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ABSTRACT

CHARACTERIZATION AND CONTACT RESISTIVITY STUDIES OF ITO
THIN FILMS FOR USE IN SILICON HETEROJUNCTION SOLAR CELLS

GULER, Secil
Master of Science, Physics
Supervisor: Prof. Dr. A. Cigdem Ergelebi
Co-Supervisor: Prof. Dr. Rasit Turan

January 2020, 105 pages

Transparent conductive oxides (TCO) are widely used in optoelectronic devices such
as flat panel displays and solar cells. Indium tin oxide, due to its wide optical bandgap
and high transmittance in the visible spectrum, is commonly used for device
applications such as anti-reflective coating, front TCO layer in silicon heterojunction
solar cells. When ITO is used as TCO layer, the carrier transport mechanism through
the junction is improved due to the decrease in the free carrier absorption. In this
study, the effect of deposition conditions of ITO thin films on the material properties,
as well as the material optimization towards the decrease of resistivity and carrier
concentration simultaneously and the increase of the transparency and mobility
values have been investigated. In order to achieve this goal, ITO thin films with
various thicknesses were deposited on borosilicate glass substrates and n type silicon
wafers by RF (Radio Frequency) magnetron sputtering using different deposition
conditions. The main sputtering parameters were the sputtering power, substrate
temperature, deposition pressure and oxygen content in the gas mixture. ITO films
deposited under different conditions have been characterized in order to determine

the optimum deposition parameters leading to 1TO thin films with high conductivity,



high transmittance in the visible range as well as the low carrier concentration. The
structural, morphological, electrical and optical properties of the deposited ITO films
have been characterized by X-Ray Diffraction, Atomic Force Microscopy (AFM),

four-point-probe, Hall Effect and spectrophotometric measurement techniques.

Besides the optimization studies of ITO thin films for Silicon Heterojunction Solar
Cells, the specific contact resistivity studies between ITO and different layers in SHJ
structure have been also carried out by using one dimensional transfer length method
(1D-TLM).

In the last part of the thesis study, different optimized ITO layers were deposited as
an anti-reflective coating layer in SHJ solar cells and effect of ITO film properties
on SHJ cell parameters have been investigated.

Keywords: Transparent conductive oxide(TCO), indium tin oxide(ITO), silicon

heterojunction solar cells, specific contact resistivity.
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Oz
SILISYUM HETEROEKLEM GUNES HUCRELERINDE KULLANILAN

INDIYUM KALAY OKSIT INCE FILMLERININ KARAKTERIZASYONU VE
KONTAK DIRENCI CALISMALARI

GULER, Secil
Yiksek Lisans, Fizik
Tez Yoneticisi: Prof. Dr.A. Cigdem Ercelebi
Ortak Tez Yoneticisi: Prof.Dr. Rasit Turan

Ocak 2020, 105 sayfa

Seffaf iletken oksitler diiz panel ekranlar ve gilines pilleri gibi optoelektronik
cihazlarda yaygmn olarak kullanilmaktadir. indiyum kalay oksit(ITO) goriiniir
spektrumda genis optik bant araligi ve yliksek gecirgenligi nedeniyle, silisyum
heteroeklem giines hiicreleri gibi aygit uygulamalarinda yansima Onleyici 6n
kaplama tabakasi olarak kullanilmaktadir. ITO seffaf iletken oksit tabakasi olarak
kullanildiginda, serbest tastyici sogurmasini azaltmasindan dolay1 eklemdeki tasiyici
transport mekanizmasi iyilesmektedir. Bu calismada, {iretim parametrelerinin
indiyum kalay oksit ince filmlerin 6zellikleri lizerindeki etkileri arastirilmaktadir ve
diisiik 6z direng, yliksek tasiyict yogunlugu ve ayni zamanda yiiksek mobilite ve
optik gecirgenlik degerlerine sahip ince filmler elde edilmesine yonelik arastirmalar
strdurtulmektedir. Bu degerlere ulasmak igin, farkli kalinliktaki ITO ince filmler,
farkli kaplama parametleri kullanilarak borosilikat cam alttaglar iizerine radyo
frekansi(RF) sactirma sistemi ile kaplanmustir. Temel Uretim parametleri RF glcd,
kaplama basinci, alttas sicakligi ve gaz karigimmdaki oksijen miktaridir. Yiiksek
iletkenlige, goriinlir bolgede yiiksek gecirgenlige ve diisiik tasiyici yogunluguna
sahip farkli kosullar altinda {retilen ITO ince filmler; optimum iretim

parametrelerinin ve malzeme 6zelliklerinin belirlenmesi i¢in yapisal, morfolojik,
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elektriksel ve optik Ozelliklerine yonelik olarak, X-Isin1 Kirinimi, Atomik Kuvvet
Mikroskobu(AFM), dort nokta temasli iletkenlik 6l¢iim sistemi ve spektrofotometrik
Olcim teknikleri kullanilarak karakterize edilmistir. ITO ince filmlerinin
karakterizasyon ¢aligsmalarmin yani sira, ITO /n-a Si: H ve ITO / p-a Si: H tabakalar1
arasidaki spesifik kontak direnglerini azaltmak i¢in, bu tabakalar arasindaki kontak
direnci ¢aligmalar1 bir boyutlu transfer uzunlugu modeli(1D-TLM) yodntemi ile

yapilmistir.

Bu ¢aligmanin son kisminda, optimize edilen ITO ince filmleri, silikon heteroeklem
giines hiicrelerinde yansima Onleyici tabaka olarak kaplanmis, ITO ince film

Ozelliklerinin giines hiicrelerinin verim degerleri lizerindeki etkisi incelenmistir.

Anahtar Kelimeler: Seffaf iletken oksitler, indiyum Kkalay oksit, silisyum

heteroeklem giines pilleri, spesifik kontak direnci.
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CHAPTER 1

INTRODUCTION

The study of the photovoltaic (PV) devices goes back to 1839. Photovoltaic Effect
was discovered by Becquerel in 1839. In 1876, the first PV device was fabricated by
William Adams and Richard Day by using hot platinum and selenium [1]. Moreover,
in the 1930s, Schotkky discovered the metal — semiconductor barrier concept [2].
After these discoveries, in 1970s, PV devices were started to be used in satellites and
space-crafts. However, these PV devices were not cost effective. After the 1980s,
PV companies started to seek solutions to decrease PV device costs. The reason is
that the people started to seek alternative energy sources in order to supply world’s
energy consumption. In the last few decades, the use of renewable energy sources
has become more important to cope with world’s energy problem. PV solar energy
is one of the promising energy sources for world’s energy consumption. For this

reason, it is attracting more attention in the last years.

1.1  Types of Solar Cells

There are many different types of PV device structures based on different organic
and inorganic materials. They are classified as 1%, 2" and 3" generation solar cells.
First generation solar cells are based on multicrystalline and monocrystalline silicon
technologies. Monocrystalline silicon solar cells are more efficient than
multicrystalline based in terms of conversion efficiency; however, multicrystalline
wafer based solar cells are more cost efficient. Nowadays, silicon-based solar cells

have become more dominant in PV markets due to its abundancy and cost



effectiveness. In Figure 1.1, the photograph of mono and multicrystalline wafer-
based solar cells are shown.

(a) (b)
Figure 1.1.Poly (a) and Monocrystalline (b) Silicon solar cells [3].

The second generation solar cells are thin film based solar cells and there are many
different kind of solar cell including different base materials such as Cadmium
Telluride (CdTe), amorphous silicon, Copper Indium Gallium Selenide (CIGS) solar
cells (Figure 1.2). Glass and flexible materials can be used as a substrate material for
thin film solar cells. Maximum lab efficiency of CIGS thin film solar cells is %22
[4]. The main advantage of thin film solar cells is that their absorber base materials
have high absorption coefficient, thus small active layer is enough for the absorption
of incoming photons [5]. However, these kind of solar cells suffers from leakage of

stability.

Figure 1.2. CIGS Thin Film Solar Cells [6] .



The third generation solar cells cover various organic and inorganic materials and
multi junction structures (tandem solar cells). In all structures of the 3™ generation
solar cells, the target is to produce low cost and efficient devices. Dye synthesized
solar cells (DSSC), polymer based solar cells, nanocrystal solar cells and quantum
dot solar cells are some kind of 3™ generation solar cells (Figure 1.3). Although the
production of dye synthesized and organic solar cells is cost effective, efficiency
values are low [7]. Besides the use of organic and inorganic materials for the
photovoltaic devices, multijunction concept was built up as the 3™ generation solar
cell concept. According to the Shockley Quessier limit, maximum theoretical
efficiency is % 33 for a single p-n junction with bandgap of 1.34 eV at 1.5 AM solar
spectrum [8]. For this reason, multijunction concept has been developed to increase
the efficiency limit. Nowadays, four terminal multijunction tandem solar cells have
reached efficiency of % 47.1 and module efficiency of this structure is expected to
increase in the next years [9].

Figure 1.3. Dye Synthesized solar cells [10] .

To summarize all kind of solar cells, the graph of Best Research-Cell Efficiencies is
given in Figure 1.4, which includes all different kinds of solar cells such as single
junction, multi junction and thin film solar cells. It is a well-known graph reported
by National Renewable Energy Laboratory (NREL) updated in 2018.



Best Research-Cell Efficiencies ZINREL

52

Technologies
nosnlyat

4B

40

Oepepool O

36

321" @ Single crystal (concentrator)

W Single crystal (non-conoantrador)

O Muicry
- @ Siicon sstuch

28 WV Thin-ilm crystal

4l

Cell Efficiency (%)

20

| B A N (L D LR L [ S L T | P [ ) A (e A [ Lo S L [ L S L S L S A ' A S L Y LA ey |

Univ. of
Queansland
SCUT-CSU

L1

1 1
1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 1.4 Best cell efficiencies [11].

1.2 Silicon Heterojunction Solar Cells

Among the silicon solar cells, c-Si and a Si:H heterojunction solar cell structure is
still one of the promising technology since it has high open circuit voltage, low
temperature process and it is cost efficient. C-Si/a Si:H heterojunction device was
first fabricated by Fuhs in 1974 [12]. After this discovery, first Silicon
Heterojunction Solar Cell (SHJ ) was reported by Hamakawa in 1983 [13] . In 1992,
a new heterojunction solar cell concept was developed by Sanyo (now Panasonic)
with conversion efficiency of %18.1 [14]. In this structure, c-Si and doped a-Si:H
layers were sandwiched between thin intrinsic a-Si:H layers in order to enhance
passivation quality. Sanyo commercialized its name as “Heterojunction with
Intrinsic Thin layer (HIT)”. In 2015, 25.1 % conversion efficiency was achieved for
SHJ solar cells by Kaneka [15]. Moreover, in 2018, world’s record conversion
efficiency (26.7 %) was achieved for SHJ-back contact solar cells [16]. In Figure
1.5, HIT structure developed by Sanyo is shown. More detailed structural and

theoretical information for HIT solar cells will be given in Chapter 2.



p-type/i-type
(Thin amorphous silicon layer)

Front-side o - —
electrode e .’ ——
Rear-side ww .n
electrode Thin mono
i-type/n-type crystalline silicon
wafer

(Thin amorphous silicon layer)

Figure 1.5 HIT solar cell structure developed by Sanyo [17] .

1.3  TCO Layer and SHJ Solar Cells

There are many parameters affecting SHJ device performance. For SHJ solar cells,
to improve carrier transport mechanism between c-Si and a-Si:H layers as well as to
increase the lateral conductivity of the fingers, optimization and deposition of TCO
layer is a crucial step. Transparent conductive oxides have high transparency in the
visible range and high electrical conductivity. In 1907, TCOs were reported the first
time by Badeker who discovered that cadmium could be transparent as well as
conductive when it is oxidized [18]. After that, many different combinations of TCOs
were discovered by using different metallic elements. Nowadays, Tin doped Indium
Oxide (ITO), Aluminum doped Zinc Oxide (AZO), Fluorine doped Tin Oxide
(FTO), Hydrogenated Indium Oxide (10:H), tungsten doped indium oxides (IWO),
Zinc-doped Indium Oxide (1ZO) are most frequently used TCO materials [19]. Since
TCOs both have high transparency and conductivity, they are used as front electrode
for solar cell applications [19]. In addition, they are also suitable for flat panel
displays and light emitting diodes (LED) [20]. As an alternative material to TCOs,
new conducting and transparent materials have been studied such as nanowires,
organic polymers etc. These materials are also used as front electrodes for
optoelectronic device applications [21]. Indium Tin Oxide is one of the most

commonly used TCO for optoelectronic applications since it has high transparency



and conductivity which was first discovered by Rupprecth in 1954 [22] . It has 85 —
90 % transmittance in the visible range and its lowest resistivity value is in the order
of 10° Q.cm [23]. ITO is also used as the front electrode for solar cell applications
especially in SHJ solar cells [24]. However, Indium is an expensive material and its
abundancy is relatively low compared to other TCO materials. Due to its rareness,
recycling process has been applied for Indium [25]. There are many methods to
deposit ITO thin films such as spray prolysis, thermal evaporation, e-beam
evaporation and sputtering. Depending on the deposition condition and deposition
method, I1TO film properties can be varied [26]. Sputtering technique is one of the
most commonly used deposition methods for the growth of ITO films [27].

