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General Introduction

General Introduction

Throughout history, minerals have been used as decorative objects, weapons, and
everyday items. In the early 16th century, significant progress was made in the field of science,
mostly due to the contributions of Dr. Georgius Agricola (1494-1555) [1]. Furthermore, the
industrial revolution played a crucial role in driving the need for materials and their
investigation, leading to increasing collaboration between the fields of physics, chemistry, and
material science. Over the past few decades, there has been a significant surge in the extraction
and production of minerals in various countries across the globe [2]. Algeria is a highly
appealing destination for global mining investments due to its abundant reserves of minerals,

including silver, gold, gypsum, lead, and zinc [3].

Minerals play a crucial role in the world's economic progress. However, their
importance extends beyond just economic benefits. Minerals including zinc, cobalt, iron, and
manganese, together with their oxide forms, play significant roles in physical, chemical, and
catalytic processes as well as in the production of fuels, precious stones, diodes, lasers, sensors,
batteries, and even as a foundation in items intended for human use [4]. Specifically, zinc oxide
(Zn0O) has a wide variety of applications due to its interesting properties, such as high chemical
and thermal sensitivity, easy preparation, strong oxidation capacity, and thermodynamic
stability compared to other materials [5]. Some research has reported the use of this oxide in
textiles and sunscreens thanks to its antimicrobial capacity and resistance to UV radiation due
to its compatibility with living organisms [6, 7]. For this reason, ZnO has been studied by
various manufacturing methods and in its various forms (bulk, nanoparticle and thin film). ZnO
is a semiconductor, a part of the transparent conductive oxides (TCOs) that are characterized
by their electrical and optical properties important for electronic device applications. This type
of materials depends on their specific defects, which modify their structural, surface and

electrical properties [8].

Among the wide band gap oxides, doped ZnO is considered a prominent candidate for
applications in optoelectronics and transparent electronics due to its gap (3.34 eV) and large
exciton bond (60 meV) at room temperature (25-27 °C) [9]. For these reasons, and due to the
rapid evolution of science in search of new and better physical properties in materials, which
are implemented in innovative technological applications, and which can replace existing
devices through the use of materials with better performance, increasingly efficient and with a

smaller size, seeking to carry out the study and analysis of the performance of ZnO thin films
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by studying the relationship between doping it with a metal and its properties, grown on a glass
substrate using rapid thermal evaporation technique, with the aim of studying the optical and

electrical properties of these thin films.

In the early 2000s, researchers investigated a new multilayered sandwich structure
oxide/metal/oxide to improve the conductivity and properties of the TCOs. The key challenge
was to balance the thickness of each layer to optimize both the electrical and optical properties.
Studies demonstrated that incorporating an Ag layer between ZnO layers could significantly
reduce sheet resistance while preserving high optical transmittance [10]. The ZnO/Ag/ZnO
multilayer structure involves alternating layers of ZnO and silver (Ag) to exploit the beneficial
attributes of each component. ZnO layers provide optical transparency and are conductive to
form a conductive pathway, while the Ag layer, known for its superior electrical conductivity,
enhances the overall conductivity of the structure without significantly impacting transparency.
The Ag layer's role as a conductive interlayer between two ZnO layers capitalizes on its
excellent metallic conductivity and its ability to maintain a thin layer, minimizing its impact on

transparency [11].

To this end, in this thesis work, we have dedicated ourselves to the manufacture of thin
multilayers of pure and doped ZnO films depending on the dopant percentage. These films were
characterized structurally, optically, and electronically, and they have potential future use in

photovoltaic fields. Our work is divided into 4 main chapters:

> In the first chapter, we present fundamental concepts and information about thin films,
transparent conductive oxides TCOs and the materials used, giving a clear vision about
the properties and applications of our films.

» In the second chapter, we explain the various deposition techniques of thin films and
their characterization.

> In chapter three, we explain the deposition method and conditions we used to elaborate
all of our samples along with the instruments used to study the structure, morphology,
wettability, optical and electrical properties.

» Finally, the chapter four presents the results we found and detailed explanation of each
of them. This chapter is divided into two parts, the first one is studying the single layer
of pure and doped ZnO, while the second part is about ZnO/Ag/ZnO and
Mn:ZnO/Ag/ZnO:Mn thin films.
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Objectives

Objectives

General objective

Study the structure and optoelectrical properties of Mn:ZnO/Ag/ZnO:Mn thin films
deposited by rapid thermal evaporation on an ordinary glass substrate destined for photovoltaic

applications.
Specific objectives

o Deposition of pure and Mn doped ZnO layers with different Mn
percentages (5%, 10%, 15% and 20%).

o Studying the effect of Mn on the structure, morphology, and optical
properties of ZnO thin films.

o Deposition of ZnO/Ag/ZnO and Mn:ZnO/Ag/ZnO:Mn multilayers with
different Mn percentages (5%, 10%, 15% and 20%).

o Studying the effect of Mn, multilayering and silver on the structure,

morphology, optical properties, electrical properties and wettability of ZnO thin films.
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Introduction

Materials have consistently played a crucial part in the development and evolution of
cultures historically, depending on their ability to produce and modify them according to human
needs [1]. Only a few centuries ago, scientists started to comprehend the relationship between
the composition of materials and their properties. Since then, the process of designing and
altering materials has become more precise and efficient, aiming to achieve specific
characteristics that make them suitable for various applications in science and engineering [2].
In this way, research in materials has become an essential discipline to address the scientific
and industrial requirements of modern society [3]. This discipline in recent decades has been
highly refined thanks to the advances in science, which have allowed us to have a greater and

better understanding of the structure and properties of materials [4,5].

In recent decades, materials science has emerged as a strategic study for development
in all areas of engineering and applied science [6]. Materials formed into thin films occupy a
primary place in the advances in materials technology, such as optoelectronics, gas detection,
and health science [4]. One of the thin films that gained a huge interest in applied and elemental
research is those that use zinc oxide (ZnQO) because it is promising for application in several
fields [7]. This chapter provides an overview and essential background information regarding
this exceptional material, serving as a foundation to facilitate the comprehension of our present

work.
1.1. Semiconductors

The term "semi" is typically used to describe a range that falls between two limitations.
At the same time "conductor" refers to any substance that permits the flow of electric charge
when a voltage source of limited magnitude is applied to its terminals [8]. Therefore,
semiconductors are materials that can behave as electrical conductors or as electrical insulators,
depending mainly on the physical conditions in which they are found: temperature and pressure,
the intensities of the electrical or magnetic field to which the material is subjected or the

chemical composition (the level of impurities present in their structure) [9].

In insulators, the electrical conductivity is less than 101° (Qcm)?, which means that
these materials do not have a flow of electrons, making them poor conductors such as glass,

polyethylene, etc. In conductive materials, the conductivity is 10* to 10° (Qcm)™?, which allows
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electrons to have weak bonds and move freely, such as gold and silver. This makes the

conductivities of semiconductors between 101° and 10* (Qecm)™ [10].

Semiconductors are composed of very varied chemical elements, which come from
different regions of the Periodic Table but share certain chemical traits (generally tetravalent)
that give them their particular electrical properties [11]. Currently, the most used semiconductor

is silicon (Si), particularly in the electronics and computing industry [12].

The increase in the production of almost perfect crystals helped study their properties
and thermoelectric effects with greater precision, unlike metals. Semiconductors are produced
from these almost perfect crystals, which are crystalline systems whose valence band (full of
electrons) is separated from the conduction band (empty) by a forbidden band called a “band
gap”. One way to differentiate between a semiconductor and a metal is through its conductivity.
For a metal, it increases with the elimination of impurities, while for a semiconductor, it

decreases [9].

There are semiconductors at room temperature that have an appreciable electrical
conductivity due to the presence of impurities in their structure [9]. When the charge carriers
are negative (mostly electrons), they are called “n-type”, which is known as a semiconductor
with impurities. And when the charge carriers are positive (mostly holes), it is called “p-type”
[13]. These two types of semiconductors have higher conductivity due to their concentration of
impurities. They do not depend on temperature and are called extrinsic semiconductors [14].

In a p-type semiconductor, an electron ionizes an acceptor impurity, generating a hole
in the valence band. Thus, the localized states are positioned near the upper edge of the VB
[13,15]. For an n-type semiconductor, an electron travels from the donor impurity to the
conduction band after ionization, where the states are located at the lower edge of this same

band. In Figure 1.1, we see the schema of the band structure for both types of semiconductors.
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Figure 1.1 Schema of n-type (a) and p-type (b) semiconductor [13].

Due to the various applications of semiconductor materials, techniques that can
produce pure or doped semiconductors, which are also known as intrinsic and extrinsic

semiconductors, respectively, have been needed.

e Intrinsic: It is a semiconductor without impurities or defects in its crystal lattice
structure. At absolute zero Kelvin temperature (—273.15 °C), the material behaves as an
insulator. However, as the temperature rises, the thermal movement causes some bonds
to break. Each broken bond creates an electron-hole pair, causing the semiconductor to
become a weak conductor. The energy needed to break a bond or create an electron-
hole pair is referred to as the gap energy or forbidden energy gap [16, 17].

e Extrinsic: it is a semiconductor with impurities in its crystal lattice structure. These
impurities contribute to the generation of charge carriers, in addition to the electron-
hole pairs that are created through thermal processes [16].
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1.2. Thin films

A thin film is a very thin layer of a material, usually between nanometers and a few
microns. Thin films in the photovoltaic field have been developed and implemented to reduce
costs. They are formed or grown on surfaces called substrates [18, 19]. The materials that are
deposited can be monocrystalline, polycrystalline, or even amorphous, with different
stoichiometries [20]. The term “thin film” is defined by H. Adachi and K. Wasa as a low-
dimensional material formed by condensation resulting from an individual deposit of atoms on
a substrate. Another description of a thin film is expressed as a uniform deposit of material in

the range of nanometer to several micrometers thick (0.1 to 300 pm) [21].

The concept of thin film has become a recurring aspect in research, especially in the
area of materials science, due to its technological impact, since it makes it possible to obtain
new materials as a result of synthesis from precursor substances. In turn, these new materials
provide a coating with specific properties to the surface where they are applied [22]. The
importance of obtaining thin films can be deduced from devices such as computers or solid-
state microelectronic devices, all of them based on materials whose structure is formed by thin-
film deposition. An excellent example is the manufacture of semiconductor devices, an industry
totally dependent on the formation of thin-film solid-state films of a wide variety of materials

obtained by a deposition process in both the gas phase and the solid, liquid or vapor phase [23].

Thin films have long been widely used in various fields, including optics, mechanics,
and electronics. Background from the 18th century shows that coatings in the form of films
were applied to ceramic pieces using a silver salt solution that, decomposing when heated, left
a decorative silver film on the surface [24]. Currently, these films have been considerably
developed for multiple purposes, among which are an aesthetic surface finish, protection against
corrosion and wear in multiple products, and use in optical coatings, as a protector, thermal or
electrically conductive, as well as to provide magnetic and optical (luminescent) properties for

application in the manufacture of electronic devices [25, 26].

Throughout the second half of the 20th century, the development of electronics opened
novel opportunities and created significant enthusiasm for thin-film technology. Later, the
development of integrated semiconductors utilizing thin-film materials instead of conventional

bulk materials marked a major breakthrough in device downsizing [27].
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1.3. Background on ZnO thin films

The study of ZnO has a long history, it goes back to the end of 18th century, where
researchers such as W. Khalef, et al. identified ZnO as a distinct chemical substance as a glucose
biosensor electrode [28]. However, in the mid-20th century, the emergence of semiconductor
technology led to the transition towards thin film technology. This shift was facilitated by the
development of thin film deposition techniques like sputtering, chemical vapor deposition
(CVD), and molecular beam epitaxy (MBE). These advancements allowed researchers to
investigate more about ZnO qualities. In the 1980s, zinc oxide thin films gain more interest for
their potential to be transparent conductive oxides (TCOs). Researchers have shown the ability
of ZnO thin films to be very transparent to light and have low resistance to electricity. This
makes them excellent for applications in flat-panel displays and solar cells [29, 30]. This period
marked the initiation of ZnO thin films as a promising material in optoelectronics, laying the

foundation for additional investigation into its characteristics and uses.

During the 1990s, researchers’ attention shifted towards enhancing the efficiency and
stability of ZnO thin films by doping it with different metals [31-33]. Manganese (Mn) dopants
were introduced to create Mn doped ZnO which exhibited ferromagnetism at room temperature,
a property that was not present in pure ZnO [34]. This discovery was revolutionary, as it
suggested that ZnO has the ability to act as a diluted magnetic semiconductor (DMS), that
combines both magnetic and semiconductor characteristics. The research on the properties of
Mn doped ZnO thin films rapidly got recognition due to their possible applications in
spintronics, a field that uses the spin of electrons, in addition to their charge, for advanced
electronic devices [35]. Research has concentrated on enhancing the Mn doping levels [36],
deposition techniques [37-39], and annealing processes [40] in order to get specific properties.
More studies explored the mechanisms that explain the observed ferromagnetism in Mn-doped
ZnO. The findings revealed that the magnetic characteristics were caused by the interaction
between Mn ions and the ZnO host lattice [41, 42]. During this time, theoretical models were
developed to explain the observed findings, specifically focusing on the role of hole carriers in

facilitating ferromagnetic interactions [43].

Advancements in synthesis techniques and material engineering have enhanced
control over doping levels and film quality, hence furthering the progress in many fields [44].
Research on Mn doped ZnO thin films has recently expanded to investigate more characteristics

and applications. For example, researchers have studied the addition of Mn to ZnO films for its
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potential applications in gas sensors [45], data storage devices [46], and solar cells [47]. In the
future, research will likely prioritize addressing current obstacles, such as obtaining uniform
doping, enhancing film stability, and investigating new applications.

1.4. Growth mechanisms of thin films

Since the beginning of the technological development associated with the fabrication
of thin films, there has been interest in understanding the formation process and the
development of the internal structure of the films. Thin films start to grow when atoms reach
and condense on the substrate surface. A homogeneous thin film is obtained when bound atoms
(“clusters”) grow and then merge. The structure of the growing film depends on the initial
nucleation energy and its microstructural evolution [48]. The growth of thin films involves three

steps (Figure 1.2):

1. Nucleation refers to the early phase of thin film formation, during which small
clusters of atoms or molecules emerge on the surface of the substrate. This stage is influenced
by several factors, including deposition rate, the temperature of the substrate, and the energy of
the surface [49].

e Heterogeneous Nucleation: typically occurs on pre-existing surface features or
impurities, which act as nucleation sites. The nucleation rate can be greatly influenced
by the characteristics of the substrate and its surface roughness. For example, a substrate
that is uneven or has a specific design can improve the process of nucleation by offering
more surface areas for atoms to cluster together [50].

e Homogeneous nucleation: Although it is less frequent in thin film deposition, it can
occur in the vapour phase, leading to the creation of nuclei without any surface help.

This process is less common and typically requires higher levels of supersaturation [50].

2. Growth: Following nucleation, the growth of thin films involves expanding these
initial nuclei into a continuous film. The growth mode is influenced by the deposition method

and the interaction between deposited atoms and the substrate [49, 51].

e Volmer-Weber growth, also known as island growth, is a process where little islands of
material are initially formed on the substrate and later merge together to create a
continuous film. This mode is commonly observed in situations where the atoms that
are deposited onto the substrate have a surface energy that is significantly higher than
that of the substrate [52].

11
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e The Frank-Van der Merwe model, also referred to as Layer-by-Layer Growth: This
mode involves the formation of one atomic layer at a time. Uniform layer development
is commonly observed in situations where the deposited material has a lower surface
energy than the substrate [53].

e Stranski-Krastanov (SK) Growth: The SK is a hybrid process that involves both layer-
by-layer and island growth. At first, the film grows in a sequential step, with multiple
layers being added one after another, until islands start to develop. This mode is
common in systems where there is a difference in the arrangement of atoms between
the film and the substrate [54].

3. Coalescence: It involves the merging of individual islands or droplets, leading to
the formation of a continuous film. Factors such as island size, deposition rate, and substrate

temperature have an influence on the dynamics of coalescence [51].

~

Figure 1.2. Growth steps of thin films: a) Nucleation, b) Growth and c) Coalescence [50-54].

12
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1.5. Zinc oxide

Zinc, a transition metal, has a valence state of +2. This allows it to combine with
oxygen to create zinc oxide, thanks to the difference in electronegativity between the two
elements, resulting a highly ionic bond. Zinc oxide is one of the most studied semiconductors
due to its characteristic properties, such as its non-toxicity and exceptional chemical and
thermal stability [55]. Zinc oxide (ZnO) is classified as an "n" type semiconductor and belongs
to group II-1V. It has a band gap of approximately 3.35eV, a high melting point of around
2000°C, and an electrical resistivity of 106 Q/cm [56,57]. These properties make zinc oxide a
material of significant interest in various industries. It finds applications in producing catalysts,
electrical components, and electronic devices.
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Figure 1.3. The structures of ZnO: (a) Rocksalt, (b) Zinc blende and (c) Wurtzite [58].

ZnO has three crystalline structures (Figure 1.3): rock-salt, Zinc blende cubic, and
hexagonal Wurtzite, the latter being the most thermodynamically stable and common [58].
Furthermore, Wurtzite is characterized by having two subnetworks of Zn?** and 0%
perpendicular to the “c” axis; that is, it has a compact hexagonal matrix of Oxygen anions with

half of the tetrahedral voids occupied by Zinc cations, where Zn is an acceptor and O is a donor.

13
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Figure 1.4. Wurtzite structure of ZnO designed in Vesta [59]

Figure 1.4 shows the structure of Wurtzite designed in the VESTA program
(Visualization for Electronic and Structural Analysis), with network parameters of a = 3.25 A
and ¢ = 5.21 A [59], where the atoms in red and blue are Zn and O, respectively.

1.5.1. Properties of ZnO

Zinc oxide is an inorganic compound that is relatively abundant, chemically stable,
easy to prepare, and non-toxic. It is insoluble in water but soluble in dilute acids and bases [60].
Its boiling point is extremely high, 1975°C, a temperature at which it also decomposes [61]. It
is a semiconductor formed by the elements of group 11® (s0Zn) and group V1 (sO). Zinc has five
stable isotopes of which the most common are zinc 64 (48.89%), zinc 66 (27.81%), and zinc 68

(18.57%) while oxygen consists almost purely of the Oxygen 16 isotope (99.76%) [62].

Zinc has an electronic configuration (1s)? (2s)? (2p)® (3s)? (3p)® (3d)* (4s)?, while
oxygen has a configuration of (1s)? (2s)? (2p)*. The bonding of ZnO in its crystal lattice involves
a hybridization of the electronic states, leading to four equivalent orbitals in a tetrahedral

geometry. In the resulting semiconductor crystal, the s bond states constitute the valence band,

14
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while the conduction band originates from its antibonding counterpart [59]. Table 1.1

summarize ZnO properties.

Table 1.1. Properties of ZnO

Chemical formula Zn0

Molar mass 81.68 g/mol [63]
Density 5.606 g/cm? [64]
Melting point 2248 K [65]
Bandgap 3.35 eV (direct) [56]

Exciton binding energy 60 meV [66]

1.5.1.1. Piezoelectric properties

ZnO has important piezoelectric properties, which refer to the effect described by
Jacques and Pierre Curie in which when mechanical stress is applied to a material, it generates
electrical energy [67]. In addition, it has a strong pyroelectric property, which is the ability of
some crystalline materials to generate an external electric current in response to a change in
temperature [68]. These properties are a result of its little symmetry in its wurzite crystalline

form and its great electromechanical coupling.
1.5.1.2. Optical properties

The optical properties of a semiconductor originate in the material's intrinsic and
extrinsic properties. Intrinsic optical transitions, also called fundamental transitions, occur
between the electrons in the conduction band (CB) and the holes in the valence band (VB),
including excitonic effects caused by Coulomb interaction [69]. Extrinsic properties are related
to impurities or dopants and point defects, which generally create electronic states within the
bandgap and influence the absorption and emission processes. When the recombination of an
electron-hole pair results in the emission of a photon, the process is called radiative
recombination. A recombination that does not produce photons is called non-radiative
recombination, in which energy is exchanged with the network as heat through phonon

emissions [70].
1.5.5.3. Electrical properties

ZnO has a high resistivity attributed to the incorporation of oxygen molecules between
the crystalline faces obtained during the growth process, creating a potential barrier in these
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areas that negatively affects the conduction process. Its conductivity is attributed to a deviation
in the stoichiometry of the films due to a lack of oxygen or an excess of zinc in the crystalline
lattice [57]. However, low-resistivity ZnO films have been used to manufacture solar cells as
transparent conductive contacts [71]. Another property of zinc oxide is its n-type conductivity,
which is caused by the formation of native defects such as oxygen vacancies and interstitial
zinc. Depending on the growth method, the carrier concentration varies between 1016 and 1017
cm3, and the electron mobility from 130 to 205 cm? V! st at room temperature [72].

1.5.2. Applications

Due to the excellent physical-chemical properties, stability, abundance on earth,
safety, and economical processing that ZnO presents, it has a wide range of applications, such

as:

e In rubber manufacturing, ZnO activates vulcanization to make the rubber harder and
more cold-resistant. Due to its thermal conductivity, it is used in car tires to prevent
deformation upon contact with the asphalt [73].

