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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF
HETEROSTRUCTURED NiO/FTO-NiO/ITO-NiO/GLASS FILMS

Ahmed MAJEED FADHIL ALSAMARAI
Master of Science in Physics
Advisor: Assoc. Prof. Dr. Olcay GENCYILMAZ
April 2023

In this thesis, nickel oxide (NiO) films were produced using different substrates using
the cascading ion layer adsorption and reaction (SILAR) method. NiO films were
deposited on Glass, FTO and ITO substrates, and NiO/FTO, NiO/ITO, and NiO/Glass
films were obtained. Structural, optical, electrical, and surface properties of the
produced films were investigated. In addition, the effect of the used substrates on the
physical properties of NiO films was investigated. By using X-ray patterns, the
structural properties of the films such as crystallization level, grain size, micro-strain,
unit cell constants and dislocation density were determined. All films have a cubic
crystal structure and a preferential orientation in the (200) direction, and the grain sizes
of the films range from 30-60 nm. As a result of the optical analyzes of the films, it was
determined that the optical energy range values changed in the range of 3.56-4 eV. In
addition, it was determined that the use of ITO base significantly increased the
permeability values (~40 %). The electrical properties of the films were investigated by
current-voltage (I-V) characterization. All films have ohmic electrical properties. The
ideal factor (1) and voltage barrier (¢pg) values of the films changed in the range of 1.44-
3.44 and 0.49-0.59 eV, respectively. By examining the surface morphologies of the
films, it was determined that they have a homogeneous distribution and the choice of

substrate affects the grain size on the surface.

2022, 76 pages
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OZET

HETERO YAPILI NiO/FTO-NiO/ITO-NiO/CAM FILMLERININ URETIM VE
KARAKTERIZASYONU

Ahmed MAJEED FADHIL ALSAMARAI
Fizik, Yiiksek Lisans
Tez Danismani: Dog. Dr. Olcay GENCYILMAZ
Nisan 2023

Bu tez ¢aligmasinda, Sirali Iyon Adsorpsiyon ve Reaksiyon yontemi (SILAR) ile farkli
tabanlar kullanilarak nikel oksit (NiO) filmlerinin iiretimi ve karakterizasyonu
yapilmigtir. NiO filmlerinin {iretiminde Glass, FTO, ITO olmak {izere ii¢ farkli taban
kullanilarak NiO-Glass, NiO-FTO, NiO-ITO filmleri elde edilmistir. Uretilen filmlerin
yapisal, optiksel, elektriksel ve yiizeysel Ozellikleri incelenmistir. Ayrica kullanilan
tabanlarin NiO filmlerinin fiziksel Ozellikleri iizerine etkisi arastirilmistir. X-151m1
desenleri kullanilarak filmlerin kristallesme seviyesi, tane boyutu, mikro gerilme, birim
hiicre sabitleri ve dislokasyon yogunlugu gibi yapisal 6zellikleri belirlenmistir. Tiim
filmler kiibik bir kristal yapida ve (200) dogrultusunda tercihli bir yonelime sahiptir ve
tane boyutlar1 30-60 nm arasinda degismektedir. Filmlerin optik analizleri sonucu, optik
enerji aralig1 degerlerinin 3,56 — 4 eV araliginda degistigi tespit edilmistir. Ayrica ITO
taban kullaniminin gecirgenlik degerlerini (~% 40) belirgin bir sekilde arttirdig:
belirlenmistir. Filmlerin elektriksel oOzellikleri akim-voltaj (I-V) karakterizasyonu
yapilarak incelenmistir. Tiim filmler omik elektriksel 6zellige sahiptir. Filmlerin ideal
faktor (n) ve voltaj bariyeri (¢p) degerleri sirastyla 1,44-3,44 ve 0,49-0,59 eV araliginda
degistirmistir. Filmlerin yiizey morfolojileri incelenerek homojen bir dagilima sahip

oldugu ve taban se¢iminin ylizeydeki tane boyutunu etkiledigi tespit edilmistir.

2023, 76 sayfa

Anahtar Kelimeler: NiO filmi, Cam, Fto, Ito, Heteroyapi, Silar yontemi
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1. INTRODUCTION

Semiconductor thin films are an important class of materials used in various electronic
devices. These films, typically just a few nanometers to microns thick, are deposited
on a substrate through techniques such as chemical vapor deposition or sputtering
(Hedges and Oades 1997). They possess unique electrical and optical properties,
making them ideal for use in appications such as photovolatics, transistors, and
sensors. The properties of these films can be tailored by adjusting their composition
and thickness, enabling precise control over their performance (Novoselov and Castra
2012). The development of thin film technology has revolutionized the electronics
industry, enabling the creation of smaller, faster, and more energy efficient devices

(Qu et al. 2000).

In a semiconductor, the band energy gap (E;) is the energy range between the valence
band and the conduction band, where no electrons are allowed to exist. This band gap
plays a crucial role in many electronic devices (Kalyani and Dhoble 2012 The band
energy gap is expressed as the shortest vertical distance between the lowest point of
the conduction band and the peak of the valence band. It is also known as the energy
required for electrons to move from the valence band to the conduction band. This
band gap is called band because there are almost no energy levels (Zhang et al. 1998).
If the band gap is small, the semiconductor behaves like a metal. If the bandgap is

large, the semiconductor behaves like an insulator (Young 2008).

Pure semiconductors have limited electrical conductivity, which is not suitable for
most electronic applications. In order to overcome this limitation, semiconductors are
doped by forign elements. Doping is the intentional introduction of impurities into a
semiconductor material, such as silicon or germanium, in order to modify its electrical
properties (Elsheikh er al. 2014). A band gap diagram for conductors (metals),

semiconductors and insulators is given in Figure 1.1.
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Figure 1.1 A band gap diagram for conductors (metals), semiconductors, and
insulators

1.1 Intrinsinc and Doped Semiconductors

Intrinsic semiconductors are pure semiconducting materials, such as silicon (Si) or
germanium (Ge), which have no intentional impurities added to them. They have a

small but finite conductivity at room temperature (Sze 1981).

Doped semiconductors are materials that have impurities intentionally added to them
during the manufacturing process. The impurities, called dopants, can either add extra
electrons to the semiconductor material (n-type doping) or create "holes" where
electrons are missing (p-type doping). The n-type and p-type semiconductors are
created by doping with different elements, such as phosphorus or boron, respectively

(Kittel 2004).

1.1.1 n-type semiconductors

n-type semiconductor materials are a type of semiconductor that contains impurities or
dopants that introduce free electrons into the semiconductor's conduction band.

Phosphorus, arsenic and antimony are often used as doping atoms in N-type



semiconductors. These atoms have an excess of electrons in their outermost shell,
unlike the semiconductor material. When these dopants are added to the
semiconductor material, they replace some of the original atoms, and the extra electron
from the dopant is loosely bound to the atom, allowing it to move freely within the
material's crystal lattice. This extra electron is known as a donor electron and is
responsible for the n-type conductivity of the material (Gross and Roppel 1996).
Therefore, n-type semiconductors have a negative charge carrier concentration, as they
have more free electrons than holes (Qu er al. 2000, Elkaiem 2015). These free
electrons can move freely throughout the material and conduct electricity, making n-
type semiconductors useful in electronic devices such as transistors, solar cells, and

LEDs.

When a donor atom is introduced into the lattice, they led to creation of donor energy
levels in forbidden bandgap and these donor energy levels are typically located near
the conduction band of the semiconductor, but slightly below it. This means that the
energy required to excite an electron from the donor level to the conduction band is
relatively small, allowing the donor electrons to participate in conduction at room

temperature (Macdonald 1953).

If the donor level is too deep, the energy required to excite an electron to the
conduction band may be too high, leading to a lower concentration of free electrons
and reduced conductivity (Raebiger 2007). On the other hand, if the donor level is too
shallow, the donor electrons may be easily excited to the conduction band at room

temperature (Elsheikh et al. 2014).

1.1.2 p-type semiconductors

p-type semiconductor materials are a type of semiconductor that contains impurities,
also known as dopants, that increase the number of holes (positively charged
vacancies) in the semiconductor crystal lattice. These dopants are typically elements
from group III of the periodic table, such as boron, aluminum, or gallium. When a

small amount of dopant is added to a semiconductor crystal, it replaces some of the



atoms in the crystal lattice, creating an imbalance in the number of electrons and holes.
In p-type semiconductors, the dopant atoms have fewer valence electrons than the

atoms they replace, so they create "holes" in the crystal lattice where electrons are

missing (Kittel 2004).

The acceptor impurities introduce energy levels in the band gap of the semiconductor,
which are referred to as acceptor energy levels. These energy levels are located just
above the valence band maximum and are shallow, meaning that they require

relatively little energy to ionize and release an electron into the conduction band.

p-type semiconductors are widely used in electronic devices, such as diodes and
transistors, because they are capable of conducting electricity in a controlled manner.
For example, p-type semiconductors can be used to create p-n junctions, which are
important in the construction of diodes and solar cells (Banerjee and Chattopadhyay

2005, Hiramatsu et al. 2010, Zakutayev et al. 2010).

