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Yiiksek Lisans Tezi

OZET

KRISTAL SILISYUM GUNES HUCRELERI ICIN TEK, CIFT VE COK KATMANLI
YANSIMAYI ONLEYICIi TABAKALARIN TASARIMI VE SIMULASYONU

Al Montazer MANDONG

Karadeniz Teknik Universitesi
Fen Bilimleri Enstitiisii
Elektrik-Elektronik Miihendisligi Anabilim Dali
Danisman: Dr. Ogr. Uyesi Abdullah UZUM
2019, 49 Sayfa

Glines hiicrelerinin yiizeylerine gelen fotonlarin bir kism1 dalga boylarina gére yansir,
bir kism1 emilir veya hiicre igerisinden emilemeden gegerler. Yansiyan ve sogurulamayan
fotonlar optiksel kayip olarak sonuglanacaktir. Dolayisiyla tasiyict olusumuna katki
saglayamadiklar1 i¢in hiicre veriminin diismesine neden olmaktadirlar. Bu nedenle, giines
hiicrelerinde hiicre yiizeyine gelen fotonlarin maksimum seviyede sogurulmasi ve bu sayede
tasiyict olusumuna katki saglayarak yiiksek verim elde edilebilmesi igin ¢ok énemlidir.
Yansimay1 6nleyici yontemlerden bazilari standart olarak kullanilan yiizey piiriizlestirme ve
yansimay1 onleyici ince film uygulamalaridir. Ozellikle yansimayr onleyici ince filmler
kullanilarak optiksel sogurmay1 arttirarak yansimayi énlemek ve hiicre verimini arttirmak
yiikksek verimlere ulasabilmek i¢in son derece gereklidir. Yiiksek verimli hiicreler i¢in en
uygun malzemenin ve parametrelerin belirlenmesi ve bu tiir ince filmlerin giines hiicrelerine
uygulanmasini simiilasyon ¢aligmalariyla ortaya koyabilmek 6nemlidir. Bu ¢alismada kristal
silisyuam  giines hiicreleri i¢in yansimayr Onleyici tabakalarin ¢alisma prensipleri,
matematiksel olarak parametrelerinin belirlenmesi ve simiilasyon c¢aligmalart farkli
yontemler kullanilarak hesaplanmis ve deneysel verilerle karsilagtinnlmistir. Tek, ¢ift ve ¢ok
katmanli yansimay1 6nleyici ince filmler i¢in matematiksel ¢alismalar MATLAB programi
ile her yontem igin ayr1 ayr ele alinmis ve deneysel dlgiimlerle karsilastirilarak dogruluklart
teyit edilmistir. Ayrica, PCID simiilasyon programi yardimiyla matematiksel olarak

belirlenmis optimal degerlerle giines hiicreleri simiilasyonlar1 ger¢eklestirilmistir.

Anahtar Kelimeler: yansimay: énleyici tabaka, giines hiicreleri, yariiletken aygitlar,
ince filmler, simiilasyon
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Efficient absorption of light into the device is of utmost importance in the design of an
efficient solar cells. A portion of incident light is reflected due to inherent reflectance of the
materials used in fabricating the solar cell. These reflections can significantly reduce the
generation of charge carriers which results to lower efficiency. One of the most important
technique that became an integral part of modern solar cells today in order achieve maximum
efficiency is the antireflection coating layer. Antireflection coating is a thin layer of dielectric
material deposited on the silicon substrate in order to reduce the optical losses due to
reflection and increase the transmittance of light, thus improving the solar cell’s overall
efficiency. An accurate computer simulation based on fundamentals of light and thin films
are needed in order to select the best design of antireflection coating layers for the optimum
performance of the solar cell. This study aims to understand the fundamental working
principles and the mathematical equations of thin films that are used as antireflection
coatings on crystalline silicon solar cells. Mathematical equations for single, dual and multi-
layered ARC are presented and simulated with the use of MATLAB. Various experimental
measurements were used to validate the accuracy of the mathematical equations that are used
in this study. In addition, PC1D simulations are also used for validating the reflectance
spectra and measuring the performance of solar cells with different combinations of

antireflection coating.

Key Words: antireflection coating, solar cell, semiconductor device, thin films, simulation
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1. INTRODUCTION

Conventional sources of energy such as gasoline, diesel, coal and natural gas are
proven to create substantial damage to the environment by emitting environmentally harmful
gasses that can be hazardous to living organisms in its surrounding and can also result to a
global rise in temperature [1]. Due to foreseen damage of using conventional fossil fuels and
the need to find alternative sources of energy, renewable energy systems became an integral
part of the solution to meet the current and future energy demands without relying on
conventional sources. Out of all the renewable energy sources, the energy radiated by the
sun is one of the most promising source of clean energy. If harnessed efficiently, the energy
radiated by the sun incident to the Earth’s surface can provide an enormous amount of energy
which is sufficient to meet the world’s current and future energy demands [2].

To efficiently harness the sun’s light energy, understanding the fundamental properties
of light and how to convert it into other more practical forms such as electricity and heat are
crucial for engineers and researchers. High efficiency crystalline silicon solar cells are the
most widely used solar cell in the industry due to its high conversion efficiency and long-
term stability in various weather conditions. In order to produce a high-efficiency solar cell,
a good combination of antireflection coating is essential in order to reduce optical reflections
and increase the transmission of light in wide range of wavelengths. Selecting the proper
combinations materials for antireflection coatings are complex, especially when dealing with
multiple layers. Understanding the mathematical equations pertaining antireflection coatings
and using it in a simulation software can greatly help researchers in selecting the right
combination of materials that will achieve the lowest possible reflectance which results to

higher device efficiency.

1.1. Thesis Objectives

The aim of this research is to present the fundamental working principles of crystalline
silicon solar cells and antireflection coatings. The basic structure of both solar cell and
antireflection coating are thoroughly studied and presented. VVarious mathematical equations
are used in order to measure and simulate the reflectance spectra of different combinations



of commonly used dielectric materials that are used as antireflection coatings for crystalline
silicon solar cells.

This study aims to understand the fundamental working principles and mathematical
equations of thin films that are used as antireflection coatings on crystalline silicon solar
cells. Mathematical equations for single, dual and multi-layered ARC are presented and
simulated with the use of MATLAB. Various experimental measurements from different
literature are used with the permission of their authors to validate the accuracy of the
mathematical equations that are used in this study. In addition, PC1D simulations are also
used for validating the reflectance spectra and measuring the performance of solar cells with
different combinations of ARC.

1.2. Purpose of the Study

Antireflection coating (ARC) has been an integral part of the modern high efficiency
solar cells. It helps to reduce optical losses due to reflection and maximize the transmission
of light which results to higher generation rate and higher overall efficiency. Numerous
combinations of different dielectric materials have been investigated by various researchers
in order to obtain the lowest possible reflection on wide range of wavelengths in the visible
spectrum which is the most important spectrum for solar cell operations. Although many
papers have been published on the results of different combinations of dielectric materials
on different types of solar cells, a paper which thoroughly investigates and presents the step
by step mathematical equations that are required in order to measure and simulate the
reflectance spectra of different layers of antireflection coatings for solar cells are rare.