¢ In the manufacture of concrete, where it is used to reduce the protection and processing
time against water [74].

e It is also used as a white pigment for its ability to filter and protect against UVA
(wavelength between 320 - 400 nm) and UVB (wavelength between 280 - 320 nm) solar
radiation [75].

e As an anticorrosive coating for galvanised iron to preserve its flexibility and adhesion
on surfaces [75].

e It is used as a semiconductor in light-emitting diodes (LEDSs), transparent electrodes,
and liquid crystals for use in electronic transparency acoustic devices and gas sensors
[76]

e As an active material in thin films and the manufacture of LEDs [75].

¢ Inthe production of varistors, solar cells, and transparent conductive films [75].
1.5.3. Doping of ZnO

To construct ZnO nanostructured devices, it is necessary to fabricate nanometric thin
films of high crystalline quality with both n-type and p-type conductivity [77]. However, one
of the main problems that arise when growing ZnO is its doping. This problem occurs when
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doping it with an impurity to obtain a certain type of conductivity; making an n-type

semiconductor is a very simple process, while it is quite complicated to achieve a p-type [78].

The stable and reproducible growth of p-type ZnO, with high conductivity and
electronic mobility, is difficult to obtain due to the electric charge self-compensation effects
and the low solubility of the dopants. These effects can be caused by various mechanisms, such
as the low energy of the formation of oxygen vacancies (V,), and interstitial zinc (Zn;), which
promotes the formation of these donor defects during the synthesis of ZnO, which induces a
self-compensation effect of electrical charge by promoting the formation of holes through the
incorporation of acceptor impurities. It is important to note that these crystalline defects cause
ZnO to have n-type conductivity [79-81]

It has been reported that the structural, optical, electrical and magnetic properties of
ZnO thin films are governed by the deposition parameters, the post-treatment of the sample and
the chosen dopant material. This is why properly selecting doping elements is crucial to
establishing the desired fundamental properties in ZnO [82]. The optical and electrical
properties of ZnO films or nanowires can be enhanced by adding dopant elements from group
IA, I11A and VIIA, and IB. Some elements that stand out are Potassium (K), Sodium (Na),
Lithium (Li), Aluminum (Al), Boron (B), Indium (In), Gallium (Ga), lodine (Y), Manganese
(Mn), Copper (Cu) and Silver (Ag) among others. It is known that these materials can be

acceptors and would increase the gap conduction of the semiconductor.
1.6. Manganese

Manganese is a chemical element with atomic number Z=25 and one of the transition
metals of the first long period of the periodic table; It is located between chromium and iron. It
has properties in common with both metals. Manganese represents the twelfth most abundant
metal in the lithosphere. This metal was discovered in 1774 by the Swedish chemist Carl
Wilhelm Scheele [83]. Although little known or used in its pure form, it is of great practical
importance in the manufacture of steel. Pure manganese is silver in color, but it is not found in
this form in nature [84]. It combines with other substances such as oxygen, sulfur, or chlorine.
It is found naturally in various types of rocks such as pyrolusite (MnO2), manganite
(MnO(OH)), braunite (3Mn203-MnSiO3), Pyroxmangite (MnSiOs), rhodochrosite (MnCO3),
hibnerite (MNWO,).
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1.6.1. Properties

Organoleptically, manganese is a soft element, bright silvery-white in color, with a
crystalline texture and odorless, table 1.2 summarize Mn properties. It is in a solid state at room
temperature and under normal pressure. It is not originally ferromagnetic, but it can become so
once it has undergone different special treatments. It is one of the main elements involved in
the steel manufacturing process. Manganese is a fairly reactive metal. Although it reacts slowly
in its solid state, its powder reacts easily and in some cases, very vigorously. Manganese
oxidizes easily in air to form a brown layer of oxide [85]. It also does so at elevated temperatures
and with acids releasing hydrogen. In this respect, its behavior is very similar to its neighbor
with a higher atomic number, iron. Metallic manganese is not classified as a dangerous

substance in the GHS or as a dangerous good for transport.

Table 1.2. Properties of Mn [86].

Symbol Mn

Atomic number 25

Molar mass 54,938 g/mol
Density 7.43 g/lcm?3
Melting point 1245°C
lonic Radius 0.80 A
Atomic Radius 1.26 A
Covalent Radius 1.39A
Atomic structure [Ar]3d® 4s?
lonization potential 7.46 eV
Electronegativity 1.5

1.6.2. Applications

Due to its properties, manganese derivations or compositions have multiple

applications:

e Compounds such as manganese dioxide are used as a desiccant element and catalyst for
paints and varnishes [87].

e The manufacturing process of dry batteries [88].
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e Manufacturing and coloring glass and ceramics since many of its compounds have
intense colors. Its use has even been detected in cave paintings and glass by the
Egyptians and Romans to give them color [89].

e The production of beverage cans [90].

e Increasing the octane rating of the fuel [91].
1.7. Silver

Silver is a chemical element of internal transition, with atomic number 47 and symbol
Ag, itis located in group 11 and period 5 of the Periodic Table, it can be found as a free element
and as Silver Sulfide (I). Its main minerals are argyrose (AgzS), proustite (double sulfide of
silver and arsenic), argyritrose (double sulfide of silver and antimony), and kerargyrite (silver
chloride) [92].

1.7.1. Properties

Silver is a white metal that acquires a metallic shine due to polishing; It is ductile,
malleable, and soft; It melts at 962 °C and volatilizes into blue vapors at higher temperatures
[93]. Silver properties are summarized in table 1.3. It is characterized by having the highest
coefficient of electrical conductivity of all metals, but due to its high price, it is not used in
electrical applications. Silver does not oxidize in the air. It combines with most metalloids at
elevated temperatures. Silver nanoparticles exhibit optical, electrical, and surface properties
that depend on size and morphology [92].

Table 1.3. Properties of Ag [92, 94-96].

Symbol Ag

Atomic number 47

Molar mass 107.8 g/mol
Density 10.49 g/cm3
Melting point 962°C

lonic Radius 1.26 A
Atomic Radius 1.44 A
Atomic structure [Kr] 40105 st
lonization potential 7.58 eV
Electronegativity 1.9
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1.7.2. Applications

Silver has many applications in catalysis, transistors, biosensors, etc. Lately, it has
received a lot of attention since in addition to its properties already mentioned, it also presents
antimicrobial activity and is already being widely applied in the pharmaceutical, food, textile,

and wastewater treatment industries [97, 98].
1.8. Transparent conductive oxides

Transparent conductive oxides (TCOs) are materials that combine excellent electrical
conductivity and high optical transparency within the visible range of light. These components
serve a vital role in modern electronic and optoelectronic devices, such as flat-panel displays,
touchscreens, and solar cells. TCOs can conduct electric current while also permitting the
transmission of visible light, which is advantageous in applications that necessitate both

electrical and optical capabilities [99].

TCOs are composed of a non-metallic part, oxygen, which in combination with a metal
or a combination of metals makes up a semiconductor with different optoelectronic
characteristics. The high electron concentration of TCOs (10*® cm) originates from oxygen
vacancies or interstitial atoms in the compound lattice, which act as electron donors. However,
the stability of intrinsic TCOs (i.e. without additional doping) can be compromised at high

temperatures, consequently affecting the electrical conductivity [100].

In order to increase the electrical conductivity and add stability against temperature
effects, TCOs can be modified by doping with metals, metalloids or oxides: aluminium,
manganese, zinc oxide, tin (ZnO:Al, ZnO:Mn and In.03:Zn0O, In,03:Sn). Metals can be part of
the semiconductor or can be dopants; Another option for doping has been the synthesis of
ternary compounds (Zn2SnOa, ZnSnO3 among others) or modification of the film's growing
conditions. Their optical transparency is due to the wide band gap they have, greater than 2.5
eV, which allows visible light to pass through while preventing the passage of infrared and
ultraviolet radiation [99-101]. The main materials that have been used in TCOs are indium
oxide (In203), tin oxide (SnO3), and zinc oxide (ZnO), however, there is a wide range of TCOs.
Some conductive oxides, their optical and electrical properties and typical dopants are shown
in Table 1.4.
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Table 1.4. Electrical and optical properties of the thin layer of transparent conductors, band

gap Eg, transmittance T and conductivity 6.

TCOs Eg (eV) T (%) 6 (Qtcmt)  Dopants

ZnO 3.2-3.3 80-90 <10* Al, Ga, B, Ti, F, Mn, Cu
ZnSn0O3 ~3.5 80 102 F, Cr, Li, Ta

Zn2In20s 2.9 80 2.5x10° Sn

MglIn204 34 80 102 Li

CdO 2.2-2.6 60-80 <20 In, Sn

SnO; 3.9-4.3 80-90 <10® Sh, F, As, Ta

In203 3.55-3.75  80-90 <10* Sn, Mo, F, Zr, Te, Ge, W
NiO 3.6-4 40-80 <10 Mg, Li, Cu, La, Al, Cd
CuGaO; 3.6-4.3 70-85 6 x 102 Mg, Zn, Fe

CuAlO2 3.5 70-80 0.3 Ca, Cr, Mg, Zn, Fe

In general, TCOs used as transparent electrodes are grown as polycrystalline or
amorphous thin films and, in some cases, as epitaxially grown single crystals. In any of their
three growth forms, these TCO films should exhibit a conductivity in the order of 10° Qt.cm™
or higher and an average transmittance in the visible range of 80 % or higher. To work as a thin
film TCO, it needs to have a forbidden gap above 3 eV and an electron concentration of about
10%° electrons/cm?®. This means that it is a degenerate n-type or p-type semiconductor [102].

The TCO films used as electrodes are made up of binary systems, because the process
of growing a compound with these characteristics allows a greater degree of control of the
chemical composition, compared to a tertiary or multicomponent compound. TCOs have many

applications, we could site:

1) Flat-panel displays, such as liquid crystal displays (LCDs) and organic light-emitting
diodes (OLEDs), heavily depend on TCOs for their electrode layers that allow for
transparency. The electrodes play a crucial role in the functioning of displays by
enabling the passage of electric current while preserving optical transparency [103].

2) Touchscreen technology, including both capacitive and resistive touchscreens, relies on
TCOs as transparent conductive layers that provide touch detection and input. [105].
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3)

4)

5)

6)

Photovoltaic devices: Thin-film solar cells and organic photovoltaics utilize TCOs as
electrodes that are capable of collecting and transporting electrical charges produced by
light. [105].

Energy-Efficient Coatings: TCOs are used in coatings for building materials and
vehicles to enhance energy efficiency. TCO-coated surfaces can effectively regulate the
transmission of infrared radiation, leading to decreased expenses for heating and cooling
[103].

Sensors and Photodetectors: TCOs are also used in various types of sensors and
photodetectors due to their sensitivity and ability to operate in different environmental
conditions [106].

Smart Windows: TCOs are incorporated into smart windows, enabling them to change
their optical characteristics when exposed to external factors like temperature or electric
fields. These windows have the ability to alternate between being transparent and
opaque, allowing for the control of light and heat. This feature helps to conserve energy

and enhance comfort [107].
1.9. Oxide/Metal/Oxide

An oxide/metal/oxide (OMO) multilayer is a layered structure mainly made up of

alternating oxide and metal layers stacked in a sandwich-like configuration. The structure levels

of complexity can vary, with various layers of oxides and metals stacked to achieve specific
qualities [108].

Oxide Layers: The oxide layers present in an OMO multilayer are typically transparent
and can exhibit either semiconducting or insulating properties. ZnO is commonly
chosen because it has outstanding optical transparency and electrical conductivity
characteristics. The thickness of these layers is critical since it directly affects the optical
and electrical characteristics of the multilayer [109].

Metal Layer: The metal layer, often made of silver (Ag) or gold (Au), has high electrical
conductivity and plays a crucial role in the surface plasmon resonance (SPR)
phenomena. The thickness and quality of the metal layer are crucial factors in

maximizing the performance of the multilayer in different applications [109].
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Conclusion

This chapter provides essential and fundamental information on the materials used to
produce the desired TCO thin films, which include zinc oxide, silver and manganese. The
structure, properties, and applications of those materials were provided. It also gives a
bibliographic study on thin films, TCOs and Oxide/Metal/Oxide systems and various terms that

are necessary to understand this work.
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Introduction

This chapter is devoted to deposition methods in the field of thin films and the
characterization techniques used for the study of the structure, morphology and properties of
the films.

11.1. Deposition techniques

ZnO thin films can be manufactured using different methods, depending on the
application for which they are destined. These methods can be divided between wet deposition
and dry deposition to modify their physicochemical properties.

11.1.1. Wet deposition
11.1.1.1. Electrodeposition

It is a technique for coating and covering substrates quickly and at low costs. It is used
to coat large surfaces and has the possibility of changing the substrate properties with a metallic
coating. It is possible to deposit a layer of metal on a chosen substrate. The fundamental
principle that governs this phenomenon is the electrolysis of a material. In these systems, the
processes and factors that affect charge transport are evaluated; this is done through an interface
between chemical phases, for example, between an electronic conductor (electrode) and an
ionic conductor (electrolyte) [1]. This deposition involves a reduction process, that is, a
decrease in the oxidation state (gain of electrons) and a deposition of the metal on the
conductive surface. In the deposition, two processes take place that take place at the electrodes;
one of them is based on the electrons being transferred through the metal-solution interface in
which a transfer of electrons occurs that causes the oxidation or reduction of the compound [2],

as shown in Figure 11.1.
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Figure 11.1. General scheme of the phenomena on the surface of an electrode [3].

It should be noted that processes such as adsorption or desorption can also occur
depending on the deposition potential or the composition of the solution. These reactions are
dominated by Faraday's law, which indicates that the amount of chemical reaction caused by
the flow of current is directly proportional to the amount of electricity circulated. These
processes are called faradic processes [3].

The electrode/electrolyte interfaces show a distribution of ions on the solution side
known as the double layer model (see Figure 11.2), which is composed of the Helmholtz layer
(layer of ions and solvent in physical contact with the electrode) and the diffuse layer (layer of
ions located near the electrode, whose concentration deviates from the concentration of the

central zone) [2].
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Figure 11.2. Model of the electrical double layer in specific adsorption conditions [3].
11.1.1.2. Sol-gel

The sol-gel process is defined as a colloidal route used to synthesize amorphous and
polycrystalline materials with an intermediate phase, including a gel-only state. Its importance
lies in the fact that it requires a lower temperature compared to traditional synthesis methods
[4]. Sol-gel is a chemical route that begins with the synthesis of a colloidal suspension of solid
particles or clusters in a liquid (sol) and the hydrolysis and condensation of this sol to form a
solid material filled with solvent (gel) [5]. Subsequently comes the ageing stage, where the
solvent is extracted from the gel, allowing it to sit at room temperature for a while. At the end
of the aging stage, there are generally still solvents and water in the material, in addition to the
pore size being considerable; This involves subjecting the material to a heat treatment, at the
end of which, as Pierre [6] expresses it, the material is obtained in the form of a monolith or
thin film.

— Sol-gel precursors

The most used precursors in the sol-gel process are metal-organic compounds, whose
chemical formula is: M-(OR)n, where M is the metal (M =Si, Ti, Zr, Al, Sn...), OR is an alkoxide
group (-OCHs, -OCH2CHzs...) and n is the valence of the metal. Other precursors used are water-
soluble salts, among which are nitrates, chlorides, and sulfates, which are commonly used. In

many applications, for cost considerations, salts become more attractive than alkoxides. During
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the sol-gel process, several reactions occur, which cause the system to evolve from a sol state
to a gel state [7, 8].

— Advantages and disadvantages of the sol-gel process
1) Advantages: [9, 10]
e Chemical homogeneity of the various components on a molecular scale.
e Direct and precise control of the stoichiometry of complex systems at relatively low
temperatures (energy savings).
e High purity of the materials obtained.
e Obtaining new solids with improved properties.
e Possibility of making mixtures of various oxides at the atomic level, favoring the
uniformity of the additives or dopants in the system.
e Possibility of obtaining serval types of materials such as powders, films or coatings,
microspheres, and fibers.
e Simplicity of processing.
2) Disadvantages: [10]
e Existence of pores and residual carbon.
e High cost of precursors.

e Long periods for the formation of products.
11.1.1.3. Spray pyrolyze

Spray pyrolyze (SP) deposition has been used for decades in different research, started
in 1966 by Chamberlin and Skarman, [11] with the growth of thin films for solar cell
applications. In general terms, the Spray Pyrolytic technique consists of generating fine droplets
of a precursor solution using a carrier gas and spraying them on a hot substrate. For the
deposition process, this technique differs from the others of its classification because it starts
with a precursor solution in aerosol, which is directed towards the surface of the substrate, and
due to the effect of temperature (pyrolysis), the aerosol decomposes, leaving a coating or film

on the surface [12]. This process can be divided into three stages, as shown in Figure 11.2.

The precursor solution can be composed of organic and inorganic salts (chlorides,
nitrates, acetates, acetylacetonates, etc.) and dissolved in an alcohol medium, organic solvents,
or even deionized water, depending on the desired results and the economic aspect of the

products themselves. This results in mineral oxides, metal oxides, noble metals,
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superconducting oxides, sulfides, chalcogenides, and selenides, among others [13]. In this way,
it has been used in thermal coatings, devices such as solar cells, sensors, and anti-reflective
coatings, among many more [14]. Because it is considered an aerosol deposit, there are different

atomization systems (dissemination of the solution in tiny droplets), such as [15, 16]:

e Pneumatic atomization (air atomizing spray), in which a stream of compressed air is
used, is also known as a pressurized spray.

e Ultrasonic Atomization is generally identified as Ultrasonic Pyrolytic Spray, which uses
the vibration of a device (piezoelectric) that vibrates at high frequencies due to the
phenomenon of cavitation and atomization of the solution.

e Electrostatic atomization, also called Electrostatic Deposition Spray (EDS), where the
process uses a high electric field for deposition.

I) Precursor solution spray: In this stage, spray droplets are formed when the precursor
solution is expelled out of the nozzle by the carrier gas. The size of the spray droplets will
depend mainly on the nozzle exit diameter, the pressure of the carrier gas, and the physical
properties of the solvent (density, viscosity, and surface tension). Additionally, the initial
velocity of the drops must be sufficient for stage Il to be carried out and to reach the surface of
the substrate (stage I11) [17, 18].

I1) Droplet transport: in this stage, the drops travel from the nozzle to the vicinity of
the substrate. The initial velocity and size of the droplets, the distance from the nozzle to the
substrate, and the temperature of the substrate determine the physicochemical changes that the
spray droplets can undergo during transport. On the way to the substrate, the drops can
experience three forces acting simultaneously: gravitational force, thermophoresis force, and
Stokes force [17,18].

I11) Pyrolysis of the droplets: In this stage the transformation of the droplets occurs
due to the action of heat. Figure 1-4 shows how droplets as they move through the environment
toward the hot substrate undergo various changes depending on the size of the droplets and the
temperature of the substrate. The four processes (A-D) shown in Figure 11.3 represent the four
ways in which the droplet can interact with the substrate surface. The temperature ranges of
these processes will depend on the physical properties of the solvent and the interaction of the

droplets with the environment [15- 18].
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Figure 11.3. Scheme of spray pyrolysis technique.

Process A) Low temperature—Large initial drop size: When large drops form and the
substrate temperature is not high enough to completely evaporate the solution, the drop
will reach the substrate and vaporize, leaving a dry precipitate. In addition, the
temperature of the substrate will decrease due to the evaporation of the solvent, which
can negatively affect the reaction.

Process B) Medium-Low Temperature — Medium-High Initial Drop Size: If medium
droplets form initially or the temperature increases, some evaporation of the solvent in
the droplet occurs. When the concentration in the droplet exceeds the solubility limit
due to evaporation, the precursor forms a dry precipitate on the surface, where
decomposition occurs. Some particles evaporate and condense in gaps between the
particles. Therefore, pores form, and a rough surface is favored.

Process C) Medium-high temperature—Medium-low initial drop size: A decrease in
droplet size or an increase in temperature produces the formation of a precipitate
(process B). When the precipitate approaches the surface of the substrate, it vaporizes,
and a heterogeneous reaction takes place on the substrate. This reaction is similar to the

chemical vapor deposition (CVD) process.
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e Process D) High temperature — Low initial drop size: When small droplets form or the
temperature is high enough, the droplet quickly forms a precipitate. In the vicinity of
the substrate, the precipitate vaporizes, and subsequently a chemical reaction occurs in
the vapor phase. This homogeneous reaction leads to the formation of crystals that fall

in powder form on the substrate, without any adhesion.

As shown in the description of processes A-D (figure 11.4), the evaporation of the
droplets and the subsequent pyrolysis stage are strongly related to the temperature of the
substrate and the operational parameters that allow different droplet sizes to be obtained.
Depending on the evaporation speed of the droplets and the pyrolysis stage, films with different
morphologies can be obtained. Due to the size distribution obtained in the spray droplets, the
four processes mentioned above occur simultaneously. For this reason, a study of operational
parameters will be carried out to obtain the best conditions for the evaporation of the solvent

and the reaction of the precursor on the substrate [18].
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Figure 11.4. Schematic of how the droplet can interact with the surface of the substrate [19].