1.4 Specific Contact Resistivity and SHJ Solar Cells

For the high efficiency of SHJ solar cells, low contact resistivity is an essential issue
since it affects the device performance significantly. Reduction of the negative effect
of contact resistivity by decreasing its value, is a significant step to improve the Fill
Factor and to optimize Voc and Jsc values. SHJ solar cells have two extra contact
resistances compared to the conventional c-Si cells which are contact resistance of
TCOl/a-Si:H and contact resistance of a-Si:H/c-Si layers. For this reason,
contribution of series resistance to the efficiency is higher than the conventional c-
Si solar cells. According to literature, contact resistivity between TCO layer and
metal contact is between 102 and 10° Q.cm?[28], while contact resistivity of TCO/a-
Si:H layer is in the order of Q.cm?[29][30]. There are many methods to measure the
specific contact resistivity between different layers in heterojunction structure [31].
To investigate the contact resistivity of intrinsic a-Si:H, doped a-Si:H and ITO layers
as well as the ITO and metal contacts, different measurement techniques were
upgraded. The most widely used technique to measure the contact resistivity are
Transfer Length or Transmission Line Method (TLM). In this study, TLM was used
to determine the specific contact resistivity of ITO and metal contact as well as the

contact resistivity between a-Si:H and 1TO layers.



Transfer Length Method was first discovered by Shockley who introduced a
rectangular TLM pattern for use in solar cell current—voltage characteristics [32]. In
this study, this method was performed to investigate the specific contact resistivity
values between different layers in SHJ structure. Detailed theoretical information
about TLM will be given in Chapter 2.

This thesis is consisted of two different parts. First part of the thesis includes the
characterization and optimization of ITO thin films for use in SHJ solar cells. In the
second part, to investigate the specific contact resistivity of the metal contact,
optimized ITO films and a-Si:H layers, different contact resistivity studies were
performed by TLM. Lastly, SHJ cells were fabricated by using different optimized
ITO layer and the effect of ITO layer on the performance of SHJ solar cells structure

was investigated.

This thesis is presented in the following structure: Chapter 2 gives theoretical
background information about sun and solar cells, SHJ solar cells, TCOs, properties
of ITO, contact formations and Contact Resistivity Methods. In Chapter 3,
information about experimental procedure and characterization techniques used in
this study will be given. Chapter 4 presents the results and discussions on the ITO
characterization, contact resistivity analysis and SHJ cells. Finally, in Chapter 5, the

conclusions on the results given in Chapter 4 will be presented.






CHAPTER 2

THEORETICAL BACKGROUND

2.1 Fundamental Information about Sun and Solar Cells

211 Solar Irradiance

Sun is a blackbody with a temperature of around 5777°K [33]. Solar irradiance
means power per unit area received from the sun. Solar radiation reaching at the
earth’s surface is around 1360 W/m?. However, there are some attenuation problems
which affects incoming solar radiation to the earth surface through the atmosphere.
When incoming light comes through the atmosphere, some of them are scattered or
absorbed. The main reason of losses in solar spectrum belongs to absorption of water

and CO2 molecules in the atmosphere. Solar spectrum of the earth surface is shown

in Figure 2.1.
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Figure 2.1. Solar radiation spectrum at the earth’s surface [34] .



In order to examine effect of solar radiation reaching at the earth’s surface, air mass

(AM) is defined and it is calculated as follows;

optical path length 1
AM = p p g

(Eq. 2.1)

overhead optical path length of the sunlight " cos0’

where 0 is the angle between overhead path length of the sunlight and path length of
sunlight with respect to its overhead path length before coming to earth surface.
When 6=0, Air Mass will be equal to 1 and this is called AM1 spectrum. When 6 is
around 48.2°, it is called AM1.5 spectra and which corresponds to sunny and clear
day on the earth. AML1.5 spectra is accepted as universal standard. AM1.5 spectra is
composed of two parts. AMI1.5 “Global” and AM1.5 “Direct”. Global spectrum
includes both direct and diffuse radiation, while direct spectrum includes only direct

radiation. In Figure 2.1 AM1.5 and AMO spectra are also shown.

2.1.2 Working Mechanism of Solar Cell

Solar cell is an optoelectronic device which converts sunlight into electricity directly
by generating both voltage and current. There are three possible ways when incident
photon is in contact with the surface of the solar cell; absorption, reflection and
transmission. If incoming photons have an energy equal or greater than the bandgap
of the bulk material, it is absorbed by the material leading to creation of electron —
hole pairs. Absorption of the incident photon is the first step of solar cell operation.
Fundamental steps in solar cell operation are light absorption, carrier generation,
separation of charge carriers and collection of charge carriers through the metal
contact. When the incident photon is absorbed by the base material, absorbed
photons create electron hole pairs.

Operation principle of solar cells is explained in the basis of a p-n junction When p

and n type semiconductors are in contact, p-n junction forms. Due to the charge
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carrier concentration differences between p and n side, diffusion currents of electrons
and holes flow through the junction which creates a space charge region (depletion
region) at the junction. Region outside the space charge region is called quasi neutral
region. In thermal equilibrium, total net current will be zero through the junction.
Separation of charge carriers lead to creation of induced electric field. This internal
electric field and fermi level differences result in built in potential Vyi. Diffusion
current forms due to the concentration gradient while induced electric field results in
drift current of the carriers. Drift and diffusion processes are shown in Figure 2.2
where Ec and Ey conduction and valance band levels, Er, and Er, are the fermi levels
of the p and type material in thermal equilibrium.

diffusion g @
o ¢ > drift

A

0, electrons
(0}
Vil @ @ @
(0}

M N B drift

v diffusion

Figure 2.2 Energy band diagram of a p — n junction under thermal-equilibrium.
When a voltage is applied to a solar cell, under dark condition, it behaves like an

ideal p-n junction diode. Ideal diode equation is written as,

=1, (eqv/kT 1), (Eq. 2.2)
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In Eq. 2.2, | is the net current, I, is the reverse saturation current, q is the electronic
charge, k is the Boltzmann constant, V is the applied voltage, T is the ambient

temperature.
When light shines on the solar cell, since more electrons are created due to the photo
generation, ideal diode equation will be revised. Net current can be written as;
avy
= ligne — Lo (e /kr — 1), (Eg. 2.3)
where lLight represents the light generated current. Eq.2.3 can be extended as,

qV+R V+IR

I=ligne— Io (e /e —1) =2 (Eq. 2.4)

Rsn

where Rs and Rsn parasitic resistances namely series and shunt resistance and n is the
diode ideality factor which takes values between 1 and 2. Ideality factor determines
how the solar cell is close an ideal diode. Series resistance is the resistance due to
the contact resistance between base and emitter layers, metal and semiconductor,
rear contact and the base material. On the contrary, shunt resistance is related to
manufacturing defects. Low shunt resistance leads to decrease of collection of charge

carriers [35]. In Figure 2.3, equivalent circuit model of a solar cell is shown.
_— Rs

1) Y

~
~——

Rsh
NN

Figure 2.3 Equivalent circuit model of solar cell [36].

Light generated current is related to generation rate. Generation rate is expressed as,

G = aNge ™, (Eq. 2.5)
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here « is the absorption coefficient, No is the number of photons per unit area which
is called photon flux, x is the penetration distance (cm) of the photon through the
absorber layer. Thus, generation rate is highest at the surface of the absorber layer

and decreases exponentially through the absorber layer.

Open circuit voltage (Vo) and short circuit current (lsc) values are two important
solar cell parameters. Is is the maximum current at zero voltage. Isc depends on the
optical properties of solar cell, like absorption of the bulk layer and reflection. V¢ is
the maximum voltage at zero current. Vo can be derived from Eq.2.3. and expressed
as;

V0c=“'fTT1n(‘“%0“+ 1). (Eq. 2.6)
Figure 2.4 shows I-V characteristic of a solar cell under dark and illuminated
conditions. In dark, solar cell current voltage characteristic behaves like the 1-V of
an ideal diode. However, under illumination, due to the photo generation, 1-V curve
of an ideal diode shifts to the upper part of the y axis. In addition, inverse slope of I-

V curve of the solar cell at zero voltage gives Rsy and at zero current gives Rs values.
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Figure 2.4 1-V characteristic of solar cell in dark and under illumination [37] .
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Fill factor and Conversion Efficiency are two other important parameters of a solar
cell. Fill factor (FF) is the ratio of the product of maximum voltage (Vmp) and
maximum current (Imp) to the product of Vo and Isc. Mainly, Fill Factor is to be
around 80% for the high efficiency solar cells [38]. Conversion Efficiency is defined

as the ratio of energy output from the solar cell and input power.

Fill Factor(FF) = “ZP-mp (Eq. 2.7)
Efficiency(n) = % : (Eq. 2.8)

Quantum Efficiency is also one of the solar cell parameter defined as ratio of
number of incident photons to collected photons. For an ideal solar cell, if all the
incoming photons are collected, quantum efficiency must be equal to 1. External
quantum efficiency (EQE) includes both reflection and transmission losses (Figure
2.5). However, Internal quantum efficiency(IQE) does not include transmitted and
reflected photons. By extracting the transmission and reflection losses, EQE

measurements can be corrected.

Ideal Solar Cell

External Quantum Efﬁciency(EQE)

v
A_hc
=%

wavelength

Figure 2.5 External Quantum Efficiency graph.
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2.2 Silicon Heterojunction (SHJ) Solar Cells

Unlike homojunctions, in SHJ solar cells, heterojunction forms between two
dissimilar semiconductors. Due to the bandgap differences between different
semiconductors such as c-Si and a-Si:H, band discontinuities occur at the valance
and conduction band edges.

SHJ solar cell is composed of heterojunction between c-Si and doped a-Si:H layers.
Cleaning process is applied as a formation of first step of SHJ solar cells. RCA
(Radio Corporation of America) 1 and RCA2 cleaning procedure are performed to
remove the organic and metallic impurities from the c-Si surface respectively.
Second step is the texturing process in order to decrease the reflection losses. Surface
of the c-Si wafer is textured by using KOH (Potassium Hydroxide) solution. After
texturing process, intrinsic a-Si:H layer is deposited both rear and front side of the
textured wafer to provide a good surface passivation. Thickness of the a Si:H layer
is very significant because at the front side, thicker a-Si:H layer increases parasitic
absorption and at the rear side, thickness of a-Si:H layer is crucial to improve
passivation quality [16]. Onto the n type c-Si wafer, p type a-Si:H layer is deposited
to create front junction. On the rear side of the wafer n type a-Si:H layer is deposited
to create back surface field (BSF). Deposited p type a-Si:H and n type a-Si:H layers
are around 12 nm. Since the doped a-Si:H layers have low lateral mobility and
conductivity, TCO layer is needed to increase lateral carrier transport through both
front and rear junction. Finally, metallization is done for both front and rear junctions
in order to collect the photo generated carriers. Figure 2.6 illustrates a typical SHJ

solar cell formed by the above mentioned processes.

The key issue of SHJ solar cell is that i a-Si:H layer provides excellent surface
passivation and due to the increase of surface passivation quality, minority carrier

lifetime increases effectively. Main advantages of SHJ solar cell are listed below;
-low temperature process below 200 °C

-simple process flow compared to conventional Si solar cells
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-usage of thin wafers

-possibility to change the properties of doped a-Si:H layer

Silicon Heterojunction (SHJ) Cell

Ag
TCO
a-Si:H(p)
a-Si:H(i)

a-SiH(i)
a-Si:H(n)
TCO

Ag

Figure 2.6 Schematic diagram of a Silicon Heterojunction Solar Cells [39].

Since a-Si:H layers have wide bandgap compared to c-Si (a-Si:H 1.7 eV and ¢ -Si
1.2 eV), band widening occurs at the junctions. This helps collection of the minority
charge carriers both in front and rear junctions. On the front side of SHJ solar cells,
in the conduction band, large band offset between p-i-n regions leads to formation
of barrier for electrons and this allows electrons to flow through n type c-Si wafer.
In the same manner, on the rear side of the cell, large band offset in the valance band
results in formation of barrier for holes and holes can only travel through the front
side (Figure 2.7). However, due to the large band offset, minority carrier at the front

and rear side are trapped and they can only travel by tunneling.
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Figure 2.7 Schematic band diagram of silicon heterojunction solar cell based on n
type FZ c-Si wafer [40].

221 ITO and SHJ Solar Cells

Transparent Conducting Oxide which will be discussed in detail in the next section,
is one of the layers which has an importance for the production of high efficiency
SHJ solar cells. Due to its low resistivity and high transparency, ITO is utilized for
anti-reflective front electrode for SHJ solar cells. In addition, ITO layer improves

lateral transport between the fingers [41] .

Main disadvantage of ITO layer is that, it leads to parasitic absorption especially in
the blue range of the electromagnetic spectrum [33]. In order to reduce the parasitic

absorption, it is important to decrease free carrier density of ITO layer.

Although the contact between n type a-Si:H and ITO layer is ohmic, Schottky contact
forms between p type a-Si:H and ITO layer. For n based SHJ solar cells, front barrier
height between p a-Si:H and ITO is one of the key parameters to achieve better cell
performance. It is important to decrease Schottky barrier height between p a-Si:H
and ITO layer in order to improve the carrier transport mechanism. To decrease the
barrier height between ITO and p a-Si:H, the work function of ITO and deposition

parameters of p a-Si:H thin film are very crucial. In Figure 2.8, the contact formation
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between typical TCO and p a-Si:H layer is shown where E. is the activation energy
of p a-Si:H layer, @ is the front contact barrier height between p a-Si:H and TCO,
@m is the work function of TCO layer, y is the affinity of p a-Si:H layer, Vi is the
built in potential, Esob is the surface band bending, Eb is the surface potential barrier

between TCO and p a-Si:H layer.
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Figure 2.8 Interface between ITO and p a-Si:H layer [42].

2.3  Transparent Conductive Oxides (TCO)

TCOs have high transmittance in the UV-Visible range in the spectrum. The
transmission property of TCOs is due the wide bandgap value of it. Since TCO has
a wide bandgap which is greater than 3 eV, it makes TCO transparent, in the visible

range of the spectrum. Highly conductive and transparent properties make TCOs
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excellent anti-reflective front electrode materials. Conduction mechanism of TCO
can be explained by the defects in the structure.