I have chosen to work on simulation of antireflection coatings for silicon solar cells
because there is limited reference for a thorough explanation on the detailed mathematical
equations that are governing the working principles. Understanding the mathematical
equations that governs the properties and behavior of light on multilayered thin films on a
silicon substrate can greatly help in achieving more efficient solar cells in the future without
spending huge amount of money on complicated laboratory experiments that intends to find
the best combination of dielectric materials in order to achieve the highest possible efficiency
of solar cells. Instead of focusing on experiments on the combination of ARCs, researchers

can now focus more on the material, optical and electrical properties of each material that



are used on solar cells and achieve better quality solar cells that can withstand harsh weather

conditions and still function efficiently.

1.3. Thesis Outline

This thesis is organized as follows, Chapter 1 presents the general introduction about
current issues in renewable energy and photovoltaics industry. Chapter 2 presents the
working principles of crystalline silicon solar cells and the performance measurements of
solar cell operations. Chapter 3 explains the fundamental working principle behind thin films
and antireflection coatings which presents the properties of light and its interactions with
other materials. In Chapter 4, various mathematical equations that are governing the
reflection and transmission of light in various layers of antireflection coatings on crystalline
silicon solar cells are presented. In addition, PC1D simulations are also added in order to
present the effect of antireflection coating on the overall efficiency of the solar cell. Chapter

5 presents the conclusions and suggestions for future studies that are related in this work.

1.4. World Energy Consumption

Electricity became an essential part of our modern societies in order to achieve a better
quality of life. The demand for electricity is steadily rising due to numerous infrastructures
and beneficial activities around the world. According to the World Energy Outlook 2017
published by the International Energy Agency (IEA), the worldwide spending on energy in
2017 alone is more than 2 trillion dollars. This massive amount of money was spent on
different types of energy sources such as coal, gas, hydro, solar and other energy sources.
The amount is foreseen to continually rise in the future due to the rising worldwide demand
for electricity, especially in developing nations [3]. Figure 1 shows the global energy
expenditure by source and scenario. New Policy Scenario (NPS) graph considered when
various countries adopt different policies and use oil-based products as the main source of
energy and electricity while Sustainable Development Scenario (SDS) graph means that
majority of countries worldwide will adopt policies to make various renewable energy

sources as their primary source of electricity in the future.
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Figure 1. Global energy expenditure by source and scenario [3]

1.5. Importance of Renewable Energy

Our world is facing huge challenge on how to produce sufficient energy without
significantly harming our environment. Scientists, researchers and thinkers came to an
agreement that the world needs to cut its carbon dioxide emissions in order to prevent or
minimize the impact of global warming [1, 4]. The use of conventional energy sources in
powerplants, automobiles and other machineries are the primary cause of huge carbon
dioxide deposits in our atmosphere which in turn causes a global rise in temperature that
causes an increase in natural disasters around the world. This led to a consensus between
various developed nations to promote certain policies which will lead to sustainable
developments in the future. One of the most important solution in this global crisis is the
transition from using traditional energy sources to renewable energy [1].

1.6. Renewable Energy Usage

According to the Renewable Energy Statistics published by International Renewable
Energy Agency (IRENA), the use of renewable energy systems skyrocketed in the past few
decades amounting to a total capacity of more than 2 million megawatts (MW) in 2016 [5].
This amounts to more than 200% increase in generation capacity compared to 2007. This
increase in energy generation capacity corresponds to the fast evolution of renewable energy
systems which are becoming more and more cheaper as years pass by and is foreseen to



become more cheaper than conventional energy sources in the near future [3]. Figure 2
shows the total capacity of renewable energy systems worldwide from 2007 to 2016. Among
these renewable energy sources, solar or photovoltaic (PV) energy systems has the highest
added capacity and foreseen to be the most widely used renewable energy system in 2040

[5].

2500000

2000000

1500000
1000000

500000 I I
0

2008 2009 2010 2011 2012 2013 2014 2015 2016

Year

Total Capacity (MW)

Figure 2. Global renewable energy capacity in MW from 2007 to 2016

Figure 3 shows the global annual average capacity added in the power sector and the
forecast of from 2017 to 2040 [3]. Solar PV system is highly sought after by investors due
to the rapid decline of the price per MW in the market due to mass production and

development of higher efficiency solar cells.
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Figure 3. Global average annual capacity additions from 2017 to 2040 [3].



1.7. Solar Cell Efficiencies

Solar cells rapidly evolved since the discovery of photovoltaic effect by the French
scientist Edmond Becquerel in 1839 [2]. Enormous amount research are being conducted on
combinations of different materials and techniques in order to increase the quality,
efficiency, and reduce production costs of each solar cell. These led to the development of
various types of solar cells with different structures and combination of materials. Figure 4

shows the timeline of various types of solar cells and their corresponding efficiencies [6].
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Figure 4. Solar cell efficiency timeline [6]

In this figure, we can see the evolution of efficiencies of various type of solar cells
from different universities, research laboratories, and leading manufacturing companies in
the solar cell industry worldwide. A solar cell with more than 40% efficiency in standard
test conditions is now available and under the developmental stage in leading research

laboratory such as Frauenhofer, Soltec, NREL and others.



1.8. Types of Solar Cells

Solar or photovoltaic cell is a semiconductor device which directly converts sunlight
into electricity through a phenomenon called photovoltaic effect. Photovoltaic effect is a
phenomenon that happens when the energy of a photon that is absorbed by the semiconductor
material is larger than the energy of its band gap, thus creating an electron-hole pair which
can be collected and converted into electricity. The energy of the photon incident on the
surface of the semiconductor material will be absorbed by the semiconductor if its energy is
equal or higher than its band gap, the absorbed photon excites an electron to break away
from its valence band to conduction band which results in production of excess charge
carriers [2, 4].

Solar cells are usually named after the semiconductor materials that are used in its
substrate or absorber layer. Some solar cells are designed for terrestrial use while some are
optimized for outer space applications. A solar cell can be constructed using a single or
multiple layers of different semiconductor materials. Multiple-layered materials have
advantage in absorbing wide range of wavelengths of light and have better separating
mechanisms of charge carriers. There are many types of solar cells that are available on the
market and in developmental stage in various laboratories. These solar cells can be classified
into three generations [7, 8].

e First Generation or conventional solar cells are made from crystalline silicon.
Crystalline silicon solar cells are the most widely used solar cell in the industry today,
with a global market share of more than 90%.

e Second Generation solar cells are made from different semiconductor materials such
as amorphous/thin film silicon, CdTe and CIGS that are made into thin-film solar
cells. Thin-film solar cells are widely used in large-scale PV stations and stand-alone
PV systems.

e Third Generation or Emerging Photovoltaics are solar cells which are still in the
development / research phase and are not yet available on the market. Many of these
solar cells use organic, organometallic and inorganic materials in order to achieve
higher efficiency than the conventional solar cells. Huge investments are made on
research and development of these type of solar cells as they have the potential to

make a high efficiency, low cost solar cell in the near future.