1.2 Transparent Conductive Oxides (TCOs)

Transparent Conductive Oxides (TCOs) are materials that possess the unique property
of being both transparent and conductive. They are widely used in a variety of
applications, such as touch screens, solar cells, flat panel displays, and light-emitting
diodes (LEDs) (Exarhos and Zhou 2007). The transparency of TCOs is due to their
low absorption of light in the visible region of the electromagnetic spectrum. The
optical properties of TCOs can be adjusted by controlling their composition, thickness,
and surface morphology, allowing for a wide range of applications (Sendergaard et al.

2013).

TCOs have two properties not found in other materials. These features are high
electrical conductivity and high transmittance. Therefore, TCOs have contributed to
developments in the opto-electronics industry and are used in many applications

(Exarhos and Zhou 2007). Especially NiO, ZnO, TiO, SnO, MgO and CuO etc. Oxide



semiconductors such as photodetector, sensor, photodiode, solar cell are among the

most used materials in applications (Caporaletti 1982).

In addition to their use in electronic devices, TCOs have also been investigated for
their potential in other areas, such as sensing, catalysis, and energy storage
(Caporaletti 1982). For example, TCOs have been used as gas sensors to detect
harmful gases, such as carbon monoxide, and as catalysts in the conversion of carbon

dioxide to fuels.

1.2.1 ITO thin films

Tin-doped indium oxide (ITO), a highly degenerate n-type semiconductor. It is among
the TCOs due to its superior optical and electrical properties over other materials.
Today, ITO is mainly used in the opto-electronics industry, with applications such as
liquid crystal displays, light-emitting diodes, solar cells, gas sensor and touch screens
due to its high conductivity, excellent transparency and chemical stability (Vander
Kam et al. 1999, Sauter et al. 2000, Beyer et al. 2007). However, ITO is expensive
and contains rare elements, such as indium, which limits its use in large-scale

applications (Granqvist and Hultdker 2002).

ITO thin films have a face-centered cubic (FCC) crystalline structure and their optical
bandgap is in the range of 3.2 to 4.0 eV, depending on the deposition conditions
(Antony et al. 2004). This wide bandgap allows for good visible light transmission
while blocking UV radiation, making it useful for applications that require transparent

conductors (Pissadakis et al. 1999).

1.2.2 FTO thin films

FTO (Fluorine-doped Tin Oxide) thin films are a type of transparent conductive oxide
film that has obtained very attention in recent years. FTO thin films are made up of a

crystalline structure of tin oxide that has been doped with fluorine atoms. The anionic



radius of F~ (1.33A) is similar to that of the O* atom (1.32A). Therefore, F doping is
used to reduce the distortions caused by other doping atoms in the lattice. Thus, FTO
films with the same crystal structure as SnO> are obtained. The crystal structure of

FTO films is known as rutile with tetragonal unit cells (Zhang 2017).

The addition of fluorine atoms to the tin oxide lattice results in a decrease in the
material's electrical resistivity and an increase in its transparency in the visible region
of the electromagnetic spectrum (Wu et al. 2010). This unique combination of
properties makes them an ideal material for use as a transparent electrode (Noh et al.
2012). FTO thin films are abundant in nature, and the primary raw materials used for
their synthesis (tin and fluorine) are relatively inexpensive and widely available. This

abundance and low cost have made them a popular choice for industrial applications.

The optical bandgap of FTO thin films is typically in the range of 3.4-4.0 eV, which
makes them transparent in the visible region of the electromagnetic spectrum. This
transparency, combined with their excellent electrical conductivity, makes them an
ideal material for use in optoelectronic devices, such as transparent electrodes in solar
cells and displays (Hudaya et al. 2015, Batzill and Diebold 2005, Dauzhenka et al.
2011).

1.2.3 Comparison betweeen (ITO) and (FTO) substrates

Tin-doped Indium Oxide (In203:Sn) and Fluorine-doped Tin Oxide (SnOz:F) films are
transparent conductive materials obtained by these methods and ITO and are called
FTO. Although they have a lower conductivity than ITO films, FTO films are
preferred over ITO films due to their high heat resistance and chemical stability
(Kalelei et al. 2019). ITO and FTO films have wide band gap (=3 e¢V) and show n-type
semiconductor properties (Colombel et al. 2009, Moholkar 2007). Also, in the visible
spectrum region, ITO and FTO films are frequently used in optoelectronic devices
because of the good compatibility between optical transmittance and electrical

conductivity (Kim et al. 2006, Elangovan et al. 2005).



Despite the optical superiority of glass (ITO) substrates, (FTO) substrates have higher
thermal tolerance without change in resistivity value. This is useful for increasing the
efficiency of some devices that require a higher annealing temperature than (ITO) (Li
et al. 2014). The adsorption of (ITO) substrates differs from (FTO) substrates and
depends on the interaction of precipitants with these substrates. In addition, the size of
the particles formed causes an increase in scattering and reflection and a decrease in
absorption at some wavelengths (Abuelwafa et al. 2021b). (ITO) substrates have
greater permeability than visible range (FTO) substrates due to the surface roughness
of (FTO) (Aouaj et al. 2009). FTO films have higher efficiency in some photovoltaic
cells and are used as electrodes. It can also be used instead of high-cost ITO films (Hu

etal. 2011).

1.2.4 NiO thin films

Nickel oxide (NiO) is a semiconductor known as (Bunsénite) classified as conductive
metal oxide (Chavillon 2011). Its molecular formula (NiO) is in the form of green or
black crystalline powder (Chang et al. 1998), with density (6.67 g/cm3) and molecular
weight (842.87 g/mol). Its sources are nitrate, chloride, and acetate. It dissolves in
alcohol and other solutions, so the solution becomes dark green, and has a wide direct
band gap (3.6 eV-4 eV) with positive electrical conductivity (p-type). Nickel oxide is a
chemically stable material with outstanding electrical and optical properties. It is a
magnetic material, that is, it has important magnetic properties, low preparation cost,

and good durability (Patil and Kadam 2002).

NiO is an abundant transition metal oxide that has attracted considerable attention in
the field of thin-film technology due to its unique electronic and optical properties
(Napari et al. 2021). NiO have a rock salt structure with a cubic lattice, where Ni ions
occupy the face-centered cubic lattice and oxygen ions occupy the octahedral sites.
The lattice parameter of the NiO crystal structure is around 4.18 A. Nickel oxide is a
chemical compound with the formula NiO. It has a face-centered cubic crystal
structure (FCC) in Figure 1.2. It is similar in structure to sodium chloride (NaCl).

Because the Na?* and CI  ions in the NaCl structure are similar to the nickel Ni*? ions



and oxygen O~ ions in the NiO structure. It has a space group (Fm-3m) and a lattice

constant (a=4.1769 nm) (Diao et al. 2020).

The locations of the oxygen ions are at the vertices of the cube and the centers of the
faces, while the locations of the nickel ions are at the center of the cube and the middle
of the sides of the cube. The place that the oxygen atom resides in (0.5, 0, 0) and the
nickel atom occupies the position (0,0,0) and the level (100). It is a common plane
consisting of 50 % (Ni) and (50 %) of (O), while the (111) plane is alternately. The
face (111) is polar and therefore unstable, opposite to (100), which is considered non-
polar, so it is stable (Smart and Moore 2012). The value of the ionic radius for nickel

and oxygen is:

R (Ni*)=0.72 A (1.1)

R(02%)=1404 (1.2)

Nickel oxide is a p-type semiconductor, also an antiferromagnetic, and a substance
that changes color when an electric field is applied to it. It is one of the most important
electronic materials after tungsten oxide (Chavillon 2011). Table 1.1 shows some

electrical properties of nickel oxide films.

Figure 1.2 The locations of the Nickel and Oxygen ions in the crystal lattice



NiO has a wide optical band gap of around 3.6 eV, which corresponds to a wavelength
of 344 nm. This wide band gap makes NiO transparent in the visible region of the
electromagnetic spectrum and opaque in the ultraviolet region. This property makes it
a suitable candidate for applications in transparent conductive electrodes, solar cells,
and optoelectronic devices. In addition, NiO thin films have also been studied for their
gas sensing properties. NiO has been also shown to exhibit high sensitivity towards

gases such as NO; and CO, making it a potential candidate for gas sensor applications.

Table 1.1 Some electrical properties of nickel oxide

PROPERTIES VALUES
Conductivity (o) 10 (1/Q.cm)
Mobility (y1) 0.1-1 (cm /V.sec)
Density of charge carriers (n) 10" —10" (1/cm?)
Energy gap (E,) 3.64 eV
Dielectric constant (g) 11.9

Nickel oxide is a semiconductor and is transparent to ultraviolet, visible and near
infrared rays (Benzarouk 2008). As for the transparency of nickel oxide in the visible
range, it is related to valency and the value of the refractive index (n) is approximately
in the range (1.6-2.33) and the transmittance takes the value (40-80 %) (Abu Yaqoub
2012).

Nickel oxide (NiO) has a wide direct energy gap in the range (3.6- 4 eV), the energy
gap of nickel oxide varies with the different deposition methods used, and Figure 1.3
shows a diagram of the structure of energy levels for nickel oxide (Barir 2018). Also,

the values of some properties of nickel oxide are given in Table 1.2.



