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DESIGN, FABRICATION AND CHARACTERIZATION OF N-SI
COLUMNAR STRUCTURES FOR SOLAR CELL APPLICATIONS

SUMMARY

Energy demand has had an increasing growth since industrial revolution at the end of
the 19" century. One reason for growth of energy demand is incresing world
population. It has doubled in last 40 years. The second reasons is rising in life
standarts. Generation, transmission and distribution of electricity were considered as
a strategic management for a lot of country. However nuclear accidents in Chernobyl
and Fukushima, global raming problem and carbon emission, direct a lot of countries
to the renewable energy sources. Germany is the leader country in solar energy
investments and has a national target to obtain 50% of its energy consumption from
renewable energy sources. Investments and researches have been increasing in this
field in last two decades due to the abundance of silicon in the nature, sun is an
infinite source, less cost and less material consumption through cutting-edge material
deposition techniques.

Solar cells contain p-n junction which can be conceived as two type of
semiconductors have a surface in common. In this system majority careers in n type
(electrons) begin to diffuse into p region and recombine with holes. Similarly,
majority careers from p type semiconductor (holes) begin to diffuse into n region and
recombine with electrons. Therefore depletion layer, where no charge careers exist,
occured near the junction. When this system expose to the light minority careers
from both sides cross through depletion zone and generete a current.

First generation solar cells are based on simple p-n junction. The second generation
cells are made of doped thin films typically Cadmium Telluride (CdTe), Copper
Indium Gallium Selenide (CIGS), Copper Zink Tin Sulfide (CZTS). These materials
have ideal bandgap for solar cells however their scarcity and cost limit the use. The
third generation solar cells are made of quantum dots. QDs are semiconductor
particles and their bandgap can be tunable. Through this property this structures are
able to harvest wide range of solar radiation. The fourth generation of solar cells are
based on hybrid inorganic crystals within polymer molecules.

In this thesis n type amorphous silicon columnar structures were deposited through
glancing angle deposition technique in different geometries. Cross-sectional and top-
view SEM images show that these structures have more porous structures compared
to flat surface. As a result of this colomnar structures possess less reflectivity
according to the UV-VIS spectroscopy which means these structures absorb more
photons compred to flat surface. This is an important factor to increase efficiency of
solar cells by increasing light trapping.

Porous surface have also changed the surface hydrophobisity. According to the
contact angle measurements flat silicon have 98° while columnar structures have 71°
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and 61°. This is important both for increase light trapping and better distribution of
PEDOT:PSS hole conductor polymer layer on the surface.

AFM images scanned in 1pumx1lum area also shows that columnar structures exhibit
more surface roughness compared to flat surfaces.

PEDOT:PSS was covered using spin coating method. First it was dropped onto
surface and wait for 1min. then it was spin coated with 2000rpm twice. UV-VIS
spectroscopy shows that PEDOT:PSS is highly transparent and suitable for solar cell
applications. Also SEM images of PEDOT covered silicon structures show that
columnar structures have larger p-n junction interface area due to both porous
surface and hydrobilicty.

Another method to increase efficiency of such structures is to create different
geometries by different methods such as chemical vapor deposition and etching to
increase surface porosity. We can also use mono-crystalline materials instead of
poly-crystalline and amorphous materials to prevent dangling bonds which can cause
current leakage. Also surface treatment techniques such as oxidation and hydrogen
terminating can be apply to the absorber layer surface. For bottom up methods
cooling down the substrate provides better distrubution of columnar structures.
Quantum dots and carbon nanotubes can be added to absorber layer to reduce
reflectivity and increase absorption. Some chemicals can be added to PEDOT:PSS
polymer to increase hole concentration.
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NANO-SI KOLONSAL YAPILARIN GUNES PiLi UYGULAMALARI iCiN
TASARLANIP, URETILiP, KARAKTERIZE EDILMESI

OZET

Enerji ihtiyaci 19. ylizyilda sanayilesme ile birlikte artmaya baslamis ve gliniimiizde
kiiresel bir sorun halini almistir. Bunun baslica nedenleri ise Diinya niifsunun son 40
yil igersinde iki katina ¢ikmasi ve giderek artan yasam standartlaridir. Gelismis ve
sanayilesmis lilkelerde elektrik enerjisi iiretimi, iletimi ve dagitimi stratejik yonetim
olarak kabul edilmektedir. Fakat son yillarda yasanan Chernobyl, Fukushima gibi
niikleer felaketler, karbon salinimi ve sera gazlarinin neden oldugu kiiresel 1smma bir
cok iilkeyi elektrik enerjisi iiretiminde yenilenebilir enerji kaynaklarma yoneltmistir.
Bu iilkelerin baginda 2030 yilinda enerji tiretiminin %50sini yenilenebilir enerji
kaynaklarindan elde etmeyi planlayan Almanya gelmektedir. Almanya’nin ardindan
temiz enerjiye bilyiik oranda yatirm yapan diger iilkeler arasinda Italya, 2011 yilinda
yasadig1 tsunami ve niikleer felaketten sonra enerji politikalarini biiyiikk Olciide
degistiren Japonya, ABD ve Cin basi ¢ekmektedir. Giines enerjisinin sonsuz bir
enerji kaynagi olmasi, gilines pili lretiminde kullanilan silisyumun dogada bol
bulunan ve temiz bir element olmasi, sadece %10 verimlilikle Sahra ¢dliinde 700km?
lik alana diisen gilines enerjisinin diinyanin ihtiyag¢larini karsilamaya yetecek olmasi
ve nanoteknolojik malzeme ve yeni iiretim teknolojileriyle verimliligin arttirilip
fiyatlarin diismesi hem akademik alanda hem sanayide bu alana milyar dolarlik
yatirimlar yapilmasini saglamistir.

Giines hiicreleri genel olarak p ve n tip olmak tizere iki tip yar1 iletkenin
birlesmesinden olusur. iki tiir yar1 iletkenin yiizeyleri bir araya geldigi zaman n tip
yar1 iletkende ¢ogunuk tasiyicilar olan elektronlar arkasinda bir “bosluk™ birakarak p
tip yar1 iletkene geger ve burdaki pozitif degerlikteki “bosluk”larla birlesir. Ayni
sekilde p tip yar1 iletkendeki ¢ogunluk tasiyict olan pozitif yiikli “bosluk”lar da n tip
yariiletken tarafina gegerek burdaki negatif yiilii elektronlarla birlesir ve deplesyon
bolgesi denilen yiiksiiz bolgeyi olustururlar. Bu durum iki yariiltken bi araya
geldiginde kendiliginden olusan durumdur. Bu sistem bir 1518a yani foton uyarimina
maruz kaldiginda n tip yar1 iletkendeki azmlik tasiyicilar (bosluklar), p tip yari
iletkendeki azmlik tasiyicilar (elektronlar) deplesyon bolgesinden karsi tarafa
gecerek akim olustururlar.

Ilk jenerasyon giines pilleri temel olarak iki tip yar1 iletkenin birlesiminden
olusmaktadir. Ikinci jenerasyon piller Cadmium Telluride (CdTe), Copper Indium
Gallium Selenide (CIGS), Copper Zink Tin Sulfide (CZTS) gibi katkili
malzemelerden olusan ince filmleri (1 mikrondan daha ince katmanlar) icerir. Fakat
bu malzemeler dogada kisith sayidadirlar. Ugiincii jenerasyon piller quantum dot
temelli gilines pilleridir. Quantum dotlar boyutlar1 degistirilerek band araligi
degistirebilen yar1 ilekten pargaciklardir ve bu 6zellikleri de onlar1 giines pillerinde
absorbe edilen radyasyon araligini gensletme acisindan ideal kilar. Son olarak
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dordiincii jenerasyon piller hibrid inorganik kristaller ve organik yari iletken polimer
yapiin birlesiminden olusan giines pilleridir.

Bu tezde giines pili uygulamlari i¢in inorganik kristal olarak amorf yapida n tip yar1
iletken silisyum kullanilmis farkli geometrilerde iiretilerek giines pili verimliligini
etkileyen parametreleri incelenmistir. Silisyum ince filmler fiziksel buhar depolama
yontemiyle diiz filmler halinde ve acili depolama yontemi ile spiral, yatay, dik
kolonsal olarak cesitli geometrik yapilarda tretilmis diiz yiizeyle optik ve yapisal
olarak karsilastirmalar1 yapilmistir. Organik yari iletken olarak PEDOT:PSS se¢ilmis
ve giines pili uygulamari i¢in gegirgenlik dl¢iimleri yapilmigtir.