1.9. Crystalline Silicon (c-Si) Solar Cells

More than 90% of globally produced solar cells are based on crystalline silicon
substrate and is by far the most important material in photovoltaics industry [8]. There are
two types of crystalline silicon solar cells available in the market, monocrystalline and
polycrystalline. Monocrystalline silicon is a crystalline solid material in which the crystal
lattice is continuous and unbroken until the boundaries. Polycrystalline silicon or polysilicon
is a material that consists of many small monocrystalline grains which are mixed in random
orientations. Monocrystalline has one uniform color while polycrystalline has clear random
grains that are visible even to the human eye [9]. Monocrystalline silicon solar cell has higher
efficiency compared to polycrystalline solar cells due to lesser defects thus having longer
recombination time for charge carriers. Figure 5 shows the monocrystalline and

polycrystalline solar cell wafers.

Figure 5. Monocrystalline and polycrystalline silicon wafers [10]



2. WORKING PRINCIPLES OF CRYSTALLINE SILICON SOLAR CELLS

2.1. Structure of c-Si Solar Cells

The basic structure of high efficiency crystalline silicon (c-Si) solar cell is shown in
Figure 6. It is composed of front contacts, antireflection coating, emitter layer (N-type),

absorber layer (P-type), back surface field and aluminum back contact.

Antireflection Coating Front contacts

Emitter Layer

Absorber Layer

Back Surface Field
Back Contacts

Figure 6. Basic structure of a crystalline silicon solar cell

. Antireflection coating is an additional layer of thin-film that significantly eliminates
optical reflections and increase light transmission on the solar cell. Emitter and absorber
layers are responsible for generating and transporting charge carriers. Back surface field is a
heavily doped layer which acts as a passivation layer at the rear of the solar cell while front
and back contacts are the collectors of generated currents that will be carried to the load.

The working principle behind solar cell operation is divided into three important parts.
First is the absorption of light that results to generation of electron-hole pair which acts as
the mobile charge carriers in the solar cell. Second is the transport mechanism which splits
the mobile charge carriers called electrons and holes into the proper section of the solar cell
in order to be collected. And the third is collection of electrons and holes which is done by
the metal contacts that are situated on the front and back of solar cells and transfer the
collected energy into the load. Understanding the fundamental principles of various
phenomenon that occurs during these 3 processes and the factors that are affecting them will

help us understand and design a more efficient solar cell [2, 9].
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2.2. Properties of Light

Sunlight is a form of energy radiated by the sun incident to the Earth’s surface which
is composed of broad spectrum of electromagnetic waves that includes the visible spectrum
that human eye can see as a white bright light. Electromagnetic (EM) waves have frequency
of propagation which is inversely proportional to its wavelength. Sunlight also composed of
particles that carries a specific amount of energy called photons [2, 9]. Figure 7 shows

electromagnetic spectrum with the visible spectrum from infrared to ultraviolet.
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Figure 7. The Electromagnetic spectrum [11]

The most important part of the electromagnetic spectrum for solar cell operation is the
visible spectrum. Visible spectrum is situated in the range of 400nm to 700nm which is the

effective operating range of typical photovoltaic cells that are available in the market today.

2.3. Photon Flux

Photon flux is the number of photons radiated by a light source per unit area in a given
time given by the equation ® = # of photons/cm?.s. Photon flux is crucial in determining the
carrier generation rate of solar cells. The intensity of photon flux based on AM1.5G spectrum
[12, 13] is shown in Figure 8.
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Figure 8. Photon flux based on AM 1.5G spectrum

We can see an almost linear relation between wavelength of light and the number of
photons radiated. Higher energy light such as violet and blue lights contains lesser photons
compared lower energy lights such as red and infrared which contains huge quantities of

photons at a given time.

2.4. Spectral Irradiance

Light waves that reach the Earth’s surface has specific power densities that is
dependent on wavelength. The energy of photon at a particular wavelength multiplied by the
photon flux will yield the power density which is measured in Watts per m2(W/m?) [14],
[15]. The power density at a particular wavelength is characterized by the spectral irradiance
which is the most commonly used method to characterize a light source. Figure 9 shows the

spectral irradiance of the sunlight when it reaches the Earth’s surface.
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Figure 9. AM 1.5G global spectrum [16]
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Knowing the power density in specific wavelength is crucial in selecting materials for
designing solar cells in order to effectively convert the energy radiated by the sun.
wavelengths in the range of 500 to 550nm have the highest power density in the visible
spectrum. Researchers designs antireflection coatings with minimal reflection in these range

of wavelengths in order efficiently convert the high power-density light into electricity.

2.5. Band Gap

Semiconductor materials are unique when it comes to their electrical properties, it can
either act as an insulator or conduct electricity depending on external factors that can alter
its energy levels. There are three most important energy levels in a semiconductor, the
valence band, conduction band, and the band gap. The lowest energy level where the atoms
are bonded together and therefore immobile is the valence band. Atoms are strongly bonded
to its neighboring atoms, thus become immobile which therefore acts like an insulator. When
additional energy is received by a valence electrons through external factors such as high
energy photons or high temperatures, the electrons on the outer shell can break out of their
valence band and become a mobile charge carrier. The band where the electrons can freely
move and conduct electricity is called the conduction band. The minimum amount of energy
needed for an electron to be released from its covalent bond is called band gap. When a
semiconductor is subjected by a light with high enough energy, the electrons in the valence
band can break away into conduction band where they can move freely. Electrons that broke
away from their covalent bonds leave an empty space called hole which also behaves like an
electron but with a positive charge [2, 9]. Figure 10 shows the process of breaking covalent
bonds by photon.

Conduction Band, E,

t A «J\J .
Band Gap W hf = 2
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Figure 10. Excitation process from valence to conduction band
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Absorbed photon with an energy that is equal or higher than the band gap of
semiconductor can generate an electron-hole pair which will become mobile charge carriers.
These mobile charge carriers are either transported using various transport mechanisms and
collected by the metallic contacts in order to generate electricity or recombine and get back

to their stable state.

2.6. Transport Mechanisms

Electrons and holes that are not bonded are considered free moving carriers which
needs to be separated in order to prevent recombination and generate electric current.
Transport mechanisms are needed in order to move electrons into the negative electrode and
holes into the positive electrode. The two main transport mechanisms used in the solar cell

operations are called diffusion and drift [17].

