to pressurise and remove the coated samples. Shut

the chamber lid and switch of the argon gas.
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Preparation of DSC Samples

Preparation of DSC samples requires a precision microbalance placed on a stable

table, latex gloves, tweezers crucible box with crucibles, a crucible ceiling press and

DSC samples.

DSC samples are enclosed in a sample pan to avoid the direct contact between

sample, furnace and sensor. Standard aluminium sample pans and covers from (PerkinElmer,

USA) with the volume of 50 µl [163] were used. DSC sample consists of uncured

Ethylene-Vinyl Acetate (EVA) sheet supplied from (STR solar, USA) with a thick-

ness of 0.4 mm. Small discs were cut from EVA sheet to be used for the different

experiments. The mass of a disc was typically about 10 mg.

The procedures for preparing samples for DSC measurements are as follow:

• Check the level of balance, the air bubble should be at the centre of the black

circle. Then, tare the scale to zero with a crucible and a lid.

• Insert 10 mg of EVA disc into the crucible.

• Weigh the whole (crucible + lid + material) to determine the mass.

• Crimped pans improve the thermal contact between the sample, pan and disc,

reduce thermal gradients in the specimen, minimise spillage, and enable reten-

tion of the sample for further study.
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