11.1.1.4. Chemical bath deposition

Chemical bath deposition (CBD) is a simple and highly feasible deposition method for
the synthesis of semiconductor thin films at atmospheric pressure and low temperature (below

the boiling point of water). The first reported works date back to the 19th century when silver
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films were deposited (1835) for the production of mirrors and lead sulfide (PbS) as the first
semiconductor (1884) [20]. In this technique, a chemical bath involves different chemical
reactions that take place in an alkaline solution contained in a beaker. Said solution is formed
from different aqueous solutions: a source of metal ions (commonly a salt), one of the non-
metallic ions or chalcogenides, a complementary agent (the most used is NH3) whose function
is to trap the metal ions in the reaction and release them gradually, and a source of hydroxyl
ions (OH"). The deposition of metal ions from the film is carried out by the condensation of
metal ions and chalcogenides on the initial layer. The film will form on one or more substrates
that will be immersed in the solution. With this method, it is possible to manufacture thin films
of large areas at a low cost which would make it feasible to implement it at an industrial level
[21].

The quality and properties of the films are influenced by different parameters such as
[22-24]:

e Nature of the substrate: for this parameter, several characteristics may or may not affect
the deposit, for example, the adhesion of the material, its cleanliness, roughness, etc.

e pH: there are currently some studies that show how the deposit is greatly affected by
small variations in this parameter.

e Temperature: its effect is on the reaction rate of the solution and also on the adhesion of
the film.

e The nature of the salt: the metal ion source must have a high solubility in water.

e Time: is related to the thickness of the films, generally there is an optimal time interval
for growth.

e Type of complexing agent: it must be stable under certain deposition conditions to allow

the slow and gradual release of the metal ion.
Advantages and Disadvantages of the chemical bath deposition technique
Advantages [25,26]:

e Energy consumption is minimal

¢ No sophisticated or high vacuum equipment is used
¢ Relatively low levels of pollution are generated

e Itisasimple technique

e Itis suitable for large-area production
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Disadvantages [25,26]:

e Low deposit ratio
e Residuous generation

e Instability problems due to reactions with the environment
11.1.2. Dry deposition

Dry deposition is divided in two main groups: chemical vapour deposition (CVD) and

physical vapour deposition (PVD):
11.1.2.1. Chemical vapour deposition

Chemical vapour deposition consists of reacting gaseous chemical compounds within
a reaction chamber with the substrates to be coated. The gases react on the surface of the
substrate forming solid deposits of uniform thickness in an activated environment (heat, light,
plasma). It is a versatile process suitable for the manufacture of powders, fibers, and thin films.
With CVD, it is possible to process most metals, many non-metallic elements such as carbon
and silicon, and several compounds, including carbides, nitrides, intermetallic oxides, and many
others [27]. This technology is now essential in the manufacture of semiconductors and other
electronic components, in the coating of tools, bearings, and other wear-resistant parts, and in
optoelectronic and corrosion applications [28]. CVD can be classified as follows [28, 29]:

1) By Input Power Source
e Photolytic chemical vapour deposition (PCVD): excitation by a light source or
a laser.
¢ Plasma-enhanced chemical vapour deposition (PECVD): excitation by electrons
in a plasma where an electric field accelerates the electrons.
e Thermal chemical vapour deposition (TCVD): heating the gas and/or the
substrate.
2) By Pressure Regime
e Atmospheric pressure chemical vapor deposition (APCVD): 760 Torr
e Sub-atmospheric chemical vapor deposition: 10 Torr to 760 Torr

e Low-pressure chemical vapor deposition LPCVD: 0.01-10 Torr
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e Ultra High Vacuum chemical vapor deposition (UHV-CVD): The lowest
pressure the chamber can reach is 10 Torr, but depositions are made from 10
to 107 Torr

3) By Gas Precursor / Film Structure/ Growth Mechanism
e Metal-organic chemical vapor deposition (MOCVD): Gas precursors are
low-boiling organometallic liquids or solids that can sublime without
decomposition.
e Epitaxy or vapour phase Epitaxy: To grow low defect density single crystal
layers, they are divided into two types:
» Homo-epitaxy: the film and the substrate are the same material.
> Hetero-epitaxy: the film and the substrate are different materials.
e Non-epitaxial growth: Polycrystalline or amorphous films.
e Atomic layer deposition (ALD) or Atomic layer epitaxy (ALE): It is a
variant of CVD used to deposit thin films one atomic layer at a time. Films
produced using ALD technology are highly uniform, and the process can be

enhanced by thermal or plasma.
11.1.2.2. Physical vapour deposition

The physical vapour deposition (PVD) technique uses the condensation of the matter
when atomized on substrates to form thin films. This technique falls into several techniques:
cathode sputtering, laser ablation deposition (LAD), molecular beam epitaxy, and thermal

evaporation [30].
11.1.2.2.1. Cathode sputtering

It is a non-thermal evaporation process in which the atoms located on the surface of a
material are expelled physically through the transfer of momentum produced by bombarding
energetic particles of atomic size on a soft material. The material particles are usually gaseous
ions accelerated from plasma. In contrast, the material that is sprayed can be an element, an

alloy, a composite material, or a mixture of several elements [31].

The literature presents different mechanisms for depositing coatings by sputtering
depending on the type of source, chamber, and phenomenon used in the process. The following

are the most mentioned types of sputtering: diode sputtering, Bias Sputtering, lon-beam
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sputtering, Direct Current (DC) sputtering, Alternating Current (AC) sputtering, and Magnetron
sputtering [31].

11.1.2.2.2. Pulsed laser deposition

Although the consideration of pulsed laser as an energy source for evaporation and
subsequent deposition of certain materials since the advent of lasers (around 1960), it took over
two decades for the technique to achieve convincing results in the fabrication of high-quality
thin films [32]. The first reports of deposits dated to 1965, in which dielectric and
semiconductor deposition were accomplished using ruby lasers [33]. However, it was not until
the mid-1980s that the PLD approach revealed its full potential, when Dijkkamp et al. [34]
successfully deposited high-temperature superconductors. Since then, DLP film fabrication has
been widely used not only for superconductors but also for a wide variety of complex oxides,

including materials unattainable through thermodynamic equilibrium processes.

The PLD process is fundamentally simple, it basically consists of focusing a pulsed
laser beam on a material (referred to as the target) to induce its evaporation-ablation. the target
and substrate are positioned in a vacuum chamber, facing one other. Prior to deposition, the
substrate is subjected to a high temperature ranging from 500 °C to 720 °C. The highest laser
fluence (2 J/cm?) is concentrated on a revolving target composed of solid material. The pulsed

laser deposition method for thin films is executed through the subsequent processes [31]:

e Interaction of radiation with the target.
e Dynamics of materials that have undergone ablation.
e Deposit of the materials removed from the target onto the substrate.

¢ Nucleation and growth of the thin film on the substrate surface.

This method has at least the following three advantages over other conventional

chemical synthesis methods:

e Low selectivity of Ablation materials.
e The possibility of a clean synthesis of nanostructures.
e The possibility of a chemical modification of nanostructures during the

Ablation process.
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11.1.2.2.3. Molecular beam epitaxy

The molecular beam epitaxy (MBE) technique was introduced by Alfred Y. Cho in the
early 1970s, drawing upon the foundational concepts of the "three temperature method"
established by Gunther in 1958 and Arthur's research on the kinetics and structure of the GaAs
surface during its interaction with molecular beams of Ga and As. In the beginning, this
technique mainly obtained structures based on GaAs and AlGaAs. Still, it has now become a
very versatile technique and is suitable for the epitaxial growth of semiconductor structures as

well as metals, superconductors, or insulators [35].

MBE is a crystal growth technique based on the interaction of molecular beams with
a heated substrate. This process is carried out under ultra-high vacuum (UHV) conditions with
base pressures of the order of 107*° ~ 107! Torr. The term “molecular beams” refers to a
unidirectional kinetic flow of atoms or molecules without collisions between them, in contrast
to a viscous flow. The term “epitaxial” refers to the fact that each atomic layer grows in an
orderly manner on the crystalline structure of the previous layer. This implies that in growth by
MBE, the quality of the substrates, which must be monocrystalline, is very important. During
the last decades, it has been widely demonstrated that epitaxial material growth technologies
have unique advantages over simpler techniques, despite their generally higher technological
cost [36].

Since its initial development, the MBE technique has promoted research in the field of
semiconductors and the development of optoelectronic devices. Nowadays it is used in the
growth of elemental semiconductors of group 1V (Si, Ge) and compound semiconductors I11-V
(GaAs, AlAs, InAs, GaP, AlP, InP, GaSb, AlSb, InSb, GaN, AIN, InN) and I1-VI (ZnSe, ZnTe,
CdSe, CdTe) among other materials [37].

11.1.2.2.4. Thermal evaporation

Thermal evaporation was invented by Faraday during the 1850s by the explosion of a
metal in a vacuum. The deposition of tiny metallic layers via the Joule effect was identified by
Nahrwold in 1887. After World War 1l, evaporation techniques were utilized in several
industrial applications. In this technique, the deposition is carried out by heating the material to
the melting point of the material to evaporate. Thus, the material in the form of vapour
condenses on the substrate. The evaporation rate increases with the difference between the

vapour pressure of the source and the ambient pressure. This is why the deposition takes place
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in a vacuum chamber, under a typical pressure of 10 Pa but to obtain very pure deposits, a
vacuum of 107-10® Pa is sometimes applied. This vacuum is achieved with a diffusion pump
system or a turbo-molecular pump and a mechanical pump. The assembly of the technique
(shown in Figure I11.5) is simple, and it is very appropriate for depositing metals and some low
melting point metals or oxides (Al, Ag Au, SiO, etc.) [38]. Among the main advantages of
thermal evaporation are the high deposition rates and the control of the synthesis parameters,
which allow the growth of the films to occur in a matter of seconds.

Vacuum chamber

Substrate holder

Substrate

Vapour flux

Crucible containing
target material

Pumping

-

Figure 11.5. Schematic of thermal evaporation technique.

Heating methods

Evaporation techniques can be categorized based on the heating methods used to heat
the source [39,40]:

e Joule heating: It consists of heating the material to be deposited by the Joule effect

which will be deposited on a substrate; a strong current is passed through a refractory
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metal filament, a crucible, or a boat. The evaporated material will then cover the
substrate, which is generally positioned in the upper part of the vacuum chamber.

e Electron beam heating: It is based on the energy transfer and evaporation of the material
by an electron beam. In this process, the material is heated to a sufficiently high
temperature through the use of an electron beam heat source to directly change from
solid to gaseous state and then deposit on the target substrate to form a thin film.

e Electric arc heating: An electric arc is generated by separating two electrodes connected
to the terminals of a source. The formation of an intense electric field induces the

ionization of the air, normally insulating, which then becomes conductive.
Notion of vacuum

A vacuum is a volume of gas contained in a substance that has a pressure lower than
atmospheric pressure. Depending on the system pressure, different vacuum ranges can be
distinguished. Although there are three ranges (low vacuum, high vacuum and ultra-high
vacuum), physically we can only differentiate two based on the behaviour of the gas, namely

low vacuum and high vacuum [41].
Low vacuum

The pressure in this range is between 1 bar and 10 mbar. Within this range, the gas
inside the chamber is considered to be a viscous fluid, and it can be said that it is subject to the
laws of ideal gases. In this range, there are still collisions between molecules and the behaviour

of the fluid is completely predictable using the ideal gas model [39,40].
High vacuum

In this range, the pressure is less than 10 mbar. In this case, the residual gas in the
chamber of the system stops behaving like a viscous fluid, to behaves like a free particle.
Therefore, the concept of pressure must be changed to that of molecular density. The molecular

density depends on the pressure and temperature at which the vapour or gas is found [42].
Ultra-high vacuum

The pressure boundary between high and ultra-high vacuum depends on the
application to be performed since this separation has changed over time and with technological
advances, although at present we can say that ultra-high vacuum starts from 10° mbar, currently
reaching vacuums of up to around 10°*> mbar [42].
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Vacuum pumps

There are different types of pumps to generate vacuum. Each of them has a different
operation and reaches different minimum pressures. For example, mechanical pumps can be
piston pumps, liquid-ring pumps, rotary pumps, these are used to generate a primary vacuum
(typically not less than 10 mbar) [44].

To reach higher vacuums, it is necessary to use other types of pumps, among which
are the diffusion pump or turbo-molecular pumps, which, in a typical high vacuum system, are
placed between the mechanical pump and the chamber to be evacuated [41]. There are many

other types of vacuum pumps as shown in figure 11.6.
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Figure 11.6. Different types of pumps and their pressure range [45].
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I1.2. Characterization methods

The different characterization techniques to which the thin films and multilayers of
pure and doped ZnO were subjected to analyze their structural, morphological, optical and
electrical properties are described below.

11.2.1. X-ray Diffraction (XRD)

Most of our current knowledge about the crystalline structures of materials has been
obtained from research carried out using the X-ray diffraction technique. Diffraction occurs
when an electromagnetic wave encounters a series of regularly spaced obstacles capable of
dispersing the wave, separated by distances of the same order of magnitude as the wavelength.

The conditions for diffraction to occur are described below.
11.2.1.1. Bragg's Law

The law of Bragg explains simply the behaviour of diffracted beams in a crystal. He
considered the crystal to be composed of parallel planes (hkl). X-rays are a form of
electromagnetic radiation with high energy and short wavelength approximately equal to the
interplanar distance of crystalline solids. When an X-ray beam hits a solid material, it is
dispersed in all directions due to the electrons associated with the atoms of the crystalline
planes. Bragg assumes that these crystalline planes (hkl) act as mirrors reflecting the incident
X-ray beam [46].

The constructive interference of scattered waves causes diffraction. The waves are
mutually reinforced if the waves scattered by the obstacles are in phase or with a phase

difference of 27n radians (where n is an integer number) [46].

Figure 1.7 illustrates a schematic representation of Bragg's law. The reflected incident
beam and the parallel planes of atoms with Miller indices (hkl) separated by a distance dnk are
indicated. It is assumed that a parallel, monochromatic and coherent beam of X-rays of
wavelength A incident on these planes with an angle 0 and is scattered by atoms A and B. For
the beam to be constructively interfered with, the difference in the optical path travelled by ray

2 must be equal to an integer n of wavelength [47, 48]:

nA =CB + BD (11.1)
ni =2 dhkl sin @ (“2)
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The equation 11.2 is Bragg's law, where n is an integer corresponding to the diffraction
order. Since sin6 will never exceed one, the equation can only be established for wavelengths
A <2d.

Incident K Scattered
Beam Beam

\@? Incident angle © DReflected angle -
e o _o o/ oA \o e /o o

n=2

Figure 11.7. Schematic representation of Bragg's law conditions [46,47].
11.2.1.2. Diffraction technique

One of the diffraction techniques is exposing the thin film to monochromatic X-ray
radiation using a diffractometer, which determines the angles at which diffraction occurs in the
samples. The geometric configuration used is a parallel beam, using a global mirror (parabolic
mirror), and it is achieved that the rays are parallel when they hit the sample. The parallel rays’
incident on the sample and a parallel diffracted beam is obtained, despite any inhomogeneities
the sample may present. This configuration allows the angle of incidence of the X-ray beam on
the film to be set. A diagram of this configuration can be seen in Figure 2.2. The sample (thin
film) is placed on the fixed sample holder. At point A, a monochromatic X-ray beam is
generated, reflected in a Gobel mirror and then hits the sample. Point B represents the
scintillation detector rotating around the O axis and moving at a constant angular velocity,
recording the intensities of the diffracted X-rays. The angular position, as a function of 26, is

determined using a vertical goniometer [46-48].
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11.2.2. Ultraviolet-Visible-NIR spectroscopy

The optical properties of thin films can be characterized by measurements of
transmittance (percentage of energy transmitted) and/or absorbance (percentage of energy
absorbed) and reflectance (capacity of a surface to reflect light) [49]. These measurements allow
determining, by indirect graphical methods (Tauc plot method), the optical band gap of the

material, which is a very important property or parameter in the study of TCOs.

Ultraviolet-Visible-NIR spectroscopy is a widely used non-destructive method that
provides information on the optical properties of materials. Absorption spectroscopy is a
technique that measures and interprets the changes in electromagnetic radiation when it
interacts with the material. It is known that in the visible and ultraviolet regions, there are
changes that involve the electronic energies of atoms or molecules. When an electromagnetic
wave of the defined wavelength hits a solid or substance, it will undergo absorption. The
fraction of radiation absorbed depends on the nature of the material and the thickness of the
sample [49]. The intensity of the incident beam is represented by lo, the intensity of the
transmitted beam by I, and the thickness of the sample by t. The absorption or optical density

of a material is defined as [50]:

I
- logTO (11.3)

The intensity of the transmitted beam depends on the thickness and characteristics of

the material and is related to the intensity of the incident beam by the expression [51]:

I = I, exp(—at) (1.4)

where a is the absorption coefficient, and t is the thickness of the material.

A UV-Vis spectrometer plots the sample's absorbance or optical density as a function

of the wavelength of the incident beam.

Because IL is the fraction of light transmitted by the material, it is multiplied by 100 to

0
give the total transmittance of the material, as seen in equation I1.5.
I
T =—x100 (11:5)
Iy

From equation 11.4 and equation I1.5, we can express the absorption coefficient as:
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1 (100) (11.6)

=—In(—
“=1 "\or
This approximate relationship is established, neglecting reflections at all interfaces

(air/layer and air/substrate).

In the strong absorption domain (a > 10*cm™1) for a direct gap such as that of ZnO,

a is expressed as a function of the band gap (Eg) according to the following equation [49]:

ahv = A(hv — Ej)*/? (11.7)

Where A is a constant and hv represents the energy of a photon.

The Tauc plot method can be used to estimate the band gap of a thin film from the
absorption coefficient a. By scanning the entire energy domain and plotting (ahv)? as a function
of the energy of a photon (hv), we could obtain the value of Eg from extrapolating the linear
part of a to the x-axis (i.e. for o= 0) [50].

11.2.3. Scanning Electron Microscopy

The Scanning Electron Microscope (SEM) was invented in 1937 by Manfred von
Ardenne [52]. It utilizes an electron beam to generate a picture. The resolution of a microscope
refers to its capacity to accurately differentiate two distinct points or objects as separate and
identifiable entities. When the objects are in such proximity that their resolving capacity is

insufficient, they merge into a single image and become indistinguishable [53].

Preparing the samples for this microscope is quite simple, as most scanning electron
microscopes just require them to be conductive. Next, the surface is subjected to electron
scanning using accelerated electrons emitted from the cannon. An electromagnet-based lens
detector quantifies and measures the quantity and intensity of electrons emitted by the sample,
enabling the generation of three-dimensional digital images. The resolution of the microscope
varies between 4 nm and 20 nm. Typically, its depth of focus is 10 mm, which is significantly
less compared to the transmission electron microscope. An advantage of the scanning electron
microscope is its ability to generate three-dimensional images by focusing on the surface of the
structures [53, 54].

11.2.4. Raman spectroscopy

In 1928, C.V. Raman discovered the phenomenon that bears his name. With only

rudimentary instrumentation available, Sir Raman used sunlight as a source and a telescope as
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a collector; and the detector was his eyes. Raman spectroscopy is a high-resolution photonic
technique that provides chemical and structural information on any material, allowing its
identification. Analysis using this technique is based on the examination of the light scattered
by a material when a monochromatic beam of light falls on it. A small part of the light is
scattered inelastically, experiencing slight changes in the frequency of the incident light.
Therefore, this technique does not require special preparation of the sample before analysis and
does not alter the properties of the materials, so it is considered non-destructive [55, 56].

Raman spectroscopy analysis is based on having a monochromatic beam of light with
a frequency vo incident on a sample whose molecular characteristics are to be determined. Most
of the light scattered by the sample has the same frequency as the incident light, but a very small
part has a change in frequency, resulting from the interaction of the light with matter. The light
that maintains the same frequency vo as the incident light is known as Rayleigh scattering and
does not provide any information about the composition of the sample. On the other hand, the
scattered light that has frequencies different from the incident light is what provides information
about the molecular composition of the sample and is what we know as Raman scattering. The
new frequencies, +v, and -v;, are the Raman frequencies, characteristic of the chemical nature

and physical state of the sample and independent of the incident radiation [56,57].
11.2.5. Four-point probe test

The electrical conductivity of materials (o) 1s the ability of a material to conduct
electric current through it. It depends on the number of electrons belonging to the conduction
band, the number of holes in the valence band and the mobility of the charge carriers (electrons
or holes) [58]. Conductivity also depends on other physical factors specific to the material and
on temperature. It is determined from Ohm's law, which states that the current running between

two points in a conductor is directly proportional to the potential difference across its ends [59].

The four-point probe method (figure 11.8) is an experimental method commonly used
to measure the shit resistance and resistivity of a bulk semiconductor. It is applied in four
aligned points, equidistant by a small distance | and which rest on the surface of the layer. A
current | is sent between point 1 and point 4, and the V is measured between points 2 and 3; the

ratio (V/1) is linked to the resistivity according to the dimensions of the sample.

The sheet resistance Rs can then be calculated using the following equation [60]:
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_om AV AV (11.8)
Re=fmpT = 45324

Where AV is the change in voltage measured between the inner probes (2 and 3), and | is the

current applied between the outer probes (1 and 4).