2.6.1. Diffusion

Diffusion is the movement of particles due to difference in concentration of carriers in
the semiconductor material. When high energy photons are absorbed by the semiconductor
material, electron-hole pairs are generated which in turn creates uneven carrier density within
the semiconductor. Carriers within the high concentration area tends to move towards the
area with lower carrier concentration through diffusion, carriers will continue to do diffuse
until the density is uniformly distributed across the material [17, 18]. Figure 11 shows the

diffusion process in a semiconductor material.

4 | -qD, dn/dx

density

Figure 11. Diffusion of carriers [19]
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Doping and generation contributes to uneven charge carrier density throughout the
device. Charge carriers move into lower concentration areas until it reaches an equilibrium
state where all charge carriers are evenly distributed throughout the device and results to

zero net current.

2.6.2. Drift

Another important transport mechanism in a solar cell is the drift. Charge particles such
as electrons and holes can also be moved by the influence of an electric field. Drift is a
transport mechanism that uses induced electric field in the junctions of two different
semiconductor material in order to influence the movement of charge carriers. Holes move
towards the direction of the induced electric field while the electrons move in opposite
direction of the electric field [18]. Figure 12 shows the movement of charge carriers with an

induced electric field.

Figure 12. Drift mechanism [20]

When an electron-hole pair is generated by photon, these mobile charge carriers
needed to be separated in order to prevent recombination and transported to the collecting
electrodes. The induced electric field in the junction of solar cell forces the holes to move
into the side where the electric field is induced while the electrons will be pushed in the
opposite direction. These electric field also acts as a barrier for the unwanted mobile charge

carriers in order prevent recombination.
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2.7. Recombination

Electrons which exist in the conduction band are either collected to generate electric
current or recombine with holes and lose their energy. Semiconductor materials have three
recombination mechanisms. Auger, Shockley-Read-Hall and Radiative recombination [9].

In Auger recombination, an electron-hole pair recombines and release its energy to a
neighboring free electron in the conduction band, thus exciting it into higher energy level
and lose its energy as heat.

Shockley-Read-Hall (SRH) recombination happens due to the various defects that are
present in the device. An electron can be trapped in such defects and can recombine with a
moving hole thus lose their mobile state [21].

In Radiative recombination, electrons and hole recombine directly and emit a photon.
Radiative recombination mechanism is usually found in direct band gap semiconductors
such as GaAs and InAs and usually negligible on indirect band gap semiconductor such as
Silicon and Germanium [22].

The minority carrier lifetime is highly dependent on the recombination rate of the
semiconductor material. Minority carrier lifetime sometimes referred to as lifetime is the
average time of the carrier in the excited state before it undergoes recombination. Lifetime
has a huge effect on the overall efficiency of the solar cell and thus, a key factor in selecting

semiconductor materials that used for solar cells.

2.8. PN Junction

The basic working principle most solar cells are based on P-N junction. Impurities are
intentionally added to a semiconductor in order to significantly alter its electrical properties.
The process of intentionally adding impurities into an intrinsic (pure) semiconductor to alter
its electrical property is called doping [9, 18]. The number of charge carriers are directly
proportional to the level of doping in a semiconductor material. The majority charge carriers
in N-type materials are electrons while in P-type materials, the majority charge carriers are
positively charged holes. When joined together, they create a PN junction which is an
important part of modern crystalline silicon solar cells [18]. Figure 13 shows the working

principle behind PN junction solar cells.
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Figure 13. Working principle of PN junction solar cells

The electrons and holes at the junction recombine and forms a region without mobile
charge carriers. The area formed between the junction of P and N type where no mobile
charge carriers is called the depletion region. The depletion region results to an induced
electric field that is in the direction of N region to P region. This induced electric field can
influence the movements of minority charge carriers in both region P and N region due to
the drift transport mechanism. The minority charge carriers of N region (holes) are
transported into the direction of the electric field (N to P) while the electrons in the P region
are transported into the direction which is opposite of the electric field. This results to higher
number of minority charge carriers in both region which then results to a higher probability

of collection by the electrode or metal contact.

2.8.1. PN Junction Without Illumination

Without any illumination, solar cell behaves like a diode. At equilibrium, diffusion and
drift currents of both charge carriers are approximately equal thus resulting in a negligible
or zero net current. Figure 14 shows the PN junction without illumination.

Although the electric field generated in the depletion region hinders the diffusion of
carriers to the other region, some mobile charge carriers with high enough energy can cross
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the potential barrier in the depletion region and move into the opposite region thus creating

a miniscule amount of current due to diffusion [17, 18].
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Figure 14. P-N junction without illumination [23]

When a reverse bias voltage is applied, the depletion region gets wider resulting in the
increase of electric field and wider potential barrier thus restricting the diffusion of charge
carriers. Under forward bias, the depletion region become narrower, thereby decreasing the
electric field and barrier potential. In forward bias, an external circuit continuously provides
majority charge carriers in both regions thus creating a huge density of charge carrier which

results to a net flow of current due to diffusion.

2.8.2. PN Junction Under llumination

Under illumination, the continuous absorption of photons in a solar cell acts like a
current source which generates excess electron-hole pairs and result to an increase of both
minority and majority carriers. The number of minority charge carriers significantly
increases in both regions during the generation process while the majority charge carriers
almost stays the same due to its already huge density. These minority charge carriers are then
transported by the help of electric field or the drift transport mechanism. These mobile charge
carriers in each region are then collected by electrode (contacts) in front and the back of the
solar cell and generate electrical current [2, 18]. Figure 15 shows the working principle of

P-N junction under illumination in a solar cell.
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Figure 15. P-N junction under illumination [23]

Generation of electricity in a solar cell involves 3 fundamental processes. First is the
generation of electron-hole pairs in the solar cell through the absorption of photons. Second
is the separation of charge carriers and transporting them into their desired regions. And third
is the collection of charge carriers and transporting it to an external load. Understanding

these fundamental processes are needed in order to develop a more efficient solar cell.

2.9. Solar Cell Performance

There are numerous parameters that measures the performance of light to electricity
conversion of the solar cell. The four most important metrics of solar cell performance are
the short circuit current (Jsc), open circuit voltage (Voc), fill factor and efficiency. Jsc and Voc
are needed in order to plot the IV curve of the solar cell in order to determine the maximum
power point (MPP). Figure 16 shows the equivalent circuit of solar cell in the dark and under
illumination. [10, 18].

Equivalent circuit of PV cell in the dark Equivalent circuit of PV cell under ilumination
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Figure 16. Equivalent circuit of solar cells
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la corresponds to the diode current, Iph is the current generated by illuminating the solar
cell which is based on solar irradiance, Rsh is the parasitic shunt resistance due to some
defects in the solar cell while Rs is the series resistance which is an inherent property of the

metallic contacts and semiconductor materials that are used in the solar cell

2.9.1. Short Circuit Current

Short circuit current (Jsc) is the maximum current that can be produced by the solar cell
when there’s no voltage (short circuited). It is the difference between the total current
generated by absorption of photon and the current that is generated by the diode in the dark.
Solar cell behaves like a diode when there’s no illumination. Under illumination, the light
source acts a current source due to its current generating capabilities. Jsc can be solved by

using the following equations [2, 18].