Giines pillerinde verimliligi arttirmanin en 6nemli faktorii p ve n tip yar1 iletkenlerin
araylizey alanmi arttirmaktir. Bagka bir deyisle p ve n tip yar1 iletkenler birbirlerine
ne kadar ¢ok temas ederlerde elektron ve “hole” liretimi o kadar fazla olur. Belirli bir
kalinliktan sonra malzemeler yiik tasiyicilar i¢in bariyer olusturacagindan malzemeyi
kalinlastirmak yaklagik 1 mikrondan sonra verimliligi arttirmayacak tam tersine
digiirecektir. Silisyum i¢in optimum aralik 300-800nm arasindadir. Bu nedenle
onemli olan farkli tasarim ve geometrilerle p-n ekleminin arayiizeyini arttirmaktir.

Giines pili verimliliginde ikinci onemli faktor 151¢1 emici malzemenin yansimasini
diistirerek daha fazla foton absorbe etmesini saglamak bdylece daha fazla elektron ve
“hole” tiretimi elde etmek. Isik emici yiizey ne kadar 151k tutarsa sistemin verimliligi
o kadar fazla olacaktr.

Doérdiincli  jenerasyon giines pillerinde baska bir onemli faktér ylizeyin su
severligidir. Silisyum normal sartlarda hidrofobik bir karaktere sahip oldugundan
farkli geometrilerle ve yiizey porozitesiyle hidrofilikligi arttirilirsa organik polimer
ylizeyde daha iyi bir sekilde yayilacak ve daha diizgiin bir p-n eklemi olusacaktir.

Son olarak giines pili icin dikkat edilebilecek ©nemli bir husus elektrod igin
kullanilacak malzemelerin  se¢imidir. Kontakt olarak kullanilacak iletken
malzemelerin giines pilinde kullanilan yar1 iletkenlerle Schottky bariyeri
olusturmadigina dikkat edilmelidir. Elektrodlar ile yar1 iletken malzemeler arasindaki
baglanti kayip olmamasi agisindan Ohmic olmalidir. Silisyum ve polimer
yariiletkenler i¢in en iyi elektrod malzemeleri Al, Ag ve Indium Tin Oxide (ITO) dur.

Bu ¢alismada yaklasik 450nm silisyum diiz yiizey, 80° ag1 ile tutularak egik kolonsal
yapilar ve 80° ile 25rpm hizla dondiiriilerek dikey kolonsal yapilar fiziksel buhar
depolama yontemi ile yaklasik 107 Pascal basing altinda 1 A/s depolama hiziyla elde
edilmistir. Orneklerin kesit ve iisy yiizeylerinin elektron mikrsokopu goriintiileri
alinmis kolonsal yapilarm iist ylizeylerinin diiz filmden ¢ok daha poruslu oldugu
gOrilmiistiir.

UV-VIS spektroskopisinde yapilan dlgtimlerle kolonsal yiizeylerin yansimasmin diiz
yiizeyden cok daha az oldugu tesbit edilmistir ki bu da giines pili verimliliginde 151k
emici ylizey i¢in verimliligi arttiracak dnemli bir faktordiir. Diiz yiizetin yansimasi
0.8-0.9 civarinda iken kolonsal ylizeylerin yansimalar1 0.5 ve 0.3 araligindadir ki
diisen yansima degeri foton absorbansini arttirmaktadir.

Orneklerin su ile temas acis1 dlgiimleri yapilmis silisyum diiz yiizeyin temas agisi
ortalama 95° iken kolonsal yapilarin temas agilarinin ortalama 60° oldugu
goriilmiistiir. Poruslu yiizey yapisi silisyumun hidrofobikligini azaltmistir. Bu da
hibrid giines pilleri i¢cin 6nemli olan polimer yiizeyin silisyumla daha iyi bir p-n
eklemi olusturmasini saglamaktadir.

XXIV



Orneklerin XRD 6lgiimleri yapilmis fakat amorf yapilar kullanildigindan dolay: pik
gbzlemlenmemistir.

Calismada organik polimer olarak kullanilan PEDOT:PSS spinner ile ylizeye
kaplanmistir. Parcaciklt yapisi nedeniyle 45mikronluk siizgecten gecirilmis ylizeye
damlatilip 1dk beklendikten sonra 2000rpm hizda iki kere dondiiriilerek yiizeye
kaplanmistir. Alinan kesit SEM goriintiilerinde gortilmiistiir ki PEDOT:PSS kolonsal
yiizeylerde hem yiizeyin su severligi nedeniyle daha iyi yayilmis hem de poruslu
yapisi nedeniyle daha genis bir p-n eklemi olusturmustur. Diiz yilizeylerde ise
yiizeyin hidrofobikligi nedeniyle homojen bir dagilim ve genis bir kesit alani
gozlenememistir. Kesit alanmnin genisligi ve yiizey hidrofilikligi giines pili
verimliligini etkileyen en 6nemli faktorlerdendir.

Son olarak UV-VIS spektroskopisi ile PEDOT:PSS’in gegirgenligi incelenmis ve
gecirgenlik oldukga yiiksek c¢ikmistir. Bu da gilines 1smlarinin polimerden gecerek
silisyum absorbera ulastigini gostermektedir.

Literatiirde gerek fiziksel buhar depolama yontemi ile gerek kimyasal depolama ve
asindirma yontemleri ile elde edilen kolonsal yapilarin diisiik yansimasi nedeniyle
opto-elektronik cihazlarda verimliligi arttiridgi hem silisyum hem diger malzemler
icin goriilmekte ayrica bu tiir yapilar elektro-kimyasal olarak sentezlenmis giines
pillerinde verimliligi arttrmak amaciyla “anti-reflection coating” olarak kullanildig:
goriilmiistlir. Bu tiir yapilar ayn1 zamanda agik devre voltaji, kisa devre akimi, “fill
factor” gibi fotovoltaik 6zelliklerin gelismesine de yardimci olmustur.

Bu tip cihazlarin verimliligini arttirmak icin yapilabilecek diger yontemlerin baginda
amorf malzeme kullanmakar yerine “dangling bond”lardan kaynaklanan kayiplari
onlemek amaciyla kristal malzeme kullanmak gelmektedir. Ayrica oksitleme gibi
yiizey 1iyilestirme yontemleri de kullanilabilir. Kimyasal buhar depolama ve
asindirma yontemiyle yiizey alanin1 ve poruslu yapiyr arttrmak amaciyla gesitli
tasarim ve geometride malzemler iiretilebilir. Karbon nanotiip ve quantum dotlar
kullanilarak emici yiizeylerin absorbansi arttirilabilir. “bottom-up” yontemler ig¢in
yiizeyi sogutmak kolonsal yapilarin yiizeyde daha diizgiin dagilmasini
saglayacagindan daha homejen bir yap1 elde edilebilir. Ayrica c¢esitli kimyasallarla
(dimethyl sulfoxide, methoxyethanol) PEDOT:PSS yari iletken polimerin “hole”
konsantrasyonu arttirilabilir.
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1. INTRODUCTION

Energy demand has had an exponential growth since the birth of industrial electricity
at the end of the 19" century. At the beginning of 20" century building large electric
power girds let many countries to bring the benefits of electricity to their citizens,
while developing industrial applications of electricity. Today the growth use of

electricity throughout the world in domestic applications made it major concern 12,

One reason for the growth of energy requirements is the growth of world population.
It has almost doubled in last 40 years from 4 billion to 7.3 billion . The second
reason for this growth is the rising living standarts. The requirements of primary
energy in Bangladesh, which is weak industrialized country, is 1500kWh/head while
primary energy requirements in Germany is approximately 45 000kWh/head. With
growing standarts in developing countries, requirements and consumption of primary
energy increase substantially *°. Figure 1.1 shows world marketed energy
consumption by regions.
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Figure 1.1: World marketed energy consumption by nations ©.