If the thickness is known, the resistivity of the film (p) can be calculated using sheet

resistance as follows [60]:

p = Rg X thikness (11.9)
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Figure 11.8. Simplified illustration of the four-point technique [61].
11.2.6. Contact angle

Contact angle measurement is an important technique used to determine the wettability
of a surface. It is defined as the angle created between the tangent to the liquid surface and the
solid surface at the point where both come into touch. This measurement provides critical
information regarding the interaction between a liquid and a solid substrate, which is important
for many applications in the fields of material science, engineering, and chemistry. The contact
angle, represented as 0, is obtained by examining the shape of a droplet that is placed on a
surface. This study is done using techniques like the sessile drop method, where a liquid droplet
is placed on a solid surface and the angle is evaluated using image analysis. The Young-Laplace
equation, which governs the equilibrium of forces at the contact line, establishes a relationship

between the contact angle and the surface tensions of both the liquid and the solid [62, 63].
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High contact angles, which are more than 90°, indicate a surface that repels water
(hydrophobic). On such a surface, the liquid forms droplets that do not spread much, showing
the lowest level of wettability. On the other hand, low contact angles, which are less than 90°,
imply a surface that attracts water (hydrophilic). On a hydrophilic surface, the liquid spreads
more easily, which means the highest level of wettability. The accuracy of contact angle
measurements is crucial for comprehending surface interactions in various applications,

including coatings, adhesives, biomedical implants, and microfluidic devices [62-64].
Conclusion

In this second chapter, we presented an overview of different wet and dry deposition
techniques. Each method could provide us with specific characteristics of films depending on
several parameters (such as deposition time). Choosing the deposition technique is critical in
the application of the deposited thin film. We also described the structural, morphological,

optical, and electrical characterization techniques used during this work.

56



Chapter 11 Deposition techniques and Characterization methods

References

[1] Chen, H., Wei, Z., Zheng, X., & Yang, S. (2015). A scalable electrodeposition route to the
low-cost, versatile and controllable fabrication of perovskite solar cells. Nano Energy, 15,
216-226.

[2] Lincot, D. (2005). Electrodeposition of semiconductors. Thin solid films, 487(1-2), 40-48.

[3] Crapnell, R. D., & Banks, C. E. (2024). Interpreting Electrochemistry. In The Handbook of
Graphene Electrochemistry (pp. 25-89). London: Springer London.

[4] Guo, Y. (1993). Sol-gel synthesis and characteristics of the rare earth phosphate glasses.
The Catholic University of America.

[5] Hench, L. L., & West, J. K. (1990). The sol-gel process. Chemical reviews, 90(1), 33-72.

[6] Pierre, A. C. (2020). Introduction to sol-gel processing. Springer Nature.

[7] Guglielmi, M., & Carturan, G. (1988). Precursors for sol-gel preparations. Journal of Non-
Crystalline Solids, 100(1-3), 16-30.

[8] Danks, A. E., Hall, S. R., & Schnepp, Z. J. M. H. (2016). The evolution of ‘sol—gel ’chemistry
as a technique for materials synthesis. Materials Horizons, 3(2), 91-112.

[9] Hench, L. L., & West, J. K. (1990). The sol-gel process. Chemical reviews, 90(1), 33-72.

[10] Pierre, A. C. (2020). Introduction to sol-gel processing. Springer Nature.

[11] Chamberlin, R. R., & Skarman, J. S. (1966). Chemical spray deposition process for
inorganic films. Journal of the Electrochemical Society, 113(1), 86.

[12] Workie, A. B., Ningsih, H. S., & Shih, S. J. (2023). An comprehensive review on the spray
pyrolysis technique: Historical context, operational factors, classifications, and product
applications. Journal of Analytical and Applied Pyrolysis, 170, 105915.

[13] Skrabalak, S. E., & Suslick, K. S. (2006). Porous carbon powders prepared by ultrasonic
spray pyrolysis. Journal of the American Chemical Society, 128(39), 12642-12643.

[14] Jung, D. S., Park, S. B., & Kang, Y. C. (2010). Design of particles by spray pyrolysis and
recent progress in its application. Korean Journal of Chemical Engineering, 27, 1621-
1645.

[15] Falcony, C., Aguilar-Frutis, M. A., & Garcia-Hipdlito, M. (2018). Spray pyrolysis
technique; high-K dielectric films and luminescent materials: a review. Micromachines,
9(8), 414.

[16] Ukoba, K. O., Eloka-Eboka, A. C., & Inambao, F. L. (2018). Review of nanostructured
NiO thin film deposition using the spray pyrolysis technique. Renewable and Sustainable
Energy Reviews, 82, 2900-2915.

57



Chapter 11 Deposition techniques and Characterization methods

[17] Lehraki, N., Aida, M. S., Abed, S., Attaf, N., Attaf, A., & Poulain, M. (2012). ZnO thin films
deposition by spray pyrolysis: Influence of precursor solution properties. Current applied
physics, 12(5), 1283-1287.

[18] Patil, P. S. (1999). Versatility of chemical spray pyrolysis technique. Materials Chemistry
and physics, 59(3), 185-198.

[19] Falcony, C., Aguilar-Frutis, M. A., & Garcia-Hipdlito, M. (2018). Spray pyrolysis
technique; high-K dielectric films and luminescent materials: a review. Micromachines,
9(8), 414.

[20] Ezekoye, B. A., Offor, P. O., Ezekoye, V. A., & Ezema, F. I. (2013). Chemical bath
deposition technique of thin films: a review. International Journal of Scientific Research,
2(8), 452-456.

[21] Guneri, E., Ulutas, C., Kirmizigul, F., Altindemir, G., Gode, F., & Gumus, C. (2010).
Effect of deposition time on structural, electrical, and optical properties of SnS thin films
deposited by chemical bath deposition. Applied Surface Science, 257(4), 1189-1195.

[22] Géde, F. A. T. M. A., Giimiis, C. E. B. R. A. . L., & Zor, M. U. H. S. I. N. (2007).
Investigations on the physical properties of the polycrystalline ZnS thin films deposited by
the chemical bath deposition method. Journal of Crystal Growth, 299(1), 136-141.

[23] Abdulrahman, A. F., Ahmed, S. M., Ahmed, N. M., & Almessiere, M. A. (2020).
Enhancement of ZnO nanorods properties using modified chemical bath deposition
method: effect of precursor concentration. Crystals, 10(5), 386.

[24] Baviskar, P. K., & Karade, S. S. (2023). Chemical Bath Deposition: Thin Films with
Assorted Morphologies. In Simple Chemical Methods for Thin Film Deposition: Synthesis
and Applications (pp. 27-95). Singapore: Springer Nature Singapore.

[25] Kassim, A., Tee, T. W., Abdullah, A. H., Nagalingam, S., & Min, H. S. (2010). Deposition
and characterization of Cu 4 SnS 4 thin films by chemical bath deposition method.
Macedonian journal of chemistry and chemical engineering, 29(1), 97-103.

[26] Choy, K. L. (2003). Chemical vapour deposition of coatings. Progress in materials
science, 48(2), 57-170.

[27] Kern, W., & Schuegraf, K. K. (2001). Deposition technologies and applications:
Introduction and overview. In Handbook of Thin Film Deposition Processes and
Techniques (pp. 11-43). William Andrew Publishing.

[28] Morosanu, C. E. (2016). Thin films by chemical vapour deposition (Vol. 7). Elsevier.

58



Chapter 11 Deposition techniques and Characterization methods

[29] Chaudhari, M. N., Ahirrao, R. B., & Bagul, S. D. (2021). Thin film deposition methods: A
critical review. Int. J. Res. Appl. Sci. Eng. Technol, 9(6), 5215-5232.

[30] Wang, C., Dai, X., Guan, X., Jia, W., Bai, Y., & Li, J. (2020). LiCoO2 thin film cathode
sputtered onto 500° C substrate. Electrochimica Acta, 354, 136668.

[31] Schneider, C. W., & Lippert, T. (2010). Laser ablation and thin film deposition. Laser
Processing of Materials: Fundamentals, Applications and Developments, 89-112.

[32] Xia, Q., Zan, F., Zhang, Q., Liu, W., Li, Q., He, Y., ... & Xia, H. (2023). All-solid-state
thin film lithium/lithium-ion microbatteries for powering the Internet of things. Advanced
Materials, 35(2), 2200538.

[33] Birnbaum, M. (1965). Semiconductor surface damage produced by ruby lasers. Journal
of Applied Physics, 36(11), 3688-3689.

[34] Dijkkamp, D., Venkatesan, T., Wu, X. D., Shaheen, S. A., Jisrawi, N., Min-Lee, Y. H,, ... &
Croft, M. (1987). Preparation of Y-Ba-Cu oxide superconductor thin films using pulsed
laser evaporation from high T ¢ bulk material. Applied Physics Letters, 51(8), 619-621.

[35] Orton, J. W., & Foxon, T. (2015). Molecular beam epitaxy: a short history. Oxford
University Press.

[36] TYRRELL, B. (2020). MOLECULAR BEAM EPITAXY. In Between Making And Knowing:
Tools In The History Of Materials Research (pp. 357-365).

[37] Asahi, H., & Horikoshi, Y. (Eds.). (2019). Molecular Beam Epitaxy: Materials and
applications for electronics and optoelectronics. John Wiley & Sons.

[38] Sivaram, S. (2013). Chemical vapor deposition: thermal and plasma deposition of
electronic materials. Springer Science & Business Media.

[39] Deshpandey, C. V., & Bunshah, R. F. (1991). Evaporation processes (pp. 79-132).
Academic, Boston.

[40] Gatzen, H. H., Saile, V., Leuthold, J., Gatzen, H. H., Saile, V., & Leuthold, J. (2015).
Deposition Technologies. Micro and Nano Fabrication: Tools and Processes, 65-203.

[41] Jousten, K. (Ed.). (2016). Handbook of vacuum technology. John Wiley & Sons.

[42] Gatzen, H. H., Saile, V., & Leuthold, J. (2015). Micro and nano fabrication. Springer,
Berlin, Heidelberg, 1(5.2), 2.

[43] Wiegleb, G. (2023). Physical Properties of Gases. In Gas Measurement Technology in
Theory and Practice: Measuring Instruments, Sensors, Applications (pp. 7-125).
Wiesbaden: Springer Fachmedien Wiesbaden.

[44] O'Hanlon, J. F. (2003). A user's guide to vacuum technology. John Wiley & Sons.

59



Chapter 11 Deposition techniques and Characterization methods

[45] Biltoft, P. J. (2004). Vacuum Technology (No. UCRL-BOOK-207375). Lawrence
Livermore National Lab.(LLNL), Livermore, CA (United States).

[46] Pecharsky, V. K., & Zavalij, P. Y. (2003). Fundamentals of diffraction (pp. 99-260).
Springer US.

[47] Whittig, L. D., & Allardice, W. R. (1986). X-ray diffraction techniques. Methods of Soil
Analysis: Part 1 Physical and Mineralogical Methods, 5, 331-362.

[48] Fultz, B., Howe, J. M., Fultz, B., & Howe, J. M. (2001). Diffraction and the X-ray powder
diffractometer. Transmission electron microscopy and diffractometry of materials, 1-61.

[49] Picollo, M., Aceto, M., & Vitorino, T. (2019). UV-Vis spectroscopy. Physical sciences
reviews, 4(4), 20180008.

[50] Shard, A. G., Schofield, R. C., & Minelli, C. (2020). Ultraviolet-visible spectrophotometry.
In Characterization of Nanoparticles (pp. 185-196). Elsevier.

[51] Luna, T. R. (2011). Characterization of CoS and Co1-xCdxS thin films deposited by spray
pyrolysis technique.
[52] McMullan, D. (2004). Appendix Il a history of the scanning electron microscope, 1928—
1965. In Advances in Imaging and Electron Physics (Vol. 133, pp. 523-545). Elsevier.
[53] Zhou, W., Apkarian, R., Wang, Z. L., & Joy, D. (2007). Fundamentals of scanning electron
microscopy (SEM). Scanning microscopy for nanotechnology: techniques and
applications, 1-40.

[54] Goldstein, J. I., Newbury, D. E., Michael, J. R., Ritchie, N. W., Scott, J. H. J., & Joy, D.
C. (2017). Scanning electron microscopy and X-ray microanalysis. springer.

[55] Singh, R. (2002). CV Raman and the Discovery of the Raman Effect. Physics in
Perspective, 4, 399-420.

[56] Lyon, L. A., Keating, C. D., Fox, A. P., Baker, B. E., He, L., Nicewarner, S. R., Natan, M.
J. (1998). Raman spectroscopy. Analytical Chemistry, 70(12), 341-362.

[57] Mulvaney, S. P., & Keating, C. D. (2000). Raman spectroscopy. Analytical Chemistry,
72(12), 145-158.

[58] Simon, J., & Andre, J. J. (2012). Molecular semiconductors: photoelectrical properties
and solar cells. Springer Science & Business Media.

[59] Maier, J. (2023). Physical chemistry of ionic materials: ions and electrons in solids.
John Wiley & Sons.

[60] Uyanik, Z. (2019). Improvement of transparent conductive hybrid ITO/Ag/ITO electrodes
by electro-annealing (Master's thesis, I1zmir Institute of Technology (Turkey)).

60



Chapter 11 Deposition techniques and Characterization methods

[61] Zhao, T., & Jiang, L. (2018). Contact angle measurement of natural materials. Colloids
and Surfaces B: Biointerfaces, 161, 324-330.

[52] Le-Quoc, H. (2011). Thermoelectric material Mg 2 Si-Mg 2 Sn elaborated in thin films by
plasma assisted co-sputtering.

[63] Huhtaméaki, T., Tian, X., Korhonen, J. T., & Ras, R. H. (2018). Surface-wetting
characterization using contact-angle measurements. Nature protocols, 13(7), 1521-1538.

[64] Beketov, G. V., & Shynkarenko, O. V. (2022). SURFACE WETTING AND CONTACT
ANGLE: BASICS AND CHARACTERISATION. Chemistry, Physics & Technology of
Surface/Khimiya, Fizyka ta Tekhnologiya Poverhni, 13(1).

61



Materials and Methods



Chapter 111 Materials and Methods

Introduction

This chapter contains a detailed description of the used materials and the experimental
procedures adopted to prepare Mn:ZnO thin films and MnZnO/Ag/ZnO:Mn multilayers via the
thermal evaporation method. As well as, several characterization techniques that were utilized
to investigate the structure, morphology, and optical and electrical properties. Finally, a detailed
description of the metaheuristic methods employed to calculate the optical parameters of our

films.
I11.1. Experimental deposition device

Vacuum Evaporation was carried out in a device set up at CDTA with a cylindrical
Pyrex glass chamber of a volume of 7218.86 cm3, closed at the top by a steel flange with a
diameter of 23 cm. The device is equipped with an extraction unit that provides a high vacuum,
consisting of a rotary vane pump for the primary vacuum (102 mbar) and an oil diffusion pump
for the secondary vacuum (10 mbar). The material to be deposited (powder) is placed in a
tungsten crucible, which is connected to two electrodes powered by a transformer (figure 111.1).
The powder must be spread evenly in the crucible to prevent clumping. The substrate holder is
movable to fix a preferable distance between the crucible and the substrate; in our case, it was

located 11 cm away, where many samples can be placed to be coated at the same time.
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Figure 111.1. Photograph of the CDTA vacuum vaporization device

1- The flask. 2- The cylindrical chamber.  3- The transformer.

4- Primary vacuum display  5- The secondary vacuum 6- Pump ignition buttons.
box. display box.

7- Oil diffusion pump 8- The rotary vane pump. 9- The secondary vacuum

pressure gauge.
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Substrate
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Tungsten
crucible

Electrodes

Figure 111.2. Photograph of the interior of the cylindrical chamber.
I11.2. Materials used and choice of substrates

During our experiments, we used zinc and magnesium powders purchased from
SIGMA-ALDRICH, which have a purity of 99.99%. The silver came in grains from
GoodFellow50, which also have a purity of 99.99%.

The choice of substrate type is primarily related to the objectives of our layers and the
characterizations conducted on the samples after deposition. In our case, our samples are
destined for solar cell window applications, so we used ordinary glass as a substrate. The glasses
used during our work are microscope clear slides of (Sail Brand), ground edges,1 mm thick and

25.4 x 76.2 mm2 in surface area.
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111.3. Cleaning of substrates

Cleaning is a very important step as it eliminates all traces of grease and dust through
a purely chemical process. Before each deposition, the substrates are well-cleaned. First, we
immersed the glass substrates in a beaker full of acetone in an ultrasonic bath (Figure 111.3 (A))
at low frequency (25 kHz) for 10 minutes to remove organic particles, followed by another 10
minutes in ethanol. Finally, we rinsed them with deionized water and dried them on a heating
plate (Figure 111.3 (B)). This operation is carried out just before deposition to prevent the

formation of oxide during the substrate's storage.

Figure 111.3. Materials used to prepare the deposit: A. The ultrasonic bath and C. the heating
plate.

I11.4. Procedures and deposition conditions
111.4.1. Preparing the ZnO and Mn-doped ZnO thin films

At first, we only used ZnO powder to deposit pure ZnO thin film by thermal
evaporation. After that, we used a mixture of ZnO and Mn powders. The powders are mixed
just before the deposition. We did serval experiments and based on our previous works, the
weight percentage of Mn we used is varying from 5 wt.- % to 20 wt.- % for both the Mn doped

ZnO0 thin films samples and the multilayers.
111.4.2. Preparing ZnO/Ag/Zn0O and Mn:ZnO/Ag/ZnO:Mn multilayers

In this part, we went through several stages to obtain the samples consisting of three

layers, with the first sample being ZnO/Ag/Zn0O. Starting with the first step, we deposit the first
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layer of ZnO on the glass substrate through thermal evaporation. The next step is to deposit a
layer of silver on the previous substrate, and for the third step, we add a final layer of ZnO on
the two previous layers in the same manner. Finally, we obtain the first sample of the multilayer.
For the doped multilayers, we proceed in the same way as for the first sample; however, instead
of the ZnO layer, we deposited the Mn-doped ZnO layer by mixing ZnO and Mn powders in

the crucible. Mn percentages are the same as in the first part.
111.4.3. Conditions of deposition

Before starting each experiment, we wait for a sufficient vacuum to be achieved within
the chamber. First, we start the primary pumping until we reach a pressure of about 102 mbar,
then we will initiate the secondary pumping until we reach around 10 mbar. After vacuum
sealing the chamber, we will proceed with the evaporation of the material using a crucible
heated electrically by the Joule effect and, finally, the condensation of the vapour onto the
substrates. The conditions of deposition for the single layers and multilayers are presented in
Table 111.1 and Table I11.2, respectively. The total time of the deposition of all our samples is
30 seconds. A silicon substrate was placed every time along with glass substrates to determine
the thickness of the films, which is then measured using a profilometer.

Table 111.1. Experimental conditions for the deposition of Pure ZnO and Mn-doped ZnO.

P1.102 P2.10° Pwork.10* Weight
(mbar)  (mbar) (mbar) (mg)
Pure ZnO 2.3 2.6 1.1 Witzno= 100
Witmn=0
Mn:ZnO (5wt.-%) 2.4 2.4 1.3 Wtzno= 95
Wimn= 5
Mn:ZnO (10wt.-%) 2.2 2.9 1.2 Wizno= 90
Witmn= 10
Mn:ZnO (15wt.-%) 2.1 3.1 1.2 Wtzno= 85
Witmn= 15
Mn:ZnO (20wt.-%) 2.5 2.2 1.3 Wizno= 80
Witmn= 20
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Table 111.2. Experimental conditions for the deposition of ZnO/Ag/ZnO and
Mn:ZnO/Ag/ZnO:Mn.

P1.102 P2.10° Pwork.10™ Weight
(mbar) (mbar) (mbar) (mg)
ZnO/Ag/ZnO 2.45 2.9 1.2 Wizno= 100
Wimn= 0
Mn:ZnO/Ag/ Mn:ZnO (5wt.-%) 2.1 2.1 1.3 Witzno= 95
Wimn= 5
Mn:ZnO/Ag/ Mn:ZnO (10wt.-%) 2.5 35 1.3 Wtzno= 90
Witmn= 10
Mn:ZnO/Ag/ Mn:ZnO (15wt.-%) 24 3.6 1.2 Wizno= 85
Wimn= 15
Mn:ZnO/Ag/ Mn:ZnO (20wt.-%) 2.5 2.2 1.1 Wtzno= 80
Witmn= 20

I11.5. Thermal annealing

Annealing is a heat treatment that involves processing the layer after deposition,
combining heating and cooling operations to enhance the material's properties (oxidation and
recrystallization of the films). After the deposition, the samples were annealed in a furnace
under the atmosphere at 500°C for two hours, along with the preservation of the samples

without annealing, which will be used as references for a comparative study.
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I11.6. Characterization techniques

This work aims to analyze various structural, optical, electrical properties wettability
of TCOs thin films deposited on glass substrates. To this end, several characterizations are

necessary to observe and optimize the influence of various deposition factors (Table 111.3).

Table 111.3. The characterization techniques used in our work.

Structural properties X-ray diffractometer (XRD)

Raman spectrometer

Morphology Scanning Electron Microscope (SEM)
Electrical properties Four-point tester

Wettability Contact angle with surface tensiometer
Optical properties UV-Visible-NIR spectrometer

111.6.1. X-ray Diffraction (DRX)

The fundamental concept of the X-ray diffraction (XRD) method was explained in
Chapter Il. We used a Philips X'PertMPD diffractometer (Figure 111.4) at the CDTA, which is
equipped with a Lynxeye linear detector and a copper cathode (with a wavelength of Acu-ka =
1.54 A). The diffraction diagrams are collected under normal environmental conditions,
covering an angular range of 20° to 80°. The 0-20 configuration, also known as the "Bragg-
Brentano™ configuration, is employed for the characterization of our samples. Where the X-ray
source remains stationary while the substrate holder and the detector can move. when the
sample rotates by an angle 6, the detector, in turn, rotates by an angle 20 and only collects the
rays diffracted by the crystal planes (hkl) at an angle 0 that satisfies Bragg's law (the principle

is explained in more detail in Chapter I1).
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Figure 111.4. Photograph of the diffractometer.