Ideal diode equations:

laark = Io (e(%) r 1) (1

Ise = Ipn— o (e(z_‘T/) - 1) (2)
Isc

Js¢ = 7 3)

The total current generated in a solar cell is directly proportional to the area of the solar
cell, the larger the area, the higher amount of current will be generated. Another important
factor in determining the value of the Jsc is the temperature T in kelvins. I is the reverse
saturation current at temperature T, the value of I, increases as the temperature rises. The
constants V, g and k are voltage across the diode, the electric charge and Boltzmann’s
constant.

2.9.2. Open Circuit Voltage

The open circuit voltage of a solar cell (Vo) is the maximum voltage that can be
obtained when the short-circuit current is zero [12]. The equation of the Vo can be derived

when we assume that equation (2) is equal to 0 which we can find in equation (4). In this
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equation, the leakage current (Jo) is strongly dependent on temperature, higher temperature

will correspond to huge amount of Jo which then results to a lower value of Vo [24].

o,

V:)c:qn
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Two other important factors in the determining the value of Vo is the amount of
doping in the semiconductor material and the band gap of the absorber material. Higher
amount of doping means larger quantity of mobile carriers and higher electrical field which
aids in drift of carriers. Band gap of materials can contribute greatly on the generation rate
and rise in temperature on higher wavelengths due to conversion of excess energy of photon

into heat.

2.9.3. 1-V Curve

I-V curve is a graphical representation of the maximum operating capability of a solar
cell on a given irradiance at a specific time. It shows the maximum obtainable current (Js)
and the maximum obtainable voltage (Vo) during the operation of a solar cell. Figure 17
shows the IV curve of a solar cell. We can also see the fill factor which is the largest possible

rectangle that can be fitted under the 1V curve.
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Figure 17. Solar cell 1V curve [25]
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We can find the maximum power point (MPP) under the IV curve. The maximum
power point is the optimal point where the values of Isc and Vo delivers the maximum
power. This MPP is important to the operations of a solar cell, to the extent that external
devices or circuits are added to the solar cell in order to track the optimum angle of incidence

and obtain this point.

2.9.4. Fill Factor

Fill factor (FF) is the ratio between the maximum theoretically obtainable power over
the actual maximum obtainable power in a solar cell. Fill factor is the largest possible area
that a rectangle can fit under the I-V curve [9, 26]. Equation (5) shows the equation in

determining the fill factor of a solar cell.

InpVimp

FF =
VOCISC

)
FF value which is closer to 1 means that the solar cell is operating at optimum

conditions.

2.9.5. Efficiency

Efficiency is the most widely used measurement criteria in comparing the performance
of different types of solar cells. Efficiency is the ratio of the actual power generated by the
solar cell over the actual input energy (irradiance) from the sun. This performance
measurement is usually obtained using standard test conditions under 1.5G global spectral

irradiance. Equation (6) shows how to determine the efficiency of a solar cell.
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3. WORKING PRINCIPLES OF ANTI-REFLECTION COATING

Antireflection coating (ARC) is an integral part in designing different types of solar
cells. ARC can minimize the reflections of incoming light in specific range of wavelengths
which results to a higher generation rate and higher overall efficiency. In order to understand
the working principle behind antireflection coatings, we must first understand the nature of
light and its interaction with other materials and the equations governing reflection and
transmission of light in semiconductor materials.

It is of utmost importance for solar cell designers and researchers to understand both
the particle and wave nature of light in order to design a high efficiency solar cell. The Sun’s
energy which strikes into the Earth’s surface and harnessed by solar cells are composed of
broad spectrum of electro-magnetic (EM) waves that are combined together and form visible
light that have different power densities depending on the wavelength of propagation [2].
The most important region of operation for crystalline silicon solar cell is the visible

spectrum.

3.1. Wave Nature of Light

Light is a form of electromagnetic wave that is created from vibrations of electric
charges that are traveling through a vacuum at a speed of light. An electromagnetic wave
has an inherent property called frequency which is the number of recurring oscillations per
unit time. It also has amplitude which has a value equal to the distance from the center to the
peak of the oscillation. Wavelength is the distance from one peak amplitude to another [27].

Figure 18 shows the basic characteristics of a wave.

. Wavelength

t=t

| B!

Amplitude

Amplitude

]_<

Frequency

Figure 18. Characteristics of a wave
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3.2. Particle Nature of Light

Aside from the wave nature of light, it also consists of energy carrying quantum-
mechanical particles called photon. The energy of photon is directly proportional to the

frequency of propagation. Energy of photons can be calculated using the equation E =

hC/A = 1-24/7\( ) where h is the planck’s constant and c is the speed of light. High energy
um

photons such as violet and blue lights have high frequency and low wavelengths while low
energy photons such as red and infrared have lower frequency and longer wavelengths [28].

Figure 19 shows the type of photons and their wavelength.

High Frequency
High Energy

Low Frequency
Low Energy

Figure 19. Types of photons and their wavelengths

The frequency of the light is directly proportional to its energy. High energy photons
are usually found in high frequency light such as violet and blue while low energy photons
are found in red and infrared light.

3.3. Wave Superposition

When two or more waves travel along the same medium at the same time, they can
exhibit a phenomenon called wave superposition. As a result, a resultant wave with different
amplitude will be formed which is the sum of the amplitudes of both waves. Figure 20 shows

the effect of wave superposition.
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Figure 20. Wave superposition

The amplitude of the resultant wave at a given point in time is equal to the sum of two
or more waves with different phase shifts. If two waves will have 180° phase shift with each

other, the resultant wave will have zero amplitude.

3.4. Interaction of Waves With Other Materials

Electromagnetic waves travel approximately at a speed of light ¢ = 3x108m/s in free
space. When an EM wave propagates into another medium with different refractive index,
the velocity of propagation (Vp) will be lesser than the speed of light and the wavelength of
propagation will also be changed [27]. The frequency of the wave will always be the same
regardless of the velocity and wavelength of propagation. The relationship between the

velocity of propagation, frequency and wavelength is shown in equation (7).

\h
I
|
I

|74
2 (7)
Ao A

When light travels from free space to a different medium, its velocity of propagation
changes and is characterized by its index of refraction (n). Index of refraction is the ratio of
the speed of light in free space divided by the speed of light into a denser medium which

means that denser materials have lower propagation velocity compared to air.

c

n=y 8)
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Where:

f = frequency V, = velocity of propagation at medium p

¢ = speed of light (3x10% m/s) A, = wavelength of propagation at medium p
Ao = wavelength in free space n = refractive index

In a medium with higher refractive index, the wavelength of propagation will be wider

while the speed of propagation will be slower than the speed of light.