Generation, transmission and distribution of electricity were considered as a strategic
management in many countries. However, electricity is an energy vector not an
energy source. This means that we need to produce electric power by converting

primary energy sources. One of the controversial methods is nuclear energy. Nuclear



power, or nuclear energy is the use of nuclear fission process to generate heat and
electricity. Nuclear power stations provide about 13% of the world’s electricity in
2012. According to IAEA 2015 there are 439 nuclear power plant in 31 countries
with a net capacity of 377 gigawatts GW. 69 plants are under construction 8,
Hydroelectric power is one of the oldest technique of producing power.
Hydroelectricity is the term referring to electricity generated by hydropower.
Electricity is generated using gravitational force of falling or flowing water.
Hydropower provides 19% of total electricity production °. Geothermal energy is a
thermal energy generated and stored in the Earth. Earth’s internal heat is a thermal
energy comes from radioactive decay and there is continuous heat loss since Earth’s
formation. Earth’s thermal energy has been used for electricity generation and
produces 11.400 megawatts (MW) in 24 countries 1°. Geothermal power is reliable,
cost-effective, sustainable and environmental friendly but limited to certain hot,
tectonic areas. Fossil fuels such as coal, natural gas and petroleum are burnt to
produce electricity.Coal-fired power plants provide 46% of consumed electricity in
United States however they are major emitter of CO and causes global warming **.
Also fossil fuels are non-renewable and un-sustanable resources and will eventually
become exhausted. People have been harnessing wind’s energy for hundreds of
years. Wind exists because sun cannot heat Earth’s ground evenly. Hot air rises and
cooler air move down to fill the gap. Wind flow or energy is harvested by modern
wind turbines that can be as tall as 20 — story building and have three 60 — meter —
long blades 2. The wind spins the blades, generator receives mechanical energy and
converts it into electricity and then electricity is transmitted to the utility grid. Wind
is a clean source of renewable energy and produces no pollution and greenhouse
gases. Since the wind is free operational cost is too low and advanced technology is
making wind turbines cheaper and more efficient. In Europe, Germany and Spain are
leading with 39.165 MW and 22.987 MW installed wind power capacity,
respectively, China has 114.763 MW and U.S.A has 65.879 MW installed wind
power capacity at the end of the 2014 3. In 2014, wind power provided 41.2% of
Denmark’s energy consumption 4. Wind energy production is around 4% of total
worldwide electricity usage and growing rapidly °. Figure 1.2 shoes the global
annual installed wind capacity between 1997-2014 3. However there are some

negative effects. Wind turbines can be deadly for birds around them and noise



genereted by wind turbines may be around 45 dB but after 1.6 km becomes

inaudible.
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Figure 1.2 : Global Annual Installed Wind Capacity between 1997-2004.

The sun is our planet’s main source of energy and an important source for renewable
energy. Solar power is light and heat come from the sun and can be harnessed by
solar thermal collector, photovoltaics, and solar panels. These systems absorb
sunlight and convert it into electricity.

Inside the sun hydrogen atoms combine to make helium, and this process produce the
extreme amount of heat that can be felt on Earth’s surface. The core of the sun has a
temperature of 36.000.000°F (20.000.000°C) and the surface has a temperature of
10.000°F (5.538°C) and the sun sends almost unimaginable amount of energy
towards Earth — around 10'7 (one hundred thousand million million watts) 6 %7
However the majority of solar radiation falls on oceans. Also some is interrupted by
clouds and arrives inconvenient places. About 70% of solar energy is absorbed by
oceans and keep them from freezing. It also prevents Earth’s atmosphere from

freezing.

Solar technologies can be divided into two systems, passive solar and active solar.
Passive solar energy systems capture the heat from the sun and use it without
mechanical or electrical devices. People have been using solar energy this way since
ancient times. Ancient Greeks, Romans and Chinese designed and placed their
homes based on the principles of solar heating. Today passive solar systems focus on
the maximize the potential of solar heating and cooling of homes and buildings. One
important factor for passive solar design is “daylighting.” Placement and design of

windows is used to increase efficiency of natural sunlight inside the building.



Another type of passive solar system is solar collector which is relatively new
technology made of dark metal. When sunlight hits a dark object, that object heats
up. Solar collectors work based on this well known principle and heat buildings by
heating air. They are also used to cool buildings in summertime *’. Figure 1.3 shows
a solar heater on the roof 8.

Figure 1.3 : A solar water heater sits on the roof in Greece.

Active solar systems are called as photovoltaic systems (PV). These systems use well
known effect of physics: semi conductors convert light into electrical current.
Photovoltaic systems are also called as solar cells that include thin layers of
semiconductor material. Most commonly, these materials are silicon and cadmium
telluride. These layers have tiny amount of doping agents. Doping agents are
important because they give the semiconductor the ability of making electric current
when expose the light. Germanium and boron are most frequently used doping
agents. Each photovoltaic cell converts light into electricity with 5% to 20%

efficiency.

Cells are often mounted in groups called modules. When PV modules put into
together then they form an array. Figure 1.4 (a) shows the silicon cell module and
array. These arrays can be used to make electricity for buildings. A 3.9 — inch (10 —
centimeter) diameter PV cell can produce about one watt of power if the sun directly
overhead and conditions are clear. If many arrays are combined they can create

enough power to power a power plant . Figure 1.4 (b) shows the power plant in



Arizona. Some concentration systems can also be used to increase power producing

such as mirrors or lenses to focus sun light on PV cells.

Figure 1.4 : (a) Silisium photovoltaic cell, module, array ° (b) Solar PV power plant
in Arizona %°.

1.1 Solar Economy, Policies and R&D Investments

Spending for research and development is necessary in early stages of development
of new technologies. Germany is one of the leading countries in renewable energy
investments. The country has a national target to reach 51 GW solar PV capacity by
2020. Germany has started serious of campaings to promote the use of renewable
energy since 1986. In 2010 the National Renewable Energy Action Plan has
projected to share renewable energy 38% by 2020, 50% by 2030, 65% by 2040 and
80% by 2050. Robert Bosch (RBOS), the world’s biggest car supplier, has invested



about 1.5 billion Euros into its solar energy business. More than fifty institutes have
researchs on PVs 2L It has been seen that Germany has the biggest installation of
solar PV cells during past decades. According to Reuters, Germany aims to reduce
greenhouse gas emission by 40% and puts priority to promote renewable energy
through government policies > 2. Figure 1.5 shows a solar village in Germany.

Figure 1.5 : A solar city in Germany that prodeces four times energy it consumes .

Solar PV sector dominates in Italy’s renewable energy sector because Italy has high
solar radiation. Italy has aimed to reach 17% share of renewable energy by 2020. To
achieve this aim, Italy has implemented some policies, such as green certificates,
feed — in tariffs, market premiums to promote renewable energy sources. The Italian
Government also introduced tax — based policy which allows the owners of solar PV
installation on roof less than 20 kW capacity to deduct 30-50% of system capital

expenditure 22,

Fukushima nuclear disaster has substantially changed the energy policies and politics
of Japan. The government has taken the project for renewable energy generation. It
will be 20% and 35% of total energy generation by 2030 and $700 billion will be
invested. The Energy Policy Paper has been released by the Institute for Sustainable
Energy Policies and presented long and short term energy strategy for installation of
renewable energy by 100% of total power consumption. Japan generates solar PV
power less than 1% of national consumption. The Japanese government also aimed
that to reach capacity of 28 GW and 53 GW by the end of the 2020 and 2030,
respectively. A banking firm, Japan Regenesis Trust announced that it has started

operation of “Smart Farm” in Urakawa Town, Hokkaido 2,



In 2007, China established a “Medium and Long Term Development Plan for
Renewable Energy in China” which aimed that consumption of energy from
renewable sources would go up to 15% by 2020 and the two-third of the country
receives solar radiation about 5020 MJ/m? and has annual sunshine about 2000 hour.
China has given focus on province of Quinghai, Gansu, Ningxia, Xinjiang and Inner
Mongolia which receive the highest solar radiation in the country. Also the Chinese
government introduced “New FIT Regulation” schemes for development of large
scale systems and as a result of this in 2012, Figure 1.6 shows that PV system prices
had fallen 83.3% and 43% compared to the year of 2007 and 2011, respectively 21:2°,
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Figure 1.6 : PV price index — system price decreasing steadily 26

The United States uses around 20% of all primary energy consumed worldwide ?’. In
2009-2010 USA shared 11% of total electricity from renewable energy sources and
solar energy grew up by 77%. USA was leading country among the G-20 countries
for the investments of clean energy. In 2012, USA reached 7.2 GW solar power
capacity, at the state levels, California reached 1033 MW, followed by Arizona with
710 MW. The eleven states installed over 50 MW capacity of solar PV alone in 2012
21,28 Figure 1.7 shows the solar PV installed capacity of top ten countries between
2007 and 2012 2.

Apart from these policies and investments there is an intercontinental project name
of Desertec. The basic idea was to take advantage of the enormous quantity of
energy falling down on world’s desert from the sun. An area of the Sahara 200 km
by 200 km would suffice to cover current global energy consumption. If this sunlight
could only be used with 10% efficiency, we would still only need an area 700 km by

700 km to provide our global energy consumption 2.
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Figure 1.7 : Solar PV installed capacity of top ten countries between 2007 and 2012.

The concept of Desertec was developed by the Trans — Mediterranean Renewable
Energy Cooperation (TREC) as a non — profit organization based in Germany. A few
months later 12 companies created a consortium known as Desertec industrial
initiative (Dii) to help push forward the project. The focus area of both organization
was Europe, Middle East and South Africa (EU-MENA). As a part of project, it was
intended to install a network of solar power system in the Saharan deserts of
Morocco, Algeria, Jordan and Egypt. The project also contained high voltage direct
current cables connecting MENA and EU. However, the project reached a dead end
after several misfortunes. By mid — 2013, the Desertec Foundation and Dii split up,
Dii failed to get support from Spanish government. Desistement of Spanish

government made it impossible to transmit electricity from Morocco to Europe .