\

Eg=(3.6~4)ev

Enargy (oV)

Figure 1.3 The energy gap of nickel oxide (NiO) (Barir 2018)

Table 1.2 The values of some properties of nickel oxide

CHEMICAL FORMULA NiO

Molar mass 842.87 gm/mol
Density 6.67 g/cm®

Crystal structure Face-Centered Cubic (FCC)
Space group Fm-3m

Crystal lattice constants a=b=c=4.1769 A
Energy gap (E) 3.6-4eV

Color green or black
Refractive index 1.6-2.33
Transmittance (T) (40-80 %)
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2. LITERATURE REVIEW

2.1 Literature Review TCOs

Transparent conductive oxides (TCO) were discovered in 1907 by Karl Baedeker by
discovering cadmium oxide (CdO) in the form of thin films, which he considered a
transparent conductive oxide with a low band gap and low light transparency (Khalifa
2015). The first use of transparent conducting oxides was after the discovery of indium
oxide doped with tin (Sn:In203) in 1954 by (Rupprecht and Giiler 2020). In 1960,
binary compounds such as In203, SnO2, and ZnO appeared (Ellmer and Klein 2008),
and it was discovered that they are good transparent conducting oxides. After 1980,
tenary compounds appeared, such as CdIn2O4, as well as multiple compounds
(Nazarzadehmoafi 2017) and in most of the transparent conducting oxides, most of
them were n-type semiconductor. The p- type TCO was observed in 1993 by the
researcher H. Sato with his co-workers represented in nickel oxide in which the
majority of the charge carriers are the holes, and since 1995 TCO have attracted great
interest on the part of researchers to study it in the form of thin slices and in recent

years the publication of scientific articles on this subject has increased significantly

(Sullivan et al. 2016).

Transparent Conducting oxides have many advantages that made them of great

importance in scientific applications (Hecht et al. 2011), including:

e FElectrical conductivity increases with increasing temperature, and this property
is one of the properties that distinguish it from other conductive materials.

e Semiconductors have a high sensitivity that may lead to an increase in
conductivity when they contain impurities or defects, and it can also result in
one type of charge carrier, which means a decrease or disappearance of the
other type.

e High electrical conductivity and transparency at visible wavelengths (400-800

nm).
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e The conduction band is full of free electrons and has high conductivity and
optical transmittance.

e The Fermi level is very close to the conduction band.

Transparent conductive oxides have important electrical and optical properties. These
properties have led researchers to develop and benefit from them due to their high
light transparency, good electrical conductivity and applicability in different
technologies (Lopez 2003). Since 1970, interest has begun to study the electrical
properties of transparent conductive oxides. These oxides have more usage areas
compared to other semiconductors, especially due to their excellent electrical

properties (Padvi ez al. 2021).

In 2007, information is given about the discovery of TCO materials, their electrical
and optical properties. Types of TCO materials, production techniques and application
areas are explained. Information about materials which are alternative to TCO

materials is also given (Clark 2007).

In 2007, A review attempt has been made about TCO movies. In this study, general
load carrier mechanisms, production techniques and carrier mobility of TCOs are
given. The features that TCOs should have according to their usage areas are

explained (Exarhos and Zhou 2007).

In 2007, The efficiency in photovoltaic (PV) devices where transparent conductive
oxides (TCOs) act as electrode elements, structural templates, and diffusion barriers
and where their operating function controls the open-circuit device voltage has been
determined. The TCO properties and processing matrix as TCOs are applied to current

and future PV technologies are studied (Fortunato et al. 2007).

In 2015, electrode applications of TCO materials and some physical properties of
alternative TCO materials that can be used in these applications have been studied

(Minami 2005).
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In 2018, applications of TCO materials in the production of transparent electrodes,
especially for optoelectronic device applications, are described. The latest
developments about TCO and TCO types are mentioned. The properties of different
types of TCO materials were compared. In addition, he was able to talk about the

properties and usage areas of doped TCOs (Afre ef al. 2018).

In 2019, the physical mechanisms and derived applications of TCO-based thin-film
devices are discussed in terms of how to deliberately exploit their optical properties
associated with oxygen defects under illumination, such as PPC. For photo-sensing
applications, it has been found that a positive voltage pulse is required to get rid of the

PPC after illumination (Jang et al. 2019).

In 2023, based on a review of ongoing research and development, this article discusses
the deposition of TCO films by various techniques, the parameters affecting TCO
properties, the properties of doped and undoped TCO materials and their effects on

SHI SC efficiency (Chavan et al. 2023).

2.2 Literature Review ITO and FTO Films

ITO (indium tin oxide) and FTO (fluorine doped tin oxide) films are the typical most
widely used transparent conductive oxides (TCO) substrates. Both films are used in
optoelectronic devices such as inorganic solar cells, organic solar cells and dye-

sensitized solar cells, panel displays and sensors.

Indium tin oxide (ITO) films are prepared as an inorganic mixture of indium (III)
oxide (In20s3) and tin (IV) oxide (SnO>). It can be produced as powder and thin film.
Indium Tin Oxide (ITO) is formed by the reaction between tin oxide and indium
oxide. While its color changes from yellow to gray in powder form, it has a
transparent appearance when produced as a thin film. Therefore, it is among the
materials used as a transparent thin film. ITO is an n-type degenerate semiconductor

and a good conductive. ITO films are generally coated on glass due to their low cost.
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In addition, glass is a low-resistance and transparent material. ITO films are often used
in electronic and opto-electronic applications. It is frequently used especially in optical

coating, hot mirrors and beam splitter applications.

Figure 2.1 Photograph of indium tin oxide (ITO) (NTFL Your Coating Solution 2023)

Fluorine doped tin oxide (FTO) is obtained by adding fluorine to tin oxide. FTO films are
high trasparent and low resistance materials in polycrystal structure. FTO is an
attractive n-type wide band gap semiconductor. The photographs of ITO and FTO

films are shown in Figure 2.1 and Figure 2.2, respectively.

Figure 2.2 Photograph of fluorine doped tin oxide (FTO) (Biotain 2023)
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Both ITO and FTO films belong to the TCO family. However, while ITO films are
produced as compounds, FTO films are obtained by doping. This situation causes both
films to have different physical and chemical properties. FTO films can be used at
higher temperatures than ITO films. FTO can be used up to 600 °C, while ITO films
are used up to 300 °C.

In 2003, ITO and FTO films were produced at 350 °C and 400 °C using chemical
spraying technique, respectively. These films were defined as new transparent
conductive oxide films. It has been shown that the lowest electrical resistivity is

1.4x10™* Qcm and its transmittance is 80 % higher (Kawashima et al. 2003).

In 2009, ITO and FTO films were produced using chemical spraying technique at 400
°C. Some physical features of the films were compared. It has been shown that ITO
and FTO films with high optical transparency and conductivity can be produced
simply and economically. Their electrical resistivities were found on the order of 10

Qcm (Aouaj et al. 2009).

In 2011, ITO and FTO films were deposited on soda-lime glass substrates at 300 °C
using radio frequency magnetron sputtering method, and the photovoltaic
performances of the films were investigated. The photoconversion efficiency (1) of
dye-sensitized solar cell (DSC) films using ITO was 5.64%, while it was 2.73% and
6.47% for DSC films with ITO and FTO, respectively (Kwak et al. 2011).

In 2013, the effect of potentiodynamic stress on the structural and morphological
properties of FTO and ITO commercial materials was investigated. The
electrochemical behaviors of films were determined. The main results were that the
structural and morphological properties of FTO substrates after cathodic polarization

remained almost constant compared to ITO films (P14 Cid et al. 2013).

In 2017, a review study was conducted on the medical, food and environmental

applications of indium tin oxide (ITO) films. Especially the latest developments in
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biosensor and sensor applications of ITO films are explained (Aydin and Sezgintiirk

2017).

In 2020, the effects of annealing on the physical properties of ITO, FTO and TiO>
films were investigated. As a result of annealing, it was determined that the electrical
and optical properties of the FTO films improved, while the ITO films got worse. In
addition, it has been determined that TiO: films have the highest photoconversion

efficiency in annealing in oxygen environment (Nguyen et al. 2020).

In 2022, metal electrodes have been investigated as an alternative to ITO and FTO
films used in conventional dye-sensitized solar cells. Unlike FTO and ITO, flexible
metal electrodes have been proposed for dye-sensitized solar cells. The effects of
different electrode materials were compared by testing the current-voltage

characteristics (Yang et al. 2022).

In 2023, FTO and ITO films have been produced for flexible perovskite solar cells. In
addition, the roughness effects of the films were investigated. It has been shown that it

is possible to switch from a conventional but rough FTO that is not compatible with a

flexible substrate to a flat ITO (Holzhey et al. 2023).

2.3 Literature Review NiO-ITO and NiO-FTO Films

In 2008, Electrochromic properties, structure and surface properties of NiO films
coated with sol-gel technique on ITO substrate were investigated. The properties of
films coated with both spinning and dipping techniques were compared (Zayim et. al

2008).