There are some drawbacks for TCO materials. In the short wavelength region,
transmittance of TCO is very low due to high absorption of photons with higher
energy than the bandgap. This absorption type called parasitic absorption. In the long
wavelength region, incoming photon energy is lower than the bandgap and as a result
transmittance is low. Near infrared region (NIR), transmittance dramatically
decreases, this leads to increase of free carrier absorption. Free carrier absorption can
be explained by Drude Theory [43]. In Drude Theory, frequency dependent electric
permittivity is written as;

€ (0) = (n(w) — ik(w))?

(Eq.2.9)
2
w
1+8(w)=1- —”L

24>
w+w’t

where (o) is the dielectric susceptibility, n-ik is the complex refractive index and

wp Is the plasma frequency and it is expressed as;

w, =2 (Eq.2.10)

EgMye

where, n is the charge carrier concentration, e is the elementary charge, me effective
mass of an electron, o is the permittivity of free space. By neglecting imaginary part

of the dielectric susceptibility and making an approximation , ot>>1, € is written as;

e~1-22 (Eq.2.11)
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If >wp the material will be transparent; however, when ow<wp, refractive index will
be imaginary which leads to increase in reflectivity of the material. If the
approxiamation, ot>1, is not valid, imaginary part of y should be taken into
consideration. Decreasing plasma frequency causes the increase of imaginary part of
the y. In other words, increasing plasma wavelength (Ap) leads to increase in
absorption. If the wavelength is longer than plasma wavelength, reflectivity of the
material increases which can be seen in Figure 2.9. For solar cell applications, TCOs
should be transparent in the active region. However, plasma frequency is related to
free carrier density (n). Thus, it is important to find the balance between plasma

frequency and free carrier density to decrease the free carrier absorption.

Moreover, in the visible range of the spectrum, interference fringes can be observed
which are related to film thickness. Absorption, transmission and reflection spectra
of ZnO as a representative of TCO materials, is illustrated in Figure 2.9 [33].
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Figure 2.9 Transmission, Reflection and Absorption spectrum of ZnO, adapted
from [33].

2.3.1 Mobility and Scattering Mechanisms of TCO

Mobility is an important parameter for TCOs. Mobility values of TCO materials are

related to the scattering mechanism. There are three main scattering mechanisms
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limiting to mobility; which are ionized impurity, neutral and grain boundary
scatterings. The mobility expression for n-type conduction is given as;

p=3ar - _al (Eq. 2.12)

m* m*Ve’
where q is the electron charge m” is the effective mass of electrons, 1 is the relaxation
time between two successive collisions, Ve is the electron velocity, | is the mean free
path of electrons. Although there are some p type TCOs, most frequently used TCOs
are n type semiconductors. For that reason, only electrons are considered as the

charge carrier.

lonized impurity scattering is mainly caused by the activation of dopant impurity
atoms. This mechanism starts to be more dominant when the carrier concentration is
greater than a minimum value, Np>10*cm=. Zawadzki [44] was first formulized this
scattering parameter which was then improved by Pisarkiewicz [45]. In this
expression, non-parobolicity of conduction band has taken into account. In Eqg. 2.13,
the mobility expression for ionized impurity scattering is given by;

_ 3(er€p)?h3N 1
Hi = sz*2q3Ni SdF?p ’

(Eq. 2.13)

Where € is the relative permittivity of dielectric material, eo is the permittivity of
the free space, Z is the total charge of dopant atoms, N; is the concentration of ionized
impurities, Fi is the screening function and it depends on the &4 Value which is related

to degeneracy of semiconductor.

Grain boundary scattering is also one of the possible scattering mechanism in
TCOs. If TCO’s composed of polycrystalline structure, grain boundary scattering
can be dominant scattering mechanism. It is the only temperature dependent
scattering mechanism. Depending on the grain size, defect states and vacancies in
the crystal structure grain boundaries can have an active role during the scattering of
the charge carriers. There are two possible ways when electrons are crossing the

grain boundaries which are tunneling and thermionic emission. Seto [46] was
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developed a model for the grain boundary scattering on polycrystalline silicon.
According to his theory, mobility is expressed as,

_ G Eq. 2.14

where q is the electron charge, L is the grain size, k is the Boltzmann constant, T is
the temperature, m” is the effective mass of electron, Ej is the potential barrier height

due to the charge accumulation at the grain boundaries.

Neutral impurity scattering is also another dominant scattering mechanism for
TCOs. It was first discovered by Cavid Erginsoy [47]. He observed the scattering
between electrons and hydrogen atoms and he adjusted his theory to semiconductor
basis. Low deposition temperature such as room temperature for the TCO deposition,
results in inactive dopant atoms and this leads to neutral impurity scattering [48].
Mobility equation for neutral impurities improved by Erginsoy is given as;

_ m*q3h3
T 20€r€gNph3

Hni , (Eq. 2.15)

where N is the concentration of neutral impurities and the other parameters are the

same as in the above equations.

2.3.2 Indium Tin Oxide (ITO)

Indium Tin Oxide which is tin doped indium oxide, is composed of indium oxide
(In203) and Sn. It has cubic bixbyite structure since In,O3 has this crystal structure
and it is more dominant than Sn concentration when ITO structure is not heavily
doped. Cubic bixbyte structure is also called C type rare-earth oxide structure with
space group Tw' 1a3 [49]. It exhibits florite-related structure in which one oxygen
atom is missing in one of the <111> direction. In other words, there are some oxygen
vacancies in the (111) plane. Indium atoms can be positioned either b sites or d sites.
In b sites, the structure has body diagonal oxygen vacancies; however, in d sites, the

structure has face diagonal oxygen vacancies. In this crystal structure, there are 80
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atoms in one-unit cell [50]. There are 8 atoms in b sites, while there are 24 atoms in
d sites per unit cell. Figure 2.10 shows cubic bixbyite structure of In2O3.

Since It has high direct bandgap range approximately between 3-4 eV, it has high
transmittance in the visible range. However, Klein pointed out that ITO bandgap
can be indirect with a value of around 2.8 eV [51]. Understanding of conducting
behavior of TCO material is complex but basically oxygen vacancies and impurity
atoms (Sn) make ITO conductive. Conductivity mechanism of ITO is related to
scattering mechanism of free carriers [52]. Since ITO is heavily doped n type
degenerate semiconductor, Fermi level can lie above the conduction band. This
phenomenon is explained by Burstein-Moss Shift [53]. Increment of the carrier
concentration leads to blue shifting of edge [54]. Mobility and the carrier density
values of ITO vary between 20 and 40 cm?/V.s and of 10*-10% cm-® respectively
[55]. Work function of ITO can vary with the deposition method and deposition
conditions. ITO work function can be tunable between 4.0-4.9 eV depending on the
deposition condition, especially oxygen partial pressure, during the deposition

process [56].

In1: b site

In2: d site

O : Oxygen

{3 - Vacant fluorite-type site

Figure 2.10 The cubic bixbyite structure of In,O3 [57].
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2.4  Contact Resistivity Analysis

Besides the optimization studies of ITO, in order to characterize the specific contact
resistivity values of ITO and different layers in SHJ solar cells, different methods
were applied in the scope of the thesis. In this part of the chapter, background
information about contacts and contact resistivity, metal semiconductor contact

formation and measurements of contact resistivity techniques will be given.

24.1 Metal Semiconductor Contacts

There are two types of metal-semiconductor contacts which are Schottky and ohmic
contacts. Contact differences related to potential barrier height are created at the
surface. According to Schottky Mott theory [58], when the metal and semiconductor
are brought together, fermi levels align until they reach up the equilibrium and due
to the their work function differences, potential difference forms at the interface and
this leads to band bending in the energy band diagram which is called potential

barrier.

Depending on the doping concentration of the semiconductor, carrier transport
mechanism can vary. According to thermionic emission theory, when barrier height
is much bigger than KT value, this allows carriers to follow the thermionic emission
process. For lowly doped n type semiconductors such as Np (donor concentration)
<10 cm?, thermionic emission process is dominant for the carrier transport. In this
process, carriers are transferred by thermal excitation. In n type semiconductor, when
Np is between 1017 and 10%° cm?® thermionic-field emission will be dominant. In this
case, thermal excitation of carriers occurs where the barrier is narrow for tunneling
process. For Np>10° cm® field emission transport is dominant and more linear 1-V
characteristic is observed. In field emission, instead of first two process, carrier
transport is dominated only by tunneling since the barrier is sufficiently narrow for

tunneling process (Figure 2.11).
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One can say that the thermionic emission theory is more dominant for the Schottky
contacts as the current transport mechanism of metal-semiconductor junction is

related to majority carrier in the junction [59].
I
f Low doping
B \'%
(a) Thermionic emission Schottky
Medium doping
(b) Thermionic-field emission

Heavy doping

(c) Field emission. Ohmic

Figure 2.11 Conduction mechanism of metal — semiconductor (n type) interaction
depending on the doping concentration [60].

2411 Ohmic Contacts

In the ideal metal semiconductor contacts, the contacts must be ohmic. When metal
semiconductor contacts are ohmic, it shows linear 1-V characteristics in both reverse
and forward bias. In ohmic contact formation, majority carriers easily flow in both
directions since barrier height between metal and semiconductor is small compared
to rectifying contacts. For n type semiconductor, if work function of the metal (@wm)
is smaller than the work function of semiconductor (@s), barrier between metal and
semiconductor is small and electron flow is easily supplied between the metal and

semiconductors. No depletion region occurs at the interface of metal and
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semiconductor. Similar contact formation is obtained for p type material when
Pv>Ps. Holes flow easily across the metal semiconductor interface. Figure 2.12
shows ohmic contact formation for p and n type semiconductors where y is the
electron affinity of semiconductors, @m and @s metal and semiconductor work

functions respectively, Ers and Erm are fermi levels of semiconductor and metal.

Metal Semiconductor
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(b)
Figure 2.12. Ohmic contact formation for n and p type semiconductors, (a) p type

semiconductor, (b) n type semiconductor [61].
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2.4.1.2  Schottky Contacts

Unlike ohmic contacts, Schottky contacts are rectifying contacts which show non-
linear |-V characteristics. For n type semiconductor, if @wm is greater than @s,
electrons in the semiconductor have lower potential energy than the metal side and
barrier forms at the interface of metal and semiconductor. Electrons in the
conduction band, need to cross the barrier to participate in conduction mechanism.
For p type semiconductor, same situation occurs when @u>@s. Schottky contact
formation of p and n type materials are illustrated in Figure 2.13. Metal
Semiconductor Schottky contacts behave like a p-n junction diode and depletion
region occurs at the metal-semiconductor interface and depletion width W is shown
in the Figure 2.13.
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Figure 2.13. Schotkky contact formation for p and n type semiconductors, (a) p
type semiconductor, (b) n type semiconductor [62] .

2.4.2 Contact Resistivity and Contact Resistance

Contact resistance refers to resistance between contact material and the
semiconductor. There are many parameters affecting the contact resistance. Since
effective contact area can differ from the real contact area, vertical, horizontal or
lateral current flow may differ from each other. In other words, contact resistance is
related to contact length and contact area. For this reason, instead of contact
resistance, specific contact resistivity (pc) is preferred for comparison since it gives
more reliable results [63]. However, specific contact resistivity cannot be extracted
from simple 1-V measurements. In order to evaluate contact resistivity, many
methods were developed. In this thesis, contact resistivity of different layers in SHJ

structure were evaluated by using 1-Dimensional Transfer Length Method, TLM.

One Dimensional Transmission Line or Transfer Length Method is the most
common technique to analyze the specific contact resistivity (pc) between the
materials, especially metal and semiconductors. In 1963, rectangular TLM pattern
was first introduced by Shockley [32]. In this pattern, contacts which have
rectangular shape were separated by different distances. Example of rectangular

TLM pattern with different contact distance is shown in Figure 2.14.b. In 1969, two
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dimensional current flow analysis were done by Kennedy and Murley assuming that
the contact resistance is to be zero [64]. Their study revealed that the current
crowding occurs at the contacts. They realized that only some part of the contacts
has an active role on the current transfer. This resulted in improving transfer length
concept. TLM theory was first experienced by Murmann and Widman assuming the
existence of both sheet and contact resistance [65]. In 1972, TLM theory was
improved by Berger [66] and according to his theory, apart from the Kennedy and
Murley, contact resistance is not assumed to be zero but semiconductor sheet
thickness is assumed to be zero and this assumption allows the current flows only
one direction. Berger extended his TLM theory and in this case sheet thickness is not
zero but current flow is still only one direction. According to his theory, contact
resistance can be written in terms of the sheet resistance (Rsn) and pc which are the
two encountered resistances when current flow metal to semiconductor or vice versa.
According Berger’s TLM theory, potential distribution and contact resistance (Rc)

can be written as;

osh(LL;TX)

V(x) = WRshPe © (Eq. 2.16)
w sinh(L/LT)' T
When x=0, contact resistance can be extracted as Eq.2.16
R = Y20 coth(L %), (Eq. 2.17)

where W is the contact width, Lt is the transfer length, L is the contact length, 1 is
the current flow through the contact. When x =0, highest voltage value is obtained
and voltage drop is observed proportional to 1/e. Due to this potential drop, only part
of the contact can get involved to current transfer. This active part of the contact is

called transfer length Lt and it can be expressed as;

Ly = /lf— (Eq. 2.18)
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Transfer length can be considered as effective distance in which the most of the
current is transferred from metal to semiconductor or vice versa. In Figure 2.14.a
current flow path and transfer length are illustrated. Lt should not be wider than the
contact length in order to make correct evaluation about specific contact resistivity
[67].