Figure 1.8 : Sketch of possible infrastructure for a sustainable supply of power to
Europe, the Middle East and North Africa .



1.2 Why Nanoscience is Related to the Solar Industry

There are two key parameters for solar cell industry — cost and efficiency.
Nanotechnology plays an important role in enhancing efficiency of solar cells. Nano-
scaled materials are not only making solar cells more efficient, also making them
cheaper to manufacture, easier to install and reducing thickness and size of some
elements in a photovoltaic cells will save on materials. It is expected that
nanotechnology has an impact on energy harvesting, production and storage on PV
cells.

Solar cells can be classified into four generetions. First generation solar cells are
based on simple p-n junction. They are generally made of n-type (phosphor doped)
and p-type (boron doped) silisium and due to abundance of material still dominating
the market share. Although Si is the most commonly used semi-conductor in solar
industry there is a handicap. Si has indirect bandgap which means electrons in the
valence band cannot transfer directly to the conduction band and this phenomena

causes loses in light absorption.

Second generation solar cells are made of thin films (layers less than 1 micron) of
Cadmium Telluride (CdTe), Copper Indium Gallium Selenide (CIGS), Copper Zink
Tin Sulfide (CZTS). These materials have direct band gap and ideal for solar cell
applications (1.1 and 1.7eV) but cost of them and their scarcity limit the use. Also
amorphous and polycrystalline silicon are commonly used in thin film solar cells 32

3 Figure 1.9 shows the device structure of CdTe solar cell *.
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Figure 1.9: Device structure of CdTe solar cell.



Third generations are quantum dot based solar cells. Quantum dots are
semiconducting particles and their bandgap is tunable by changing quantum dot’s
size. This ability makes quantum dots ideal for PV applications. Since the size and
bandgap of QDs can be tunable in wide range, their solar cell applications can
harvest wide range of solar radiation . Figure 1.10 shows the cost-efficiency index
of first, second and third generation solar cells *°.
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Figure 1.10 : Efficiency and cost projections for first, second and third generation
PV technologies.

Fourth generation solar cells are based on hybrid-inorganic crystals within polymer
molecules. Combination of organic (normally conjugated polymers) and inorganic
compound aims that low cost of cell production and high power conversion
efficiency (PCE). In such systems design of inorganic compound used as electron
acceptor is very crucial. Electronic band structure of this material is also another
important factor for high PCE. Typical acceptor materials for these kinds of systems
are cadmium compounds, silicon, metal oxide nano particles and low bandgap
nanoparticles. Solution processing of organic polymers is another factor that reduce
the cost. These materials are Poly(3-hexylthiophene-2,5-diyl) (P3HT), Poly(3,4-
ethylenedioxythiophene) (PEDOT:PSS), PCPDTBT:PCBM, MDMO:PPV and act as
electron donor and hole transporter. Inorganic acceptor can be grown into desire
shape onto substrate using different kinds of deposition techniques such as bottom-up
and top-down processing and contact with the donor organic compound then back
and top contacts are coated for electrical connection *’. Figure 1.11 shows the

development of publications in solar energy with nanotechnology .
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Figure 1.11 : Development of the number of publications in solar energy concerned
with nanotechnology *.

1.3 Purpose of Thesis

Reducing reflectivity is the important factor not for only solar cell for all optic
devices to increase light absorbtion therefore efficincy and important photovoltaic
parameters such as open circuit voltage, short sircut density and fill factor which
means quality of solar cells. In this thesis design and fabrication of highly porous
columnar structures have been aimed to reduced reflectivity by glancing angle
deposition method for solar cell applications. Also increasing p-n junction interface
area and reducing surface hydrophobicity of silicon absorber layer to increase light

trapping and electron-hole generation are another purposes of this thesis.

1.4 Literature View

He et al.*® fabricated Si nanowires by using electroless chemical etching method onto
(100) n-type Si wafer. The etch times was varied to obtain nanowires with different
lengths. Si nanowires with the lengths of 0.35, 0.9, 2.2, 4.1um coated by
PEDOT:PSS by using spin coater and 250-nm-thick aluminum and silver metal grid
was coated by e-beam deposition as contact layers. Figure 1.12 shows the cross-
sectional SEM images of SiNWs coated with PEDOT:PSS.
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Figure 1.12: Cross-sectional SEM images of (a) 0.35, (b) 0.9, (c) 2.2 and (d) 4.4um
coated with PDEOT:PSS.

AM 1.5 solar simulator was used to determine PCE and other photovoltaic
parameters such as short circut denisty (Jsc), open circut voltage (Vo) and fill factor
(FF). High efficiency of SINWs with the length of 0.9 and 0.35um can be attributed
to the better junction area between Si and PEDOT:PSS and shorter diffusion distance
of minority carrires. Table 1.1 shows the PV parameters of SI/PEDOT structures

with different lengths.

Table 1.1 : Summary of photovoltaic parameters.

SiNWs lengths Jsc Voc (V) FF (%) PCE (%)
(um) (mA/cm?)
0.35 24.5 0.53 59 1.7
0.9 26.3 0.53 64.2 9.0
2.2 23.1 0.51 60.8 7.2
4.1 18.7 0.49 50.8 4.2

Ge et al.*? fabricated silisium nanowire/cedmium telluride quantum dots/organic
hybrid solar cell on n-Si wafer and investigated PV properties. Si nanowire was
fabricated by wet chemical etching method and CdTe quantum dots and PEDOT:PSS
organic conjugated polymer spin coated to create p-n junction. Figure 1.13 shows the
shematic view and top-view SEM images SINW/CdTeQD/PEDOT:PSS hybrid solar

cells.
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Figure 1.13: (a) Schematic illustration of the SINW/CdTeQD/PEDOT:PSS hybrid
solar cells; (b) SEM image of top-view.

They investigated effect of CdTeQD density by changing cycles of spin coating. 4
samples were prepared, three of them with 4 (sample 1) ,6 (sample 2) and 8 (sample
3) cycles of QDs and one is without quantum dots (sample 0). Table 1.2 summaries
of the PV performance of 4 samples.

Table 1.2 : Performance of hybrid solar cell.

Jsc Voc (V) FF (%) PCE (%)
(mA/cm?)
Sample 0 541 29.1 32.5 5.9
Sample 1 501 32.9 42.7 7.0
Sample 2 511 335 44.1 7.6
Sample 3 521 30.4 43.2 6.8

QDs can improve absorption of light, however, too many quantum dots may hinder
SiNWs to absorb the light.

He et al. ! investigated effect of surface conditions on PV performance. They
fabricated SI/PEDOT:PSS solar cell using (100) and (111) Si wafers and compared
the performance of hyrdogen terminated (H-Si) and oxide-terminated (SiOx-Si)

surfaces. Table 1.3 summaries the PV parameters of samples.

Table 1.3 : Summary of the PV parameters of hybrid solar cell.

Sample Jsc Voc (V) FF (%) PCE (%)
(mA/cm?)
Si-H (111) 0.28 0.27 19.3 0.02
SiOx-Si (111) dox 26.4 0.61 65.9 10.6
1.5nm
SiOx-Si (111) dox 26.3 0.57 34.6 5.2
2.1nm
Si-H (100) 0.46 0.29 16.9 0.02
SiOx-Si (100) dox 25.8 0.58 62.4 9.4
1.8nm
SiOx-Si (100) dox 24.7 0.53 25.5 3.4

2.3nm
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Thin native SiOx layer is beneficial for charge separation, however, thicker layer
would become a barrier for charge transport in solar cell and leading to resistance.
Additionally covalent H-Si surface bonding blocks the internal electrical field and
prevents the photoexcited holes in Si.

Tsakalakos et al. “ fabricated p-SiNWs using chemical vapor deposition (CVD)
method and covered it with n-Si (~40nm) using plasma enhanced chemical vapor
deposition (PECVD) to create photovoltaic p-n junction. Al and TaxN metals were
coated as contact layers by sputtering system. The peak external quntum efficiency
(EQE) was measured 12% at 690nm. Figure 1.14 shows the schematic illustration
and top view and cross-sectional SEM images of SiNW/CdTeQD/PEDOT:PSS
hybrid solar cells.

n-type a-Si
(40 nm)

top copto ct
&

Ta,N p-type Si NW
(@ metal foil

Figure 1.14 : (a) Schematic illustration of the SINW/CdTeQD/PEDOT:PSS hybrid
solar cells; (b) SEM image

Brus et al. ** fabricated hybrid organic-inorganic heterojunction solar cell using
P3HT as electron donor and n-Si onto oxide passivated Si (100) surface within the
temperature ranging from 283 to 333K. Photovoltaic parameters: Js=16.25 mA/cm?,
Voc=0.456V, FF=0.45, PCE=3.32% under 100mW/cm? AM 1.5 illumination.