In 2015, NiO films were produced on FTO substrate by sol-gel spin coating technique.
The produced films were annealed in air, oxygen, nitrogen and argon environments.
The effect of annealing medium on the structural, morphological, optical and

electrochemical properties of NiO-FTO films was investigated. From the FESEM
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results, the films are compact, dense and well adhered to the surfaces and have a
smooth, homogeneous surface morphology. FESEM images of NiO films annealed in
air and oxygen medium have been found to have almost the same surface morphology
as films annealed in inert medium. It has been found that NiO films annealed under
oxygen in air and atmosphere show high transmittance, whereas there is a
corresponding decrease in the transmittance of films annealed in other medium. Cyclic
voltammetry results showed that anodic peak shift occurred for films annealed in

argon and nitrogen (Taskoprii 2016).

In 2019, NiO films in nanosheet structure were produced on the ITO substrates by
using the solution immersion method. Production was made at different growing times
and the effect of growing time was examined. In this study, it has been shown that the
produced NiO nanolayer films have high potential for sensor applications (Abdullah
et. al 2019).

In 2020, NiO and NiO/WO3 films were produced on ITO and flexible
PEDOT:PSS/Ag/PET substrates using the sol-gel technique. The EC performance and
stability of NiO flexible devices are tested using WO;3; as a counter electrode

(Rakibuddin et. al 2020).

In 2020, NiO films were produced on FTO bases by doping with Sr element at
different doping ratios. The opto-nonlinear applications of the films were examined
and the effect of Sr contribution on some physical properties was determined

(Manthrammel et. al 2020).

In 2021, photodetector in p-NiO/Ag/n-ITO heterostructure was produced with RF
magnetron sputtering technique for opto-electronic applications. The photodetector
properties of the p-NiO/Ag/n-ITO heterostructure were investigated and their
applicability was optimized (Ferhati ez. al 2021).
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In 2022, ITO/Metal/NiO sandwich structure was produced by vacuum spraying and
thermal evaporation method. In addition, the optical and electrical properties of the
transparent conductive oxide structure were investigated. In addition, the structure is
doped with metal doping atoms such as Au, Ag, and Cu. The effects of additive atoms

on the structure were determined (Ghasemi et al. 2022).
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3. MATERIAL AND METHOD

Deposition and characterization of thin film semiconductors have tremendous
technological and scientific importance in various fields, including electronics,
optoelectronics, energy, and materials science. Therefore, in this section, information

about thin film deposition techniques and analysis methods is given.

3.1 Deposition Techniques

Transparent thin film deposition techniques refer to a group of processes used to
produce a layer of material that is only a few nanometers to several micrometers thick
on a substrate surface. Thin films find applications in a variety of fields, such as
electronics, optoelectronics, solar cells, fuel cells, coatings, and medical implants.
There are several methods for depositing thin films, each with its advantages and

disadvantages. Here are some of the commonly used techniques:

Physical Vapor Deposition (PVD): PVD techniques involve the evaporation or
sputtering of the material from a target onto the substrate. The most common PVD
techniques include thermal evaporation, electron beam evaporation, and magnetron
sputtering. These techniques are widely used to deposit metals, alloys, and some

ceramics (Frey and Khan 2015, Pulker 2019).

Chemical Vapor Deposition (CVD): CVD is a process that involves the chemical
reaction of precursor gases to deposit thin films. The most commonly used CVD
techniques include thermal CVD, plasma-enhanced CVD (PECVD), and atomic layer
deposition (ALD). CVD is widely used to deposit metals, semiconductors, and

insulators (Frey and Khan 2015).

Spin Coating: It is a technique used widely in thin film production. The prepared
solution is dripped onto the rotating base at high speeds. The centripetal force and

surface tension of the dripping liquid together ensure an even distribution of the
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solution on the surface. Thus, the surface is coated. After the remaining solution
evaporates, it condenses and turns into a thin film. Spin coating is a simple and
inexpensive technique used to deposit thin films on flat substrates. The material is
dispensed onto the substrate, which is then spun at high speed to spread the material
evenly. Spin coating is widely used to deposit polymers, oxides, and nanoparticles

(Birnie 2004).

Spray Pyrolysis: Spray pyrolysis is a technique that involves spraying a solution of the
precursor onto a heated substrate. T In this process, the reagents are dissolved in a
liquid in the form of tiny droplets and are sprayed onto a hot surface. The solvent
evaporates, leaving a thin film of the material. Spray pyrolysis is used to deposit oxide

and metal films (Geremew 2022).

Laser Ablation: Laser ablation is a process that involves irradiating a target material
with a laser beam to vaporize it. The vaporized material then condenses on the
substrate, forming a thin film. Laser ablation is widely used to deposit metals and

ceramics (Yang 2017).

Successive Ionic Layer Adsorption and Reaction (SILAR): It involves the alternating
immersion of the substrate in two or more solutions, resulting in the formation of

layers through ionic adsorption and subsequent chemical reaction (Nicolau 1985).

3.1.1 Successive ionic layer adsorption and reaction (SILAR) technique

Successive lonic Layer Adsorption and Reaction (SILAR) is a simple and cost-
effective technique for depositing thin films of various materials, including
semiconductors, metals, and oxides. It was first introduced by D. Tenne and his
colleagues in 1986 (Nicolau 1985). The SILAR technique involves the alternate
immersion of a substrate into two or more solutions of precursors, where each
immersion leads to the deposition of a thin layer of the material onto the substrate

surface. During each immersion step, the substrate surface undergoes ionic adsorption
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of the precursor ions from the solution, followed by a chemical reaction that leads to
the formation of the material layer. The substrate is then washed with a suitable
solvent to remove any unreacted precursors and dried before the next immersion step

(Figure 3.1).

Glass

substrate Drying Semiconductor

thin film

Cationic Rinsing Anionic Rinsing
solution solution

Figure 3.1 Diagram representing the steps of sedimentation by the SILAR method

The SILAR technique offers several advantages over other thin film deposition

methods, such as (Nicolau 1985, Pathan and Lokhande 2004 ):

1. Low cost: SILAR does not require expensive equipment or complex process
control systems, making it a cost-effective technique for depositing thin films.

2. Conformal deposition: SILAR can achieve uniform and conformal deposition
of materials on complex substrate surfaces, including porous or irregular
surfaces.

3. Precise control over thickness: The thickness of the deposited layers can be
easily controlled by adjusting the immersion time, the concentration of the
precursor solutions, and the number of immersion cycles.

4. Versatility: SILAR can deposit a wide range of materials, including
semiconductors and oxides, making it a versatile technique for various

applications.
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The SILAR technique has been widely used in various fields, including photovoltaics,
sensors, catalysis, and corrosion protection. However, SILAR has some limitations,
such as a low deposition rate, making it unsuitable for large-scale production (Liu et
al. 2017). Nevertheless, it remains a valuable technique for producing thin films with

specific properties that cannot be achieved using other methods.

3.2 Characterization Techniques

Thin films' properties, such as electrical conductivity, optical transparency, and
mechanical strength, depend on their thickness, composition, structure, and
morphology (Adachi and Wasa 2012). Therefore, it is crucial to characterize thin films
to understand their properties and optimize their performance. Thin film
characterizations include X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic force microscopy
(AFM). XRD can reveal the crystal structure, lattice parameters, and orientation of
thin films, while SEM, TEM, and AFM provide information about the film's
morphology, such as surface roughness, grain size, and texture. On the other hand
optical spectroscopy, such as UV-Vis absorption and fluorescence, can determine the
film's optical properties, such as bandgap and refractive index while electrical
measurements, such as resistivity and conductivity, can reveal the film's electrical

properties (Yaseen 2012).

3.2.1 Structural characterization

X-ray diffraction (XRD) is a powerful analytical technique that provides information
about the crystal structure of materials. It is widely used in materials science,
chemistry, physics, and geology to determine the crystal structure, lattice parameters,
and orientation of crystalline materials. The technique works by analyzing the

diffraction pattern of X-rays that are scattered from the crystal lattice of a sample.
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The XRD instrument consists of an X-ray source, a sample holder, a detector, and a
computer. The X-ray source emits a beam of X-rays, which is collimated and directed
onto the sample. The X-rays interact with the electrons in the crystal lattice, causing
them to scatter in different directions (Figure 3.2). The scattered X-rays form a
diffraction pattern, which is collected by the detector and analyzed by the computer.
The diffraction pattern contains a series of peaks, each of which corresponds to a
specific set of crystal planes in the sample. The position and intensity of the peaks

provide information about the crystal structure and orientation of the sample.

Figure 3.2 The diffraction of X-rays (Baskaran 2010)

The peak position is related to the spacing between the crystal planes, known as the d-

spacing, and is given by Bragg's law (Cole 2004):

n\ = 2d sinf (3.1)

where # is an integer, 4 is the wavelength of the X-rays, € is the diffraction angle, and
d 1s the d-spacing of the crystal planes also know as interplanar spacing. The
information obtained from Bragg's law includes the lattice parameters, the crystal
symmetry, the spacing between the planes of atoms, and the orientation of the crystal
with respect to the X-ray beam (Chatterjee 2008). This information is essential for

understanding the properties and behavior of materials, including their mechanical,
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optical, and electrical properties. An XRD pattern may contain more than one
diffraction peaks belongin to different crystal orientations. Therefore, texture
coefficient which is a measure of the degree of preferred orientation (texture) of the
crystalline grains in a material is calculated. It is commonly used in X-ray diffraction
(XRD) analysis to quantify the extent of crystallographic texture in polycrystalline
materials. The texture coefficient (TC) is calculated by comparing the intensity of a
particular diffraction peak (corresponding to a specific crystallographic plane) in the
measured XRD pattern to the intensity that would be expected. The textrure

coeffiecent gives Equation (3.2):

I / Tohki
TC(hkl) = — 27 ot 3.2
(hkl) N=1 3N Ithkiy/ Lochki) (32)

where Ink 1s the integrated intensity of the diffraction peak corresponding to the (hkl)
plane, N is the number of the diffraction peaks, Ionk 1s the standard intensity of the

level (hkl) taken from the (JCPDS) card.