111.6.2. Raman spectroscopy

We used Raman spectroscopy to enhance the structural information of our films. We
utilized the LabRam H-Revolution confocal micro-Raman spectrometer from Horiba Jobin
Yvon (Figure 111.5). This device provides high spatial resolution thanks to the combination of
an optical microscope equipped with several objectives (x10, x40, and x100) and excellent

spectral resolution.

Figure 111.5. Photograph of the Raman device.
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111.6.3. Scanning Electron Microscope (SEM)

During our study, we used scanning electron microscopy (SEM) to identify the
morphology of our films. The microscope used is a Jeol JSM-6360LV device with an

acceleration voltage ranging from 5kV to 15kV (Figure 111.6).

Figure 111.6. Photograph of the Scanning electron microscope (SEM) device.
111.6.4. Four-point probe technique

To determine the electrical resistance of our thin films, we performed tests using the
four-point probe method. The equipment is a Keithley 2400C, which is a SourceMeter SMU
Instrument with contact check. It has a voltage range of 200V, a current range of 1A, and a
power rating of 20W (Figure 111-7).

Figure 111.7. Photograph of the four-point device.
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111.6.5. Surface tensiometer

The wettability of our films was evaluated using an optical tensiometer to measure the
Contact angle (Figure 111.8). For all our films, the contact angle of a water droplet with our

thin films was measured three times in three different spots of the sample’s surface.

Figure 111.8. Photograph of the optical tensiometer device.
111.6.6. UV-Visible-NIR mesurent

111.6.6.1. UV-Visible-NIR spectrometer

We used the Shimadzu spectrophotometer UV1280 to determine the transmittance of
our layers. It is equipped with a single-beam system and offers a wavelength scanning range
from 190 to 1100 nm (Figure 111.9). The optical parameters were later calculated using
Metaheuristic methods: Dragonfly Algorithm (DA) for the single layers and Particle swarm

optimization (PSO) for the multilayers.

Figure 111.9. Photograph of the UV1280 spectrophotometer
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111.6.6.2. Metaheuristic methods

Metaheuristic optimization techniques are general heuristic algorithms applicable to a
wide variety of problems, adapted to solving problems for which it is difficult to find a global
optimum by classical methods [1]. These algorithms are created based on nature's inspiration
and are designed to be flexible and easy to apply. In particular, metaheuristic algorithms excel
at identifying subsets that lead to optimal solutions [2]. Metaheuristics appeared in the 1980s
[3,4], the word “metaheuristic” is composed of two Greek words, the first means: “beyond or

in a higher level” and the second means: “to find or discover” [2,5].
Metaheuristic optimization methods have the following common characteristics [6-9]:

e They are generally non-deterministic and they may not find the optimal
solution, let alone prove the optimality of the solution found.

e They are inspired by analogies with physics (simulated annealing), biology
(evolutionary algorithms), or even ethology (swarm intelligence).

e They are stochastic, which makes it possible to cope with the combinatorial
explosion of possibilities, which limits trapping in local optima.

e They are originally dedicated to combinatorial problems, where the parameters
can only take discrete values.

e They have the disadvantage of having several parameters to adjust, and the

calculation time is high.
Generally, metaheuristic methods are classified into two categories [1,10,11]:

o Trajectory methods that construct a trajectory in the solution space and which
only manipulate a single solution at each generation such as Simulated
Annealing, Tabu Search, and Variable Neighborhood Search.

o Methods based on a population of solutions such as evolutionary algorithms
(genetic algorithms GA, differential evolution DE, etc.) and swarm intelligence
(particle swarm optimization PSO, biogeography-based optimization BBO,

dragonfly algorithm DA, etc.).
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111.6.6.2.1. Dragonfly Algorithm (DA)

The Dragonfly Algorithm (DA) is a novel metaheuristic optimization technique
developed by Seyedali Mrijalili in 2016 [12]. Inspired by nature, this algorithm is designed to
solve efficiently a wide variety of optimization problems. Dragonflies encompass 3000 distinct
species, the natural cycle of dragonflies, which consists of two phases (Figure 111.10), is
examined. The first phase, known as the static swarm (exploration phase), involves dragonflies
flying in small groups to search for food. The second phase is known as the dynamic swarm
(exploitation phase), in which large numbers of dragonflies cause trials to migrate in one
direction over vast distances in search of suitable mating locations and distract enemies. In this
category, dragonflies fly in large numbers over distances [13, 14].

Figure 111.10. a) dynamic swarming emigration behaviour of dragonflies in huge groups; b)
Static swarming behaviour of the dragonfly, grouping in small groups.

The performance of the dragonfly swarm is characterized by using five basic primitive
behaviours of the dragonfly in nature (Figure 111.11). The mathematical model of dragonfly
behaviour is detailed as follows [12-14]:

1) Separation: represents the static collision avoidance that individuals follow to
avoid collision with other individuals in the area, the mathematical interpretation is represented

in the following equation:
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N

Jj=1

(111.1)

where X: represents the position of the current individual, Xj: is the position of the jth
neighboring individual, N: interprets the magnitude of the locality.

2) Alignment: it mentions a dragonfly and how it compares its velocity with other

nearby resident dragonflies. Equation (111.2) is used to represent the alignment process.

NV (111.2)

N
Where Vj: is the speed of dragonflies.

Ai=

3) Cohesion: it is expressed in equation (3) and represents the tendency of individuals

towards the center of the swarm group.

NaX ~ (111.3)

C; = X
! N

4) Attraction: This refers to the movement of individuals searching for food. Equation

(4) mathematically expresses the location of the food source.

FF=X"-X (111.4)

Where: X *: refers to the location of the food source.

5) Distraction: expressed in equation (5), it refers to the trajectory of retreating and

avoiding predators.

E,=X"—X (111.5)

Where: X~ is the location of the predator.
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Figure 111.11. Primitive corrective patterns between individuals in a swarm

All of these five concepts make it possible to simulate the dynamic and static swarming
behaviour of dragonflies. The DA algorithm is developed based on the PSO particle swarm
optimization method, so there are two main vectors: the first is the step vector, which is similar
to the velocity vector in PSO, and the second is the position vector. These two vectors can
update the position of dragonflies in the search space and simulate their movement [13]. The
location of the vectors (AX) and (X) representing the direction of the dragonfly's movement is

expressed in equation (111.6) [12].

AXepq = (8§ + ad; + cC; + fF; + eE;) + wX X (111.6)
Where AXt: represents the step vector, t: the current iteration, and s, a, ¢, f, e, w: are

weights of separation, alignment, cohesion, food, enemy, and inertia, respectively.
The location of the individual is expressed in equation (111.7) [12].

Xt+1 == Xt + AXt+1 (“I?)

With t: the number of iterations.

During the last stage of optimization, the dragonfly joins together and forms a dynamic
swarm to solve the global optimization. Using the Levy mechanism, the position of the

dragonflies is updated, it is expressed in equation (111.8) [12].
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Xt+1 = Xt + levy(d) " Xt+1 (“|8)
Where X: is the number of existing repetitions, Lev(d): Represents the part of the

dimension of each of the vectors in its position.
Mathematical modeling

The dragonfly algorithm begins the optimization process by creating a group of
random solutions to solve a particular optimization problem. That is, the position and pitch
vectors of the dragonflies are initialized to random values defined within the upper and lower
limits of the different variables. In each iteration, the step and position of each dragonfly are
updated using equations (I111.6), (111.7), and (I111.8). This update continues iteratively until a
global optimum for the optimization problem is found [12-14]. More details about the

determinations of optical properties are presented in our paper [15]
111.6.6.2.2. Particle swarm optimization (PSO)

Since the beginning of time, human beings have had to satisfy their needs. To achieve
this objective, man organized himself into groups to be able to overcome better the adversities
that could arise. Initially, this was structured in small groups in its nomadic stage to form larger
groups in its sedentary stage later, thus allowing the formation of great civilizations that led to
man's domination over the other species [16]. However, this social behaviour does not only
occur in humans. Smaller species have used this practice to solve the problems that nature can
present to them. This form of organization has allowed these species to obtain food and survive
attacks by larger species, among many other benefits. This social behaviour is a direct result of
the process of species evolution and natural selection. It is clear to note that the individuals of
these species that group in “herds” have a greater probability of surviving than those that do
not, so natural selection will discard the members that work individually, giving way to these
develop communication mechanisms that allow them to organize themselves in a better way
[16-18].

Throughout history, man has solved optimization problems, but due to the scientific
and technological boom presented in recent years, these problems are increasingly more
complex, which is why They have had to devise better methods to solve them. Fortunately, the
increase in computational resources today allows us to create algorithms that quickly and
efficiently solve these complex optimization problems. An example worth imitating to solve

optimization problems is precisely that of nature. Based on how some species solve complex
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problems together, a range of algorithms emerge within evolutionary computing: swarm
intelligence. Within this is particle swarm optimization (PSO), an algorithm developed by
Kennedy and Eberhart in 1995, originally inspired by a set of birds searching for corn. Its
objective is to produce computational intelligence using social interactions instead of only
individual cognitive abilities [16-18]. Particle swarm optimization may have some similarities
to genetic algorithms, but it is much simpler because it does not use mutation/crossover
operators or pheromones. Instead, it uses the randomness of real numbers and global
communication between particles in the test. In this sense, it is also easier to implement because
there is no encoding or decoding of parameters into binary strings as in genetic algorithms,

which can also use strings of real numbers [16].

This algorithm explores the space of an objective function by adjusting the trajectories
of individual agents, called particles, because these trajectories form fragmented paths in a
quasi-stochastic manner. The motion of a swarm particle includes two major components: a
stochastic component and a deterministic component. Each particle is attracted to the position
of the current global best g* and its own best position xxii * in history while at the same time

tending to move randomly [18, 19].
The components used by the PSO algorithm are [19]:

e Cognitive Component It constitutes that the particle has the memory of a previous
position and a new one that is optimized. It is responsible for the particle tending to
move to the position in which it has the best results; this coefficient C1 is in the range of
[0.2], and the coefficient r1 has random values between 0 and 1.

e Social Component It is responsible for ensuring that the particle tends to move to the
best position found by the algorithm, the value of the coefficient C> can be between 0
and 2, with 2 being the most recommended 2, r> is a vector that is between 0 and 1 that

provides stochastic behavior to the particles.
Conclusion

In this chapter, is divided into two parts. First, we have attempted to highlight the
various materials, experimental conditions and procedures used for the deposition of single
layers and multilayers of pure and doped ZnO. In the second part, we explained the

metaheuristic methods utilized in this study.
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Introduction

Transparent Conductive Oxides (TCOs) are the most interesting materials from a
property perspective compared to other materials [1]. Their dual properties, electrical
conductivity, and transparency in the visible range make them ideal materials for
applications in photovoltaics and optoelectronics [2,3]. However, combining these two
properties is a priori contradictory; a transparent material is not conductive, and a
conductive material can not be transparent. To overcome this problem, we doped ZnO thin
films with low percentages of Mn. Another problem is the optical and electrical losses in
thin films. To solve this, a sandwich structure of oxide/metal/oxide multilayer structure
(ZnO/AQ/Zn0O and Mn:ZnO/Ag/ZnO:Mn) is introduced. In this chapter, we have two parts:

Part I: Where we will investigate the effect of Mn on the structure, morphology,

and optical properties of a single layer of ZnO thin film.

Part 11: In this part, we investigate the impact of multilayering on the electrical
properties of our multilayers as well as its effect on the structure, optical properties, and

wettability.
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Part |

Studying the effect of doping on ZnO thin

films
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IV.1.1. X-ray diffraction (DRX)

X-ray diffraction patterns of ZnO and Mn-doped ZnO are shown in Figure 1V.1.
It is evident from the XRD data that our samples exhibit a singular phase. For the non-
annealed sample (as deposited sample), we notice five peaks that belong to Zn metal (ICCD
No0.001-1238) corresponding to the plans (002), (100), (101), (102), and (110), respectively.
No additional peaks indicate the presence of ZnO, suggesting that the oxidation of Zn occurs
after the thermal annealing. The absence of the zinc oxide phase can be explained by the
fact that ZnO molecules disperse during evaporation, which results in the formation of zinc
atoms and oxygen gas. These two gases will be carried out primarily by the pumping system,
thereby preventing the development of the ZnO phase [4]. As for the annealed samples,
according to the powder diffraction standard card (ICCD No0.001-1136), the peaks with high
intensities corresponding to the planes (100), (002), and (101) and the peaks with lower
intensities (102), (110), (103) and (112) indicate the hexagonal Wurtzite structure of ZnO.
This observation suggests that the ZnO mesh was disturbed when the Mn concentration was
raised. It's likely that throughout the annealing process, Mn atoms operate as barriers (traps
or dispersion centers) that prevent ZnO from developing, causing the film's crystallinity to
deteriorate and the peak's intensity to drop. Many research works [5, 6] have reported on
this fact. In addition, the examination of the XRD patterns reveals that the peaks of Mn-
doped films are somewhat displaced to a lower angle than those of the undoped ZnO films.
The structure's micro-strain from vacancies, stacking faults, and interstitials may have
caused this shift [7]. However, there are no peaks that identify Mn. This suggests that the

Mn has substituted the Zn site without changing the Wurtzite structure.
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Figure 1V.1. XRD patterns of ZnO and Mn-doped ZnO thin films.
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To understand the change in the physical properties of our layers, it is better to
identify the modification of these structural aspects. The values of the lattice parameters a

and c were calculated using [8]:

A (IV.1)
aqa=——————=
Sinﬁhkl \/g
o (IV.2)
B Sinehkl

Where A: the X-ray wavelength, 0n: the diffraction angle, and hkl: are Miller indices.
The crystallite size D, microstrain t, and dislocation density 6 (Table 1V.1)were
determined by using the following formulas [9]:

B 0.91 (IV.3)
N FWHMCOSQhkl
FWHM (IV.4)

T =
4tan9hkl

1 (IV.5)
T D2
Table IV.1. Crystallites size D, FWHM, microstrain t, dislocation density o, and lattice

6

parameters.

D (nm) FWHM (deg) T o mm?) a(m) c(nm)

Pure ZnO 24.26 0.3447 0.0046 0.0017 0.3214 0.5247
Mn:ZnO(5 wt.-%) 15.61 0.5359 0.0071 0.0041 0.3213 0.5249
Mn:ZnO(10 wt.-%)  10.64 0.7855 0.0104 0.0088 0.3220 0.5256
Mn:ZnO(15 wt.-%)  10.08 0.8290 0.0110 0.0098 0.3224 0.5259
Mn:ZnO(20 wt.-%) 8.93 0.9361 0.0125 0.0125 0.3228 0.5265

The lattice parameters of our samples exhibited minimal variation upon
incorporating various amounts of Mn. This can be attributed to the proximity in radius
between the Mn ion (0.66 A) and the Zn ion (0.60 A), facilitating the substitution of Zn
atoms with Mn atoms. The variation in 'c' axis values starts with an insignificant increase at
a doping level of 5 wt.-% Mn, then slightly rises with the addition of Mn to reach 0.5265
nm (Figure 1V.2a). This value is greater than the theoretical pure ZnO (0.5205 nm),
meaning that ZnO sheets undergo compressive forces in the c-axis direction [10].
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According to Figure 1V.2b, adding Mn to the thin films leads to an increase in the
full width at half-maximum (FWHM) due to the reduction in crystallite size produced by
doping. The pure ZnO films exhibit the lowest FWHM value, suggesting the highest level
of crystallinity. The widening of the diffraction peaks is caused by the increase in strain, an
increase in lattice defects, and dislocation density, which leads to a reduction in crystallite

size, illustrating the impact of the Mn addition [11].
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Figure 1V.2. Variation of a) lattice parameters ‘a’ and ‘¢’ b) FWHM, crystallites size D

of ZnO mesh as a function of Mn content.
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IV.1.2. Raman analysis

The vibration properties of the hexagonal wurtzite structure of the undoped and
doped ZnO layers were investigated using the Raman scattering technique; the results are
shown in Figure 1V.3. As one can see, all the samples have the A1(LO) vibration mode at
~572 cm™ for Mn:ZnO films and 569 cm for pure ZnO. The A1 longitudinal optical phonon
in the wurtzite structure of ZnO is polarised parallel to the c-axis; this vibration mode gives
the oxidation state of the films. In doped films, Mn atoms are incorporated into the ZnO
host lattice, whereas in pure ZnO films, incomplete oxidation results in the incorporation of
Zn atoms into the ZnO mesh, creating self-doping [12].

Local vibration modes (LVM) in the Raman spectra may appear as the dopant is
added to the mesh. The disruption of the crystal's translational symmetry by impurity-
induced defects is one proposed physical basis for understanding LVM. Due to the wave
vector's loss of conservation, phonon scattering with wave vectors far from the Brillouin
zone occurs [13]. Due to the abundance of Mn atoms in the ZnO, LVM modes can be found
clearly for Mn:ZnO (15 wt.-% and 20 wt.-% Mn) samples. However, the disappearance of
this vibration mode can be noticed in pure ZnO films. The rest of the detected peaks for the
Mn:ZnO films (887 and 847 cm™) may be attributed to the molecules with Mn [14].
A1(LO)+E2(Low) mode for the high-doped films is related to poly-phonon scattering [15].
Vibration modes at 706 cm™ and 900 cm for pure ZnO samples are given the A; symmetry
of ZnO processes that combine LA+TO phonons [16].
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Figure 1V.3. Raman spectra for the ZnO and Mn-doped ZnO thin films.

IV.1.3. Surface morphology

The SEM analysis was used to characterize the surface morphology of the non-
doped and doped layers. The results are presented in Figure 1V.4 (a-e). The electron
micrographs indicate that all substrates are completely coated with a thin layer, exhibiting
a non-uniform surface morphology. The ZnO film exhibits unevenly distributed spherical
particle agglomerations over the substrate, with an average diameter of 5.36 um. Mn doping
modifies the morphology, resulting in a more uniform structure. The agglomerations are
closely packed, with a grain size significantly smaller than that of the non-doped films.

Observations revealed the presence of pits and holes in ZnO clusters, indicating
the release of gases during heat evaporation due to their impactful nature. The chemical
composition was examined utilizing Energy Dispersive X-ray Spectroscopy (EDX). It
confirms the presence of Zn, Mn, and O atoms. There are pics indicating the Si

corresponding to the glass substrate.
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Figure 1V.4. SEM images of ZnO and Mn-doped ZnO thin films, (a) pure Zn0O, (b) ZnO-
Mn 5%, (c) ZnO-Mn 10%, (d) ZnO-Mn 15%, (e) ZnO-Mn 20% and (f) EDX results for

20% doping.
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IV.1.4. Optical properties

Figure 1.5 shows the optical transmission spectra of our samples recorded in the
wavelength region of 250-800 nm. The thickness of the layers is calculated using the DA
algorithm, around 120 nm. All samples are transparent in the visible range, with the highest
transmission of 83.1% for pure ZnO film. Adding more Mn leads to a decrease in the optical
transmission, down to 69.5% for Mn:ZnO (20 wt.-%Mn), possibly due to the light loss
induced by oxygen vacancies and diffusion at grain boundaries [17]. Another factor
contributing to this phenomenon is the reduction in optical diffusion [6], which is linked to
a decrease in grain size and an increase in grain boundary density. The results align perfectly

with the XRD analysis section, and the grain size decreases as the Mn content increases.
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Figure 1V.5. Optical transmittance spectra of ZnO and Mn-doped ZnQO thin films.

The consistency between the measured and estimated transmittance is apparent for
all samples. Figure 1V.6 presents the case of the sample with 20 wt.-% Mn doping as an
example. It confirms that the Dragonfly algorithm successfully determined the optical
parameters of our films. The measured transmittance and the estimated one are almost

identical, and the estimated root mean square is around 0.00145.
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Figure 1V.6. Measured and estimated transmittance for 20wt.-% Mn-doped ZnO.

The efficiency of the DA method in analyzing the transmittance spectrum of Mn-
doped ZnO thin films has been demonstrated. A comprehensive explanation, accompanied
by illustrations, will be provided for the sample that contains a 20 wt.-% Mn doping
concentration. Furthermore, as stated in Chapter 2, the user can modify a number of control
settings for the DA algorithm. The parameters for this study were chosen based on empirical
evidence utilizing a trial-and-error approach. This suggests that the efficacy of the DA
algorithm has been assessed across several values, and only the most optimal ones are
selected. Table 1V.2 presents a comprehensive summary of the configuration parameters of
the Dragonfly Algorithm. The variation ranges of each parameter are depicted in Table
IV.3.
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Table 1V.2. The setting parameters of DA.

Parameter Value
Population size 80
Number of iterations 200
Dimension S)
Separation weight 0.1
Alignment weight 0.1
Cohesion weight 0.7
Food factor 1
Enemies factor 1

Table 1V.3. Variation ranges of each parameter.

Parameter Variation
range
o [1-3]
B1 [10% - 109]
o2 [10°-107]
B2 [10° - 10°]
D [60 — 400]

For instance, the obtained optimal parameters and reached RMSE for the Mn:ZnO
(20wt.-%) are given in Table 1V.4.