Combining carbon nanotubes (CNT) with silicon is another method for increasing
solar cell efficiency. Shi et al. ** fabricated CNT-Si junction solar cell with the
efficiency 15% by coating TiO> antireflection layer and doping CNT with oxidative
chemicals. Device fabricated by transferring a semi-transparent CNT film onto n

type single crystal Si wafer. By appliying series of doping methods and electronic
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gating, power conversion increased from 1.3% to 13.8%. Also TiO: colloidal
antireflection layer on the top reduced the reflection on surface less than 10% and
increased to short-circuit density by 30%. Figure 1.15 shows the illustration and
SEM images of Si-CNT-TiO; structure.
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Figure 1.15 : (a) Hlustration of Si-CNT-TiO> solar cell. (b) Cross-sectional SEM
image of the device.

Jia et al.* achieved high efficiency by doping acid to the silicon-carbon nanotube
heterojunction solar cell. Acid infiltration of nanotube significantly increased the cell
efficiency by reducing internal resistance. Figure 1.16 shows the illustration and J-V
characteriscts of solar cell with and without acid filtration.
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Figure 1.16 : (a) lllustration of the solar cell structure. (b) SEM image of CNT film.
(c) J-V characteristics of solar cell before (black) and after (red) acid filtration. (d)
Dark J-V cuves of same device before (black) and after (red) acid filtration.
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Wang et al. *6 fabricated boron doped nanocrystalline silicon/amorphous hybrid solar
cell by radio frequency plasma enhanced chemical vapor deposition (RF-PECVD) to
improve performance of silicon heterojunction solar cells. P-type Si thin films were
fabricated by PECVD system in 180° with gaseous mixture of SiHs, Trimethylboron
(TMB), and Ha. 3 samples were prepared with different amount of TMB and their
PV properties investigated. Table 1.4 shows the fabrication parameters and PV

performance of devices.

Table 1.4 : Fabrication parameters and PV performance.

Sample Taep (°C) TMB (%) Band gap (eV) PCE (%)
1# 180 0.50 (20nm) 1.93 12.16
24 180 0.75 (20nm) 2.19 15.97
0.50 (5nm)
3# 180 0.75 (15nm) 2.07 17.8

Karaagac et al. 4’ synthesized ZnO nanowires using hydrothermal technique on both
glass and silicon substrate, AGIS polymer film was coated to create p-n junction.
ZnO seed layer thicknesses were varied to determine effect of seed layer thickness on
PV paramters. Since the seed layer thickness affects NWs homogenity and vertical
formation, it changes the solar cell efficiency. In and ITO contact layers were coated
by thermal evaporation and DC sputtering, respectively. It was found that quality of

ZnO NWs increases in terms of uniformity and oriantation as the thickness of seed

layers incereased. Figure 1.17 shows the structure of nanowires.

R s
-
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Figure 1.17 : Hexagonal structures of ZnO nanowires.

Also n-SiNWs were fabrcated using electroless etching method onto n-Si wafer and

coated by AGIS polymer. In this system PCE was calculated 5.50%.

Tatar et al. *® deposited slanted nanocolumnar a-Si structures by e-beam physical

vapor deposition (EB-PVD). Slanted nanocolumnar Si structures were deposited at
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the oblique angle a=80° onto n type and p type Si wafer to create heterojunction.

Figure 1.18 shows the surface morphology and sontact angle of surfaces.

SEI 5.0kv  X50,000 100nm WD 10.0mm

Figure 1.18 : Contact angle and surface morphology of (a) flat a-Si (b) slanted a-Si
thin films.

Under 100mW/cm? illumination it was found that porous structure of slanted a-Si
directly affects PV properties. Voc was calculated as 900mV for slanted structure
while calculated 410mV for flat surface. Also Jsc was obtained 83mA/cm? for slanted
structure and 41.9mA/cm? for flat surface.
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2. THEORY

2.1 Properties of Solar Radiation

Solar radiation is a thermal energy emitted by the Sun as a result of fusion process.
This process produces temperature of around 15 million degress of Celsius and this
energy is released into space in radiation form. The Sun continuously radiates an
amount of 3.845x10%% W power in all directions of the Earth with small fructions. In
order to calculate solar constant value, we assume that there is a sphere around the

Sun that has a radius rsg

£ _ Radiation power _ Psun 3.845-10%°W

- = ——— =1367W /m’
Area of sphere  4.r7-r, 4-7(1.469-107"'m) (2.1)

1367 W/m? is called solar constant which denotes irradiance outside the Earth’s
atmosphere. The spectrum outside the Earth’s atmosphere called AM 0 refers to Air
mass 0. As can be seen at figure 2.1 spectrum changes when sunlight passes through
the atmosphere due to the reflection, absorption, rayleight scattering and dust

particles.

2 AM 0 — Spectrum outside the atmosphere

1.8 4
1.6 -
1.4 -
1.2 4

Black body spectrum (T = 5778 K)

AM 1.5 Spectrum (inside the atmosphere)
Water vapour absorption

0.8 5
0.6 4
0.4 4 !
0.2 4

CO,, H,0

Spectral irradiance in W/(m? - nm)

=

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
- UV -l— Visible + IR - Wavelength in nm ==

Figure 2.1 : Spectrum outside and inside atmosphere °.
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2.2 Fundementals of Semiconductor Physics

2.2.1 Bohr’s atomic model

In 1911 Bohr propesed his quantized shell model of atom to explain how electrons
have stable orbit around nucleus. The Rutherford model was unstable because
according to classical mechanics and electromagnetic theory, any charged particle
decelerating emits electromagnetic radiation thus electron would lose energy and
spiral into nucleus. Bohr modified the Rutherford model. According to his first
postulate there are only certain discrete shells permitted for an electron. Each of
these shell stands for a particular path radius that reperesent the respective energy
state of an electron. Radiation only occurs when one electron jumps from one shell to
another. According to the Bohr’s second postulate the transfer of an electron from
one shell to another occurs under the emission or absorption of electromagnetic
radiation. The shells are designated with the letter of K, L, M and so on. Figure 2.2

shows the possible energy states for hydrogen atom.

Energy W
2
Elect
s 136 mY Py W
121 eV *
102 eV L Shell
Nucleus p oV = e

Figure 2.2 : Structure and energy model of hydrogen atom °.

In the basic state electron is stuated in K shell. If the electron is moved to the L shell
than energy of 10.2eV is necessary in order to seperate electron. This energy is called
as ionizing energy W... Figure 2.3 shows the emission and absorption of the light.

The frequency of this radiation is determined by the following equation.

h-c
AW :[\Nz 'Wl|:h'V=7 (22)

W1: energy before transfer

Wo: energy after transfer
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h: Planck’s constant = 6.6 - 1034 Ws?
v: frequency
c: speed of light in a vacuum = 3-108 m/s

A: wavelength

AW AW

Figure 2.3 : Schematic depiction of the emission and absorption of light °.
2.2.2 Band model of semiconductors

We know that there are defined, dicrete energy levels for electrons in an individual
atom. What if we bring two atoms close together? There occurs mutual coupling of
atoms. The energy conditions change and each state divides into two individual
states. In the case of three coupled atoms then three new levels occur. If infinite
number of electrons can be coupled together then individual levels will hardly be
recognized. In this case we can talk about energy bands. The energy bands show all
energy levels that are permitted for an electron. Figure 2.4 shows the coupling of

atoms and formation of energy bands.
1 Atom: W 3 Atoms:

O\ &

—'Energy
levels

Figure 2.4 : Origin of the energy bands in a semiconductor crystal: the coupling of
the atom leads to a spreading of the energy level. For n—co in this results in
continuous energy bands °.

The highest band still occupied by electrons is decisive for the electrical relationship
for solid-state body. As this is occupied by the valence electron it is called the

valence band. The first unoccupied is called conduction band. In order to enter into
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conduction band, an electron must first overcome the forbidden zone which called
band gap (AWg). The width of bandgap decides the amount of energy that an

electron needs to move into the conduction band.

T=0K: AW  Conduction band T>0K: AW Conduction band
77 MAANNANNNNNNNNNNNNNNY w, IR
Forbidden zone IAWG T t
w4 w,

?Valence band ;Valence band

Figure 2.5 : Valence and conduction band for silicon: With rising temepratures
individual electrons rise into conduction band °.

At absolute zero temperature (T=0K) the valence electron remain fixed in their bonds
so the crystal is unable to conduct electrical current as no free charge carriers are
available. If the temeperature is increased then electrons start to move into
conduction banddue to heat oscillations. Figure 2.5 shows the how temperature

affects individual electrons.