Onthe other hand, when the interplanar spacing are obtained with the help of XRD
patterns, the lattice parameter of a cubic structure can be found with the following

Equation (3.3).

a

da = e (3.3)
where h, k, and | are the Miller indices of the diffraction peak. Additionally, based on
the full width at half maximum (FWHM) of a diffraction peak in X-ray diffraction
(XRD) data, the average crystallite size (D) in a thin film can be estiamted by means

of the Scherrer equation given as follow Equation (3.4).

091
- BcosB

(3.4)
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where D is the average crystallite size, 4 is the wavelength of the X-rays, [ is the
FWHM of the peak in radians, and 6 is the Bragg angle (Dickinson and Cheremisinoff
1980).

Due to the presence of misaligned regions or slip planes in the lattice, dislocations
which are defects in the crystal structure of a material may arise and the dislocation
density is defined as the measure of the number of dislocation lines per unit area. They

can be calculated by following Equation (3.5) (Abed et al. 2014):

d== (3.5)

Lattice strain refers to the deformation or distortion of the crystal lattice of a material
caused by the presence of defects or stresses, such as dislocations or external forces.

This lattice strain (&) can be quantified using following Equation (3.6):

e = 3 cos O (3.6)

Pis the FWHM of the peak in radians, and 6 is the Bragg angle (Abed et al. 2014).

3.2.2 Morphological characterization

The surface properties of the films have a significant impact on various physical
properties such as their optical and electrical properties. In particular, changes at the
joint interface between two or more thin film layers, created by sequential growth,
determine the performance of the devices produced (Geremew 2022). Therefore, it is
necessary to examine the surface properties of semiconductor thin films using
appropriate experimental methods. High-resolution techniques used for this purpose
can be classified into two groups: scanning probe microscopy and electron microscopy

(Kohli 2012).
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The scanning electron microscope (SEM) is one of the most preferred techniques for
imaging thin film surfaces. It provides data on the surface topography of materials at a
resolution of a few nanometers and enables the collection of information about the
elemental composition of the material. To obtain an enlarged image of the sample
using SEM, the sample surface is bombarded with a high-energy electron beam and
secondary electrons or backscattered electrons released from the sample are detected.
SEM devices are also equipped with energy-dispersive X-ray detectors (EDX). By
detecting characteristic X-rays emitted from the sample surface using an EDX
detector, information can be obtained about the elemental composition of the material.

This technique is known as energy-dispersive X-ray spectroscopy (Jaya 2020) .

3.2.3 Optical characterization

Studying the interaction of semiconductor materials with electromagnetic waves plays
an important role in determining their physical properties and investigating their
usability in optoelectronic devices. When an electromagnetic wave is incident on any
material, some materials behaves opaque while others behaves transparent or

reflectors.

The transmission (7), reflection (R), and absorption (A) of an occur as a result of
interaction material with electromagnetic wave. The total of the reflected, absorbed,
and transmitted rates of an electromagnetic wave at a specific wavelength is equal to 1

(Pankove and Carlson 1976). According to Equation (3.7):

A+R+T=1 (3.7

As light travels through a material, some of the light is absorbed by the material, and a
decrease in the intensity of the incoming light is observed depending on the path it
takes through the material. If the intensity of the incoming light is Ip and the intensity
of the light passing through the material is I, then the relationship between these two

quantities is as follows Equation (3.8):
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~ =g (3.8)

where, d refers to the thickness of the material and a is referred to as the linear
absorption coefficient. The absorption coefficient can be calculated using the Beer-
Lambert formula, depending on the optical absorption and material thickness, with the

following Equation (3.9) (Bushberg and Boone 2011).
a =2303(%) (3.9)

When photons pass through a material, they lose some of their energy. As a result, the
speed of the beam of light decreases and it undergoes refraction. The ratio of the speed
of light in a vacuum to the speed of light in the material is defined as the refractive
index (n) of the material (Sokolik er al. 1993). The general recractive index formula

gives Equation (3.10):
n= % (3.10)

Here, c is the speed of light in vacuum and v is the speed it has within the material.
The complex refractive index for a semiconductor material is defined Equation (3.11)

(Sokolik et al. 1993):
n=n,— ik (3.11)

Here, the first term is the real part of the refractive index no given by the Equation

(3.12):

_14R 4R
" 1-R (1-R)2

— k2 (3.12)
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and the second term represents the imaginary part of the refractive index given by the

Equation (3.13):

k=% (3.13)
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where, k is the extinction coefficient (Sokolik ef al. 1993) .

When photons with a certain frequency (v) are incident on a pure semiconductor
material, if the energy of the photon (4 v) is equal to or greater than the semiconductor
material's bandgap energy (E,), the electrons in the valence band are excited to the
conduction band and absorption occurs. This type of absorption is called fundamental

absorption.

hv > E, (3.14)

Acoording to Equation (3.14), there are two different types of transitions that can be
observed in the fundamental absorption region, namely direct and indirect. Materials
that have the minimum point of the conduction band and the maximum point of the
valence band at the same k value in energy-momentum space are called direct bandgap

materials and these materials have direct band transitions (Rahal 2013).

The rapid increase in absorption starts when the energy of the indicent light is
approximately equal to the energy gap. The fundamental absorption edge represents
the lowest energy difference between the highest point in the valence band and the

lowest point in the conduction band (Hamilton 2003).

On the other hand, in indirect bandgap materials, the maximum of the valence band
and the minimum of the conduction band are not located at the same k value. In this
case, the processes of spontaneously absorption or emission of a phonon take place

during excitation of an electron.

28



There are two types of electronic transition in a semiconductor, the direct and indirect
transition, depending on the location of the highest point in the valence band, and the

lowest point at the bottom of the conduction band.

This type of electronic transition occurs in semiconductors when the bottom of the
conduction beam is in the curve drawn between energy and wave number (E-K) just
above the top of the valence band, that is, they have the same wave vector value
(4k = 0), in this case, it appears absorption when hv = E;pt', this type occurs without

a noticeable change in momentum, and there are two types of direct transitions are

(Hamilton 2003):

1-The occurrence of the transition between the highest points in the equivalence beam
and the lowest point in the conduction beam, and is called direct allowed transition, as
in Figure 2.7 case (a) and Figure 2.7 for case (b). The absorption coefficient for this

type of transition can be calculated from the relationship Equation (3.15).
ahv = B(hv — EgP)" (3.15)

E ; Pt s energy gap (eV), B is A constant that depends on the nature of the substance, &

is Plank's constant equal to (6.625 x 103* J.sec), v is the frequency of the incident
photon (1/sec), n is an exponential constant whose value depends on the nature of the
transitions. If (n =1/2) the transition is direct and allowed, and if it is (n = 3/2), the

transition is direct and band, « is absorption coefficient (Al-Jawad et al. 2016).

In this transition type, the bottom of the conduction band in the (E-K) curve is not
completely above the top of the valence band. Therefore, the transfer of electrons from
the valence band to the conduction band occurs non-vertical. The value of the electron
wave vector is unequal before and after the transition. So (Ak # 0) such phonon
assisted transition occurs to conserve momentum caused by the electron's wave vector.
Direct and indirect transition types are shown in Figure 3.3. Indirect transfers are of

two types:
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1- When the transitions are between the highest point in the valence beam and the
lowest point in the conduction beam located in different regions of (k) space, it is
called the permissible indirect transition as in Figure 3.3 case (c).

2- When the transition is between adjacent points to the highest and lowest point in

the valence band and the conduction band, it is called a band indirect transition.

The absorption coefficient for this type of transition can be obtained from the

following Equation (3.16) (Fallah et al. 2007).

ahv = B(hv — EgP'E,)" (3.16)
EJP*: Energy gap for indirect transmission

n: equals 2 in the case of permissible indirect transfers
n: equals 3 in the case of prohibited indirect transfers

Ep: Auxiliary phonon energy, when (+): phonon absorption, (-): phonon emission
(Kasap 2006).

4 Energy

Conduction Band

wave vector (k)

Figure 3.3 Types of transitions (a) direct allowed, (b) direct band, (c¢) indirect allowed
and (d) indirect band (Balestrieri 2014)
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In the vicinity of absorption edge, the absorption coefficient (a4v) can be expressed by

the following Equation (3.17).

(ahv) = A(hv—Eg)" (3.17)

where A is a constant that depends on the effective mass of electrons and holes, as well
as the refractive index of the material. The value of n is 1/2 for allowed direct
transitions, 3/2 for forbidden direct transitions, and 2 for indirect transitions (Al-Jawad

et al. 2016).