1111

d; d: ds

@ (b)

Figure 2.14. (a)Current flow path between the two contacts (b) rectangular TLM
pattern.

By applying Ohm’s law and applying linear fit to the graph of total resistance vs.
contact separation, Rsn, Lt and p, values can be extracted. As can be seen in Figure
2.15, slope of the linear fit gives Rs/W value, intercept of the negative x axis
corresponding to 2Ly and intercept of the y axis corresponding to 2Rc. By using R,
Lt and W values, specific contact resistivity can be extracted. Eq. 2.19 is a

mathematical expression of contact resistivity.

pc = RLeW (Eq.2.19)
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Figure 2.15. Plot of total resistance as a function of contact spacing where d1 and
d2, d3 show different contact spacing.

When TLM is applied to the calculate specific contact resistivity, many assumptions
were undertaken. For example, resistance of the metal contact is neglected. Although
metal contacts have negligible resistance values, it leads to little error on the contact
resistivity values. In addition, extraction of contact resistivity from TLM theory is
based on constant electrical and contact parameters. However, these parameters can

lose their invariability even if experimentally no error is observed [67].

31






CHAPTER 3

EXPERIMENTAL PROCEDURE AND CHARACTERIZATION TECHNIQUES

3.1 Introduction

In this chapter, the sample preparation and deposition procedure of ITO thin films
and characterization techniques used in this study will be given. ITO thin films were
deposited onto borosilicate glass substrates and n type FZ and CZ wafers via
magnetron sputtering. Then, they were characterized by using different
characterization techniques such as the Four Point Probe, Atomic Force Microscopy,
X ray Diffraction, Hall Effect, Spectroscopic Ellipsometry and Spectrophotometry.

To deposit the samples which are used in contact resistivity analysis, PECVD
(Plasma Enhanced Chemical Vapor Deposition) cluster, sputtering and thermal
evaporation systems were used. Firstly, intrinsic and doped a-Si:H layers were
deposited onto n type FZ and CZ wafers via PECVD. Secondly, ITO layer was
deposited onto the a-Si:H layers by using magnetron sputtering. Finally,
metallization was performed by using thermal evaporation method. During the
sputtering and metal evaporation, shadow masks were used to determine the contact
resistance of the desired layers. Then, different I-V measurements were performed
in order to determine specific contact resistivity between the different layers in the
SHJ structure.

3.2  Sample Preparation and Cleaning Procedures

Before each deposition, substrates were cleaned by RCA-2 (Radio Corporation of
America) and Piranha solutions. Glass substrate are cleaned by acetone—alcohol and
Piranha solution while n type wafers were cleaned by using Piranha and RCA- 2

solutions. These cleaning procedures are explained below;
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RCA-2 Cleaning

RCA-2 cleaning is based on the removal of metallic impurities from the Si surface.
Chemical solution is prepared by using hydrogen peroxide (H202), hydrochloric acid
(HCI) and deionized water. The solution temperature is around 70 °C. It oxidized the
surface of the Si (oxide layer is less than 2nm) and this thin oxide layer is removed

by HF dipping before each deposition.
Piranha Cleaning

Piranha solution is one of the most robust chemical solution which is used to remove
the organic impurities from the Si surface. It is consisted of a mixture of sulfuric acid
(H2S04) and hydrogen peroxide (H20.). Piranha solution is an exothermic reaction
and solution temperature can rise to 100-130 °C. In this study, Piranha solution was

used for the organic residues from Si surface and borosilicate glass substrate [68].
Ultrasonic Acetone —Alcohol Cleaning

Ultrasonic acetone—alcohol solution was used to clean borosilicate—float glass
substrates. Cleaning procedures were performed in two steps. Glass substrates were
first cleaned by acetone solution for 15 minutes in ultrasonic bath and rinsed by
deionized water. As the second step, glass substrates were cleaned by ultrasonic

alcohol solution for 15 minutes and then rinsed by deionized water.
3.3  Deposition of doped a-Si:H layers by using PECVD

Deposition of a-Si:H layers were performed by (PECVD). It is one of the chemical
vapor deposition techniques which is mainly used to deposit the doped and intrinsic
a-Si:H layers from the gas phase to the solid phase. Low deposition temperature is
one of the main advantage of the PECVD process. Plasma consists of free radicals,
electrons, ions, molecules, neutral atoms and other species. When these molecules
and atoms are interacting with the surface of the substrate, reaction product is

deposited as a thin film.
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After each deposition, both walls of the chamber and cathode are covered by
previous deposition radicals. If no cleaning procedure were applied, after a couple
of deposition runs, radicals drop to the chamber as a powder. This powder source
causes the contamination of chambers and chamber walls. Plasma etching process
were applied in order to prevent chamber contamination. C2He/O2 mixture or NF3
gases were used during the plasma cleaning. In addition, He gas is used during the
plasma etching to decrease plasma etch rate. Since He is a noble gas, it does not get

involved in any reaction with free radicals.

RF
l Gases Match pOwer
Plasma o
O | —————+— Substrate

Figure 3.1. Schematic representation of PECVD chamber.

PECVD system in GUNAM (GunEr System) was developed by Vaksis (Vakum
Systems) which is designed for the deposition of a:Si layers, SHJ solar cells, nano
and micro-crystalline Si. It is composed of Inductively Coupled Plasma (ICP) and
three Capacitively Coupled Plasma (CCP), sputter, transfer and Load Lock
chambers. Except from Load Lock chamber, other chambers are kept under vacuum
in order to prevent contamination. CCP is one of the industrial plasma source which
is mainly consisted of two separate electrodes. As presented in Figure 3.1, one of
them is connected to the RF source (cathode), other (anode) is grounded. In GUnEr

system, there are three separate CCP chambers and each of them is responsible for
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the deposition of different doped a-Si:H and i a-Si:H layers. As shown in Figure 3.2,
each CCP chamber is connected to the transfer chamber. The use of separate
chambers prevents contamination of the chambers. To deposit the doped p and n type
a Si:H layers, besides SiHsand H gases, BoHs and PH3 gases were introduced to the
different CCP chambers respectively. RF Power source used in CCP chambers is
equal to 13.56 MHz with a maximum power output of 600W.

Deposition parameters such as substrate temperature, gas ratios, and deposition time
of doped and intrinsic a Si:H layers, which are used for the contact resistivity analysis
and the fabrication of SHJ solar cells are given Table 3.1. For all a-Si:H depositions,
RF power was equal to 30 Watt. Deposition pressure of n and p type a-Si:H layers
was equal to ImTorr, while the deposition pressure of intrinsic a Si:H layer is 1.2

mTorr.

Table 3.1 Deposition parameters of a Si: H layers by PECVD.

] Substrate Deposition
SiH4 | H2 | PH3 | B2He .
Sample Code Temperature Time
(sccm) | (sccm) | (sccm) | (sccm)
(°C) (seconds)
ia-Si:H(TLM) | 40 | 120 | - - 200 20
iaSi:H(SHJcell) | 40 | 120 | - - 200 25
pa-SiH(TLM) | 13 | 190 34 175 180
na-Si:H (TLM) | 13 | 125 | 25 - 200 90
p a-Si:H(TLM) 190 34 175 45
na-Si:H (TLM) | 13 | 125 | 25 - 200 45
n a-Si:H(SHJ
13 | 125 | 25 - 200 57
cell)
p a-Si:H(SHJ
13 | 190 | - 34 175 100
cell)
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CCP m-type

Trarafer Chamber

Figure 3.2 Schematic configuration of GUNER System [69].
3.4 Deposition of ITO Thin Films by Sputtering

Sputtering is one of the most common physical vapor deposition techniques. In this
technique, no surface reaction occurs during the film deposition which leads to
uniform film deposition, controllable film thickness and surface adhesion. DC
(Direct Current) and RF sources are used for plasma excitation. DC sputtering is only
for conductive targets while RF sputtering is used for both conductive and non-
conductive targets. In the sputtering technique, atoms are ejected from a target to the
substrate by high energetic ion bombardment. Due to the ion bombardment,

secondary electrons are emitted from the target. It is important to increase the density
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of secondary electrons to maintain plasma discharge. In RF magnetron sputtering,
the magnetic field is created parallel to the target surface which increases the plasma
density by increasing density of secondary electrons (Figure 3.3).

RF
source
Atom of » Target
Target < — Argon

Material

Plasma

M

Figure 3.3 Representation of sputtering process.

The sputter target used consists of indium tin oxides (In203:SnO2 = 90:10 wt. %)
with a purity of 99.9 %. The system was evacuated to a base pressure of 2x10° Torr
by using mechanical and turbo molecular pump and sputter chamber was
presputtered for 10 minutes before each deposition. The RF source was used at 13.6
MHz and 5kW. Another robot arm is placed into sputter chamber which helps holder

to lateral movement between the heaters.

In this study, RF Magnetron sputtering was used to deposit ITO layers. The
deposition of ITO layers for contact resistivity studies was carried out through a
shadow mask. In addition to Ar*, oxygen is added to inert gas mixture in order to

investigate the change of ITO film properties with the oxygen content. Oxygen
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partial pressure has a significant effect on the ITO film properties such as

conductivity and mobility.

As shown in Figure 3.4, sputtering chamber is consisted of two ceramic targets and
three heaters. First target is the AZO target which is located between heater 1 and
heater 2, while second one is ITO target which is located between heater 2 and heater
3. Apart from PECVD chambers, in sputter chamber, heating process is carried out
from above which enables to decrease heating process of the substrate.

I

Heater 1 AZO Heater 2 o) Heater 3 \ ) _ Q)
‘ Target Target .

M ]

PN Al )

Figure 3.4 Schematic configuration of RF magnetron sputtering system.

In Table 3.2, 3.3 and 3.4 different deposition parameters of ITO thin films with their

thicknesses are given.

In Table 3.2, deposition pressure, Ar flow rate and robot arm speed were kept
constant which are equal to 3 mTorr,125 sccm and 20 cm/min, respectively.
However, substrate temperature, deposition time and RF power were variable
parameters. In Table 3.2, variable deposition parameters and film thicknesses are

given for the ITO films of the first six deposition runs.
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Table 3.2 Deposition Parameters of ITO Thin Films with different power and
substrate temperatures.

Deposition ITO1 ITO2 ITO3 ITO4 ITOS ITO6
Parameters 9% nm | 93nm | 180 nm | 230 nm {80 nm | 100 nm
SubstrateTemperature | 100 °C | 100 °C | 100 °C | 200 °C | 200 °C | 200 °C
Sputtering Power 400W |300W |200W [400W |300W |200W
Deposition time 25min | 25min | 25min |35 min | 35min | 35 min

After the dtermination of the optimum deposition parameters of ITO films grown
without oxygen, in order to examine oxygen content on ITO thin film properties,
ITO thin films were deposited by changing the Oxygen/Ar ratio. Oxygen was added
to gas mixture and the ratio of Oxygen gas to total gas flow (O2/(O2+Argon) flow)
is called O2/Ar ratio. Other parameters are kept constant. Substrate temperature was
200 °C, deposition pressure was equal to 3 mTorr, and RF power was equal to 400
Watt. Moreover, robot arm speed and deposition time were also kept constant which
were equal to 20 cm/min and 20 min. In Table 3.3, thicknesses and deposition

parameters of ITO films with different O./Ar ratios are given.

Table 3.3 Deposition parameters of ITO thin films with different Ar/oxygen ratio.

Deposition ITO10 | ITO11 | ITO12 | ITO13 ITO17 1ITO23
Parameters 79nm | 8 nm |138nm | 148 nm | 158 nm 155 nm
O, /Ar % ratio 5% 3% 001 900.8 0.6% |0.4%

Moreover, to investigate the effect of deposition pressure and robot arm speed on
ITO thin film properties, 1TO thin films were deposited by changing deposition
pressure and robot arm speed. In Table 3.4, changing deposition parameters during
the deposition are given. Other parameters were kept constant. ITO4 deposition
parameters were taken as reference parameters, only deposition pressure and robot

arm speed were the variable parameters in this set.
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Table 3.4 Deposition parameters of ITO thin films with different deposition
pressure and robot arm speed.

Deposition ITO19 | ITO20 | ITO21 | ITO22
Parameters 200 nm | 200 nm | 236 nm | 163 nm

Deposition Pressure | 3 mTorr | 3 mTorr | 2 mTorr | 4 mTorr

Deposition Time 26 min | 30 min | 20 min | 20 min

Speed 15cm/min|10cm/min{20cm/min| 20cm/min

In conclusion, in this part of the chapter, background information about deposition
techniques, cleaning procedure and different deposition parameters of a Si:H and

ITO layer were given.
35 Characterization of ITO Thin Films

Structural, optical and electrical characterization of ITO thin films were performed
by using different characterization techniques. In this part of the chapter, background

information about the characterization techniques used will be given.
3.5.1 Four Point Probe

Four-point probe is a useful and easy technique that leads us to gain information
about sheet resistance of the sample. It has four probes, two of which give voltage
while outer couple of probes measure current. In this study, sheet resistances of ITO
films were measured JANDEL-RM3-AR four-point probe measurement system. If
the thickness of the semiconductor is known, the resistivity of the material can be
calculated. The resistivity of the semiconductor can be calculated using Eq. 3.1 if
probe spacing(s) is higher than the semiconductor thickness. If probe spacing is
smaller than the material thickness, correction factor must be considered to calculate
film resistivity. In our case, probe spacing is higher than the film thickness and
resistivity can be calculated by using Eq 3.1 where t is the thickness of the film, Rsheet

is the sheet resistance of the film.
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Rsheet = — (Eq.3.1)

|

Figure 3.5 Schematic configuration of four point probe system.