Table 1V.4. The obtained results for Mn:ZnO (20wt.-%).

Parameters a;* B a,” By d* RMSE
Value 2.05 7.17x10"% 3.77x10* 1.64x10** 105 1.45x10

In addition, the results presented in Table 1V.4 clearly show the remarkable
efficiency of the DA algorithm in reliably determining both the optical film thickness and
Cauchy dispersion parameters. The low value of RMSE (1.45x10°%%) shows the excellent
precision achieved by the approach.

The refractive index can be rewritten as follows using the Table 1V.4 parameters:
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7.17 x 10™* (IV.6)
AZ
This equation can be used to extrapolate the complete range of wavelengths and

n(1) = 2.05 +

obtain the value of n. The estimated values of n are shown in Figure I1V.7.
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Figure 1V.7. The dispersion of refractive index n for the whole wavelength range.

The static refractive index can be calculated by setting the Cauchy relation model's
variable to "tends towards infinity" in equation IV.7. The measured values for pure ZnO
and Mn:ZnO samples with (5, 10, 15 and 20 wt.-%) Mn are 1.76, 1.90, 1.92, 2.112 and 2.17,
respectively. With a rise in Mn doping, the refractive index at A= 600 nm is found to be
1.785, 1.925, 1.952, 2.142, and 2.197. An increase in the refractive index with the increase
of Mn amount was recorded.

Not many studies are reported in the literature on the effect of Mn percentage on
the refractive index of ZnO. However, the same results were reported by Shaaban et al. [18].
The result of Mn incorporation explains the increase in polarisation. P. Singh and R. Kumar
[19] reported similar results for Er-doped ZnO films. They found that erbium concentration
increases the material's refractive index because of its polarizability power. Erbium ions

(Er*") with the emptiest outer orbital will bring the material back toward linear
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polarizability. The same can be said for Mn and its influence on Mn:ZnO thin films. For the
calculated extinction coefficient based on the values of the absorption coefficient a. The
values in Table V.5 are practically the same for the layers not doped and doped at 5 and
10 wt.-%. However, the value of k increases when the doping becomes important (15 and
20 wt.-%).

Figure 1V.8 shows plots of (athv)? versus (hv). The thin films' optical band gap was
extracted by extrapolating the linear region of the resulting curve to (chv)?= 0. It is

calculated using the following formula [20, 21]:

ahv = A\ hv—Eg (IvV.7)
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Figure IV.8. The plots of (ahv)? as function of photon energy of non-doped and Mn-doped
ZnO thin films.

The optical band gap of ZnO film is 3.95 eV; it slightly decreases after doping with
Mn to reach 3.79 eV at 20 wt.-% Mn. Doping ZnO with different percentages of Mn lowers
the band gap. This has been theoretically attributed to the exchange interaction between the

electrons of the sp orbital of ZnO and Mn d orbital [22].On the other hand, many researchers
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explain the change in band gap Eg by the strains in semiconductor films. It can be explained

by the following empirical expression [23]:

E,=3.28 -0.045¢, (IV.8)

The strains (g, ) values can be calculated based on c-axis values determined in XRD

section and using this formula [24]:

. = (c —~ Co) (IV.9)

According to equation 1V.8, the film’s band gap will increase for negative strain
and decrease for positive strain. The ez values are +0.0080, +0.0084, +0.0098, 0.0103, and
0.0115 for pure ZnO and Mn:ZnO films (5, 10, 15, and 20 wt.-%), respectively. Since ez
has positive values in our case, the Eg rises (Figure 1V.9). All the results are summarised
in Table IV.5.
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Figure 1V.9. Band gap Eg and strain ¢, variation as a function of Mn doping

concentration.
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Table 1V.5. Band gap (Eg), Transmittance (T), refractive index (n), and extinction coefficient

(k) of the non-doped and doped samples.

EQevy T (%) =500 N i=s00) Nostaticy K @a=600) Ko (static)

Pure ZnO 3.95 83.1 1785 1760 0013  0.039
Mn:ZnO (5wt.-%)  3.91 82.2 1925 1900 0018  0.040
Mn:ZnO (10wt.-%)  3.88 795 1952 1920 0015 0.035
Mn:ZnO (15Wt.-%)  3.82 70.4 2142 2112 0072 0.084
Mn:ZnO (20wt.-%)  3.79 69.5 2197 2170 0064  0.057

97



Chapter 1V Results and discussion

Part |1

Studying the effect of multilayering
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IV.11.1. X-Ray Diffraction (XRD)

Grazing diffraction patterns of ZnO/Ag/ZnO and Mn:ZnO/Ag/ZnO:Mn (5, 10, 15 and
20 wt.-% Mn) are presented in (Figure 1V.10). We notice five peaks corresponding to the
planes (100), (002), (101), (110), and (103) that indicate the hexagonal Wurtzite structure of
ZnO according to the powder diffraction standard card No0.01-079-2205. Three peaks
correspond to the cubic structure of Ag with the planes respectively (111), (200), and (220)
(standard card N0.00-001-1164). The diffraction spectra of all samples exhibit a high peak at
an angle of approximately 30.45°, corresponding to the (100) crystal plane. This peak indicates
the preferred orientation of the fabricated ZnO thin films. Similar to the single layers, no peak
indicates the existence of Mn. Lattice parameters barely changed with the incorporation of Mn
from a=3.3340 A and ¢=5.5454 A to a=3.3354 A and c¢=5.547 A. It is clear that it increases
after multilayering from a=3.214 A and ¢=5.247 A to a=3.340 A and ¢=5.545 A

The Full Width at Half-Maximum (FWHM) of the most intense peak (26=30.45°)
increases after adding a layer of Ag and a second layer from 0.3447° to the highest value
0.9923° for Mn:ZnO/Ag/ZnO: Mn (5 wt.-% Mn) than decreases after adding more Mn to reach
a minimum value of 0.2082°. The XRD patterns show a drop in peak intensities, particularly
the intensity of the (101) peak, at the lowest doping concentrations (5 wt-. % Mn). Yet, the
intensity of the same peak increases at other Mn percentages. This is due to the variance in
crystallite size, which can be measured by employing the Scherrer formula (equation 1V.3) in
part I. For 5 wt-. % Mn:ZnO/Ag/ZnO:Mn, the drop in the size of the crystallite (as shown in
Table I1V.6) is a result of strain generated by the inclusion of manganese ions into zinc ion sites,
leading to a decrease in the intensity of diffraction peaks. This phenomenon has also been seen
in previous research [25,26]. However, it is evident that with the increase of Mn amount, the
opposite phenomenon takes place. The observed Changes in peak intensity demonstrate the
influence of doping concentration on the surface texture of our samples [27] as well as the effect
of the surface morphology of the Ag layer [28]; in other words, the Ag crystallite size (Table
IV.7).

The dislocation density (0) indicates the quality of our multilayers and the presence of
defects in certain areas. The dislocation density can be estimated using Williamson and
Smallman's formula (equation 5) for the (100) plane by obtaining knowledge of the crystallite

size. The microstrain (¢) of the films is determined using the equation 1V .4.
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Figure 1V.10. XRD patterns of ZnO/Ag/ZnO and Mn:ZnO/Ag/ZnO:Mn multilayers.
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Table. 1V.6. Crystallites size D, FWHM, microstrain z, dislocation density 6, and lattice

parameters.
D FWHM ) (m) (m)
T a (nm c (hm
(nm)  (deg) (nm?)
Pure ZnO 2426  0.3447 0.0046 0.0017 0.3214 0.5247
ZnO/Ag/ZnO 9.83 0.8378 0.0082 0.0103 0.3340 0.5454
Mn:ZnO/Ag/ZnO:Mn
8.30 0.9923 0.0109 0.0145 0.3343 0.5459
(5 wt.-%)
Mn:ZnO/Ag/ZnO:Mn
2532 0.3251 0.0112 0.0016 0.3359 0.5485
(10 wt.-%)
Mn:ZnO/Ag/ZnO:Mn
16.54  0.4980 0.0116 0.0037 0.3351 0.5472
(15 wt.-%)
Mn:ZnO/Ag/ZnO:Mn
39.52 0.2082 0.0127 0.0006 0.3354 0.5477
(20 wt.-%)

Table. 1V.7. Crystallites size D and lattice parameters of Ag for all samples

D (nm) a(nm)

ZnO/Ag/ZnO 11.79 0.423
Mn:ZnO/Ag/ZnO:Mn (5 wt.-%)  10.47 0.423
Mn:ZnO/Ag/ZnO:Mn (10 wt.-%) 134.67  0.423
Mn:ZnO/Ag/ZnO:Mn (15 wt.-%)  27.82 0.424
Mn:ZnO/Ag/ZnO:Mn (20 wt.-%)  73.34 0.425
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IV.11.2. Optical properties

Figure 1V.11 presents the transmission spectra of the ZnO:Mn/Ag/ZnO:Mn multilayer
as a function of wavelength in the range of 200 to 1200 nm. The transmission of the multilayers
in the visible range from 600 nm increases with the addition of 5 wt.-% Mn from 54.5% to
76.9%, then decrease with the increase of Mn weight percentage to reach a lower value of 58%
for 20 wt.-% Mn. As with the single layers, all multilayered samples show a high transmission
in UV-Vis. In addition, tiny peaks between 200 and 400 nm indicate the excitonic properties of
the ZnO thin films. The ZnO/Ag/ZnO sample's transmission spectra exhibit an apparent
extinction peak at around 500 nm, which is caused by the Localized Surface Plasmon Resonance
(LSPR) phenomenon induced by the Ag layer [29,30]. We could notice that this peak has shifted
due to the Mn doping, however the peak wildly broadened for the 10 wt-. % Mn sample. This
could be explained by the high grain size of the Ag recorded in the X-ray diffraction part.
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Figure 1V.11. The transmittance spectra of ZnO/Ag/ZnO and Mn:ZnO/Ag/ZnO:Mn

multilayers.
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The DA algorithm was not suitable for multilayers, for this reason we used the PSO
algorithm, which shows great results. We calculated the optical parameters, thickness, refractive
index (n), extinction coefficient (k), and RMSE from the transmission spectrum; the results are
presented in Table 1V.8.

It should be noted that the method used to extract optical constants is designed for a
monolayer on a glass substrate. In this work, the approximation is made that the ZnO/Ag/ZnO
and Mn:ZnO/Ag/ZnO:Mn (5, 10, 15, and 20 wt.-% Mn) multilayers behave optically as a single
layer. Thus, the successfully obtained parameters will be considered to be effective constants.

Figure 1V.12 confirms the efficiency of the PSO algorithm used.
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Figure 1V.12. Measured and estimated transmittance for 20wt.-% Mn:ZnO/Ag/ZnO:Mn.
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Table 1V.8. Band gap (Eg), Transmittance (T), Estimated and Measured Thicknesses,
refractive index (N), extinction coefficient (k) and RMSE of the multilayers.

Eg T (%) Thickness (m) N No k RMSE
eV) (2=600) est mes (2=600) (static) (A=600)
ZnO/Ag/Zn0O 3.80 545 425 425 1.88 1.89 0.0429 0.056
Mn:ZnO/Ag/ Mn:ZnO
392 769 390 391 1.89 1.89 0.0127 0.06
(5wt.-%)
Mn:ZnO /Ag/ Mn:ZnO
384 633 363 365 191 191 0.0383 0.52
(10wt.-%)
Mn:ZnO/Ag/ Mn:ZnO
3.83 588 452 450 1.76 176 0.0416 0.061
(15wt.-%)
Mn:ZnO /Ag/ Mn:ZnO
3.82 58 488 489 2.1 2.09 0.0340 0.069
(20wt.-%)

By assuming that the transition between the valence and the conduction bands in ZnO
is direct, we could calculate the energy gap (Eg) from the following equation for direct allowed
transition [31]:

ahv = A (hv — Eg)Y/? (1V.10)
Where a is the absorption coefficient, A is a constant, hv is the photon energy, and Eg is the
optical band. The variation of the absorption coefficient as a function of energy (hv) is shown in
Figure 1V.13.

Figure 1V.14 shows plots of (ahv)? versus (hv). The optical band gap of samples was
calculated from these plots by extrapolating the linear region of the resulting curve to (ahv)?= 0.
The values of Eq for ZnO/Ag/ZnO and Mn:ZnO/Ag/Mn:Zn0O (5, 10, 15 and 20 wt.-% Mn) are
respectively 3.8 eV, 3.92 eV, 3.84 eV, 3.83 eV and 3.82 eV. The incorporation of Mn decreases
the wavelength and, therefore, increases the optical gap. However, due to the multilayering and
the enhancement of the electrical properties with the Mn addition, it decreases slightly to reach
3.83eV.
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Figure 1V.13. The variation of the absorption coefficient as a function of energy (hv).
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IV.11.3. Electrical properties

The sheet resistance and resistivity of the multilayer films were obtained by the four-

point technique, as shown in Table 1V.9. They both decreased after the incorporation of Mn
from 271.8 Q to 99.63 Q and from 11.55. 10° Q.m to 4.86. 10° Q.m, respectively, due to the

increase in mobility and carrier concentration of charges according to Schottky theory [16-18].

As a result, the conductivity increases. These results are great compared to ZnO single-layer

sheet resistance (180 kQ) reported by Hong et al. [19], which confirms that the Ag layer plays

an essential role in increasing charge carriers to produce conductivity.

Table 1V.9. Sheet resistance, Resistivity, Conductivity, and Figure of merit of the non-doped

and doped multilayers.

Thickness Sheet resistance

Resistivity Conductivity

nm Rs (Q) p.10° (Qm) o (Q1m-1)
ZnO/Ag/ZnO 425 271.8 11.55 8656,88
Mn:ZnO/Ag/ Mn:ZnO
390 163.08 6.36 15722,97
(5wt.-%)
Mn:ZnO/Ag/ Mn:ZnO
363 154.01 5.59 17887,29
(10wt.-%)
Mn:ZnO/Ag/ Mn:ZnO
452 107.26 4.85 20626,42
(15wt.-%)
Mn:ZnO/Ag/ Mn:ZnO
488 99.63 4.86 20567,90

(20wt.-%)

The conductivity of the multilayers is mainly due to the silver interlayer sandwiched

between the two dielectric zinc oxide layers [17, 20]. In 1976, G. Haacke [21] proposed a factor

called the figure of merit (®), which is a correlation between the optical properties and the

electrical properties; this factor is defined as the ratio between the transmission in the visible

(400 — 800 nm ) and the sheet resistance:

T600 nm

(IV.11)
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This factor gives us an idea about the quality and effectiveness of our multilayers as a
TCO designed for optoelectrical applications. The figure of merit is very low for the non-doped
multilayers compared to the doped ones. This is mainly attributed to the decrease in sheet
resistance resulted from the increase in Mn percentage. The high reached value is for
Mn:ZnO/Ag/ Mn:ZnO 20wt.-% Mn, making this layer the best candidate as a TCO according
to Heeck's law.

It is important to mention that Heeck's law has the disadvantage of not considering the
film’s thickness. For this reason, we used the following equation suggested by Gordon [38] to

investigate the efficiency of our samples:

Qo= 2= ~[(R;In(T + R)]™* =T.o.¢ (IV.12)

Where 6 is conductivity; a is absorption coefficient (average value in the visible range); Ry IS
sheet resistance; T and R are the total transmittance and reflectance (in the visible range); t is

the thickness. Table 1VV.10 summarizes the results and presents results from other researchers.

Table 1V.10. Thickness, Transmittance and figure of merit

Transmittance

Thickness To Qn Qo
nm 103 Q1) (@Y
(wavelength)

Al doped ZnO [39] - 94 0.53 -

Al doped ZnO [40] 178 65 0.0413 -

Mn doped ZnO [40] 192 58 7.62 .10 -

Pure ZnO [40] 210 75 3.23.10° -
ZnO/Ag/ZnO 425 445 2.01 0.82
Mn:ZnO/Ag/ Mn:ZnO (5wt.-%) 390 76.9 4.72 2.96
Mn:ZnO/Ag/ Mn:ZnO (10wt.-%) 363 63.3 411 1.56
Mn:ZnO/Ag/ Mn:ZnO (15wt.-%) 452 58.8 5.48 2.03
Mn:ZnO/Ag/ Mn:ZnO (20wt.-%) 488 58 5.82 2.05
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Comparing the values of the figure of merit for our samples calculated by Heeck’s law
and those obtained by Gordon’s law, we observe a similar variation caused by Mn doping.
According to both laws. The highest value of figure of merit is 5.82 .10° Q% for
Mn:ZnO/Ag/ZnO:Mn 20wt.-% Mn making it the most suitable option as a TCO film, this value
is higher than the results obtained for other films (Table 1V.10).

IV.11.4. Contact angle

The wettability properties of TCOs play a crucial role in understanding the self-
cleaning mechanism of dust and dirt particles accumulated on the surface, which will directly
affect the surface's performance in the case of photocatalytically active thin films. To ascertain
the water contact angles of the acquired thin films, three measurements were conducted for each
examined sample, and the mean value was calculated (Figure 1V.15) for different times (0Os,
3s, and 5s). The measurements were conducted at room temperature. Figure 1V.16 displays
photographs of the water droplets on the surface of the thin films. The contact angle of the
ordinary glass substrate is around 46°, and it increases to 84.5°after deposition with multilayer
of ZnO/Ag/ZnO. Thus, after doping with Mn, it decreases to reach the lowest value of 32° for
10 wt-s% Mn. However, we can see in Figure 3 that the contact angle increases again after

adding more Mn.
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Figure 1V.15. The variation of contact angle of a glass substrate, non-doped and doped

multilayers.
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The incorporation of transition metals, such as Mn, in the ZnO structure can lower the
surface energy of the grains. This is accomplished by the introduction of more transition metal
dopant carriers [41,42]. Doping ZnO thin films with slight concentrations of Mn (5 and 10 wt-
. %) enhance their hydrophilic characteristics. Alternatively, when highly Mn amounts (15 and
20 wt-. %) are used, the contact angle decreases, and the surface becomes hydrophobic,

reaching 90° for the greatest Mn percentage.

From the results presented in part | of the SEM images, it is clear that 15 wt-. % and
20 wt-. % of Mn samples present holes in the surface, which indeed capture air and inhibit water
from spreading on the surface. According to the Cassie-Baxter model [43,44], in this particular
case, the liquid droplet sits on the maximum of the crest, so the hydrophobicity increases.
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Conclusion

Our work is devided into two main parts, first we studied the effect of Mn on single
layer of ZnO thin film and the second part we investigated the structure and properties of
ZnO/Ag/ZnO and Mn:ZnO/Ag/ZnO: Mn multilayers.

In the first part, after doping ZnO thin films with Mn, we observed the appearance of
the hexagonal Wurtzite phase, accompanied by an increase in the c-axis and a reduction in
crystallite size, according to XRD studies Raman spectroscopy has revealed the absence of the
combined vibrational modes LA+TO following the introduction of Mn as a dopant and the
emergence of the A1(LO)+E2(Low) mode in the heavily doped samples (15 and 20%). The
average optical transmittance of the annealed doped layers dropped as the concentration of Mn
doping increased, ranging from 83.1% to 69.5%. By analysing the transmittance spectra using
the Dragonfly Algorithm, accurately determine and calculate the optical constants n, a, k, and
the thickness d. In addition, the energy band gap Eg was calculated for all samples, and it

reduces from 3.95 eV to 3.79 eV as Mn doping concentration increases from 0 to 20 wt.-%.

In the second part, similar to the results of the previous part, we notice the appearance
of the hexagonal Waurtzite structure, as All the samples are transparent in the visible range. The
values of Eg for ZnO/Ag/ZnO and Mn:ZnO/Ag/Mn:ZnO (5, 10, 15 and 20 wt.-% Mn) are
respectively 3.8 eV, 3.92 eV, 3.84 eV, 3.83 eV and 3.82 eV. The high reched value is for
Mn:ZnO/Ag/ Mn:ZnO 20wt.-% Mn, making this layer the best candidate as a TCO.
Incorporating small amounts of Mn into ZnO thin films improves their hydrophobic properties.
On the other hand, the contact angle drops, and the surface becomes hydrophilic when higher

levels of Mn are used.
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General Conclusion

This thesis work allowed us to gain a good understanding of the behavior of the
materials used; Mn-doped ZnO and Mn:ZnO/Ag/ZnO: Mn (0, 5, 10, 15, and 20 wt.-% Mn)
transparent conductive oxides. We were also able to investigate the evolution of the structural,
morphology, wettability, optical and electrical properties of the thin films. All the films were
deposited by thermal evaporation on an ordinary glass substrate and then annealed at 500°C for
2h. The use of this deposition technique leads to multilayers with good homogeneity; moreover,
it has the advantage of being a simple and easy-to-implement technique, as well as being low-

cost compared to other techniques.

The X-ray diffraction analysis of the prepared samples shows that Zn oxidation occurs
after annealing. ZnO crystallizes in a hexagonal Wurtzite structure, and Ag in a cubic crystalline
structure without any peak, indicating the existence of Mn, which means Mn replaced Zn atoms

in the structure.

Unlike XRD results, we noticed an appearance of LVM modes in Raman that belongs

to the Mn atoms, which confirms the existence of Mn in our doped films.

The SEM analysis was used to characterize the surface morphology of our thin films.
The electron micrographs indicate that all substrates are completely coated. Mn doping
modifies the morphology, resulting in a more uniform structure. The films exhibit unevenly
distributed spherical particle agglomerations over the substrate, with an average diameter of
5.36 pm.