Using an optical method, the energy band gap of a semiconductor material with a
direct band gap can be determined by utilizing the absorption spectrum and identifying
the point at which the linear portion of the (ahv)* vs. hv curve intersects the hv axis. In
theory, when photons with sufficient energy are absorbed, a sharp increase in the
absorption edge is expected to be observed in the absorption spectrum as a result of
transitions from the valence band to the conduction band. However, in practice,
fluctuations occur at the energy band edge due to factors such as crystal defects or
impurities. These fluctuations, called the Urbach tail, cause the absorption edge to
increase exponentially. The change in the linear absorption coefficient with respect to
photon energy is given by the following equation, known as the Urbach rule. The rule

gives Equation (3.18):

a(hv) = agexp (E;fg) (3.18)

Here, Ey is referred to as the Urbach parameter and is experimentally calculated using

the slope of the linear portion of the In( ) vs. hv plot (Gengyilmaz 2021).

3.2.4 Electrical characterization

The current density (/J=1I/A) resulting from the motion of free carriers under an electric

field (E) in semiconductors is given by the following Equation (3.19).
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J = o (3.19)

where orepresents electrical conductivity (Waremra and Betaubun 2018).

In a semiconductor, electrons and holes contribute to electrical conduction. Therefore,

the conductivity is given by the following Equation (3.20).

O = MpqUptNneqile (3.20)

where, n;, is the hole concentration, n. is the electron concentration, u, is the hole
mobility and u. electron mobility (Berg and Purcell 1977). The relationship between

conductivity and resistivity (p) is as follows Equation (3.21):

1_ (3.21)

P= o Npquptnpqug

The electrical conductivity of a semiconductor material can be determined
experimentally using two-point probe, four-point probe, and Van der Pauw methods.
The method based on determining the electrical conductivity and specific resistance of
the semiconductor material using a simple setup consisting of a voltage source and an
ammeter connected to the material through metal contacts is called the two-point

probe technique (Figure 3.4 (a)) (Miccoli et al. 2015).

Figure 3.4 Schematic diagram of (a) a two-point probe and (b) collinear four-point
probe electric measurement techniques (Miccoli et al. 2015)
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In the two-point technique, each metal contact is used as both the current and voltage
terminals. The current values are measured in response to the applied voltage between
the metal contacts, and the slope of the resulting current-voltage (I-V) graph is used to

determine the electrical resistance of the material using the following Equation (3.22).

AV (dxl)
AL

(3.22)
where p is the electrical resistance of the material, d is the thickness of the material, L
is the distance between the metal contacts, and 1 represents the length of the contacts

(Mesrouk 2013).

The other technique is the collinear four-point probe technique. The basic principle of
the collinear four-point probe technique is to pass a current through a sample and
measure the voltage drop across the sample using four probes that are arranged in a
collinear configuration (Figure 4.3 (b)). The current is passed through the outer two
probes, while the voltage is measured across the inner two probes. When the probes
are collinear, the current flows through the sample in a straight line, which means that
the voltage drop across the sample is also linear. This makes it easier to measure the
voltage accurately, since any deviations from linearity can be easily detected. This
technique is also designed to eliminate the effects of contact resistance, which can
significantly affect the accuracy of electrical measurements. Using this technique sheet

resistance (Ry) can be calculate as follows Equation (3.23):

_nAV
ST n2 1

(3.23)
where AV is voltage measured between the inner probes, and [/ is the current applied
between the outer probes, Ry is the sheet resistance (Mesrouk 2013). Sheet resistance
refers to the electrical resistance of a thin, flat material, such as a metal film or a
semiconductor wafer. It is commonly used to characterize the electrical properties of

thin films and other planar structures in electronics and materials science. The relation
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between resistivity, sheet resistance and film thickness (d) is as follows Equation

(3.24):
p = Rgxd (3.24)
R, 1s measured in units of ohms per square (£)/sq) (Mesrouk 2013).

If p-type and n-type semiconductor layers are deposited on a substrate in a specific
order then a p-n junction is created. As it has asymmetric current/voltage
characteristics that enable the current to move in a single direction, the p-n junction
operates as a rectifier diode. The current passing through the diode is given by the

following Equation (3.25), depending on the voltage applied at a pn junction.

qVq /n

I=1Io(e" “nir —1) (3.25)

where Iy is called the reverse saturation current, Vy is the voltage across the diode, & is
the Boltzmann constant, 7 is the absolute temperature, n is the ideality factor. The
Equation (3.26) below expresses Ip and it can be approximated by determining the y-
intercept of the natural logarithm of 7 plotted against V, provided that V, is greater than
3kT/q.

lo = AA'T?exp (- 12) (3.26)

where A, A* and @, represents the diode area, Richardson constant and zero barrier

height, respectively (R6dl and Schleife 2014).

The diode ideality factor (77) can be found in the following manner and calculated by
analyzing the slope of the Inl-V graph (Sze et al. 2021). The ideality factor (77)

formula gives Equation (3.27).
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3.2.5 Figure of merit (FoM) of a TCO

The figure of merit (also known as Quality Factor) for a transparent conductive oxide
(TCO) is important because it directly affects the performance of devices that use
TCOs. TCOs are widely used in various applications, including solar cells,
touchscreens, flat panel displays, and light-emitting diodes (LEDs), among others. In
each of these applications, the TCO must simultaneously exhibit high transparency
and low electrical resistance in order to perform optimally. The figure of merit of a
TCO is a measure of its overall performance, taking into account both its electrical and

optical properties. The figure of merit values can be calculated using Equation (3.28).

10
B = — (3.28)

where T is transmittance and R; is sheet resistance. A TCO with a high figure of merit
would have low sheet resistance and high optical transmittance, making it an ideal
material for many applications that require transparent and conductive coatings. In
addition, a TCO with a high figure of merit can help to improve the efficiency and
performance of devices that use it. For example, in a solar cell, a TCO with a high
figure of merit would allow more light to pass through to the active layer of the cell

while minimizing energy losses due to resistive losses (Haacke 1976).
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4. RESULTS AND DISCUSSIONS

In this section, the production and characterization results of NiO films deposited on
different substrates (Glass-FTO-ITO) with the SILAR technique are given. Structural,
optical, surface and electrical characterizations of NiO-Glass, NiO-FTO and NiO-ITO

films were made and the results were explained.

4.1. Production of NiO/FTO-NiO/ITO-NiO/GLASS

In this study, the production and characterization of NiO films on different substrates
were carried out using the sequential ion layer adsorption and reaction (SILAR)
method. The effect of the substrates used in the SILAR technique used in the
production of NiO films was investigated. In addition, the changes made by the

substrate used on the physical and chemical properties of NiO films were determined.

4.1.1 Substrate preparation

Glass, FTO, ITO, and glass materials were used as the substrate for the growth of the
films. The glass substrates were cut to 8 mm wide and 25 mm long. After the cutting
process, the glass substrates, FTO, ITO, and glass were washed thoroughly with soapy
water to get rid of dirt. After washing, the substrates were ultrasonically cleaned in
acetone for 10 minutes. The clean FTO, ITO, and glass substrates were then dried in

nitrogen gas. All prosesses were performed at room temperature.

4.1.2 Solutions preparation

Solutions were prepared to obtain nickel oxide layers by dissolving nickel (II) nitrate
and aqueous ammonia in distilled water in a flask (one hundred milliliters) to obtain a
ketone precursor and form compound ions) [Ni(NH3)4]"? with (pH=10), where the
reagents are used analytically for NiCl» and concentrated ammonia (NH3) (28 %). The

specific concentration values for a nickel (Ni) solution were 0.1 M and the molar ratio
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of Ni:NH3 was 1:10 obtained as a result of several experiments. The SILAR growth

cycle consists of four successive steps:

(i) Dipping the substrate into the [Ni(NH3)4] > complex solution for 30 seconds to
create a thin liquid film containing [Ni(NH3)4] ** on the substrate; (i) immediately
dipping of the extruded substrates into hot water (90 °C) for 7 seconds to form a NiO
layer; (iii) dry the substrates in the air for 60 sec and (iv) then keep them in distilled
water at room temperature for 30 minutes. Thus, the SILAR cycle is completed. The
diagram showing the precipitation steps with the SILAR method to obtain nickel oxide

films is shown in Figure 4.1.

~ The SILAR Growth Techmque
R .

Gla
i Air drying

Hot water Deionized water

Figure 4.1 Diagram representing the steps of sedimentation by the SILAR method to
obtain nickel oxide films

The mass of nickel (II) nitrate to be added is determined by the following relationship

Equation (4.1):

= CxMxV 4.1)

where C is the molar concentration (mol/L), V is solution volume (L), M is the molar
concentration of nickel (II) nitrate = 290.79 g/mol, m (mg) is the mass of nickel (II)
nitrate and be added to the solution. The process was repeated 40 times for all samples

under the same conditions and annealing temperature for 15 minutes in an annealing

37



furnace (Figure 4.2). The thickness of the produced films was determined by the
weight method and calculated as approximately 200 nm for NiO-Glass, NiO-FTO and
NiO-ITO films.