3.5. Absorption of Light

Every semiconductor material has an inherent property to absorb different wavelengths
of light which is measured by its absorption coefficient. Absorption coefficient determines
the depth which a specific wavelength of light can penetrate the material before it is
absorbed. Absorption coefficient is dependent on the dielectric material used and the
wavelength of the incoming light [29]. Figure 21 shows the absorption coefficients of

commonly used semiconductor materials for photovoltaic applications.
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Figure 21. Absorption coefficients of semiconductor materials [29]

Researchers and scientists use the absorption coefficient values of these materials in

order to calculate the optimal thickness of solar cells. These values can also be used in
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designing the optimal thickness for heterojunction solar cells which combines two or more

materials with different band gaps and absorption coefficients.

3.6. Refraction

As the light propagates from one medium to another, the direction of propagation of
the light will undergo an effect called refraction (bending) at the boundary of the two
materials and change its angle of propagation. The light will be refracted based on the
difference of the indices of refraction of the two materials. The quantitative analysis of index
of refraction and angle of propagation is characterized by Snell’s Law [30]. Figure 22 shows

the working principle of the Snell’s Law.

Snell’'s Law
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Figure 22. Snell’s law

3.7. Refractive Index

Refractive index is the ratio of the velocity of light in free space to that of specific
material which is dependent on wavelength. Figure 23 shows the collected data of refractive
indices of commonly used materials that are used for antireflection coating [31-37]. Various
dielectric materials such as SiNy, SiO2, TiOz, ZnS, Al;O3, HfO. and others can be used as
antireflection coating material in solar cells. Silicon and its composites have been

dominating the antireflection coating industry due to its reasonable cost and availability.
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Refractive index of common dielectric materials (350-1150nm)
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Figure 23. Refractive index of common dielectric materials

The most widely used ARC is Silicon Nitride (SiNx) and its composites using Plasma-

Enhanced Chemical Vapor Deposition (PECVD) due to its excellent surface, bulk

passivation and good anti reflection properties [38-41]. They can also be combined into

double or multiple layers in order to further reduce the reflections at the surface of the solar

cell.

3.8. Reflection

An incident wave that propagates from one medium to another can experience partial

reflection and partial transmission depending on the angle of incidence and refractive indices

of both materials. Law of reflection states that the angle of incidence will always be equal to

the angle of reflection [42]. Additionally, the reflected wave can either be in phase or out of

phase depending on the refractive indices of both materials. Figure 24. shows the reflection

of waves at a junction of two different mediums.

n,=water = 1.33

Reflected wave is In phase

n, >n,

wave,

__»Wwave,
6,

_»Wave,
6,

n,=glass =1.52

n, >,

Reflected wave is

Figure 24. Reflection of waves between two different mediums

7, wave,

180°

out of phase



28

If the refractive index of the incident wave (n) is less than the refractive index of the
2" medium (n2) the reflected wave will be out of phase, or the amplitudes of the two waves
will be the inverse of each other. On the other hand, if the refractive index of the 1% medium
will be less than the 2" medium, the reflected wave will be in phase which means that their

amplitudes with be the same after reflection [42].

3.9. Polarization

Light is a form of electromagnetic wave which has both electric and magnetic field
propagating perpendicularly with each other. The light emitted by the sun incident to the
Earth’s surface is combination of randomly polarized light or unpolarized light. Polarization
determines the direction of the oscillation of an electromagnetic wave. S-Polarization or
sometimes known as perpendicular polarization happens when the direction of propagation
of electric field is perpendicular to the incident surface while P-Polarization or parallel
polarization happens when the electric field is parallel to the incident surface [43]. Figure 25

illustrates the light reflection intensity as a function of incident light in a silicon substrate.
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Figure 25. Reflection of polarized and unpolarized light on silicon

The light emitted by the sun is a combination of different wavelengths and polarization
combined with each other which results in a white light that can be seen by the human eye.
When sunlight hits an interface, i.e. silicon, the intensity of reflection will vary depending

on the polarization and angle of incidence.
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3.10. Fresnel’s Equations

Light is partially reflected and partially transmitted when entering a medium with
different refractive index. The intensity of reflection in between two different mediums of
propagation can be calculated using Fresnel’s equation [44].

The light radiated by the sun is an unpolarized light. In order to calculate the total
reflection of an unpolarized light, we must first solve the reflected light using the Fresnel’s
equation for s and p polarized reflection. Equations (9) to (12) shows Fresnel’s equations for
coefficient of reflection and transmission of s and p polarized light. Figure 26 shows the

Fresnel reflection at interface between two different mediums.

tion
s-polarization

incident light

Figure 26. Fresnel reflections [45]

Fresnel’s Equations

n;cos6; —n,cosf,;

= 9
s n;cosO; + nycosH; ©)
n.cosl; — n;cos6;
rp — t t i i (10)
ngcosO; + n;coso,
2n;cos0;
ts = — (11)
n;cos6; + n.cos6,
- 2n;cosb; (12)
P " n.cos@; + n;cos,
Where:
rs = s-polarized reflectance coefficient ni = refractive index of incident medium
rp = p-polarized reflectance coefficient ne = refractive index of 2" medium
ts = s-polarized transmission coefficient 6; = angle of incidence

tp = p-polarized reflectance coefficient 0, = angle of transmission



4. SIMULATION OF ANTI-REFLECTION COATING

Generation of charge carriers through absorption of photons is the current generating
mechanism of solar cells. Efficient absorption of light into the device is of utmost importance
in the design of an efficient solar cell. Materials in the solar cell reflects a portion of incident
light due to inherent reflectance of the materials used in fabricating solar cells. These
reflections can significantly reduce the generation of charge carriers which results to lower

efficiency [2, 46]. Figure 27 shows the reflections in different sections of solar cells.
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Figure 27. Reflections in solar cells [2]

Antireflection coating is integrated in modern solar cells in order to eliminate or
significantly reduce reflections of light in certain wavelengths. Antireflection coating uses
combination of thin film dielectric materials with specially calculated thickness that is
deposited on top of the substrate in order to eliminate reflections in solar cells. The working
principle of antireflection coating is based on thin film interference. VVarious reflected waves
are cancelled through a phenomenon called destructive interference. Reflected waves with
180° phase shift will cancel the other reflected waves, thus resulting in lesser intensity of
total reflectance [47]. Figure 28 shows the working principle of constructive and destructive

interference.
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Figure 28. Constructive and destructive interference

If the first and the second wave are in phase, the resultant wave will have higher
amplitude due to constructive interference. If both waves have 180° out of phase, then both

waves will cancel out each other and have 0 zero amplitude.