The dragonfly algorithm (DA) and particle swarm optimization (PSO) were
successfully used to determine the optical parameters of the single layers and multilayers,
respectively. The optical band gap of ZnO film is 3.95 eV; it slightly decreases after doping

with Mn and multilayering, this could be explained by the strains in semiconductor films.

The electrical characterization using the four-point technique indicates that
doping with manganese has an opposite effect on the shit resistance. This means that doping

increases conductivity.

To better understand the efficiency of our TCOs for photovoltaic application we

measured the figure of merit. The results are great compared to the values found in previous
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works. The Mn:ZnO/Ag/ Mn:ZnO 20wt.-% Mn sample has the highest value of figure of merit,

making this layer the best candidate as a TCO.

Wettability is an important factor in determining the application of the TCO. Adding

small amounts of Mn to ZnO thin films enhance their hydrophobic properties, while adding it

in higher quantities decreases the contact angle making the surface hydrophilic.

In conclusion, the deposition process we used has produced significant results and

requires additional investigation. All the layers have major potential for application as

transparent conductive oxides (TCOs) due to their impressive transparency and perfect

conductivity. In order to complete this study and with a view to improving the performance of

the Mn:ZnO/Ag/ZnO:Mn thin films, we plan to carry out the following:

Incorporating novel doping strategies or adding more layers could enhance the material
properties for specific applications. For example, enhancing the magnetic or catalytic
properties of the samples opens up new application areas, such as spintronics or
advanced sensors.

Conduct more electrical characterizations, particularly Hall effect measurements, which
allow us to determine resistivity and especially to ascertain the density and mobility of
carriers in the films, enabling us to connect structural and electrical properties.
Integrating ZnO/Ag/ZnO multilayers into flexible and transparent electronic devices,
the mechanical flexibility of the films will ensure their performance under bending or
stretching conditions, which is crucial for the development of next-generation wearable
electronics and flexible displays.

Exploring different metal interlayers other than silver could offer valuable insights into
obtaining even lower electrical resistance or improved stability, especially under

challenging conditions or at decreased expenses.

Addressing these areas will not only refine the existing technologies but also pave the

way for innovative applications and more cost-effective production methods.
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Abstract

In this work, our objective is to produce transparent electrodes destined for
applications in photovoltaic systems. These electrodes are based on Mn:ZnO/Ag/ZnO:Mn
transparent conductive oxide (TCO) multilayers deposited on a glass substrate by the thermal
evaporation technique, with the Mn percentage varying from 5 wt.-% to 20 wt.-%. We
investigated the effect of Mn doping on the structure and properties of single-layer and
multilayer thin films. All the samples are transparent in the visible range and exhibit a
hexagonal Wurtzite structure according to the x-ray diffraction (XRD) results. Mn was
incorporated without changing the structure. For ZnO and Mn-doped ZnO films, Raman
spectroscopy revealed the presence of A 1 (LO) and LVM vibration modes. However, we
noticed the absence of LVM mode for the non-doped sample and the appearance of LA + TO
combined phonons. The extracted optical parameters using a new approach based on the
Dragonfly Algorithm show that the optical bandgap of the films decreases from 3.95 to 3.79
eV. For ZnO/Ag/Zn0O and Mn:ZnO/Ag/ZnO:Mn (with 5, 10, 15, and 20 wt.-% Mn), the energy
band gap values are 3.8 eV, 3.92 eV, 3.84 eV, 3.83 eV, and 3.82 eV, respectively. The addition
of low percentages of Mn enhances the hydrophobic characteristics of the multilayers. In
reverse, the contact angle decreases for higher percentages, and the surface becomes more
hydrophilic. To better understand the efficiency of our films in optoelectronic applications, we
calculated the figure of merit; the layer with the highest achieved value is Mn:ZnO/Ag/Mn:ZnO
(20wt.-% Mn). This layer is considered the most suitable choice as a Transparent Conductive
Oxide (TCO).

Keywords: TCO, Mn:ZnO/Ag/ZnO:Mn, thin films, thermal evaporation, XRD,

Raman, Dragonfly algorithm, contact angle, figure of merit, optoelectronic.
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Résumé

Dans ce travail, notre objectif est de produire des électrodes transparentes destinées a
des applications dans les systémes photovoltaiques. Ces électrodes sont basées sur des couches
minces de Mn:ZnO/Ag/ZnO:Mn en oxyde conducteur transparent (TCO) déposées sur un
substrat en verre par la technique d'évaporation thermique, avec un pourcentage de Mn variant
de 5 % en poids a 20 % en poids. Nous avons étudié I'effet du dopage au Mn sur la structure et
les propriétés des films minces monocouches et multicouches. Tous les échantillons sont
transparents dans la région visible et présentent une structure hexagonale de Wurtzite selon les
résultats de diffraction des rayons X (XRD) Le Mn a été incorporé sans modifier la structure.
Pour les films de ZnO et de ZnO dopé au Mn, la spectroscopie Raman a révélé la présence des
modes de vibration A1 (LO) et LVM. Cependant, nous avons remarqué I'absence du mode
LVM pour I'échantillon non dopé et I'apparition de phonons combinés LA + TO. Les parameétres
optiques extraits a l'aide d'une nouvelle approche basée sur I'algorithme de la libellule montrent
que le gap optique des films diminue de 3,95 a 3,79 eV. Pour ZnO/Ag/ZnO et
Mn:ZnO/Ag/ZnO:Mn (avec 5, 10, 15 et 20 % en poids de Mn), les valeurs de la bande interdite
d'énergie sont respectivement de 3,8 eV, 3,92eV, 3,84 eV, 3,83 eV et 3,82 eV. L'ajout de faibles
pourcentages de Mn améliore les caractéristiques hydrophobes des multicouches. A l'inverse,
I'angle de contact diminue pour des pourcentages plus élevés, et la surface devient plus
hydrophile. Pour mieux comprendre I'efficacité de nos films dans les applications
optoélectroniques, nous avons calculé le facteur de mérite ; la couche avec la valeur la plus
élevée atteinte est Mn:ZnO/Ag/Mn:ZnO (20 % en poids de Mn). Cette couche est considérée

comme le choix le plus approprié en tant qu'oxyde conducteur transparent (TCO).

Mots-clés : TCO, Mn:ZnO/Ag/ZnO:Mn, films minces, évaporation thermique, DRX,

Raman, algorithme Dragonfly, angle de contact, figure de mérite, optoélectronique.
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Optical parameters extraction of zinc oxide thin films doped with manganese using
an innovative technique based on the dragonfly algorithm and their correlation to
the structural properties
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Pure zinc oxide (ZnO) thin films, along with manganese (Mn) doped counterparts, were
produced using rapid thermal evaporation technique on ordinary glass substrates. Post-
annealing treatments resulted in the formation of hexagonal wurtzite structures in the
deposited layers. The Raman results unveiled the presence of A1(LO) and LVM vibration
modes in each sample that were doped. Interestingly, the undoped sample lacked the LVM
mode while showcasing the emergence of LA + TO combined phonons. Employing a
novel approach reliant on the Dragonfly Algorithm, optical parameters were extracted,
revealing a drop in the bandgap energy of the films from 3.95 eV to 3.79 eV.

(Received March 17, 2024; Accepted June 4, 2024)

Keywords: Dragonfly algorithm, Mn-doped ZnO, Optical parameters,
Rapid thermal evaporation, Thin films

1. Introduction

Thanks to its properties such as wide bandgap (~3.37 eV), abundance on earth, non-
toxicity, stability, and low cost, zinc oxide (ZnO) has become a promising candidate as a
replacement to reduce the use of indium tin oxide (ITO) [1, 2] as well as titanium dioxide (TiO,)
[3] and stannic oxide (SnO,) [4] in thin-film photovoltaic panels. Zinc oxide (ZnO) thin films
possess transparency within the visible spectrum, rendering them suitable for applications like
optical windows and solar cell electrodes [5-7]. Nevertheless, their conductivity tends to be weak
due to their transparent nature. To address this limitation, doping with small percentages of
transition metals like silver (Ag), aluminum (Al), iron (Fe), nickel (Ni), and manganese (Mn),
among others, is commonly employed. This doping technique enhances electrical conductivity
while preserving the transparency of the films.

" Corresponding author: kh.settara@univ-skikda.dz
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Manganese (Mn) has been widely used as a metal for ZnO doping. Mn-doped ZnO
(Mn:ZnO) films exhibit a significant homogeneity as a result of the strong ability of both materials
to dissolve in each other [8]. The Mn*" radii (0.80 A) and Zn*" (0.74 A) are close, allowing Mn
atoms to substitute Zn atoms easily. This behavior will alter the lattice parameters of ZnO without
modifying the structure nature and subsequently cause changes in terms of physical properties, in
particular the optical ones [9]. ZnO films can be synthesized on different substrates with several
methods, such as pulsed laser deposition [10], sol-gel [11], spray pyrolysis [12, 13], chemical
vapor deposition [14], magnetron sputtering [15-16], spin coating [17] and vacuum thermal
evaporation [18].

This study examines the structural and optical features of Mn-doped ZnO thin films
prepared via rapid thermal evaporation (RTE), focusing on the effect of Mn concentration.
Structural properties were investigated using X-ray diffraction (XRD), Raman analysis, energy
dispersive spectroscopy (EDS) analysis, and scanning electron microscopy (SEM). Optical
characteristics were assessed through the optical transmission spectra obtained using an
ultraviolet/visible/near-infrared (UV-Vis-NIR) spectrophotometer. Additionally, optical constants
such as thickness, refractive index, extinction coefficient, and absorption coefficient were
extracted from the transmission spectra using a novel approach based on the Dragonfly Algorithm
(DA) [19], marking the first application of this technique in this context. The relationship between
these optical constants and the Mn content will subsequently be studied.

In our previous works [8, 20], we succeeded in developing two methods of optical
parameter extraction based on particle swarm optimization (PSO) and artificial bee colony (ABC)
algorithm, respectively. Here, for the purpose of optimizing and enhancing research, we adopted a
new technique that offers high efficiency in calculating the optical parameters of the deposited
films, giving better results and understanding of the effect of doping. The novel method utilized in
this study draws inspiration from the natural behaviors of dragonflies, known as the dragonfly
algorithm. By emulating both the static and dynamic characteristics exhibited by dragonflies in
their environment, this approach is employed to ascertain the optical parameters under
investigation.

2. Experimental details

2.1. Preparing samples

Utilizing the rapid thermal evaporation (RTE) technique, both undoped and Mn-doped
ZnO thin films were effectively fabricated on standard glass substrates, incorporating various
weight percentages of the dopant (0, 5, 10, 15, and 20 wt.-%). High-purity ZnO and Mn powders
sourced from Sigma-Aldrich (with a purity of 99.99%) were employed in the process. The
substrate preparation involved a meticulous cleaning procedure, beginning with washing the glass
substrates using distilled water and detergent. Subsequently, the substrates underwent a sequential
immersion in an ultrasonic acetone bath for 5 minutes, followed by ethanol for an additional 5
minutes. The deposition technique was executed at a low pressure of 10° mbar by heating a
crucible to a temperature of 1600 °C, at which the ZnO powder sublimates. The deposition was
done quickly, lasting only 15 seconds. After being deposited, the films were subjected to air
thermal annealing at a temperature of 500 °C for a period of 2 hours.

2.2. Characterization

The XRD technique was used to analyze the structure and morphology of the layers. This
analysis was conducted by a Philips X'Pert-MPD diffractometer equipped with a Cu-Ka cathode
source that emitted radiation with a wavelength of 1.54 A. Raman spectroscopy recorded by Lab
Ram H-Resolution and SEM coupled with EDX spectroscopy using a Hitachi S4800 cold field-
emission. The optical characteristics were examined using a Shimadzu UV-1280
spectrophotometer.
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2.3. Dragonfly algorithm

In 2016, an efficient optimization method known as the Dragonfly Algorithm was
developed by S. Mirjalili [19]. It is chiefly originated from hunting and migrating behaviors of real
dragonflies. Dragonfly hunting activity is referred to as static swarm, whereas migration behavior
is referred to as dynamic swarm. In nature, dragonflies exhibit distinct behaviors depending on
their context. In static swarms, they gather in small groups, navigating their surroundings in search
of sustenance. Conversely, dynamic swarms involve a larger congregation of dragonflies
migrating together in a unified direction. Analogously, in optimization algorithms, the exploration
and exploitation stages closely resemble the behaviors observed in static and dynamic swarms,
respectively. Every dragonfly represents a potential solution inside the search space. In this
algorithm, six weights are employed to steer the dragonflies to their destinations: separation
weight (s), alignment weight (a), cohesion weight (c), food factor (f), enemy factor (e), and inertia
weight (w). It is recommended to employ high alignment and low cohesion weights to achieve
optimal exploration of the search space. Conversely, high cohesion, and low alignment weights are
favored for effective exploitation. Therefore, it becomes crucial to adaptively adjust these weights
to strike a balance between exploration and exploitation [21, 22].

Five types of performances are assigned to the artificial dragonflies, and they are listed as
follows [19, 21, 22]:

1- Separation: It is defined as the way used by dragonflies to keep themselves apart
from other agents. Equation (1) is used to represent this behavior.

Si=-YV (X -X)) 1)

where X: is the present individual position, X;: the jth nearby dragonfly's position, N: is the
neighborhood's size.

2- Alignment: It is about figuring out how an agent (dragonfly) may determine its velocity
(speed) in relation to the velocity vectors of nearby dragonflies. Equation (2) is used to represent
the alignment process.

N
_ Zj=1Vj

A; ~

(2)
whereV;: is the speed vector of the jth neighbor.

3- Cohesion refers to the dragonflies’ tendency toward the herd center. Equation (3)
defines the cohesion stage.

N
_ L=

C; ~

X 3)
4- Attraction refers to agents’ desire to migrate towards food sources. Equation (4) is used
to describe the ith agent’s tendency attraction to the food source.

Fi=Xt-X “)

whereX*: denotes the location of the food source.
5- Distraction: it is stated as a dragonfly's instinct to avoid predators. Equation (5)
provides ith dragonfly distraction from predator.

E; =X +X 5)

withX ~: refers to the location of the predator.

Within the Dragonfly Algorithm (DA), the strategy involves utilizing the best-performing
agent to update position vectors and assess the fitness of food sources. Conversely, the least
effective dragonfly is tasked with updating information regarding potential threats or enemies.
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This approach ensures that the algorithm converges towards the most fruitful regions of the search
space while actively steering clear of less favorable areas [19].

To update the positions of dragonflies, two vectors are employed: the step vector (AX) and
the position vector (X). The step vector, outlined in Equation (6), dictates the direction of
movement for the dragonflies [19].

AXt+1= (SSi+aAi+CCi+fFi+€Ei)+WXt (6)

where, a, c, f, and e are the weighting vectors described above.
After computing the step vector, the position vector is determined using Equation (7) [19].

Xep1 = Xp + Ay, @)
with ¢ the number of iterations.

The Dragonfly Algorithm (DA) has demonstrated effectiveness across various
optimization problems, encompassing continuous, discrete, single-objective, and multi-objective
scenarios [19]. Furthermore, it has found application among numerous researchers in addressing
real-world challenges spanning diverse fields, including physics, chemistry, medicine,
engineering, signal processing, and robotics [23-26].

2.4. Optical properties determination
For a normal irradiance, Equation (8) gives the optical transmittance (T) of the thin layer
that has been placed onto a transparent surface [27].

Aix

T = n? (®)

where:
Ay = 16 ng(n? + k?) 9)
Ay = [(n+ D?+ E*][(n + D(n + ng?) + k?] (10)

A; =[(m? =1+ kH(n? —n? + k?) — 2k?(ng?2 + 1]2cos @ — k[2(n? —n2 + k?) + (n2 + 1) (k? —
1+k»)]2sing (11)

Ay =[(n— 12+ Kk?][(n— D(n —ng2) + k?] (12)
o =" (13)

x =exp(—ad) (14)

a="= (15)

where ng and n are the substrate and the film refractive index, respectively. d : is the thin film
thickness, k: extinction coefficient, a: absorption coefficients, A: Wavelength, ¢: phase, and x:
absorbance.

Furthermore, dispersion refers to the fluctuation in the refractive index of a transparent
material with respect to the wavelength of light. In this scenario, the refractive index of the film
rises as the wavelength decreases. Several mathematical equations have been suggested for
expressing dispersion formulas. Among these, the Cauchy dispersion model is widely utilized,
expressed as [27]:

n(d) = a, + 25 (16)

whereaq, a,,b;and byare Cauchy dispersion model’s fitting parameters.
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To ascertain the thickness (d) and the optical constants (n, k, o) of the thin layer, solving
complex and nonlinear equations becomes imperative. In this method, the pivotal step involves
treating the task of determining the optical constants and thin film thickness as an optimization
(minimization) challenge. The objective is to minimize the Root Mean Square Error (RMSE)
within the measured and estimated transmittance spectra, with the cost function represented as
follows:

RMSE = Min (G) (17)

where:

G= \/Z?il[Tmeas (L) - Test (i' f)]Z/l.p (18)

Tneasand Togp are, respectively, experimental and estimated transmittance spectra. & is a
vector containing the list of parameters that must be identified (¢ = [a4, by, d]).

The transmittance vector's size is given by ¥. This stage aims to determine the best
elements of in such a manner that the RMSE be as lower as feasible. The effective heuristic
approach of the dragonfly algorithm [19] is used to achieve this goal.

It's important to highlight that this method delivers favorable results by splitting the
transmittance spectrum into two segments. The thin film thickness is determined using the
transmittance data within weak and moderate absorption ranges. Furthermore, the refractive index
variation, denoted as n(}), is estimated across the entire wavelength spectrum using the obtained
values of a; and b; within this interval, applied to Equation (16) for the complete wavelength
spectrum. Conversely, the second segment of the spectrum addresses the high absorption region.
Here, the absorption coefficient variation (a(A)) is determined utilizing the Swanepoel
approximation [28] after substituting the previously calculated values of n and d, as follows:

Ty = TuTn (19)

__ 128n*ng

2
G=—pF+ n?(n* — 1)%(ng® — 1)% + (n® — 1)*(n® — n?)? (20)

x = fo-ler-e-veon ) @1)

(n-1)3(n-ns?)

_ —log(x)
o =22 (22)
Upper and lower tangent envelopes are represented by Ty, and T, in Equation (19).
Following that, an extrapolation step will be established to compute the absorption coefficient
variation a(4) throughout the whole wavelength range. Finally, using Equation (15), the extinction
coefficient variation k(A) is calculated.

3. Results and discussion

3.1. XRD analysis

X-ray diffraction patterns of ZnO and Mn-doped ZnO are shown in Figure 1. One can see
from the XRD data that our samples have a single phase. For the non-annealed one, five peaks that
belong to Zn metal (ICCD No.001-1238) were noticed; the corresponding planes of those peaks
are (002), (100), (101), (102), and (110), respectively. No other peaks indicate the existence of
Zn0O, which means the oxidation of Zn occurs after the heat treatment. The main reason for the
ZnO oxide phase's disappearance is the subdivision of ZnO molecules during the evaporation
process, giving Zn atoms and oxygen gas. This last will be pumped majoritively by the pumping
group, which prevents the ZnO phase creation [29]. Concerning the annealed samples, analysis
based on the powder diffraction standard card (ICCD No.001-1136) reveals distinct peaks. Those
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with higher intensities, such as those corresponding to the planes (100), (002), and (101), as well
as peaks with lower intensities like (102), (110), (103), and (112), collectively signify the presence
of the hexagonal wurtzite structure characteristic of ZnO. This observation suggests that the ZnO
mesh was disturbed when the Mn concentration was raised. It's likely that throughout the
annealing process, Mn atoms operate as barriers (traps or dispersion centers) that prevent ZnO
from developing, causing the film's crystallinity to deteriorate and the peak's intensity to drop.
Many research works [30, 31] have reported on this fact. In addition, the examination of the XRD
patterns reveals that the peaks of Mn-doped films are somewhat displaced to a lower angle than
those of the undoped ZnO films. The structure's micro-strain from vacancies, stacking faults, and
interstitials may have caused this shift [32]. Nevertheless, the absence of peaks characteristic of
manganese (Mn) indicates that Mn has likely replaced zinc (Zn) sites within the wurtzite structure
without altering its fundamental characteristics.
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Fig. 1. X- ray diffraction patterns of pure and doped zinc oxide films.

Identifying any modifications in these structural characteristics is advantageous to gain
insights into the alterations in the physical properties of our layers. The lattice parameters were
established using [33]:

- (23)

a=—-=
sinBppiV3

2 (24)

Sinehkl
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In this equation, A represents the wavelength of the X-ray, Oy denotes the diffraction
angle, and hkl refers to the Miller indices.