In the case of insulators the band gap is very big. Insulators are typically materials
whose bandgap is greater than about 3 eV. This means almost no free electrons are
available at high temepratures. At low temperature semiconductros act as insulators.
At medium temperatures, however, the conductivity begins to increase until very
high temperatures (over 200°C). The higher the temperature, the higher the
conductivity. Metals have special case. Their valence and conduction band overlap
so they possess high degree of conducitivity even at low temperetures. Figure 2.6
shows the schematic description of energy bands of insulator, semiconductor and

metals.

Insulators: Semiconductors: Metals:
A A

AW, >3 eV A—\t—VG L 0<AW <3eV AW, WA ~

l W ¥ AW, <0
T Y Vi

-

Figure 2.6 : Schematic description of energy bands of insulators, semiconductors
and metals °.
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2.2.3 Doping of semiconductors

Semiconductors have another important property alongside the temperature: their
conductivity critically depends on the type and concentration of impurities.
According to the position of energy levels of the atom in the bandgap, there two

major types of impurities.

The energy level of donor atoms is below the bottom of conduction band. The
impurity atom can easily be ionized to contribute an electron to the conduction band.
For silicon and germanium, atoms from group V of the periodic table (N, P, As and
Sb) are effective donors. The Fermi distribution is valid and but the Fermi level is
shifted towards the conduction band as shown in Figure 2.7. The concentration of
free electrons in a n-type semiconductor, approximately equals to the concentration

of donor atoms.

W Conduction band Free electrons

Do T

O ¢ —Q —Free ) . ' S SN A

©)

O electron L _\_:
. o O ‘ © O . Donator levels AW,
W, 1
o(si=)oo(si=)oo(si=)o
o < ~ Valence band

Figure 2.7 : n doping of semiconductor; one of the five valence electrons of the
phosphorous atom is not necessary for the bong therefore available as a free electron.
Because of the doping there is a new nergy level in the band diagram just below the
conduction band edge °.

Assume that the concentration of donor atoms is Np, If the temperature is moderately
high, all donor atoms could be ionized. The concentration of free electrons in an n-

type semiconductor, nn, approximately equals the concentration of donor atoms,

nn = ND (23)

On the other hand, the energy level of acceptor atoms is above the top of the valence
band. An electron in valence band can easily be trapped by the acceptor atoms and
leave a hole in valence band. For silicon and germanium, atoms from group 1A (B,

Al, Ga, and In) are effective acceptors. The Fermi distribution is still valid but the
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Fermi level is shifted toward the valence band as shown in Figure 2.8. The
concentration of holes in p-type semiconductor, approximately equals to the acceptor

concentration.

Conduction band

w
04-" O\Hole L e AL
.00‘00‘ Acceptor levels AW,

i/

WV 7 —————
oooooo Yl
0 o Ie) Valence band Free holes

Figure 2.8 : Example of p-doping of a silicon crystal with a boron atom: one of the
four links remains opne a the boron atom can only offer three valence electrons. A
neighboring electrons moves into this binding and thus “generates” a hole °.

-

Assume that concentration of acceptor atoms is Na. If the temperature is moderately
high all acceptor atoms become negative ions. The concentration of holes in a p-type
semiconductor, pp, approximately equals to the acceptor concentration,

Py =N, (2.4)

In both cases, the product of concentration of free electrons and holes equals to the

square of the intrinsic career concentration,
2
nn pn = ppnp = ni (25)

pn: the hole concentration of a n-type semiconductor
np: the free-electron concentration of a p-type semiconductor

Each is a minority career concentration.

2.3 Solar Cell Operation

2.3.1 P-n junction

A p-n junction can be conceived as a two doped semiconductor of n-type and p-type
that have surface in common. When both semiconductors are separated, they are

electrically nautral. When they get in touch, the majority carriers of n-type
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semiconductors (electrons) begin to diffuse into p-type and the majority carriers of —
type semiconductor (holes) begin to diffuse into n-type semiconductor. Holes coming
from p-type recombine with electrons in n-type semiconductor. Inside the n-type
region near the the junction, where there are no more majority charges, a depletion is
observed and the corresponding zone remains with fixed positive charges. In the
same way electrons coming from n-type region recombine with holes in p-type
semiconductor. Inside the p-type region, near the junction, where there are no more
majority charges, a depletion is observed and the corresponding zone remains with
fixed negative charges. Figure 2.9 shows the schematic representation of a p-n
junction. Eletrons flow from the n-side to p-side and occupy the holes. On the n-side,
fixed positive charges remain behind, on the p-side fied negative charges are

generated.

n-doped p-doped

Symbol explanation:

n-doped : : : g p-doped @ Free electron
 Hole

Electrical field *+ Fixed positive charge
n-doped ittt - - p-doped — Fixed negative charge

) )

| SR — — )

H_)

Space charge region

Figure 2.9 : The p-n junction: Electrons flow from the n-side to the p-side and there
occupy the holes. On the n-side, fixed positive charges remain behind; on the p-side
fixed negative charges are generated °.

Fermi level is the maximum energy level occupied by an electron at OK. The Fermi
energy of an undoped semiconductor is in the middle of forbidden region. However
as soon as the semiconductor is n-doped, number of electrons in conduction band
rises and with this so does the Fermi level. The reverse case occurs in p-doping
region. Since most of the electrons are situated in valence band the Fermi level is just
above the edge of valence band. If the p and n regions are brought together, then the
Fermi energy in thermal equilibrium must be at the same level in both region. Figure

2.10 shows the p-n junction by means of the Fermi energies of n and p doped sides.
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Figure 2.10 : Determination of the diffusion voltage VD of the p-n junction by
means of the Fremi energies of n- and p-doped sides *°.

As a result p-type side of space charge region is negativly charged, n-type side of the
space charged region is positively charged. This cause an electrical field across the
space charge region which is directed from the n-type region to the p-type region.
The electrical field forces the the electrons in p-type semiconductor to move back to
the n-type semiconductor. Similarly the electrical field forces the hole in n-type
semiconductor to move back to p-type semiconductor. In this case p-n junction is in
equilibrium and there is no net current.

(a) Forward voltage

| !

Figure 2.11 : Behavior of the p-n junction with applied voltage: when V rises the
space charge region is decued until t finally disappears completely and a current can
flow. In the case of reverse voltage the diode blocks and the spece charge region
enlarged °.

V=0V
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If we apply a riverse bias voltage in such system in dark then the depletion zone gets
wider, the diffusion of majority charge carriers surpressed and only a small current is
genereted. If we apply a forward bias voltage in such system in dark then the
depletion zone gets smaller The diffusion of majority charge carriers is significantly
enhaced, the p-n junction becomes conductive and it is able to generate a current.
Figure 2.11 shows the behavior of the p-n junction with applied voltage: when V
rises the space charge region is decued until t finally disappears completely and a
current can flow. In the case of reverse voltage the diode blocks and the spece charge
region enlarged.

2.3.2 Interaction with light

Incident light photons lift individual electrons from valence band into the conduction
band. In order to trigger this effect, the energy of photons Wy must be higher than
bandgap.

W, =h-v =AW, (2.6)

Figure 2.12 shows the incident light ray in a semiconductor crystal. The photon is
absorbed only with sufficient light energy and electron is raised into the conduction
band 5.

AW Conduction band

\ Valence band

Figure 2.12 : Principle of light absorption in the semiconductor. The photon is
absorbed only with sufficient light energy and electron is raised into the conduction
band °.
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In dark p-n junction behaves like a diode which is a electrical element that if you
applied a forward bias valtage on it, then it becomes conductor in one direction.
However if you apply reverse voltage it blocks the current. Their main function is to
allow electrical current in one direction and block in the opposite direction. The
relation between current and voltage of p-n junction in dark illustrated in figure 2.13.

(@ —

Figure 2.13: Symbol and 1/V characteristic curve of a p-n diode: in the forward
direction diode there are high currents, in the reverse direction diode only conducts
from threshold voltage °.

As soon as light shines on the diode a current that is independent on the voltage V is
added to the diode characteristic curve. Free electrons and holes generated by light
absorption are separated from the field of space charge region. Figure 2.14 shows the
p-n junction under illumination and current-voltage characteristic of p-n diode in

dark and illumination conditions.
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frciden gt Electron-hole pair generated

due to light absorption

n - - - P
1
O— |+ +6|/— - = —o
| © ]
|+ + + = o ]
Electric field F
(b)
1
Dark | ight
Vl‘l"l
L]
. ' Voc A4
.
'sc

Figure 2.14 : (a) lighted p-n junction: electron and holes genreted bu light absorption
are separated from the field of the space charge region and “brough home” (b) I/V
curve of p-n diode under dark and illumination conditions °.
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2.3.3 Characterization and efficiency

It will be noticed that the curve produced under illumination is simply shifted from
the other curve by a value of Is, which represents the constant generation of current
by light. This value is called short-circut current, because it is a current generated
under the light at zero voltage. The value of Vo, in contrary, open-circuit voltage,

voltage under illumination at zero current.