3.5.2 X Ray Diffraction Analysis

X ray Diffraction analysis is one of the main technique to obtain crystallographic
information of the material. By using X ray diffraction analysis, film’s crystalline

size, preferential crystalline growth and strain parameter of the film can be obtained.

In order to obtain the XRD pattern of ITO thin films, Grazing-Incidence angle XRD
(GI-XRD) analysis was used. Since X-ray has a large penetration depth, X rays can
penetrate to the substrate and it is not easy to get crystallographic information of thin
film with a thickness below 200 nm. Difference between GI- XRD method and the
usual one come from the detector’s angle. In Figure 3.6 schematic configuration of
GI-XRD method is illustrated. By changing the detector’s angle, path of the X rays
is increased and penetration through the substrate can be under control to some
extent. In this study, GI-XRD analyses were performed in Central Laboratory at
METU using a CuKa source (A=1.54A). Incidence angle of detector was changed
between 0.4-0.6".
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Figure 3.6 Schematic configuration of GI-XRD system.

If incidence angle and incident X ray source are known, interplanar distance, d, can
be calculated by using Bragg’s Law which is given as;

nd = 2dsiné. (Eq.3.2)
In addition, crystallite size can be calculated by using Scherrer Formula.

,_ 092
" Bsin@’

(Eq.3.3)

Where t is the crystallite size, B is the corrected peak width, A is the x-ray

wavelength, 0.9 is approximately equal to shape factor.
3.5.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a technique that gives the information about
surface topography and surface roughness. One of the main advantage of AFM is
that besides conducting materials, surface analysis of non-conducting materials can
be performed by using it. It is composed of sharp cantilever with a sharp tip on its
end. AFM image of ITO thin films were analyzed by Veeco MultiMode V AFM
sytem in the Central Laboratory at METU. In Figure 3.7 configuration of AFM is

shown.
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Figure 3.7 Configuration of Atomic Force Microscopy at Central Laboratory.

3.5.4 Transmission & EQE Measurements

Transmission measurement of ITO thin films were performed by Perkin Elmer
Lambda 45 Spectrophotometer (Figure 3.8) in the wavelength range between 300-
900 nm by using an integrated sphere. Background measurements were carried out
by using a borosilicate float glass substrate as a reference in order to eliminate

substrate effect.

Incident light comes through the material, some of them absorbed by the material,
transmitted through the material or reflected from the surface. According to Beer
Lambert’s Law, intensity of the incident light decays exponentially depending on the
material thickness. Absorption coefficient can be calculated using the expression

given by,
IT = Ioe_at ) (Eq. 3.4)

where t is the thickness of the film, a is the absorption coefficient, It and lo intensity

of the transmitted and incident light. Eq 3.4 can also be written as,
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a(p) = -2, (Eq.3.5)

where t is the thickness of the film, T is the transmittance of the sample and it is
simply calculated by dividing transmitted light intensity and incident light intensity
(I1/10). After calculation of absorption coefficient, optical bandgap can be obtained
by using Eqg. 3.6,

(ahv) = A(hv - Eg)k . (Eq.3.6)

where A is the independent constant which is related to the transition probability, h
is the Planck constant, v is the applied frequency, a is the absorption coefficient, K is
constant related to the bandgap structure of the semiconductor. For direct transitions,
k is equal to 1/2, ITO films exhibit direct transition between valance and conduction
band.

Optical bandgap of ITO can be calculated by using Tauc plot which is extracted from
Eq.3.6. Linear fit of (chv)? versus hv graph gives energy bandgap of the
semiconductor. Moreover, since ITO has transmittance in the UV-Visible range of
the spectrum, effect of the reflection spectra is negligible.

Figure 3.8 Perkin Elmer Lambda 45 Spectrophotometer.
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3.5.5 EQE Measurements

EQE measurements were performed by PVE300 Bentham Spectroscopy device in
the wavelength range between 250 -1200 nm. Schematic configuration of the device
is shown in Figure 3.9. The device also includes reflection & transmission setup and
EQE setup. Monochromoter, halogen and Xenon lamps, vacuum controller unit and

stage utility were used during the measurements.

Figure 3.9 PVE300 Bentham device [70] .

3.5.6 Hall Effect Measurement

Hall Effect measurements of 1TO thin films were performed by NanoMagnets Hall
Effect Instrument System (Figure 3.10) at room temperature and at constant
magnetic field. During these measurements current was applied by Keithley 220
current source and voltage was read from Keithley 619 source. To form ohmic
contact between metal and ITO thin films, surface of the films was coated with Ag
by using shadow mask with van der Pauw geometry. The thickness of deposited
metal layer was around 400 nm. After deposition, samples were annealed at 100 °C

for 30 minutes to improve the ohmic contact formation.
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In semiconducting materials, motion of charge carriers is related to conduction
mechanism of the material. For this reason, it is important to understand the motion
of charge carriers, carrier concentration and mobility. Hall Effect experiment is an
important tool which gives information about carrier mobility and concentration
which was proposed by Hall [71]. When external magnetic field is applied to the
material in the perpendicular direction of motion of charge carriers, Lorentz force
will appear which is formulated as Eq.3.8 where q is the magnitude of carrier charge
and V/ is the drift velocity of the electrons and E and B applied electric and magnetic

field respectively.
q(l7x§) + ql_f =0. (Eq.3.8)

If the current flow is in the x direction and the applied magnetic field in z direction,

at the equilibrium, Lorentz force can be written as Eq.3.9

1
E, = iy BJyx (Eq.3.9)

where Jy is the current density created by drift velocity and it is written as;
J=aqnV, (Eq.3.10)

where ¥ is the drift velocity of the charge carriers, n is the concentration of charge

carriers.

By using Ohm’s Law, current density can be expressed as a function of conductivity
and applied Electric field (Eg.3.11). Also, mobility (u) is expressed drift velocity per
unit electric field (Eq.3.12)

t

J=0oE . (Eq.3.11)

i

V= uE. (Eq.3.12)

Using relationship between Eq. 3.11 and EQ.3.12 conductivity, o, is expressed as
Eq.3.14.

o = nqu. (Eq.3.14)

47



Hall Coefficient can be defined as Eq.3.14 which is inversely proportional to the

concentration of charge carriers. Negative sign refers to type of charge carriers.

Ry =—~- (Eq.3.14)

Figure 3.10 Hall Effect Measurement System.

3.5.7 Spectroscopic Ellipsometry (SE)

Thickness of ITO thin films were measured by using spectroscopic ellipsometry
technique. Basically, Spectroscopic ellipsometry is the measurement technique to
characterize thickness and optical properties such as refractive index, extinction
coefficient and optical bandgap of the semiconductors. Main advantage of
ellipsometry is that it is a non-destructive and contactless thin film characterization

technique. Polarized incident light interacts with the surface of the sample and then
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reflected from the surface by using another polarizer (Figure 3.11). Change in
polarization states results in having information about optical properties of the
samples.

[ }—» Film

Substrate

Figure 3.11 Schematic configuration of Spectroscopic Ellipsometry

p = 2 =tange' (Eq.3.15)

S

Complex reflectance ratio, p, measured by ellipsometry and it is equal to ratio of Rp
and Rs which are the two parameters related to s and p polarization states.
Reflectance ratio can also be expressed by, tang, amplitude ratio, and the phase
difference, A (Eq.3.15). By using these measurements, some optical parameters of

semiconductor can be extracted from ellipsometry.

Since ITO is heavily doped n type degenerate semiconductor, to calculate its and
thickness and its electrical & optical properties, Drude model was used to determine
conductivity values and Tauc-Lorentz model was used to determine thickness of the

thin films.
3.6  Contact Resistivity Analysis

The samples used in contact resistivity analysis were prepared by using two shadow

masks, PECVD, sputtering and evaporation systems. After metallization by
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evaporation, the samples were annealed at 20 °C for 15 minutes to improve ohmic
contact formation. To calculate specific contact resistivity of the ITO layer and metal
contacts, two different TLM masks were prepared by using laser marker and multi
crystalline wafer. In Figure 3.14, contact separations and contact dimensions are
shown for the two different shadow masks. Also, to prevent current flow to the
opposite direction (current flow through a wafer) and to make more reliable contact
resistivity analogy, SiO. layer was deposited onto n type wafers. Deposited SiO>
layer was around 1 um. After deposition of SiO> layer, two different types of samples
were prepared. Prepared samples to measure contact resistivity value of ITO/Ag
layers are illustrated in Figure 3.12. In addition, for the same reasons, different test
structures were developed in order make more consistent extraction from the TLM
measurements. Intrinsic a-Si:H and p a-Si:H layers were deposited onto rear side of
the n type wafer to passivate the rear side and to minimize the current loss to the
opposite direction [72]. In Figure 3.13, prepared test structures with rear side

passivation, are shown.

ITO

ITO p) — (n) a-Si:H
sio, [ sio,

t

. n-type c-Si wafer
n-type c-Si wafer

Figure 3.12 The test structures used to determine ITO/Ag contact resistivity.
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ITO (83 nm) ITO
(p) a-Si:H (12nm) (p) a-Si:H
(1) a-Si:H(9nm) (i) a-Si:H

:

n-type c-Si wafer n-type c-Si wafer

i—a SitH i—a Si:H

Figure 3.13 The test structures with passivating i and p a-Si:H layers.

LI e

—
1T mm i o

d(contact seperation)=0.1-0.2-0.3---0.6 mm d(contact seperation)=0.1-2.mm
3-10mm

Figure 3.14 Prepared shadow masks for TLM measurements. Mask 1 design is
adapted from [73].

3.6.1 Metallization by Thermal Evaporation

Thermal Evaporation System was used to deposit metal contact for the samples that
use in Hall Effect and contact resistivity analysis. Thermal Evaporation is one of the
most common PVD process and it is basically consisted of vacuum chamber, vacuum
pump, sample holder, resistive boat and power supply. Resistive boat is used to heat
source material. Boat is heated by electrical resistance and source material is melted
under high vacuum. By means of high vacuum, melted source material goes up
through the substrate without interacting any other material inside the chamber.
Thermal evaporation system is schematically shown in 3.15. Base pressure was

around 2x10° Torr during the deposition.
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Figure 3.15 Schematic representation of thermal evaporation system [36].

3.6.2 Current —Voltage Measurements in Dark Condition

I-V measurements were performed by using the Protoflex Solar Simulator system
under the dark conditions. In Figure 3.16, solar simulator and one of the sample used
in contact resistivity analysis is shown. VVoltage was applied between +1 and -1 Volt
from the Keithley 2425 source and the current is measured. There are four probes in
this system, two of which are responsible from voltage, while the others are
responsible for current detection. These four probes are signatone probes which
means they have magnets which restrict the motion of probes. This results in
decreasing damage of the metal contact and helps to make more accurate I-V
measurements. In our TLM analysis, voltage was applied to the front side of the

sample and resulting current was determined from the Keithley 2425 source.
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Figure 3.16 Solar Simulator System.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, electrical, optical, structural and morphological characterization
results of the deposited ITO thin films will be presented and discussed. Electrical
characterization includes resistivity, sheet resistance and mobility measurements. In
this part, effect of deposition parameters and the post annealing temperature on the
electrical properties of ITO thin films will be discussed. In the structural and
morphological characterization part, effect of O2/Ar ratio in the deposition chamber
and post-annealing temperature on crystallographic and topographic properties of
ITO films will be argued. In addition, specific contact resistivity measurement results
of different layers in the SHJ structure and different methods used for the contact
resistivity analysis will be discussed. As the last part, performance of SHJ cells
deposited with different ITO layers and the effect of ITO layers on SHJ cell

parameters will be discussed in detail.

4.2 Electrical Characterizations

4.2.1 Change of resistivity with RF Power and Substrate Temperature

The deposition of ITO thin films was first performed by changing RF power and
substrate temperature. In the first three deposition cycles (sample are coded as ITO1,
ITO2 and ITO3), substrate temperature was 100 °C and RF power was 200, 300, 400
Watt. Other parameters such as deposition pressure (3 mTorr), robot arm speed
which controls holder speed during the deposition (20 cm/min) and Ar flow rate (125
sccm) were kept constant. In this set, the sheet resistance of ITO thin films before

the post annealing process were changing between 50 Q/square and 18 /square and
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the film resistivity was in the order of 10* Q.cm. Although there were some
exceptions, lowest resistivity values were obtained when the annealing temperature
was kept at 200 °C, then at the substrate temperature of 225 °C resistivity values
slightly increased. Table 4.1; 4.2 and 4.3, average sheet resistance and resistivity
values of ITO thin films deposited at the substrate temperature of 100 ‘C, with

different power values are given.

Table 4.1 Sheet resistance and resistivity results of ITO1 samples before and after

annealing.
Sample _ Average sheet .
Annealing ] Resistivity (€2.cm)
Code resistance (Q2/square)
Temperature
Before After Before After
ITO1 (°C) ) . . .
Annealing | Annealing | Annealing | Annealing
150 50.3 325 | 483x10° | 3.12x10°
RF :
175 453 30.5 | 435x10° | 2.93x10"
Power 7 7
200 W 200 51.4 21.5 4.93x10 2.06x10
225 46.7 28.6 | 4.48x10° | 2.75x10"

Table 4.2 Sheet resistance and resistivity results ITO2 samples before and after

annealing.
Sample ) Average sheet o
Annealing ] Resistivity (©.cm)
Code resistance (©2/square)
Temperature
Before After Before After
ITO2 (°C) . . : :
Annealing | Annealing | Annealing | Annealing
150 34.1 153 | 3.17x10° | 1.42x10°
RF -
175 37.2 204 | 3.46x10° | 1.90x10"
Power 7 7
300 W 200 38.5 11.8 3.58x10 1.10x10
225 35.1 35.6 | 3.26x10° | 3.31x10°
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Table 4.3 Sheet resistance and resistivity results of ITO3 samples before and after

annealing.
Sample ) Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (©2/square)
Temperature
Before After Before After
ITO3 (°C) _ _ : :
Annealing | Annealing | Annealing | Annealing
150 20.07 108 | 3.61x10" | 1.94x10"
RF .
175 19.54 1.8 | 3.52x10" | 2.12x10°"
Power N -
200 18.27 11.5 )
400 W 3.29x10 2.07x10
225 20.95 259 | 3.77x10" | 4.66x10"

In the following three deposition cycles, substrate temperature was increased to 200
°C and RF power values were kept at 200, 300, 400 Watt. For all three sets of thin

film samples (coded as ITO4, ITO5, ITO6), resistivity values are obtained in the

order of 10 * Q.cm which are almost the same as the values of the films obtained in

the first deposition cycle and average sheet resistance values change in between 9
and 37 Q/ square (Table 4.4, Table 4.5 and Table 4.6). For these samples the post

annealing process on the obtained parameters seem to be less effective when

compared to the first group of samples (ITO1, ITO2 and ITO3) which were grown

at the substrate temperature of 100 °C and the low value of substrate temperature

might be the reason of stronger effect of the post annealing process on the resistivity

values.