4.1. Single Layer Anti-Reflection Coating

A crystalline silicon solar cell without ARC has a high inherent reflection on its
surface, more than one third of incident light on its surface is reflected back which results to
a significant loss in the overall efficiency due to lesser generation rate [48]. The simplest and
the most widely used antireflection coating in crystalline silicon solar cell is the single layer
antireflection coating (SLARC). It is composed of a single layer dielectric material such as
Silicon Nitride (SiNx) which is deposited on the top of the silicon substrate. SLARC provides
a near-zero reflectance on a specific wavelength. Its thickness is specially calculated in order
to achieve the minimum possible reflection in a specific wavelength. The optimum thickness
for SLARC is calculated through the equation d = Z0=4n; where 1, is the wavelength in free
space and ny is the refractive index of the first layer ARC [49]. The general working principle
of SLARC is shown in Figure 29.

Black arrow indicates transmitted waves while red arrows indicates reflected waves.
The total reflection of SLARC is the sum of all reflected waves at the interface of air and
ARC. Some reflected waves will be reflected 180° out of phase due to the difference in
refractive indices which will induce destructive interference with the other reflected waves.

Out of phase waves cancel each other which results to a lower total reflectance.
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Figure 29. Single layer anti-reflection coating

Fresnel” s equation of transmission and reflection of polarized lights are applicable for
solving the total reflection at the surface of the ARC. Various equations derived by several
authors using different mathematical approaches to solve for the total reflectance are also
evaluated. O.S Heaven’s equation [50], Transfer Matrix Method [51] and Fresnel’s equation

using Rouard’s method [52] will be used to compute the total reflectance of the SLARC.

Heaven’s Equation

2nn.d
6= — (13)
o
_ 2mkqd
a =— (14)
(0]
2 2 2
ng —ny — ki
= 15
9 (ng +ny)?% + k2 (15)
2nok,
h, = 16
! (ng + ny)? + k? (16)
_ n? —n? + k? — k? 17
927 iy + )2 + (ky + k)2

_ 2(nyks — nyky)

(ny +n5)% + (ky + ks)?
A = 2(9192 + hihy) B = (g1hy — g2h1) € = 2(g192 — hahy) D = (g1hy + g2h1)
_ (gf +hD)e?*r + (g3 + h3)e ™ + Acos(26,) + Bsin(26,) 19
~ e2a1 4 (g? + h?)(g2 + h2)e2% + Ccos(26;) + Dsin(25;) (19)

h,

(18)
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Matrix Method

_ n?(ny — ng)?(cos?8;) + (ngny — n?)?(sin?s;)
n3(ny + ng)?(cos?6;) + (ngny + n?)2(sin?6;)

Fresnel’s Equation using Generalized Rouard’s Method

Using equations (9)-(13),

For S-Polarization
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Thus generally:

-268;
Tisp) = 17” O_i :; :;fzee—zal (34)
R= |@| (35)

Where:

R = total reflection

no = refractive index of air r1 = reflection coefficient of ARC

n1 = refractive index of substrate ror = reflectance at interface O to 1

k1 = extinction coefficient of ARC rio = reflectance at interface 1 to 0

ks = extinction coefficient of substrate ri> = reflectance at interface 1 to 2

d = thickness of the ARC in nm to1 = transmittance at interface O to 1

Ao = wavelength in free space t10 = transmittance at interface 1 to

4.1.1. Comparison of Experimental and Simulated SLARC

Figures 30a to 30d shows the reflectance spectra of uncoated and coated silicon solar
cell with SLARC using different materials and thickness while Table 1 shows the average
reflectance of each device using different methodologies. The values of refractive index n
and extinction coefficient k of Silicon [31], TiO2[32], SiO2[33], and Ta20s [53] are obtained
from online refractive index database [54] and [55].

Experimental measurements were obtained from various authors and used with their
permission. Uncoated Si and TiO2 SLARC are deposited in a double polished FZ p-type Si
wafer using Atomic Layer Deposition at 200°C [56]. Ta20s is deposited in a polished Si
substrate using Electron Beam with substrate temperature of 150°C [57]. The measured

reflectance spectra were obtained using spectrophotometer.
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Figure 30d. Solar cell with SiNx ARC

Table 1. Average reflectance of solar cells with and without ARC using different methods

Fresnel’s Eq. TMM PC1D Measured
Uncoated 34.7716 34.7668 34.7396 37.1658
TiO, 8.7598 10.4331 9.5021 14.915
Ta20s 7.717 9.3931 7.9815 12.54
SiNx 8.0401 9.5312 8.7532 7.1834

We can observe in Figures 30a to 30d that both Fresnel’s equation using Rouard’s

method and transfer matrix method can accurately predict the behavior of the reflectance

spectra of solar cells with antireflection coatings with different combinations of materials

and thickness. A good antireflection coating can reduce the magnitude of reflection down to

around 8% which is more than 28% reduction of the total reflection of incoming light.
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4.2. Double Layer Anti-Reflection Coating (DLARC)

Single layer ARCs have a disadvantage of only having a minimum reflectance in one
wavelength which depends on the design thickness of the ARC. A highly efficient solar cell
must have low reflectance in wide range of wavelengths so it can fully utilize the energy
emitted by the sun. One of the solution for this problem is having multilayered antireflection
coating [57]. Near zero reflections on wide range of wavelengths can be achieved with the
use of double layer antireflection coating (DLARC) by utilizing the phenomenon of
destructive interference of waves. DLARC have more complex reflections which can
interfere with other reflected and transmitted waves and thus result in a lower total

reflectance. Figure 31 shows the different interacting waves within the double layer ARC.
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Figure 31. Interacting waves within double layer anti-reflection coating

Double layer antireflection coating has more complex interaction of waves compared
to SLARC. Waves in one interface will either be transmitted or reflected which can interfere
with other incoming and outcoming waves. The design of the materials and thickness of
DLARC is more complicated and the equations are much more complex than SLARC, on
the other hand, Fresnel’s equations are also applicable to solve for the reflectance and
transmittance of the thin film. In this section, Transfer Matrix method and Fresnel's equation

using generalized Rouard’s method are used to evaluate the total reflectance of DLARC.
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Fresnel’s Equations using Generalized Rouard’s Method

Using Equations in SLARC
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Where:
R = total reflection A, = wavelength in free space
d1 = thickness of 1% layer ARC in nm r1 = reflection coefficient of ARC
dz = thickness of 2" layer ARC in nm ro3 = reflectance at interface 2 to 3

Transfer Matrix Method for DLARC
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4.2.1. Comparison of Measured and Simulated DLARC

Figures 32a and 32b shows the reflectance spectra of solar cell with double layer ARC.
Table 2 shows the average reflectance of each device using various methodologies. The
values of MgF.[35], ZnS [37] and SiNx [34] are also obtained from [54] and [55].
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Figure 32a. Solar cell with TiO2/SiNX ARC  Figure 32b. Solar cell with MgF2/ZnS ARC

Table 2. Average reflectance of solar cells with DLARC using different methods

Fresnel’s Eq. TMM PC1D Measured
SiO2/TiO2 11.8753 12.9545 11.9928 7.7746
TiO2/SiNx 10.889 10.8479 10.0345 12.7294
MgF2/ZnS 2.8016 2.7549 2.2228 5.9733