The operating point, at which the maximum power is provided is called the
Maximum Power Point (MPP). As the power of a working point always corresponds

to the surface of I'V, this area must be maxium in the case of MPP.

The fill factor (FF) describes the relationship of MPP and the product from open-
circuit voltage and short-circuit current. As can be seen at figure 2.15, FF shows the

size of the area under the MPP working, compared to the area Voc-Isc.

FF = VMPP : IMPP _ PMPP
Voc ' ISC (27)

Voc ’ Isc

The fill factor is a measure for the quality of a cell; typical values for silicon solar
cells are between 0.75-0.85.

| Maximum Power Point
VOC'ISC
Vier Voo V

Figure 2.15 : The fill factor gives the relationship of the shaded red to the green
background surface °.
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The efficiency of a solar cell is defined as the ratio between the maximum power
produced and the power of solar radiation striking the PV module. The efficiency is
defined as follows:

Puep

.S 28)

77:

n: Power conversion efficiency of a solar cell
E: illumination (W/m?)

S: surface of the module
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3. MATERIALS AND METHODS

3.1 Silicon Wafer

Silicon wafer also known as substarate is a thin slice of semiconductor material used
in electronics, integrated circuts, photovoltaics for solar cells . Silicon wafers are
available in different diameters from linch (25.4mm) to 11.8inches (300mm) >,
Silicon wafers can be both p and n type and have <100> or <111> crystal
oritentations 2. Figure 3.1 shows the silicon wafer in different diameters.

~—

Figure 3.1 : Silicon wafers in different diameters 3.
3.2 Aluminum and Silver

Aluminum (Al) was used as thin film back contact and silver (Ag) was used as front
grid contact. Aluminum is the most abundant metal and the third most abundant
element in the Earth. It is nonmagnetic, soft, ductile metal. Atomic number is 13.
Silver is a transition metal with high electrical and thermal conductivity. Atomc

number is 47 >4, Figure 3.2 shows the aluminum crucible materials.
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Figure 3.2 : Aluminum crucible materials.
3.3 Silicon

Silicon is extremely important for photovoltaic devices. It has the atomic number 14
and situated in the fourth main group. The K and L shells are full, there are four
electrons in the top shell which means it possesses four valence electrons. Silicon is
the eighth most common element in the Earth by mass, however very rarely found as

pure. Figure 3.3 shows the structure of a silicon.

Silicon is solid at room temperature. It has relatively high melting and boiling point
with 1414 and 3265°C, respectively. In crystalline form, pure silicon has a gray color

and metallic luster .

Atomic
nucleus

Valence
electron

.e..?..g.
o(Dos(Dos(Do
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Figure 3.3: Structure of a silicon crystal: The left figure shows the spherical model
and the right the two-dimensional depiction °.

Amorphous silicon is the non-crystalline form of silicon. It has extremely irregular
structure of silicon atoms. Amarphous silicon consists of multitude open bonds that

are called dangling bonds. Amarphous silicon differs from other variations, such as
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monocrystalline and polycrystalline silicon, has small grains known as crystallites.

Figure shows the picture of amorphous silicon crucible materials.

Figure 3.4: Amorphous silicon crucible materials.

Monocrystalline silicon consist of silicon in which the crystal lattice of entire solid is
continuous and unbroken to its edges. Mono-Si cells have the highest efficiency in

commercial market with 25.6% while poly crystalline cells have 20.8% efficiency *°.

Polycrystalline silicon are composed of a number of smaller crystals. Polycrystalline
silicon materils differ from amaorphous and poly-Si consist of multiple small silicon
crystals. These crystals are giving the material flake effect. Figure 3.5 shows the

atomic structure of mono-Si, poly-Si and amorphous silicon.

= Monocrystalline Polycrystalline

W C
.. X X OO

Figure 3.5: (a) shows the atomic structure of mono-Si, poly-Si and amorphous
silicon *” (b) mono crystalline (left) and poly crystalline (right) silicon solar cells °8,
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3.4 PEDOT:PSS

Poly(3,4-ethylenedioxythiopehene):poly(styrenesulfonate) (PEDOT:PSS) is a
transparent, hole-conducting polymer with adjustable electrical parameters. Its work
function in the range of between 4.8 and 5.2eV and conductivity up to 1000S/cm.
PEDOT:PSS can easily be deposited by spin, spray and dip coating which are
suitable for the deposition of any aqueous solution at the temperature of 100°C under
atmospheric pressure conditions >°. On the n-type silicon, PEDOT:PSS forms and
organic-silicon junction with remarkably high saturation and power conversion
efficiency (PCE) . Figure 3.6 shows the structure of PEDOT:PSS.

Figure 3.6 : PEDOT:PSS %,

3.5 Physical Vapor Deposition (PVD)

PVD process is basically coating a substrate by vaporizing or sputtering material in a
vacuum environment. A wide range of metal, chemical compounds and composition
can be deposited on a surface. This process exhibits fine grain size, dense structure
and can be carried out relatively lower temperatures compared to other methods such
as chemical vapor deposition (CVD). PVD process works in the range of 150-550°C
which makes possible to choose great variety of substrate. Almost all kinds of tool

steel can be used.

There are three major types PVD process. In thermal evaporation coating material
directly heated up, vaporized and deposited on a desirable surface inside vacuum

chamber. For materials possess higher evaporation temperature electron beam
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evaporation is preferred. In this type of evaporation electron beam generated by an
electron gun or incandescent flament cathode. Emitted electrons are accelerated
towards crucible holding the evaporation material by electrical field. Also a magnetic
field is applied to move the e-beam and scan the surface of evaporation material.
When e-beam falls down the material’s surface, material heats up and starts to
evaporate. This mechanism provides several advantages over the similar processes.
First, adjusting accelerating voltage and changing magnetic field, the electron beam
can be localized, unfocused, accelerated or retarded. This ability allows us to control
deposition rate in a wide range from nanometer per minute to micron. Also
evaporation materials are deposited with limiteless shape and forms with high purity
including materials with high melting point such as W, Ta, C, etc. E-beam
evaporation also offers us excellent material utilization, precise film composition,
uniform deposition and minimum contamination 2. Figure 3.7 shows the illustration

of e-beam evaporation system.
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Figure 3.7 : lllustration of e-beam evaporation system %2,

The PVD deposition techniques discussed so far basically based on thermal.
However sputtering is a different technique which allows us deposition material
under its evaporation temperature. In this process highly energetic ions are bombared
to the material surface creating a plasma using an inert gas mostly Argon. Properties
of thin film depending on ion energy range (1 eV to 10.000 keV). The interaction of
energetic ions with surfaces will also created a variety of interaction besides
sputtering, such as secondary atoms, neutrals, photons, X-rays. These interactions

play an important role during film deposition. For example emission of secondary
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electrons is essential for maintaining discharged plasma 2. Figure 3.8 shows the

sputtering process and film formation.

a 3o itered ons
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Figure 3.8 : (a) Hlustrating diagram of sputtering process at the target, (b) film
formation on substrate 6.

3.6 Glancing Angle Deposition (GLAD) and Structured Thin Films (STF)

Glancing angle deposition (GLAD) provides oblique deposition and substrate motion
to engineer thin film microstructures in three dimension on nano scale. Using this
technique, we can obtain “zigzag”, “staircase”, “chiral”, “helical” and various type of
nanostructures from various metals with controllable morphologies ®°. Figure 3.9
shows the increasing control of GLAD technique in past 15 years and Figure 3.10

shows the schematic of GLAD process.

@) e

Figure 3.9 : SEM images are showing increasing control of offered by the GLAD
technique over the past 15 years: (a)erly spirals, (b) early chevrons, (c) top-down
view of Alg3 spirals, and (d) Si square spiral. (a) and (b) are from 1994, (c) and (d)
are from 2007. All scale bars are 1pum .

These types of nanostructures are called as structured thin films (STF). These
structures have wide range of applications such as optical filters ®’, photonic crystals,
gas sensors %8 magnetic storage ®°, microchannels 7°, biosensors !, anti-reflection

coatings %, catalysts depending on their material, size and gometrical shape.
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Figure 3.10 : Schematic of GLAD process. @ is substrate rotation and a. is vapor
incident angle .

The column inclination angle (B), is the angle between film normal and vapor
incident angle (). It depends on many factors such as film temperature, deposition
flux, gas pressure, gas compostion and flux energetics 3. Figure 3.11 shows the
schematic of depostion flux and film orientation with the angle definitions. a is the
vapor incident angle and B is the columnar microstructure inclinationa angle

measured from substarate normal.

| |
| flux
B

|

Figure 3.11 : Schematic of deposition flux and film orientation with angle
definitions. a is the vapor incident angle and {3 is the columnar microstrcture
inclination angle measured from the substrate normal 2.