57



Table 4.4 Sheet resistance and resistivity results of ITO4 samples before and after

annealing.
Sample ) Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (Q2/square)
Temperature
Before After Before After
ITO4 (°C) ) ) ] ]
Annealing | Annealing | Annealing | Annealing
150 9.17 9.07 | 2.10x10" | 2.08x10"
RF .
175 9.26 9.06 | 2.13x10" | 2.08x10"
Power N -
2 21 4 )
400 W 00 9 9.49 2.12x10 | 2.18x10
225 9.28 8.94 | 2.13x10" | 2.05x10"

Table 4.5 Sheet resistance and resistivity results of ITO5 samples before and after

annealing.
Sample ] Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (Q2/square)
Temperature
Before After Before After
ITOS (°C) . : : :
Annealing | Annealing | Annealing | Annealing
150 15.1 144 | 2.84x10" | 2.70x10"
RF :
175 14.9 138 | 2.80x10" | 2.60x10"
Power ; -
200 15.8 13.6 )
300 W 2.96x10 2.55x10
225 14.8 141 | 278x10" | 2.65x10™
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Table 4.6 Sheet resistance and resistivity results of ITO6 samples before and after

annealing.
Sample ) Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (©2/square)
Temperature
Before After Before After
ITO6 (°C) . . . :
Annealing | Annealing | Annealing | Annealing
150 37.4 355 | 3.73x10" | 3.55x10”
RF .
175 32.7 313 | 326x10" | 3.13x10”
Power N -
200 30.5 29.9 )
200 W 3.04x10 2.98x10
225 33.3 34.8 | 333x10" | 3.47x10”

In all six depositions, resistivity values of ITO films are in the order 10 Q.cm with
a slight decrease with post annealing process. Among the six different ITO films
deposited with different growth parameters, deposition parameters of the 1TO4
sample, chosen as a standard recipe for the ITO thin film depositions, such as 200 °C
and 400 W for the substrate temperature and RF power respectively. The effect of
the other deposition parameters on the film properties were kept under investigation.
The main reason of choosing ITO4 deposition conditions as a standard recipe, is that,
ITO4 thin films have lowest resistivity values before the post annealing process and
its resistivity values did not fluctuate with post annealing process. Also the lowest

sheet resistance values were obtained from this group of films.

To summarize the effect of RF power and substrate temperature on the properties of
the grown ITO films, the typical graph of resistivity values concerning different RF
Power without post-annealing process are shown in Figure 4.1 (for the as grown
ITO4, ITO5 and ITO6 samples). Increasing RF power results a slight decrease of the

film resistivity.
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Figure 4.1 Change of resistivity with RF Power (for samples ITO6, ITO5 and
ITOA4).
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Figure 4.2 Resistivity values at different annealing temperatures.

Moreover, to conclude the effect of post annealing process, resistivity values of the
all six ITO samples concerning different post-annealing temperature are shown in
Figure 4.2. For the samples annealed at 225 °C, resistivity values slightly increase,
but there is no sharp variance of resistivity and lowest resistivity values, in general,

they were found when the annealing temperature was kept 200 °C.
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4.2.2 Effect of Oxygen/Argon Ratio on the Resistivity of the ITO Films

To examine the effect of different gas mixtures and ratios in the deposition chamber,
on the properties of ITO films, besides Argon, Oxygen was introduced to the
sputtering chamber with different ratios during the depositions. A series of
deposition cycles were performed by changing O2/Ar ratio, while the other
deposition parameters were kept same as of reference sample (1ITO4). In the first two
deposition cycles with oxygen, O2/Ar ratio values were arranged as 5% and 3%.
Sheet resistance and resistivity values of these samples are given in Table 4.7 and
4.8. Resistivity values of these samples, are higher when compared to the reference
sample, but sheet resistance and resistivity values decrease with annealing. Post
annealing process had more pronounced effect on the electrical properties of these
samples than those deposited without oxygen. Besides, increasing oxygen content in
the gas mixture leads to an increase in the resistivity values. When the O2/Ar ratio is
equal to 1 %, 0.8 %, resistivity values of the films approach to almost the same

resistivity values of ITO films grown without oxygen (Table 4.9 and 4.10).

Table 4.7 Sheet resistance and resistivity results of ITO10 samples before and after

annealing.
Sample ) Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (kQ/square)
Temperature
Before After Before After
ITO10 (°C) _ _ _ _
Annealing | Annealing | Annealing | Annealing
150 9.4 3.7 7.4x10° | 3.0x10”
5% - -
’ 175 8.8 2.3 6.9x10° | 2.0x10”
O2/Ar 2 3
: 200 8.0 1.1 6.3x10 8.6x10
Ratio
225 10.2 8.0x10° | 5.5x10°
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Table 4.8 Sheet resistance and resistivity results of ITO11 samples before and after

annealing.
Sample ] Average sheet L
Annealing ] Resistivity (€2.cm)
Code resistance (kQ/square)
Temperature
Before After Before After
ITO11 (°C) . _ . :
Annealing | Annealing | Annealing | Annealing
150 6.6 2.6 5.8x10° | 2.3x10”
3% - -
’ 175 7.0 6.5 6.1x10° | 5.6x10”
Oz/AI‘ 2 -3
, 200 4.5 3.9x10 5.6x10
Ratio
225 5.6 0.54 49x10° | 4.7x10°

Table 4.9 Sheet resistance and resistivity results ITO12 samples before and after

annealing.
Sample ) Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (2/square)
Temperature
Before After Before After
ITO12 °C) ) _ _ _
Annealing | Annealing | Annealing | Annealing
150 62.4 59.5 8.6x10° | 8.2x10"
1% 3 3
175 53.8 50.6 7.4x10 6.9x10
O2/Ar 4 4
- 200 59.7 57.8 8.2x10° 8.0x10
Ratio
225 67.7 71.6 8.3x10" | 9.8x10”
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Table 4.10 Sheet resistance and resistivity results of ITO13 samples before and
after annealing.

Sample ) Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (©2/square)
Temperature
Before After Before After
ITO13 (°C) ] ) . .
Annealing | Annealing | Annealing | Annealing
150 35.7 346 | 520x10° | 5.12x10°
0.8 %
’ 175 34.1 355 | 5.05x10° | 5.05x10"
O,/Ar < 2
. 200 35.8 37.4 5.30x10 5.53x10
Ratio
225 34.0 399 | 5.03x10° | 5.9x10"

Table 4.11 Sheet resistance and resistivity results of ITO17 samples before and
after annealing.

Sample ) Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (©2/square)
Temperature
Before After Before After
ITO17 (°C) _ _ _ _
Annealing | Annealing | Annealing | Annealing
150 28.5 27.0 45x10" | 43x10"
0.6 %
° 175 275 28.3 4.4x10" | 4.5x10"
Oz/AI' 4 4
, 200 28.7 26.2 4.5x10 4.2x10
Ratio
225 29.5 420 | s6x10" | 6.6x10"
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Table 4.12 Sheet resistance and resistivity results of ITO23 samples before and

after annealing.

Sample ] Average sheet L
Annealing ] Resistivity (€2.cm)
Code resistance (Q2/square)
Temperature
Before After Before After
ITO23 (°C) _ _ : :
Annealing | Annealing | Annealing | Annealing
150 244 215 | 3.78x10™" | 3.33x10°
0.4 % -
’ 175 23.9 223 | 3.64x10" | 3.45x10"
O2/Ar .4 4
: 200 225 24.4 3.49x10 3.79x10
Ratio
225 23.7 26.6 | 3.67x10" | 4.12x10"

Decreasing O2/Ar ratio during the deposition led to decrease in resistivity values. In

Table 4.11 and 4.12, average sheet resistance and resistivity values of ITO17 and

ITO23 samples are given. They were deposited Oxygen/Argon ratio is equal to 0.6

% and 0.4 % respectively. For these samples, resistivity values were in the order of

10 Q.cm and they are almost equal to resistivity values with respect to reference

sample.

0,01}

1E-3 F

Resistivity(Q.cm)

1E-4 ;-

_——--—""'-'

O,/ Ar ratio

Figure 4.3 Change of resistivity with O2/Ar ratio.
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In Figure 4.3, different resistivity values concerning different OJ/Ar ratio is
illustrated as a summary. It can be concluded that increasing oxygen content leads to

a strong increase in resistivity.

4.1.3 Effect of Deposition Rate and Deposition Pressure on the Resistivity

To investigate the effect of different deposition pressure and deposition rate (robot
arm/holder speed) on the electrical properties, ITO thin film depositions were
performed by changing these parameters. Other parameters were same as our
reference sample (1ITO4). Results showed that there was no substantial effect of
holder speed and deposition pressure on the film resistivity. In Table 4.13 and 4.14,
average sheet resistance and resistivity values of ITO thin films deposited with
different robot arm speed are shown. In Table 4.15 and 4.16 average sheet resistance
and resistivity values ITO films with different deposition pressure are given. In
Figure 4.4 and 4.5, resistivity values of ITO thin films for different robot arm speed
and deposition pressure values are shown for comparison. In both graphs, though
there are some attenuation in resistivity values with respect to the different annealing
temperature, the resistivity values of the samples are in the order of 104 Q.cm which
is consistent with the literature and the previous results. These fluctiations might be
related to standard deviation of resistivity calculations. Since there are no
considerable differences when compared to the previous resistivity results, robot arm
speed and deposition pressure values used for the deposition of reference sample (3
mTorr and 20 cm/min), were taken as the standard values for the deposition of all
ITO thin films for further studies.
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Table 4.13 Sheet resistance and resistivity results of ITO19 samples before and
after annealing.

Sample ) Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (©2/square)
Temperature
Before After Before After
ITO19 (°C) _ _ _ _
Annealing | Annealing | Annealing | Annealing
150 12.2 11.8 2.43x10* | 2.35x10*
Speed
175 11.8 10.5 2.35x10* | 2.11x10*
10
200 12.05 11.0 2.41x10* | 2.21x10*
cm/min
225 12.5 10.5 2.5x10* 2.1x10*

Table 4.13 Sheet resistance and resistivity results of ITO20 samples before and
after annealing.

Sample ] Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (2/square)
Temperature
Before After Before After
ITO20 (°C) _ _ ) _
Annealing | Annealing | Annealing | Annealing
150 11.09 1118 | 2.62x10" | 2.64x10"
Speed -
pee 175 12.07 10.44 | 2.85x10" | 2.46x10"
15
. 200 10.97 932 | 2.59x10" | 2.20x10”
cm/min
225 12.08 9.96 | 2.85x10" | 2.35x10"
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Figure 4.4 Resistivity values with respect to different robot arm speed.

Table 4.14 Sheet resistance and resistivity results of ITO21 samples before and
after annealing.

Sample ] Average sheet o
Annealing ] Resistivity (€2.cm)
Code resistance (2/square)
Temperature
Before After Before After
ITO21 (°C) _ ) . _
Annealing | Annealing | Annealing | Annealing
150 16.7 159 | 2.72x10" | 2.59x10"
Deposition
P 175 17.3 152 | 2.82x10" | 2.47x10”
pressure ) 7
200 16.5 20.2 2.69x10 3.28x10
4 mTorr
225 18.1 121 | 2.95x10" | 1.97x10"
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Table 4.15 Sheet resistance and resistivity results of ITO22 samples before and
after annealing.

Sample ] Average sheet L
Annealing ] Resistivity (€2.cm)
Code resistance (©2/square)
Temperature
Before After Before After
ITO22 (°C) ) ) . .
Annealing | Annealing | Annealing | Annealing
150 290.18 18.05 | 4.44x10" | 2.74x10"
D iti -
cPOSIion 175 19.55 1712 | 2.97x10" | 2.6x10™
Pressure 1 )
200 18.79 14.5 2.86x10 2.2x10
2 mTorr
225 20.24 9.46 | 3.08x10" | 1.44x10"
3,4x10° T T T T T
3,2x10" ’ = ITO4(3mTorr) |]
3,010 | e ITO21(2mTorr) ||
A ITO22(4mTorr)
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Figure 4.5 Change of resistivity with respect to different deposition pressure.
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4.2.3 Mobility and Scattering Mechanisms

Mobility values of grown ITO films without oxygen, changed between 10-22
cm?/V.s. Carrier density of ITO films was in the range of 10 2 cm™. In the first three
ITO depositions, mobility and carrier density values of the films were in the range
of 10-13 cm?/V. s and 10 2 cm™ respectively (ITO1, ITO2, ITO3 samples). In these
three deposition cycles, substrate temperature was kept constant at 100 °C, while RF
power values were changed as 200W, 300W and 400W. In the other three deposition
cycles (ITO4, ITO5 and ITO6 samples) for which the substrate temperature was 200
°C and RF powers are 400W, 300W, 200W, mobility values and the carrier density
values of the films were obtained in the range of 18 and 22 cm?/V. s and 10%* cm™®
respectively. Substrate temperature and RF power had no significant effect on the
carrier density of ITO thin films. However, increasing RF power resulted in an

increase in mobility.