Figure 4.2 Annealing Furnace

4.2 Characterization of NiO Films

The structural, optical, electrical and surface properties of NiO-ITO, NiO-FTO, NiO-
Glass films deposited on different substrates were investigated. X-ray diffactometer
(XRD), UV-VIS spectrophotmeter, current-voltage measurment system (I-V) and field
emission scanning electron micrsocopy (FESEM) were used in the characterization of

the specified properties.

The UV-VIS spectrometer was used for optical analysis in Figure 4.3. Absorbance and
transmittance spectra were obtained from UV-vis spectrometer analyses. By using
these spectra, band gap, band structure, Urbach energies, refractive indes values and

transmittance of NiO films were determined. An APD 2000 PRO XRD device was
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used to analyze the X-ray results (Figure 4.4). X-ray diffraction patterns of NiO films
were obtained from XRD analysis. Using these patterns, crystallization levels, grain
sizes, lattice constants, half-peak widths and dislocation densities of NiO films were

calculated.

The electrical properties of the films were determined by the two-end method. By
making contact at two different points on the films, voltages in the range of -3 and +3
volts were applied, and the current values of current against these voltages were
determined. I-V graphs were drawn from the obtained current (I)-voltage (V) values

and the transmission mechanisms were determined.

In addition, electrical parameters such as barrier height and ideality factor of NiO
films were also calculated. The scaning elecrton microscopy (FESEM)
characterization technique for morphological properties and the effect of the base used
on the surface properties of the films was investigated. The surface images of the films
were obtained in general and the effect of the substarte used on the surface properties

was examined.

Figure 4.3 UV-VIS spectrometer

39



(

Figure 4.4 APD 2000 PRO XRD device

4.2.1 Structural characterization of NiO/FTO-NiO/ITO-NiO/GLASS

All XRD patterns of NiO-ITO, NiO-FTO, NiO-Glass films are given in Figures 4.5,
4.6, 4.7 and 4.8. When Figure 4.5 is examined, it has been determined that the material
with the best crystallization level of NiO films is NiO-ITO. NiO-Glass films have the
lowest crystallization level compared to other films. While the crystallization level of
NiO-FTO films is worse than NiO-ITO films, it is better than that of NiO-Glass films.
The 'd' values observed according to the XRD results of the NiO films are in good
agreement with the standard 'd' values. All films were determined to form in the cubic
phase of NiO acoording to the Joint Committee on Powder Diffraction Standards card
(JCPDS:01-073-1519) and the diffraction peaks were indexed. The diffraction peaks
were found as a=b=c=4.165° for NiO-Glass films, a=b=c=4.157° for NiO-ITO films
and a=b=c=4.154° for NiO-FTO films. In addition, it was determined that the
dominant growth in all films was in the (111), (200), (220) directions. Also, the
structural parameters such as lattice conctants (a, b and c), grain size (D), dislocation
density (d), FWHM and microstress (&) for all films calculated and these results are
given for NiO-GLASS, NiO-FTO and NiO-ITO filmsin Tables 4.1, 4.2 and 4.3,

respectivily.
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Figure 0.5 X-ray analysis of ( NiO-ITO, NiO-FTO, NiO-Glass ) films
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Figure 0.6 X-ray analysis of (NiO-ITO) film
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Figure 0.7 X-ray analysis of (NiO-FTO) film
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Figure 0.1 X-ray analysis of (NiO-Glass) film
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Table 0.1 Some structural parameters of NiO-Glass

LATTICE
Angle | FWHM s%f£§§1§n GSI};‘IIEN & 3 PARAMETER
(26°) ) (Lines?>nm™) | (Lines/nm?) A)
A) (nm)
a =b=c
37.35 0.16294 0.240459 51.44593 | 0.6735x 10* 3.77x 10*
43.39 0.2908 0.208251 29.39095 1.178 x 10* 11.57 x 10* 4.165
62.59 0.15556 0.148231 59.74177 0.579 x 10* 2.80x 10
Table 0.2 Some structural parameters of NiO-FTO
LATTICE
ANGLE FWHM d-SPACE GRAIN c 5 PARAMETER
(20°) STANDARD | SIZE s . s
© (Lines?nm™) | (Lines/nm?) A)
A) (nm)
a =b=c
37.45 0.174 0.239 48.162 0.719 x 1073 4311x10*
43.66 0.260 0.207 32.857 1.051 x 1073 9.262 x 10* 4.154
63.06 0.161 0.147 57.636 0.598 x 1073 3.01x 10*
Table 0.3 Some structural parameters of NiO-ITO
LATTICE
ANGLE | FWHM | SSPACE | GRAIN g 5 PARAMETER
(20°) ©) (Lines?nm™) | (Lines/nm?) S(A)
A) (nm)
a =b=c
37.45 0.250 0.239 33.444 1.033x 1073 8.940x 10*
43.48 0.290 0.207 29.421 1.175x 1073 1.155 x 10* 4.157
62.71 0.254 0.147 36.591 0.946 x 1073 1x10*
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4.2.2 Morphological characterization of NiO/FTO-NiO/ITO-NiO/GLASS

A Field Emission Scanning Electron Microscope (FESEM) was used to examine the
surface morphology of the films NiO-Glass, NiO-FTO, NiO-ITO deposited on
substrates. Figure 4.9 shows FESEM images of deposited films. It is clear that the
surfaces of the prepared films have round particles, with a homogeneous distribution
on the substrate, and there are no cracks on the surface of the film or large molecular
agglomerations. The formation of the film surface depends on the method of
preparation and deposition parameters of the SILAR method. The surface
homogeneity of the films deposited on the FTO and ITO substrates was determined
well than the surface homogeneity of the NiO films deposited on the glass substrate.
While cracks occur in some places on the surfaces of the films deposited on the glass,
other films are completely homogeneous. The most homogeneous NiO films are those
deposited on ITO. In all films, Ni and O atoms combined to form a round structure. In
NiO films produced on ITO base, these round formations are more prominent and

larger than other films.

»
o
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Signal A = InLens
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Figure 4.9 FESEM images of (a) NiO-Glass, (b) NiO-FTO and (c) NiO-ITO films
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4.2.3 Optical characterization of NiO/FTO-NiO/ITO-NiO/GLASS

By using the absorption and transmittance spectra of NiO films obtained from UV-VIS
spectrometry, some optical parameters such as band structure, band gap (Eg), Urbach

energy (Ey), refractive index (n).

The optical properties of materials are essential in many industrial and laboratory
fields for several reasons, including using these materials in optical fibers (and
reflective coatings) which require accurate knowledge of their optical constants over a
wide range of wavelengths, as well as. The correlation of the optical properties of all
materials with their atomic structure and the importance of studying the optical
properties of transparent conductive oxides lies in their wide use of them in many
industrial and laboratory fields. These characteristics are the following: transmittance
(T), reflectance (R), absorption (A) and absorption coefficient a, and other properties
(Heavens 1991) and these graphics are given in Figures 4.10, 4.11, and 4.12 for NiO

films, respectively.

Depending on UV-VIS results, some optical properties of pure nickel oxide deposited
using a SILAR method on glass substrates (NiO-ITO, NiO-FTO, NiO-Glass) were
calculated, which can be summarized in Table 4.4. Figure 4.10 shows the
transmittance spectrum of NiO films (NiO-ITO, NiO-FTO, NiO-Glass) produced on
different substrates by the (SILAR) method. It was determined that the material with
the highest average permeability value in the visible region was NiO-ITO, while the
lowest material was NiO-Glass. It has been seen that ITO bases are more suitable than
others to obtain high transmittance values in NiO films. Absorption spectra of NiO
films are given in Figure 4.11. When the absorption spectra are examined, it is seen
that the band edge of the NiO-Glass films has a more flat and distorted structure. This
situation is slightly improved for NiO-FTO and these films have smoother band edges
than NiO-Glass films. On the other hand, it was determined that the band edge of NiO-
ITO films became sharper and the band structure improved. In addition, a graph

showing the change of refractive index values of NiO films according to wavelength is
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drawn and given in Figure 4.12. It was determined that the average refractive index

values of the films in the visible region ranged between 1.5 and 2.

Table 0.4 Some results of optical properties of the films

MATERIALS NiO-ITO NiO-FTO NiO-Glass
A (nm) 350-900 350-950 350-900
Transmittance (T) 30-50 % 17- 47 % 15-40 %
Absorption (A) 53-28 % 77 -33 % 83-40 %
Reflectivity (R) 17-22 % 6-20 % 2-20 %
— NiO-ITO
60 - —— NiO-FTO
— NiO-Glass
50 -
40
8
% 30 -
b=
&
2 20 -
o
'—
10
0 -
200 400 600 800 1000 1200
wavelength (A) (nm)

Figure 0.2 Transmittance of ( NiO-ITO, NiO-FTO, NiO-Glass) as a function of
wavelength
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Figure 0.3 Absorbance of (NiO-ITO, NiO-FTO, NiO-Glass) as a function of
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Figure 0.4 Refractive index of films (NiO-ITO, NiO-FTO, NiO-Glass) as a function
of wavelength
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Band gap values were calculated by optical method by using the absorbance spectra of
NiO-ITO, NiO-FTO, NiO-Glass films deposited on different substrates by SILAR
method. Graphs 4.13 to 4.18 show the optical energy gap of NiO films for direct and
indirect electron transitions. While the calculated indirect optical energy gap value was
in the range (3.56 — 3.68 eV), the direct optical energy gap values were determined to
be in the range of 3.92-3.97 eV. The calculated band gap energy values of Nickel
oxide films produced on ITO, FTO and Glass are 3.91, 3.93 and 3.97 eV, respectively.
Band gap values of NiO films produced on ITO and FTO substrates are almost the
same. However, band gap values of NiO films produced on glass are higher than films
produced on other substrates. NiO films produced on glass substrates have the widest

band gap (3.97 eV) for direct band transition. were determined.