However, there is a fix relationship between vapor incident angle and columnar angle

based on the geometrical analyses in fixed deposition conditions shown in figure

3.12.
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Figure 3.12 : Fixed relationship between incident vapor flux and columnar growth
angle for a fixed set of deposition conditions (material, temperature, gas
composition, pressure and vapor energetics) 4.

Since the porosity of thin films is depending on incident vapor angle, column growth
angle cannot be choosen independently. If large columnar angle (more parallel to
substrate) is desired, the flux must be deposited at large oblique angle which is
resulting in a very porous film. If dense film is desired flux must arrive more

perpendicular to the substrate and resulting dense microstructure ™.

Substrate
@) (b)

Figure 3.13 : (a) the incident flux can be decomposed into two different components,
(b) form of shadowing islands and columnar structures due to shadowing effect ®.
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Vapor angle has two dimensions, a vertical component and a lateral component.
During the deposition of thin film, first arriving atoms form islands on flat substrate
randomly. As deposition proceeds these islands will act as shadowing centers and all
tallest islands will receive more impinging atoms compared to shorter areas
(shadowing effect). As can be seen at figure 3.13 lateral component of the incident
vapor is the source for shadowing effect. This process will continue until tallest

islands grow into columns and columnar film will be formed.

3.7 Spin Coater

Spin coating is a procedure used to deposit uniform film to flat substrates. Small
amount of coating material is droped on the center of substrate then rotated in high
speed (typically around 300rpm). Film thickness and other properties will depend on

the nature of fluidic materials such as viscosity, drying rate, percent solids, surface

tension etc ’’. Figure 3.14 shows the schematic of application of spin coating

method.

f—)'

Figure 3.14 : Application of spin coating ”’.
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4. EXPERIMENTS AND RESULTS

4.1 Fabrication

First 250nm aluminum contact layer were deposited onto p-type (100) silicon wafer.
Then highly doped (10*® atoms/cm™) n-type silicon structured thin films and flat
surface deposited onto aluminum surface by e-beam deposition technique using Kurt
J. Lesker equipment. Silicon films’ thicknesses were about 400nm for all samples.
Structured thin films were deposited at 80° to form slanted structures with no rotation
and at 80° with 25rpm to form vertical columnar structures. Highly conductive and
transperant PEDOT:PSS (Heraeus-Clevios) was coated onto silicon structured thin
films and flat surface. First PEDOT:PSS was droped onto surface and left for 1min.
then it was spin coated with 2000rpm/min twice. Finally silver metal grid top
electrodes deposited onto PEDOT:PSS surface by thermal evaporation. Complete
cell sizes are about 1cm x 1lcm. Figure 4.1 shows the schematic presentation of

fabrcation process and device structure.

Al contact layer
deposition

Al

Si wafer Si wafer
Si columnar
structure
Ae orid contact Si STFs
SiSTEs
Al
i\ 1 Si wafer
Siwaler
PEDOT:PSS and

Ag grid electrode

Figure 4.1 : Fabrication process of SI/PEDOT structure.

41



4.2 Imaging and Charaterization

Figure 4.2 shows the cross-sectional SEM images of columnar structures and flat
surfaces. PEDOT:PSS can be seen at between columnar structures and top of the flat
surface. As can be seen at (a) and (b) PEDOT has better distrubution on columnar

structures compared to flat surfaces. This increases p-n junction area.

(@ (b)

PEDOT:PSS

192015 | Hv t [moce | w0 mag O W 1119720 v mag ——— 500 nm ——

5 4
35:29 PM | 30,00 kV ) | S| 8.5 mm 200 000 x MSGSU-Merlab N 1:22:2: 5.00 6 X MSGSU-MerLab

Figure 4.2 : Cross-sectional sem images of silicon thin films with PEDOT:PSS. (a)
and (b) shows the vertical columnar structures deposited at 80° and 25rpm, (c) shows
the slanted strutures deposited at 80° with no ratation and (d) shows the dense flat
surface.

Figure 4.3 shows the top view SEM images with the contact angle measurement of
three samples. Contact angle decreases when surface porosity increases therefore we
can see that columnar structures are more hydrophilic than dense films. Flat silicon
has 98° while columnar structures possess 71° and 61° contact angle. Also this tests
demonstrates that columns lead to enhanced light absorbability and surface

interactions.
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Figure 4.3 : Top-view images and contact angle measurement of (a) flat surface, (b)
slanted structure, (c) vertical columnar structure. Surface hyrophilicity increases with
the increasing porosity.

Surface porosity also changes optical properties of silicon thin films. Columnar
structures possess less reflection compared to the flat surface depending on surface
porosity. This phenomena show that we can use these structures as anti-reflection
coatings for solar cells and optical devices to decrease reflectivity and increase

efficiency. Figure 4.3 shows wavelength-reflectance measurement of 3 samples.
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Figure 4.4 : Wavelength-reflectance measurement of flat surface, slanted structures
and vertical columnar structures. More porous surface exhibit less reflectance.

Figure 4.4 shows the images of silicon films. Color differences between flat surface
and columnar structures of same material can be seen depending on different

reflectance.
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Figure 4.5 : Color differences of silicon thin films with different geometries. Blue
sample on the left is flat surface and yellow samples on the right are columnar
structures of 400nm silicon.

Figure 4.6 shows AFM images of flat surface and vertical columnar structures
fabricated in 25rpm and 80° in lpumxlum area. Columnar structures have higher
surface roughness compared to the flat surface. This demonstrates that columnar

structures have higher light absorption as well.

50—
1)

L L s
= & 2 &

§Ho—

|
=
8

Figure 4.6 : AFM images of (a) flat surface, (b) columnar structures on 1micron
area. Columnar structures possess higher surface roughness.

Figure 4.7 shows the XRD measurements of 3 samples. Since amorphous structures
were used, no peak was observed.
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Figure 4.7 : XRD measurements of (a) flat surface, (b) 25rpm vertical columnar
structures and (c) slanted clumnar strucutres.

Figure 4.8 shows the transmittance of PEDOT:PSS between the wavelength range of
solar radiation inside the atmosphere. This shows the light passes through Ag grid
electrode and polymer layer and reaches the silicon absorber layer.
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Figure 4.8 : Transmittance measurements of PEDOT:PSS and glass surface. PEDOT
exhibit high transperancy.
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5. CONCLUSIONS AND RECOMMENDATIONS

In this study nano silicon columnar structures and flat surfaces have been fabricated
using glancing angle deposition technique by e-beam evaporation technique. Their
important optical, structural and surface parameters investigated that affect
photovoltaic properties for solar cell applicaations.

n-Si columnar structures have high porous surfaces that affect optical properties and
surface behaviours therefore change the photovoltaic properties.

Both cross-sectional and top-view SEM images shows that columnar structures have

higher porosity than flat surfaces.

Columnar structures possess lower reflectance value in UV-VIS spectroscopy which
means they have higher absorbance so we can use these structures both for solar cell
application and other opto-electronic devices as anti-reflection coating to increase
efficiency and other photovoltaic parameters such as fill factor, open circut voltage

and short circut current.

Also columnar strucutres have hydrophilic surface due to the high porosity that
characteristic eases the distribution of PEDOT:PSS hole conductor polymer on

surface and provide better distribution and larger p-n junction interface area.

Since amorphous structures were used in this study no peek was observed in XRD

measurement.

PEDOT:PSS was covered on surface using spin coating technique. First it was
dropped on surface left for 1 min. then rotated 2000rpm twice to obtain homogenous

distribution.

Cross-sectional SEM images shows that columnar structures with PEDOT:PSS have
better distribution and larger surface area due to the hydroplicity and porosity while

flat surfaces relatively smaller junction area and non-homogenous distribution.

PEDOT:PSS exhibits high transparency in UV-VIS spectroscopy which means light
can pass through it and reach the silicon absorber layer to generate electrons and

holes.
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5.1 What Can Be Done to Increase Efficiency of These Structures?

Columnar structures possess different surface and optical properties than flat surfaces
so this effects efficieny of optical devices. Different geometries and shapes can be
tried by different kind of methods such as etching and chemical vapor deposition.

For bottom-up methods cooling down the substrate provides better distribution of
columnar structure. Since the first impinging atoms are highly energetic, cooler
surface reduces the high energy of first arriving atoms and keep them on surface

easily.

Nano-crystalline materials can be used instead of amorphous materials to prevent
dangling bonds which can cause current leakage. Also surface treatment techniques
such as oxidation or hydrogen terminating can be applied to the absorber layer

surface.

Quantum dots and carbon nanotubes can be added to silicon absorber layer. Quantum
dots have tunable bandgap with changing size that makes them favorable for solar

radiation trapping.

Some chemicals (dimethyl sulfoxide, methoxyethanol) can be added to PEDOT:PSS

to increase its hole concentration.
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