A single layer ARC can only reduce the reflectance to almost zero at a certain
wavelength. In order to further reduce the reflections in wider range of wavelengths, double
or multi-layer ARC are needed. Careful selection of materials is crucial in order to achieve
the minimum possible reflectance in wider range of wavelengths. MgF»/ZnS combination
achieved the best result with less than 3% overall reflectance based on simulation results. A
combination of lower refractive index material as the outer layer and higher refractive index

at the bottom layer can result to lower average reflectance in wider range of wavelengths
compared to SLARC.
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4.3.  Multi Layer Anti-Reflection Coating (MLARC)

Further reduction of reflectance can be achieved by stacking multiple thin films with
different refractive index and thickness on top of each other. Multiple near-zero reflectance
at various wavelengths can be achieved by using MLARC. Incoming and outcoming waves
interact and cancel each other which results to a better reflectance spectra in wide range of
wavelengths in the visible spectrum. But as the number of stacked thin films grow, the
mathematical equations that are used for simulating the reflectance spectra of the MLARC
is also becoming more complex. Only the Fresnel’s Equation using Rouard’s model can
easily calculate the reflectance spectra of multiple stack of dielectric thin films due to it’s
simplified mathematical approach. Figure 33 shows the interacting waves in solar cell with
MLARC.
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Figure 33. Interacting waves within solar cell with MLARC

Fresnel’s Equations using Generalized Rouard’s Method
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For k-1 layer until k = 2:
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4.3.1. Simulation of Alternative MLARCs

Alternative Multi-Layer ARC simulations using combination of 3 layers of
antireflection coating on silicon substrate are shown in figures 34a and 34b. Table 3 shows

the average reflectance of each device using different methodologies.
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Figure 34a. Solar cell with SiO2/Al203/TiO2  Figure 34b. Solar cell with MgF2/SiO2/TiO:

Table 3. Average reflectance of solar cells with MLARC

Fresnel’s Eq. PC1D
SiO2/Al03/TIO; 2.7205 2.1886
MgF./SiO2/TiO; 2.7987 2.0542

A good multi-layer antireflection coating can achieve lesser reflectance specially in
high spectral irradiance wavelengths. A high refractive index TiO2 [32] with a refractive

index of 2.593 is used as the bottom layer of the ARC. MgF./SiO2/TiO, combination
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achieved the best results in device performance due to very low reflectance at wavelengths

with high spectral irradiance.

4.4. PCI1D Simulations

A solar cell simulation software PC1D created by Clungston and Basore [58] of
Photovoltaics Special Research Centre at University of New South Wales is used in order to
investigate the effects of ARC on efficiency of a c-Si solar cell. PC1D simulation software
is used by trusted photovoltaics experts in their papers on various refereed journals [59, 60].
Different combinations of ARC on figures 30a to 34b are simulated on a modern solar cell
in order to measure the performance of the solar cell. Same parameters are applied on a
single solar cell with different combinations of ARC. The device parameters that are used in
simulations are shown in Table 4. The parameters that are used in this simulation is the same
with that of typical commercial solar cells which includes series and shunt resistance,
texturing, back surface field and others. Table 5 shows the performance of each device with
ARC.

Table 4. Solar cell device parameters using PC1D

Front surface texture depth 3 um
Internal optical reflectance Enabled
Series Resistance 0.8Q
Shunt Resistance 50000 Q
Emitter Sheet Resistance 60 Q/square
Thickness 180 um
Intrinsic concentration @300k 1x101° cm-
P-type background doping 1x10%° cm®

Front diffusion (N-type)

2x10%° cm peak

Rear diffusion (P-type)

3x10%8 cm peak

Front SRV 2x10° cm/s
Rear SRV 1x108 cm/s
Bulk recombination Tn=Tp =30 us
Temperature 25°C

Device Area 1 cm?
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Table 5. Device performance of Solar Cells with different ARC

Materials Jsc Voc Jmp Vmp FF | n(%)
(nm) (mA/cm?) | (mV) | (mAlcm?) | (mV)
Uncoated Bare Silicon 24.84 603.8 24.11 5142 |0.83| 124
TiO2 (66) 36.36 612.6 34.77 503.3 | 0.79 | 175
SLARC Ta,0s5(68.5) 36.46 612.7 34.81 502 0.78 | 17.55
SiNx(75) 37.5 610 34.95 507 0.77 | 17.72
TiO- (8)/SiINx (60) 36.14 612.4 33.74 5148 | 0.79 | 17.37
DLARC MgF.(107)/ZnS 38.9 614.3 36.7 510.1 | 0.78 | 18.72
(60.5)
Si0O2(80)/Al;0s 38.8 614.3 36.67 509.3 | 0.78 | 18.68
o (30)/TiO, (60)
MgF.(79)/SiO> 39.03 614.4 36.75 511 0.78 | 18.78
(35)/TiO; (55)

An uncoated solar cell reflects more than 34% of light due to inherent reflective

properties of silicon. A solar cell with TiO2 or Ta2Os single layer ARC can reduce the

reflection down to 7.1% and increase the efficiency to more than 42% compared to uncoated

solar cells. Further decrease in reflectance is achieved by using MgF2/ZnS as double layer

ARC and MgF2/SiO2/TiO2 as multi-layer ARC. Minimum reflectance and maximum

efficiency are achieved with multi-layer ARC which has 52.3% more efficiency compared

to uncoated solar cell.




5. CONCLUSIONS AND RECOMMENDATIONS

In this study, theoretical and experimental measurements were compared and presented
in a graphical format. Experimental measurements with different combinations of materials
for antireflection coatings from different researchers validated the theoretical equations used
in this study. In addition, one of the most widely used and trusted simulation software PC1D
is also used to further validate the accuracy of the theoretical equations that are presented.
Figures 29a to 34b shows the comparison of the output reflectance spectra of various solar
cells with different combinations of ARC using Fresnel’s equation, transfer matrix method,
PC1D simulation and experimental measurements. The equations can accurately predict the
behavior of reflectance spectra of antireflection coatings with different combinations of
dielectric materials with different thickness.

Various data that are available in online database shows the difference in the values of
n and k of the same material by using different deposition techniques and parameters such
as annealing temperature. Greater accuracies can be achieved by using data with the same
material properties, parameters and deposition techniques. A combination of a lower
refractive index materials such as MgF. or SiO> with refractive index of less than 1.5 can be
a good first layer while higher refractive index materials such as TiO2 and ZnS are good
materials at the bottom layer. Combination of materials with lower refractive index to higher
refractive index in ascending order can have achieve a lower reflectance spectra on wide
range of wavelengths.

We recommend future researchers to further study and possibly add the effects of
different texturing techniques and light trapping to the reflectance spectra of various solar
cells. Refractive index and absorption coefficients of various alternative dielectric materials
using different deposition techniques should also be measured and stored in a single database

in order to further widen the range of available combinations and achieve greater accuracy.
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