The formulas used to calculate the crystallite size D, microstrain 1, and dislocation density
o are as follows [34]:

0.914

- FWHMcosOpy, (25)
_ FWHM
T= 4tanBpy (26)
1
§=—; 27)

The lattice parameters of our samples barely changed after adding different amounts of
Mn; this phenomenon can be explained by the similarity in the radii of manganese (Mn) ions (0.66
A) and zinc (Zn) ions (0.60 A), facilitating the straightforward substitution of Zn atoms with Mn
atoms. The ‘c’ axes values variation began with an unnoticed increase at 5 wt.-% Mn doping, then
it increases with Mn concentration rise (Figure 2a). All ‘¢’ values exceed the value of theoretical
pure zinc oxide (c)= 0.5205 nm). This implies that ZnO sheets experience compressive forces
along the c-axis [35]. In Figure 2b, the full width at half-maximum (FWHM) of the thin films
increases as the quantity of Mn incorporated rises. This augmentation in FWHM is ascribed to the
reduction in crystallite size induced by doping. The lowest FWHM value is observed for pure ZnO
films, suggesting the highest level of crystallinity. The widening of the diffraction peaks is a
results of the increase of strain, lattice defects, and dislocation density, which leads to a reduction
in crystallite size. This highlights the influence of the incorporation of Mn atoms [36].

Table 1. Crystallites size D, FWHM, micro strain t, dislocation density 0 and lattice parameters.

D (nm) FWHM (rad) |t 3 (nm™) a (nm) ¢ (nm)
Pure ZnO 24.26 0.3447 0.0046 0.0017 0.3214 0.5247
Mn:ZnO(5 wt.-%) 15.61 0.5359 0.0071 0.0041 0.3213 0.5249
Mn:ZnO(10 wt.-%) 10.64 0.7855 0.0104 0.0088 0.3220 0.5256
Mn:ZnO(15 wt.-%) 10.08 0.8290 0.0110 0.0098 0.3224 0.5259
Mn:ZnO(20 wt.-%) 8.93 0.9361 0.0125 0.0125 0.3228 0.5265
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Fig. 2. Variation of a) lattice parameters ‘a’ and ‘c’ b) FWHM, crystallites size D of ZnO
mesh as a function of Mn content.
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3.2. Raman analysis

The Raman scattering technique was employed to analyze the vibrational characteristics of
the hexagonal wurtzite structure present in both pure and doped zinc oxide layers. The findings are
illustrated in Figure 3. It is evident that all samples exhibit the A;(LO) vibration mode, with
frequencies around £ 572 cm’ for Mn:ZnO films and 569 cm’ for pure zinc oxide. The A,
longitudinal optical phonon in the wurtzite structure of zinc oxide is polarized parallel to the c-
axis; this vibration mode gives the oxidation state of the films. Within doped films, the
introduction of manganese atoms occurs within the zinc oxide host lattice. Conversely, in pure
zinc oxide films, the process of incomplete oxidation leads to the integration of zinc atoms into the
zinc oxide lattice, thereby inducing self-doping [37].

The incorporation of a dopant into the mesh may result in the appearance of local vibration
modes (LVM) in the Raman spectra. The disruption of the crystal's translational symmetry by
impurity-induced defects is one proposed physical basis for understanding LVM. Due to the wave
vector's loss of conservation, phonon scattering with wave vectors far from the Brillouin zone
occurs [38]. Because of the surplus of Mn atoms within the ZnO matrix, LVM modes can be found
clearly for Mn:ZnO (15 wt.-% and 20 wt.-% Mn) samples. However, for the pure ZnO films, the
disappearance of this vibration mode can be noticed. The rest of the detected peaks for the
Mn:ZnO films (887 and 847 cm') may be attributed to the molecules with Mn [39].
A1(LO)+E;(Low) mode for the high doped films is related to poly-phonon scattering [40].
Vibration modes at 706 cm™ and 900 cm™ for pure ZnO samples are given A, symmetry of ZnO
processes that combine LA+TO phonons [41].
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Fig. 3. Raman shift for pure and doped zinc oxide films.
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3.3. Surface morphology

SEM was utilized to analyze the surface morphology of the non-doped and doped layers.
The outcomes are depicted in Figure 4 (a-e). It is clear from the electron micrographs that all
substrates are well covered with the thin layer, showing a non-uniform surface morphology. Pure
ZnO film shows spherical particles agglomerations spread unevenly onto the substrate with an
average size of 5.36 um. It is apparent that Mn doping modified the morphology to become more
homogenous; the agglomerations are closely packed, with grain size noticeably smaller than the
non-doped films. Due to the impact nature of ZnO clusters, pits and holes that signify the escape
of gases during thermal evaporation were observed. The chemical composition was analyzed using
EDX. It confirms the existence of Zn, Mn, and O atoms. There are pics indicating the Si
corresponding to the glass substrate.
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Fig. 4. SEM images of layers: (a) pure ZnO, (b) ZnO-Mn 5%, (c) ZnO-Mn 10%, (d) ZnO-Mn 15%,
(e) ZnO-Mn 20% and (f) EDX results for 20% doping.
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3.4. Optical properties

The optical transmission spectra of our samples were recorded in the wavelength region of
250-800 nm in Figure 5. The thickness of the layers is calculated using the DA algorithm, which is
about 120 nm. Each sample demonstrates transparency within the visible spectrum, with the pure
ZnO film exhibiting the highest transmission at §3.1%.
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Fig. 5. Spectra depicting the optical transmittance of both pure and doped zinc oxide films.

The increase in Mn percentage causes a decrease in optical transmission, up to 69.5% for
Mn:ZnO (20 wt.-%Mn), and this might be due to the light loss caused by oxygen vacancies and
diffusion at grain boundaries [42]. The decline in transmittance observed as the percentage of Mn
increases is attributed to the reduction in optical diffusion [31], which is linked to a decrease in the
grain size and to the increase in the density of grain boundaries. These results are in perfect
adequation with the XRD analysis section, and the grain size decreases with the manganese
amount increase.

The consistency between the measured and estimated transmittance is apparent for all
samples. As an example, the case of the sample with 20 wt.-% Mn doping is detailed. Figure 6
confirms that the dragonfly algorithm successfully determined the optical parameters of our films,
the measured transmittance and the estimated one are almost identical, and the root mean square
estimated by Equation (18) is around 0.00145.

The transmittance spectrum of Mn-doped ZnO thin films has been analyzed using the DA
algorithm to showcase the efficacy of this methodology, for the sample containing a 20 wt.-% Mn
doping concentrate, a thorough explanation will be provided with illustrations. Additionally, as
mentioned in Section (2-4), the user can adjust several control settings for the DA algorithm.
These parameters were empirically selected for this study using a trial-and-error methodology.
This indicates that the DA algorithm's effectiveness has been evaluated for a number of values,
and only the best ones are chosen. Table 2 in this paper provides an overview of the Dragonfly
Algorithm's configuration parameters.

Table 2. Setting parameters of DA.

Parameter Value
Population size 80
Number of iterations 200
Dimension 5
Separation weight 0.1
Alignment weight 0.1
Cohesion weight 0.7
Food factor 1
Enemies factor 1
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The variation ranges of each parameter are depicted in Table 3.

Table 3. The variation ranges of every parameter.

Parameter variation range
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Fig. 6. Measured and estimated transmittance for 20wt.-% Mn doped ZnO.

For instance, the obtained optimal parameters and reached RMSE for the Mn:ZnO (20wt.-
%) are given in Table 4.

Table 4. The obtained results for Mn:ZnO (20wt.-%).

Parameters | a;* B a,” S d* RMSE
Value 2.05 | 7.17x10"* | 3.77x10* 1.64x10™ | 105 | 1.45x10"

Additionally, the results in Table 4 clearly illustrate the DA algorithm's outstanding
performance in precisely determining the optical film thickness and Cauchy dispersion parameters.
The low RMSE value of 1.45x10™ confirms the high accuracy of the approach.

The refractive index can be rewritten as follows using the Table 4 parameters:

7.17x101%

n(d) = 2.05 + = (28)

The entire wavelength range can be extrapolated using this equation to determine n. The
estimated values of n are shown in Figure 7.
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Fig. 7. The dispersion of refractive index n for the whole wavelength range.

The determination of the static refractive index involves setting the variable of the Cauchy
relation model in Equation (28) to "approaches infinity". The measured values for pure and
manganese doped zinc oxide samples (5, 10, 15 and 20 wt.-%) are 1.76, 1.90, 1.92, 2.112 and
2.17, respectively. With a rise in Mn doping, the refractive index at a wavelength of 600 nm is
determined to be 1.785, 1.925, 1.952, 2.142, and 2.197. A rise in the refractive index was observed
with an increase in the amount of manganese. Few studies in the existing literature have
investigated the impact of manganese concentration on the refractive index of zinc oxide.
However, the same results were reported by Shaaban et al. [43], which was explained by the
increase of polarization resulting from Mn incorporation. P. Singh and R. Kumar [44] reported
similar results, but for Er-doped ZnO films, they found that the concentration of erbium increases
the refractive index of the material and because of its power of polarizability. Erbium ions (Er’")
have the most empty outer orbital will bring the material back towards linear polarizability, which
increases the refractive index of the material. The same can be said for Mn and its influence on
Mn:ZnO thin films. For the calculated extinction coefficient based on the values of the absorption
coefficient a, using Equation (22). The values depicted in Table 5 are practically the same for the
layers not doped and doped at 5 and 10 wt.-%. However, the value of k increases when the doping
becomes important (15 and 20 wt.-%).

As depicted in Figure 8, the graphs illustrate plots of (ahv)? against (hv). The optical band
gap of the thin films was determined by extrapolating the linear portion of the curve to reach
(ahv)? = 0. This calculation is performed using the following formula [45, 46]:

ahv = A, /hv—Eg 29)

The optical band gap of the zinc oxide film measures 3.95 eV, showing a slight reduction
to 3.79 eV after Mn doping, reaching this value at 20 wt.-% Mn. The decrease in band gap upon
doping ZnO with varying concentrations of Mn is theoretically linked to the exchange interaction
between the electrons of the sp orbital of ZnO and the Mn d orbital [47]. On the other hand, many
researchers explain the change in band gap E, by the strains in semiconductor films, it can be
explained by the following empirical expression [48]:

E, = 3.28 — 0.045¢, (30)

The strains (g, ) values can be calculated based on c-axis values determined in the XRD
section and using this formula [49]:

e, = (=2) 31

Cc
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The films band gap will increase for negative strain and decrease for positive strain;
according to Equation (32), ezvalues are +0.0080, +0.0084, +0.0098,, 0.0103 and 0.0115 for pure
ZnO and Mn:ZnO films (5, 10, 15 and 20 wt.-%), respectively. Sincee, has positive values in our
situation, which conduct to the Eg rising (Figure 9).

Table 5. The parameters examined include the band gap (Eg), transmittance (1), refractive index (n), and
extinction coefficient (k) of both the non-doped and doped samples.

Eg (eV) T (%) (A=600) N (A=600) ny(static) | k (A=600) ko(static)
Pure ZnO 395 83.1 1.785 1.760 0.013 0.039
Mn:ZnO (5wt.-%) 391 82.2 1.925 1.900 0.018 0.040
Mn:ZnO(10wt.-%) 3.88 79.5 1.952 1.920 0.015 0.035
Mn:ZnO (15wt.-%) 3.82 70.4 2.142 2.112 0.072 0.084
Mn:ZnO (20wt.-%) 3.79 69.5 2.197 2.170 0.064 0.057
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Fig. 8. The plots of (ahv)’ as function of photon energy of non-doped and Mn-doped zinc oxide thin films.
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4. Conclusion

This study meticulously explores the structural and optical characteristics of Mn-doped
ZnO thin films across varying concentrations of Mn doping. The samples were made using the
rapid thermal evaporation of ZnO and Mn particles in combination. Following annealing, Mn:ZnO
layers form in the hexagonal wurtzite phase with an increase in c-axis and crystallite size decrease,
according to XRD studies. Raman measurements have shown the desapearance of the combined
vibrations modes LA+TO after doping with Mn and the appearance of A;(LO)+E,(Low) mode for
the high doping samples (15 and 20 %).

The average optical transmittance for the annealed Mn:ZnO layers was decreased with Mn
doping concentration increase from 83.1 to 69.5%. For the first time, the Dragonfly Algorithm was
used to correctly identify and calculate the optical constants n, a, k and the thickness d using only
the transmittance spectra. Furthermore, the energy band gap Eg was calculated for various Mn
doping levels. According to the obtained data, Eg reduces from 3.95 to 3.79 eV as Mn doping
concentration increases from 0 to 20 wt.-%.
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Studying the Effect of Mn Doping )
on the Electrical and Optical Properties e
of ZnO/Ag/ZnO Multilayer

Khaoula Settara, Fouaz Lekoui, Rachid Amrani, Elyes Garoudja,
Ouissam Bouacha, Hadjer Asmaa Zerini, Walid Filali, and Hocine Akkari

Abstract In this work, we investigated the effect of Mn doping on the optical and
electrical properties of ZnO/Ag/ZnO transparent conductive oxide (TCO) multilayers
deposited on a glass substrate using a rapid thermal evaporation technique. The
structure and optoelectronic properties were studied using X-ray diffraction (XRD),
UV-Vis spectroscopy, and a Four-point probe. XRD patterns show the existence of
five peaks indicating the hexagonal structure of ZnO with lattice parameters: a =
3.27-3.35 A and ¢ = 5.34-5.47 A and three peaks of the Ag deposited as the interlayer.
It was observed that Mn was incorporated without changing the hexagonal structure
of ZnO. The results show an increase in band gap energy from 3.38 to 3.81 eV
by doping. Compared to non-doped ZnO thin film multilayers, the sheet resistance
decreased from 271.8 to 163.08 2. The optimum figure of merit at 4.73 x 107> Q!
was achieved for Mn doped ZnO multilayers with 77.1% transmission.

Keywords TCO : ZnO/Ag/ZnO - Thermal evaporation - Optoelectronic
properties + Figure of merit
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1 Introduction

Due to the enormous demographic growth and technological development, the
demand for energy increases every day with the need to obtain environmentally
friendly sources and reduce pollution as much as possible, making renewable ener-
gies the ideal solution to meet these requirements, which motivated many researchers
in this field [1-3]. Recently, transparent conducting electrodes (TCE) attracted much
attention showing a combination of good optical transparency and high electrical
conductivity. However, combining these two properties is a priori contradictory. In-
deed, a transparent material in the visible range has high gap energy (greater than
3 eV), preventing the absorption of visible light, and making it insulated. Thus, a
material with excellent electrical conductivity is not transparent. A semiconductor is
transparent in the visible range but has poor conductivity. Doping it with a low atomic
percentage of metal can make it conductive. Today’s most widely used transparent
conducting oxides (TCO) is indium doped tin oxide (ITO) [4-6]. However, many
studies aim to replace ITO with less toxic and less expensive TCO. Zinc oxide is
a promising candidate due to its abundance on earth and properties, mainly doped
with gallium [7], titanium [8], molybdenum [9], magnesium [10], aluminum [11], or
manganese [ 12]. Another critical issue in TCO is the optical and electrical losses [13,
14]. An oxide/metal/oxide multilayer structure has been introduced to overcome this
problem. In this work, the investigation of low percentage (5%) Mn doping effect on
the structural, optical and electrical properties of ZnO/Ag/ZnO multilayer thin films
grown by rapid (flash) thermal evaporation technique is the primary contribution.
The results of this innovative study’s comparison of ZnO/Ag/ZnO and Mn:ZnO/Ag/
Mn:ZnO TCO revealed several intriguing effects.

2 Experimental

High-purity ZnO, Mn, and Ag powders (99.99% purity purchased from Sigma-
Aldrich) were used to prepare ZnO/Ag/ZnO and Mn:ZnO/Ag/Mn:ZnO (5%Mn)
multi-layers. The vacuum thermal evaporation was carried out with a device mounted
at the Center for the Development of Advanced Technologies (CDTA). We deposited
the first layer of ZnO on an ordinary glass substrate than another layer of Ag and a
final layer of ZnO. The same steps were done for Mn Doped ZnO multilayers. The
samples were then annealed using a furnace at 400 °C for one hour. The structure of
the multilayers films was studied by X-ray diffraction analysis (XRD) using a Philips
X’ pert MPD diffractometer with a Cu-Ka cathode source and 1.54 A of wavelength.
The electrical properties were measured using Four-point probe technique while the
optical transmittance was investigated using UV—Vis spectroscopy in the wavelength
range of 200—1100 nm. The films thickness and the optical parameters like refractive
index n, extinction coefficient k and absorption coefficient o were extracted using
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our method based on PSO algorithm. Details on this method were provided in our
earlier study [12].

3 Results and Discussion

Powder X-ray diffraction patterns of the non-doped and doped multilayers are shown
in (Fig. 1). We notice five peaks corresponding to the planes (100), (002), (101), (110),
and (103), which indicate the hexagonal wurtzite structure of ZnO according to the
powder diffraction standard card No. 01-079-2205. Three peaks indicate the cubic
structure of Ag with the planes respectively (111), (200), and (220) (standard card
No. 00-001-1164).

No peak indicates the existence of Mn, which could be explained by the fact that
Mn ions have substituted Zn ions without changing the structure. Lattice parameters
increase slightly with the incorporation of Mn from a = 3.27 A and ¢ = 5.34 A to
a=3.35 A and ¢ = 5.47 A. The full width at half-maximum (FWHM) of the most
intense peak (26 = 30°) barely changed (form 0.012 to 0.013 rad).

The transmission of the multilayers (Fig. 2) increases slightly with adding 5% Mn,
and both samples show a high transmission in the UV—Vis, at A = 600 nm, 58.8%
for the non-doped sample, and 77.1% for the doped one, their thickness is around
400 nm. The refractive index is the same for both materials, 1.89, which could be due
to the absence of polarization because the atomic radiuses of Zn and Mn are so close

Mn:ZnO/Ag/ZnO:Mn
ZnO/Ag/ZnO

ZnO(100)
(002)

(101)

Intensity (a.u)

20 30 40 50 60 70 80
20 (degrees)

Fig. 1 XRD patterns of ZnO/Ag/ZnO and Mn:ZnO/Ag/ZnO:Mn multilayers
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Fig. 2 The transmittance
spectra of ZnO/Ag/ZnO and
Mn:ZnO/Ag/ZnO:Mn
multilayers
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[15], and Mn is introduced in a weak percentage. On the other hand, the extinction
coefficient (k) increased significantly from 0.013 to 0.043.

By assuming that the transition between the valence and the conduction bands in
ZnO is direct, we could calculate the energy gap (Eg) from the following equation:

ahv = A(hv — Eg)'/? (1)

where o is the absorption coefficient, A is a constant, hv is the photon energy, and Eg
is the optical band. Figure 3 shows plots of (ahu)? versus (hv). The optical band gap
of samples was calculated from these plots by extrapolating the linear region of the
resulting curve to (a¢hv)? = 0. The values of Eg for ZnO/Ag/ZnO and Mn:ZnO/Ag/
Mn:ZnO are respectively 3.38 eV and 3.81 eV. The incorporation of Mn decreases
the wavelength and therefore increases the optical gap.

The sheet resistance and resistivity of the multilayer films were characterized,
as shown in Table 1. They both decreased from 271.8 € to 163.08 2 and from
0.011 2 cm to 0.007 €2 cm, respectively, due to the increase in mobility and carrier
concentration of charges according to Schottky theory [16—18]. As a result, the
conductivity increases. These results are great compared to ZnO single layer sheet
resistance (180 k€2) reported by Hong et al. [19], which confirms that the Ag layer
plays an essential role in increasing charge carriers to produce conductivity.

The conductivity of the multilayers is mainly due to the silver interlayer sand-
wiched between the two dielectric zinc oxide layers [17, 20]. In 1976, Haacke [21]
proposed a factor called the figure of merit (®), which is a correlation between
the optical properties and the electrical properties; this factor is defined as the ratio
between the transmission in the visible (400-800 nm) and the sheet resistance:

T600nm
R,

b =

@)
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Fig. 3 The plots of (ahv)?
as a function of photon
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Table 1 Sheet resistance, resistivity, conductivity, and figure of merit of the non-doped and doped
multilayers

Mn percentage Sheet resistance Resistivity Conductivity @ x 1073 (@1
Rs () p (2 cm) o (Q lem™)

0% 271.8 0.011 91.979 2.16

5% 163.08 0.007 153.299 4.73

This factor gives us an idea about the quality and effectiveness of our multilayers.
The figure of merit improved by almost 120% by adding 5% of Mn, this is s mainly
attributed to the decrease in sheet resistance.

4 Conclusion

The optoelectronic characteristics of ZnO/Ag/ZnO and Mn:ZnO/Ag/Mn:ZnO multi-
layers deposited on glass substrate were investigated. The effect of manganese addi-
tion on the structure optical and electrical properties of the multilayers films has been
studied. XRD studies show that the Mn incorporated by substitution increasing the
lattice parameters slightly due to the slight difference in the ion radius (122 pm for Zn
ion and 139 pm for Mn ion). Both samples are transparent in the visible range. The
band gap increases from 3.38 to 3.81 eV by adding Mn. We reported higher conduc-
tivity and figure of merit after doping, 153.299 Q~! cm~! and 4.73 x 1073 Q7!,
respectively.
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Influence of Mn doping on the optical property of ZnO thin films
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Abstract — In this work, we are interested in studying the effect of Mn doping
percentage on the optical properties of zinc oxide (Zn0). Pure and Mn doped ZnO thin
films were deposited onto the glass substrates by vacuum thermal evaporation then
the samples were annealed under atmosphere at 500 °C to ensure the oxidation of
Zn0. The optical property of these films was determined from the transmission
measurement in the range of 250 - 600 nm using UV-visible transmission
spectroscopy. The spectra are compared to the UV-visible spectrum of the glass
substrate, we can conclude that the addition of Mn to ZnO thin films increases the
wavelength and therefore decreases the optical gap.
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