Moreover, effect of the deposition pressure and robot arm speed on the mobility and
carrier density values was also negligible. In Table 4.16, mobility, carrier density
and resistivity values of ITO films deposited without oxygen, using different
deposition parameters are presented. On the other hand, changing oxygen content
strongly affected the carrier concentration and mobility values. In Table 4.17,
mobility, carrier density and resistivity values of ITO thin films grown with different
Oo/Ar ratio are given. The pronounced effect of oxygen content on the electrical
properties of the films can be explained by the dominance of different scattering
mechanisms [52]. Changing oxygen content might affect the scattering mechanism
of the ITO thin films. When O/Ar ratio was 5% and 3%, grain boundary scattering
mechanism might be the dominant scattering mechanism. In this case, mobility and
carrier concentration were proportional to each other and this scattering mechanism
caused the decrease in mobility and increase in resistivity values notably. As can be
seen in Table 4.17, mobility and carrier density values give the indication of the
dominance of the grain boundary scattering mechanism for these thin film samples.

The main reason of presence of this scattering mechanism might be the excess of
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oxygen content. Excess oxygen content resulted in depletion of free carriers by
accumulating at the grain boundaries. This can be considered as a potential barrier

for electrons. [45].

Lowering oxygen content resulted the decrease in the accumulation of excess oxygen
at the grain boundaries which leads the change in scattering mechanism. In contrast
to the samples deposited with 5% and 3 % O>/Ar ratio, ionized impurity scattering
mechanism can be dominant scattering mechanism for the samples deposited with
O/Ar ratio less than 3 %. In this case, carrier density and mobility values were
inversely proportional to each other and the highest contribution to the mobility was
related to the scattering of active impurity atoms (Sn* atoms and Oxygen vacancies)
in the lattice structure. They scatter under the influence of Coulomb interaction.
When O2/Ar ratio was 1 %, ionized impurity scattering starts to dominate the motion
of charge carriers and it was also dominant scattering mechanism for the samples

grown without oxygen.

To summarize the results of the study on the electrical properties of the deposited
ITO thin films, the optimum electrical parameters were obtained when O/ Ar ratio
was 0.6 % (1TO17). For this sample, mobility has the highest value of 30 cm?/V. s
and resistivity is in the order of 10 “Q.cm. Moreover, carrier density was around
102°cm 2 which was lower one order of magnitude than that of 1TO films deposited
without oxygen. Therefore, it was concluded that the films deposited with the
parameters of the samples labeled as ITO17 had the appropriate electrical parameters
for their usage in the suitable layer for SHJ structure, to decrease the parasitic
absorption and improve the electrical transport mechanism between the a-Si:H

layers.
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Table 4.16 Mobility, carrier density, Hall coefficient and resistivity of ITO thin

films with different deposition parameters.

Sample RH Mobility Resistivity | Carrier Density
Code | (cm®Columb) (cm?/V.s) (Q.cm) (cm™)
ITO1 1.74x103 10 4.83x10" 3.50x10%
ITO2 1.08x103 12 3.17x10" 3.47x10%
ITO3 1.65x10° 13 3.61x10™ 3.79x10%
ITO4 7.75x1073 18 2.1x10" 8.05x102
ITO5 2.38x10° 20 2.84x10" 2.61x10%
ITO6 4.32x10°3 19 3.73x10™ 1.44x10%
ITO19 3.34x10° 18 2.43x10™ 1.87x10%
ITO20 2.63x107 17 2.62x10" 2.36x10%
ITO21 3.66x10% 18 2.72x10™ 1.78x10%
ITO22 3.43x103 18 4.44x10" 1.82x10%
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Table 4.17 Mobility, carrier density, Hall coefficient and resistivity with respect to
different oxygen content.

Sample Oa/Ar RH Mobility | Resistivity | Carrier

Code Ratio | (cm®/Columb) | (cm?V.s) | (Q.cm) | Density (cm?)
ITO10 5% 4.98x101 8 7.4x10” 1.25x10%
ITO11 3% 7.81x1072 15 5.8x10° 7.99x10%
ITO12 1% 2.25x107 22 8.6x10" 2.77x10%
ITO13 | 0.8% 1.10x10? 25 5.3x10™ 5.65x10%
ITO17 0.6% 1.07x107 30 4.5x10" 5.80x10%
ITO23 0.4% 7.65x102 25 3.8x10" 7.80x10%

4.3 Structural Characterization

4.3.1 XRD Measurement Results

To investigate the effect of deposition parameters on the crystal structure of ITO thin
films, XRD measurements of ITO films deposited with different deposition
parameters were performed. XRD pattern of ITO4 sample (reference sample) with
different post annealing temperature are given in Figure 4.6. XRD pattern of this
sample is compared to XRD of ITO films grown with different O2/Ar ratio (Figure
4.7 and Figure 4.6).

XRD analysis of ITO thin films revealed that changing annealing temperature and
oxygen content in the gas mixture resulted in the change of XRD patterns of ITO
thin films. ITO films grown without oxygen showed different crystallographic
orientations compared to those grown with oxygen [74]. Adding oxygen content to
the gas mixture fills the oxygen vacancy sites of ITO structure. Oxygen atoms diffuse
through the oxygen vacancy [56]. This causes the disappearance of some peaks in
XRD pattern. Also, using oxygen during the sputtering process can decrease the film
growth rate [75]. This can also affect crystal growth of ITO films.
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For ITO4 sample, increasing post annealing temperature led to a change in
preferential orientation of the peaks (Figure 4.6). Preferential orientation of the as
deposited sample is (222), while its intensity decreases with the increasing post-
annealing temperature. The dominant orientation of the film annealed at 225 °C is
(400). This can be evaluated as the increasing annealing temperature leads to change
in preferred crystal orientation. Annealing process causes the increasing thermal
energy. Increment of thermal energy might lead to change in preferential orientation.
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Figure 4.6 XRD Pattern of ITO4 film with different annealing temperature.

The peak (*) is belong to the AgO: structure.
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Figure 4.7 XRD pattern of ITO12 (1 % O2/Ar ratio) sample with different

annealing temperature.

When O2/Ar ratio is equal to 1 %, preferential orientation is still along (222) plane;
however, some peaks disappear due to filling of oxygen vacancies (Figure 4.7). On
the other hand, when O/Ar ratio is equal to 0.4 %, intensity of (662) and (400) peaks
are more prominent (Figure 4.8). This may be interpreted as, decreasing oxygen
content can cause the appearance of some peaks and stabilize the crystal structure of
In203[76].[56] .
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Figure 4.8 XRD Pattern of ITO23 (0.4 % O2/Ar ratio) sample.

In Figure 4.9 XRD pattern of ITO films grown with different O2/Ar ratios are shown
for comparison. Preferential orientation is along (222) plane for all as-deposited
samples. However, the intensity of (222) plane of ITO film grown without oxygen
has higher intensity than those grown with oxygen. In addition, for samples grown
with O2/Ar ratio of 0.4 % and 1 %, some peaks disappear due to diffusion of oxygen

atoms through the oxygen vacancies.

Figure 4.9 XRD Pattern of ITO Thin Films ( As deposited ITO4, ITO23, ITO12)
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Crystallite Sizes

Crystallite sizes were calculated by using Scherrer Formula. Full Width of Half
Maximum (FWHM) values were calculated from XRD graphs of ITO thin films with
the help of Gaussian Fit. The results show that there is no strong correlation between
annealing temperature and crystallite sizes. In Table 4.19, crystallite size, interplanar
distance and Full Width of Half Maximum values of some ITO samples are given.

Table 4.18 Crystallite size, interplanar distance and FWHM values of deposited

films.
Annealing _
Sample Crystallite d222
Temperature 20 | FWHM )
Code ] size (nm) (A)
)
ITO4 As deposited | 30.38 0.5 17.21 2.94
ITO4 150 30.32| 0.59 14.58 2.94
ITO4 175 30.36 | 0.505 17.04 2.94
ITO4 200 30.33| 0.57 15.09 2.94
ITO12 As deposited | 30.40 | 0.54 15.93 2.93
ITO12 150 30.38| 0.48 17.93 2.93
ITO12 175 30.35| 0.47 18.31 2.94
ITO12 200 30.38 | 0.47 18.31 2.94
ITO12 225 30.36 | 0.48 17.92 2.94

4.4  AFM Measurements

To investigate the effect of deposition parameters and post annealing process on the
surface topography of ITO films, AFM images of ITO film deposited with different
parameters were taken. AFM images of ITO thin films showed that the depending
on the oxygen content the surface roughness of the film and topography was going
to change. In addition, the post-annealing process yielded to slight difference in

surface roughness and topography.
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In Figure 4.10, 4.11 and 4.12, AFM images of ITO thin films deposited with different
Oo/Ar ratio are given. There are some differences between the AFM images related
to oxygen content and annealing temperature. ITO films grown with 1% O/Ar ratio
have more columnar structure than those grown without oxygen. Oxygen content
might affect the surface topography of the films [77]. However, ITO films grown
with 0.4 % Oo/Ar ratio has not notable columnar structure. In this sample, effect of

oxygen content on the film properties decrease.

20.0 nm

0.0nm
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(b)

Figure 4.10 AFM Image of ITO4 (reference) sample (a) without annealing, (b)
annealed at 225 °C.

77



(b)

Figure 4.11 AFM Image of ITO12 sample grown with 1 % O2/Ar ratio (a) without
annealing, (b) annealed at 225 °C.
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(b)

Figure 4.12 AFM Image of ITO23 sample grown with 0.4% O/Ar ratio (a)
without annealing, (b) annealed at 225 ° C.

Surface roughness of the films were obtained by using the root mean square (RMS)
and there are no big differences between of surface roughness values as deposited
and annealed samples. Also, O2/Ar ratio did not make important alteration on the
surface roughness values. In table 4.19, surface roughness values of different ITO
samples for different annealing temperature are given. The surface roughness of the
samples changes between 1.88-3.03 nm. Surface roughness values of ITO12 sample
(O2/Ar ratio is 1%), has more rough surface than those grown without oxygen.
Moreover, surface roughness value of ITO23 sample (deposited with 0.4 % O2/Ar
ratio) has lower surface roughness value than surface roughness of ITO12. In this

sample, effect of oxygen content can be negligible. Although surface roughness
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values and surface topography are affected by the deposition parameters, the surface

roughness of ITO thin films can be considered in the negligible range.

Table 4.19 Surface Roughness values of ITO films with and without post

annealing.

Surface Roughness

Annealing

Surface Roughness

Sample Code Temperature After Annealing
o (C) (nm)
ITO4 1.93 225 2.34
ITO12 3.03 225 3.03
ITO23 1.88 225 2.34

45  Optical Measurements

Optical measurements were carried out using the transmission and absorption spectra

and including calculated optical bandgap values of ITO films. However, in this

study, only the bandgap values of as-deposited samples were presented since notable

effect of post annealing temperature on the bandgap values was not measured.

45.1 UV-Visible Spectra

Transmission and absorption spectra of ITO thin films are obtained typically as 85 -

90 % in the visible range of the spectrum. In Figure 4.13, transmittance and

absorption spectra of as deposited ITO4, ITO5 and ITOG6 films are given. Due to the

thickness differences of the films, interference fringes were observed in some of the

transmission spectra of the ITO samples. Moreover, as presented in Figure 4.13,

transmission of ITO films sharply decreases in the wavelength range 300 nm.
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In addition, for some 1TO samples, it is possible to observe the influence of oxygen
content on the transmission spectra (Figure 4.14). Increment of oxygen content gave
rise to the decrease of optical transmittance of the film. Thus, oxygen content affects

the optical properties of ITO thin films, as well as its electrical properties.
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Figure 4.13 Transmission (a) and Absorption (b) Spectra of ITO4, ITO5 and ITO6

samples.

*In Figure 4.13, transmission and absorption spectra of 1TO4, ITO5 and ITO6
samples are given. All films are deposited without oxygen and substrate temperature
are 200 °C for all samples. Only changing parameter is RF power which are
400,300,200 respectively.
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Figure 4.14 Transmission (a) and Absorption (b) Spectra of ITO films grown with
different Oxygen/Ar ratio.

* In Figure 4.14, transmission and absorption spectra of ITO thin film deposited
with different O2/Ar ratio are given. Apart from the gas ratio, other parameters

are the same as our reference sample(1TO4).