:— NiO-ITO
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Figure 0.53 Indirect Energy gap of (NiO-ITO) films
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Figure 0.14 Direct Energy gap of (NiO-ITO) films
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Figure 0.17 Indirect Energy gap of (NiO-Glass) films
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Figure 0.18 Direct Energy gap of (NiO-Glass) films

The Urbach energy is one of the important constants that characterize the optical
properties of the thin layer. It expresses the relationship between the Urbach energy
and the absorption coefficient. depends on the energy of the photon in the spectral
range of the edge of the near band, which is an empirical exponential law (Urbach's

tail) (Gengyilmaz 2021).

The graphs in Figures 4.19 to 4.21 show plotting the curve of the change in photon
energy (hv) in terms of (Lna). Calculation Urbach Energy for pure NiO films
deposited on glass substrates (N1O-ITO, NiO-FTO, NiO-Glass) was calculated based
on the above and using UV-VIS calculations. The calculated Urbach energy values of
NiO films produced on ITO, FTO and Glass are 0.26, 0.31 and 0.36 eV, respectively.
In nickel oxide films, the highest Urbach energy was in the production on glass, and
the lowest Urbach energy was in the production on ITO base. This indicates that the
material with the least energetic irregularity at the band edges in terms of the

substrates used is NiO-ITO.

54



2.5-4|—— NiO-ITO
204 Intercept = -13.88797, Slope = 3.8632 ”
X Intercept = 3.59494

1.54 Urbach Energy = 0.26 ev
& |
c 1.0
ak

0.5

0.0 4

-0.5 4

l T "
1.0 1.5 20 25 3.0 35 4.0 45
Energy (ev)

Figure 0.19 Urbach Energy (NiO-ITO) film

2.5
{|—— Nio-FTO |

2.0 (V
i Intercept = -11.1776, Slope = 3.20971
X Intercept = 3.48243

Urbach Energy = 0.31 ev

1.5 1

Lna

0.5 1

0.0

-0.5 1

T N T N T T i T N 1

—
1.0 1.5 20 25 3.0 35 4.0 45
Energy (ev)

Figure 0.20 Urbach energy of (NiO-FTO) film

55



2.0 —— NiO-Glass /

Intercept = -9.4942, Slope = 2.72514

1.5 1 X Intercept = 3.48393
Urbach Energy = 0.36 ev
1.0 4
o
=
|
0.5
0.0
-0.5

—————
1.0 1.5 2.0 25 3.0 3.5 4.0 45
Energy (ev)

Figure 0.21 Urbach energy of (NiO-Glass) film

4.2.4 Electrical characterization of NiO/FTO-NiO/ITO-NiO/GLASS

The two-point method was used to examine the sheet resistance (Ry). A variation in the
voltage (V) was applied between the outer two leads and the current (/) was measured
under dark conditions. The reverse to forward bias current measurement was taken for
the applied potential of =3 V to +3 V. This method was applied linearly and the layer

resistance was calculated.

Figure 4.22, Figure 4.23 and Figure 4.24 shows the I-V characteristics of NiO films
under dark. Through the graph and the values of the surface resistance, the results
showed that Nickel oxide films deposited on glass substrates (NiO-Glass) exhibit
linear ohmic behavior in both cases of forward and reverse bias as shown in Figure
4.22. The films deposited on glass Fluorine-doped tin oxide (NiO-FTO) showed a
nonlinear behavior closer to exponential than ohmic behavior in both forward and

reverse bias cases as shown in Figure 4.23.
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Based on the obtained I-V results, the surface resistance and electrical conductivity
values of the films shows by two Tables 4.5 and 4.6 following. It is seen that the
conductivity of NiO-ITO and NiO-FTO films is higher than NiO-Glass in the forward
and reversse bias of conductivity. This observation of increase in conductivity can be
explained by the tail width of localized states within the optical bandgap (Urbach
energy), depending on the nature of the substrate used. In addition, changes in the

crystal structure of the films may cause an improvement in electrical conductivity.

Table 0.5 The surface resistance values in the forward bias

MATERIAL V (VOLT) Rs (Q) o (€.cm)
NiO-ITO 3-0.05 7.32x10? 6.83x10!
NiO-FTO 3-0.05 2.88x10° 1.73x10
NiO-Glass 3-0.05 9.26x10° 5.40
Table 0.6 The surface resistance values in reverse bias
MATERIAL V (VOLT) R (Q) c (Q.cm)
NiO-ITO (-3) - (-0.05) 2.68x103 1.87x10!
NiO-FTO (-3) - (-0.05) 6.17x103 8.10
NiO-Glass (-3) - (-0.05) 9.77x10° 5.12
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To determine the charge transport mechanism of the NiO films, a conventional current

Equation (4.16) is used as;
v
I =1, [expj? (4.16)

where V is the applied voltage, n is the ideality factor, k is the Boltzmann constant, 7 is
the absolute temperature and q is the electronic charge, Iy is the saturation current,. Iy

is the saturation current given by Equation (4.17);

I, = AA*T?exp (— ‘%) 4.17)

where b, A, A*, are the zero-bias barrier height, effective contact area and effective
Richardson’s constant respectively. The theoretical value of Richardson's constant is

expressed as in Equation (4.18).

«  4mm*K3?q
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where & is the Planck’s constant and m* is the effective mass of electron. Here we put
m* = 0.8mp for NiO to get the value of effective Richardson’s constant, and the

calculated value was found to be A* ~ 96 A-cm 2-K 2 (Rddl and Schleife 2014).

The prepared NiO films parameters barrier height @ and ideality factor # were
measured under dark conditions. The reverse to forward bias current measurement was
taken for the applied potential of —3 V to +3 V. By using the theory of thermoionic
emission and using I-V results of the deposited films, the parameters barrier height ¢,

ideality factor 1 were measured by the following Equations (4.19) and (4.20).

by = T Ln (1) (4.19)

Io

where ¢@p is barrier height at zero bias and by putting all the values in Equation (4.17)

and (4.28) the barrier height ¢p was calculated.

The ideality factor (1) which is another important electrical parameter were calculated

by the following Equations (4.20);

__a_ (v
M=% (d(LnI)) (4.20)

The log I-V plots of NiO films is given in Figure 4.20, Figure 4.21 and Figure 4.22.

dv
d(Lnl)

4.22. And we got the n valuses (Sze ef al. 2021). Table 4.10 shows some electrical

Could( ) obtained from the I-V graph in Figure 4.20, Figure 4.21 and Figure

parameters calculated. These results are roughly consistent with previous studies

(Stamataki et al. 2008, Castro et al. 2013, Saju and Balasundaram 2019).

The films (NiO-ITO) and (NiO-FTO) showed slightly different electrical behvior than
the other samples, as this sample has characteristics close to a diode and a small

saturation current compared to the other samples as shown in the Figure 4.25 and 4.26.
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The electrical properties of NiO films show that these films are suitable for

photodetector applications.

Table 0.7 The some electrical parameters calculated

FILMS n o8 (eV)
NiO-ITO 1.4420 0.554
NiO-FTO 1.9756 0.494
NiO-GLASS 3.4480 0.589
—NiO-FTO
-4
-6
= dv=2.06
<é dLn\(Il)=4.0;19
-
o
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Figure 0.7 The log I-V plots of (NiO-FTO)
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S. CONCLUSION AND RECOMMENDATIONS

In this thesis, NiO films were produced by using different substrates with the SILAR
method. The effect of the substrate on the structural, optical, electrical, and surface

properties of the films was investigated.

- It was determined that (NiO-ITO) films have higher optical transmittance and higher

Urbach energy value than other films.

- The differences in energy levels at the band edge of NiO-ITO films are less. This
showed that NiO-ITO films would be more suitable in terms of band structure

compatibility.

- NiO-ITO films showed different electrical properties with small saturation current

and diode behavior

- The crystal structures of (N1O-ITO) films were found to have greater consistency and

smaller crystal size than other films.

- The most homogeneous and round grain surface morphology was observed in NiO-

ITO films.

- It has been determined that the use of ITO base in the production of NiO films with
the SILAR method will significantly improve the quality of the films and increase the

potential of the films to be used in different areas.

- The effect of the film thickness can be determined by storing the films in different

thicknesses on the ITO substrate.
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- It is possible to change the properties by changing some parameters of the SILAR
method (mole ratio of materials, solution temperatures and annealing temperature,

number of duty cycles).

- Doping can be done to improve some properties and the effect of the doping element

on NiO films can be studied.

- The films have ohmic electrical properties and can be applied in some gas sensors or

as a light absorbing layer.
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