Optical bandgap values of ITO thin films were calculated by using Tauc plots. In
Figure 4.15 and 4.16, Tauc plots of ITO4, ITO5 and ITO6 samples are given for
representation. The bandgap values of as deposited ITO thin films grown without
oxygen changed between 3.5-3.8 eV (Table 4.21) Since ITO has bandgap range,
these values are expected. According to Burstein- Moss Shift Theory, for heavily
doped n type degenerate semiconductor like ITO, transmission and absorption
spectra are shifted depending on the carrier concentration. In our results, the carrier
concentration is related to oxygen content.[78]. Only parameter changes carrier
concentration of deposited ITO films is O2/Ar ratio. Increasing oxygen content in the
gas mixture decreases the carrier concentration of the films. Declination of carrier
concentration leads to decrease in optical bandgap values of ITO films. The bandgap
values of as deposited ITO thin films grown with oxygen change between 3.62 and
3.8 eV. Attenuation of bandgap values can be seen in Table 4.22. This can be

explained by Burstein—Maoss Shift Effect. However, some experimental errors during
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the UV-Visible measurements can cause the unrelated bandgap values with Burstein
Moss Phenomena. Also, Tauc plots of some ITO samples deposited with oxygen are
given in Figure 4.17 and Figure 4.18.
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Figure 4.15 Tauc plot of ITO4 (a) and ITO5 (b) samples.
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Figure 4.16 Tauc Plot of ITO6 sample.
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Table 4.20 Optical Bandgap values as deposited 1TO films deposited without

oxygen.
) Substrate RF Deposition
Sample | Thickness | Bandgap Speed
Temperature | Power | Pressure _
Code (nm) (eV) (cm/min)
(°C) (Watt) (mTorr)
ITO1 96 3.72 100 200 3 20
ITO2 93 3.55 100 300 3 20
ITO3 180 3.76 100 400 3 20
ITO4 230 3.79 200 400 3 20
ITO5 188 3.85 200 300 3 20
ITO6 100 3.70 200 200 3 20
ITO19 200 3.70 200 400 3 10
ITO20 236 3.61 200 400 3 15
ITO21 163 3.49 200 400 4 20
ITO22 152 3.63 200 400 2 20
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Figure 4.17 Tauc Plot of ITO10 (a) and ITO11 (b) samples.
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Figure 4.18 Tauc Plot of ITO12 (a) and ITO17 (b) samples.
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Table 4.21 Optical bandgap of grown ITO Thin films grown with different O2/ Ar

ratio.
Sample Code Thickness O2/Ar Ratio Bandgap (eV)
(nm)
ITO10 79 5% 3.66
ITO11 88 3% 3.62
ITO12 138 1% 3.70
ITO13 148 0.8% 3.64
ITO17 158 0.6% 3.68
ITO23 155 0.4% 3.80

4.6  Contact Resistivity Analysis

For contact resistivity analysis, TLM and Cox and Strack Method were performed
to measure the contact resistivity between different layers in SHJ structure. Contact
resistivity of ITO/Ag layer was calculated by using TLM. While a-Si:H layers have
very high resistivity compared to ITO and metal contacts, very high contact
resistivity values were obtained by using TLM [79]. The reason is that TLM may not
be suitable method to measure the contact resistivity between a-Si:H/ITO layers
[28]. The direction of current flow strongly affects the contact resistivity analysis. In
TLM structure, the lateral current flow has been taken into account. For resistive
layers like p type a-Si:H and n type a-Si:H layers, lateral current flow can affect the
current flow path. For this reason, TLM may give inconsistent contact resistivity

results.
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4.6.1 Contact Resistivity Measurements by TLM

To analyze the specific contact resistivity by TLM, I-V measurements were
performed by using different mask designs given in Chapter 3. From the measured
I-V graphs, contact resistance, specific contact resistivity and transfer length values
were calculated for different mask designs.

ITO/Ag contact resistivity

For different contact designs, |-V measurements were performed to calculate
ITO/Ag layer specific contact resistivity (Chapter 3, Figure 3.14). I-V characteristic
of ITO/Ag layer is linear and there is a relationship between distance and resistance
which can be seen from Figure 4.19. For specific contact resistivity analysis, ITO
films were deposited with the standard recipe used for the deposition of ITOA4.
Deposition parameters of doped a-Si:H layers were the same except the deposition

time. In Figure 4.19 I-V measurement results for different contact designs are given.
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Figure 4.19 I-V characteristic of TLM patterns with different contact diameters.

*The numbers shown in Figure 4.21 represents the contact numbers with
different contact separation. Contact design for different masks are shown in
Chapter 3, Figure 3.14.
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Using the 1-V measurements, from the graph of resistance vs. contact separation,
specific contact resistivity values of ITO/Ag layer were extracted. In Figure 4.20a
and 4.20b resistance vs. contact separation graphs for different mask designs are
shown. Cross section of the test structure and contact design are shown in Figure
4.20.c and 4.20.d as a reminder.
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Figure 4.20 (a) and (b) Resistance vs. contact separation graphs (c) designed test
structure, (d) contact designs.

Resultant specific contact resistivity values from above graphs were in the order of

102 Q.cm? and 10 Q.cm?, which was consistent with the literature [30]. However,
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due to the contact designs, there are some differences between the contact resistivity
values (Table 4.23). Apart from contact resistance, contact resistivity should be
independent from contact length and contact width, but in our results, slight
differences are observed between the different contact designs. The reason may be
related to standard deviation of 1 dimensional TLM analysis [67]. In Table 4.23,
transfer length, contact resistance and specific contact results are given.

Since n type Si wafers were used as a base material for contact resistivity analysis,
it leads to some current loss due to the blanked, opposite direction of current flow
occurs [72]. To prevent current loss to the opposite direction, intrinsic and doped p-
a Si:H layers deposited onto rear side of the wafer. For ITO/Ag layer, this structure
gives consistent results. 1-V graphs, the test structure and resistance vs. distance

graph related with this structure is given in Figure 4.21.

021 | W Mask1
- 10 }
01|
~ 8
z 1 G
;:_._ 00| %
H c 6
£ 8
5 g 7]
[
0.2} . 2k %
1 1 1 1 1 1] / 1 1 i 1 1 1 1 1
-0,3 ' N . . 0
1,0 0,5 0,0 0,5 1,0 500 0 500 1000 15-00 2000 2500 3000 3500 4000 4500
Voltage(V) Distance(pm)
(@ (b)
Ag Ag Ag
ITO (83 nm)
(p) a-Si:H (12nm)
(1) a-Si:H(9nm)
n-type c-Si wafer
(C) i-aSi:H

Figure 4.21 (a) I-V measurements of TLM test structure with passivating layer for
ITO/Ag layer (b) Resistance vs Distance graph, (c) cross view of test structure.
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Table 4.22 Transfer length, contact resistance and contact resistivity of ITO/Ag

layer.

Transfer Contact

Contact o
Sample Code Length _ Resistivity
Resistance (Q)

(Hm) (Q.cm?)
Mask 1 235 0.57 8x10°7
Mask 2 145 0.71 3x10°
Mask 1 328 0.36 7x10°3
Mask 2 87 0.24 6x10™

Mask1 (Passivating layer) 136 0.38 3.1x10°®

ITO/a-Si:H contact resistivity

Even though TLM gives reliable results for the ITO/Ag specific contact resistivity,
by using TLM, we obtained very high specific contact resistivity values for ITO and
a-Si:H layers. Resistivity values of 1TO/a-Si:H layers were in the order 10°10°
Q.cm?. In literature, different methods were tried to measure contact resistivity
between ITO and a-Si:H layers by using different test structures [31]. In our first
experiment design, SiO. layer was used to prevent current loss to the opposite
direction. However, calculated specific contact resistivity values were not

representing the experimental expectations.

In the second experiment design, intrinsic and p a-Si:H layer were deposited onto
rear side of the wafer to improve passivation quality and decrease current loss. In
Figure 4.22, the test structure and I-V graph of this structure is given. Although
passivating layer was coated on rear side of the wafer, we could not get rid of s shape
structure of 1-V graphs. For this reason, only linear part of I-V measurements were
taken into account for TLM calculation. To get rid of the s shape and calculate
specific contact resistivity between ITO/p a-Si:H layer, temperature dependent 1-V

measurements can be taken into consideration [80].
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Figure 4.22 (a) 1-V characteristic of TLM test structure with passivating
layer to determine specific contact resistivity of ITO/p a-Si:H layer

(b) schematic view of the structure.

4.7 SHJ Cells Results

Two different SHJ cells were deposited by changing only the deposition parameters
of ITO layer. In the first deposition, deposition parameters of our standard recipe
used for representative samples was used for ITO deposition. In the second SHJ cell
deposition cycle, best reactive sputtering parameters (ITO17 sample) were chosen

and effect of ITO layer on SHJ cell performance was investigated.
EQE Results of SHJ cells with Different ITO Layers

To investigate effect of ITO layer on the SHJ cell performance, external quantum
efficiency measurements were performed. In the first SHJ cell deposition cycle, ITO
layer was deposited by using our standard recipe with a thickness of 77 nm. In the

second SHJ cell deposition, the best reactive sputtering parameter was used during
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the ITO deposition (ITO17). ITO17 sample deposited with 0.6 % Oxygen/Argon
ratio and other parameters were the same as our standard recipe. This sample have
highest mobility and lower carrier density compared to our reference ITO film. For
this ITO layer, thickness was around 74 nm which was slightly lower than the anti-
reflective coating layer. This showed that the sample with reactively sputtered ITO
layer has slightly high reflectance loss compared to other. Despite the lower
thickness of ITO layer, effect of ITO layer on SHJ cells can be seen from EQE
graphs. In the first cell, parasitic absorption is higher than compared the second one.
Decrease in free carrier absorption in NIR region can be explained by low carrier

density of ITO film deposited with reactive sputtering.
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Figure 4.23 EQE results of SHJ cells deposited with different ITO layer.
I-V characteristics

I-V characteristics of SHJ cells were performed by solar simulator with an area of
156x156 cm?. Current density of the first cell was equal to 37.49 mA/cm?, while
current density of the second cell was 38.08 mA/cm?2. The enhancement of Jsc value

two is related to decrease in free carrier absorption and parasitic absorption by
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reactive sputtering and also mobility values have impact on the improvement of Jsc
value. ITO film deposited with reactive sputtering (sputtering with both oxygen and
argon content) had highest mobility (30 cm?/V. s) between the deposited films.
Increase in mobility implied to improvement of carrier transport mechanism a-Si:H

layers. For this reason, Jsc value slightly increases [81].
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Figure 4.24 1-V characteristic of SHJ cells deposited with different ITO layer.

Cell Parameters

In Table 4.24, results of SHJ cell parameters deposited with two different ITO layers
are given. In both cells, Fill Factor values are the same; however, other parameters
are variable due to the ITO layer properties. Shunt resistance are almost same for the
two samples; however, there is a certain difference between series resistance values.
This differences cannot be explained conclusively with the data at hand. VVoc value

of first cell is higher than second cell. This differences are related to small variation
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of passivation quality of intrinsic a-Si:H layer. Power conversion efficiency of

second cell is a bit more from the first cell which is related to differences of short

circuit current density values.

Table 4.24 SHJ cell parameters.

Sample VOC \]SC FF Rshunt Rseries EfﬁClency
Code (mV) | (mA/cm?) | (%) Q) Q) (%)
SHJ1 685 37.45 78.63 108251 | 0.75 20.17
SHJ2 681 38.06 79.38 106312 | 0.31 20.56

In this study, optimization studies of ITO thin films were performed for use as an

anti-reflective coating layer in SHJ cells. Afterwards, two different optimized ITO

layers were used for SHJ cells and effect of ITO layer on SHJ cell performance were

investigated. Besides the optimization studies of ITO layer, contact resistivity studies

were performed for different layer in SHJ cells. However, a certain method cannot

be determined to measure contact resistivity between 1TO/a-Si:H layers in SHJ

structure even though contact resistivity of ITO/Ag layer was extracted from TLM.
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CHAPTER 5

CONCLUSION

In this study, to enhance SHJ cell performance, characterization and optimization
studies of ITO thin films as TCO layer were carried out. The main aim was to find
suitable deposition parameters in order to be able to use ITO as anti-reflective
coating layer in SHJ structures. To find the optimum deposition parameters for the
ITO films, several sets of depositions were performed. The films were deposited onto
borosilicate glass substrates as well as n-type wafers by RF magnetron sputtering.
Various deposition parameters such as, RF power, deposition pressure, substrate
temperature, O2/Ar ratio, and deposition pressure, were tested for the sputtering
process. The deposition parameter which has the strongest effect on the film
properties, is the O2/Ar ratio. Changing O2/Ar ratio led to changes in electrical,

optical and structural properties of the ITO thin films.

After each ITO deposition, in order to determine the optimum ITO film properties
matching the anti-reflective layer properties in SHJ, the films were characterized by
different techniques. For ITO thin films deposited without oxygen, the most suitable
parameters in terms of RF power, substrate temperature and deposition pressure were
determined as 400 W, 200 °C, 3 mTorr. For the ITO films with reactively deposited
(including oxygen), the O2/Ar ratio was varied while the other parameters were kept
constant. The optimum O/Ar ratio was found to be 0.6 %. ITO film deposited with
this parameter had maximum mobility while its carrier density was lower by one
order of magnitude than that of ITO films grown without oxygen. For this reason,
the 1TO films deposited with these deposition parameters were applied in SHJ cells

fabrication. The effect of the ITO layer on SHJ cells parameters were investigated.

Two SHJ cells were fabricated using two different ITO layers. In the first cell

deposition, the previously determined optimum deposition parameters of ITO film
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were applied, however no oxygen was added to the sputter gas. For the second cell,
besides the optimum parameters, the ITO layer was deposited with 0.6 % O/Ar ratio.
The results demonstrated that carrier density and mobility values of ITO thin films
have an effect on the SHJ parameters. The SHJ cell fabricated using ITO with
reactive (including oxygen) sputtering had a low free carrier absorption in the NIR
region which affects the collection of charge carriers. Conversion efficiency of the
SHJ cell deposited with reactive sputtering is 20.56 % while conversion efficiency
of the SHJ cell deposited with reference ITO is 20.17 %. Also, there was an increase
of Jsc value in the second cell. These differences were related to decreasing free

carrier absorption in the NIR region.

In this study, in addition to optimization and characterization studies of ITO thin
films, specific contact resistivity studies were performed by using TLM. Specific
contact resistivity of ITO/Ag layer was calculated via TLM. Corresponding specific
contact resistivity values of ITO/Ag layer are in the order of mQ.cm? which is
consistent with the literature. On the other hand, this method did not give reliable

specific contact resistivity results for other layers in SHJ structure.
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