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OZET

YUKSEK LiSANS TEZI

DARBELI ELEKTRON BIRIKTIRME YONTEMIYLE SERYUM OKSIT iNCE
FiLM BUYUTULMESI

Thekra ALQUTAMY
Damisman: Dog¢. Dr. Mustafa Tolga YURTCAN

Amag: Bu galisma, CeO: ile yakin kafes uyumuna sahip LaAlOs3 alttaslar1 {izerine seryum
oksit ince filmlerin biiyiitiilmesi ve karakterizasyonunu arastirmayir amaglamaktadir.
Arastirma, optimum biiyiitme sicakliginin belirlenmesi ve kataliz, biyomedikal alanlar ve
mikroelektronik gibi potansiyel uygulamalar i¢in filmlerin yilizey kalitesi ve kristallik
durumunun degerlendirilmesine odaklanmaktadir.

Yontem: Seryum oksit ince filmleri, ortam sicakligindan 600 °C'ye kadar olan sicakliklarda,
100 °C artiglarla, darbeli elektron biriktirme yontemi kullanilarak LaAlOs alttaslar iizerine
biriktirilmistir. Daha 6nce hazirlanmis bir CeO2 hedef, %99.999 saf oksijen gazi ile 10 mTorr
basing altinda biriktirme i¢in kullanilmistir. Ablasyon islemi, 15 keV'de ¢alisan bir elektron
kaynag1 ile gerceklestirilmistir. Elementel analiz icin X-151m1 fotoelektron spektroskopisi
(XPS), faz tanimlamasi icin disey giris agili X-15m1 kirmimmi (GIXRD) ve yiizey
karakterizasyonu igin taramali elektron mikroskobu (SEM) ve atomik kuvvet mikroskobu
(AFM) gibi cesitli analitik teknikler kullanilmistir.

Bulgular: XPS analizi, biriktirilen filmlerde yalnizca seryum ve oksijenin varligini
dogrulamistir. GIXRD sonuglari, numunelerin agirlikli olarak Ce2Oz'e ait yiiksek siddetli tek
bir pik sergiledigini ortaya koymustur. Detayli GIXRD analizi, CeO2, Ce;03 ve Ce7O12 olmak
tizere ¢ok diisiik siddetlere sahip ti¢ farkli seryum oksit fazinin olustugunu gostermistir. SEM
ve AFM analizleri, 200 °C'de biriktirilen ve 15 Torr'da tavlanan numunenin, mikroelektronik
ve fotonik gibi uygulamalarda cihaz verimliligini artirmak i¢in 6nemli olan en piirlizsiiz
yiizeye sahip oldugunu gostermistir.

Sonu¢: En iyi CeOs3 kristalliginin elde edilmesi i¢in optimum biiyiime sicakligi 300 °C
olarak bulunmustur. En piiriizsiiz ylizey, 200 °C'de biriktirilen ve 15 Torr'da tavlanan filmler
icin elde edilmistir. Buna karsilik, alttasi hedefin normaliyle dik konumlandirmak veya 30
Torr'da tavlamak, ince filmlerin kalitesini diislirmiistiir. Calisma, nano-diiz ylizeylere sahip bu
seryum oksit ince filmlerin, 6zellikle yiiksek yiizey kalitesi ve diizgiinliik gerektiren cesitli
uygulamalar i¢in uygun oldugunu sonucunu gostermektedir.

Anahtar Kelimeler: seryum oksit, CeO2, Ce203, Ce70O12, ince film, LaAlOs (LAO), Darbeli
elektron biriktirme, PED.

Agustos 2024, 72 sayfa



ABSTRACT

MASTER'S THESIS

CERIUM OXIDE THIN FILM GROWTH USING PULSED ELECTRON
DEPOSITION METHOD

Thekra ALQUTAMY
Supervisor: Assoc. Prof. Dr. Mustafa Tolga YURTCAN

Purpose:

This study aims to investigate the growth and characterization of cerium oxide thin films on
LaAlO3 substrates, which have a close lattice match with CeO». The research focuses on
determining the optimal growth temperature and evaluating the surface quality and
crystallinity of the films for potential applications in catalysis, biomedical fields, and
microelectronics.

Method:

Thin films of cerium oxide were deposited on LaAlO3z substrates using pulsed electron
deposition at temperatures ranging from ambient to 600 °C, with increments of 100 °C. A
CeO: target, previously prepared, was used for deposition in an environment of 10 mTorr
pressure with 99.999% purity oxygen gas. The ablation process was driven by an electron
source operating at 15 keV. Various analytical techniques were employed, including X-ray
photoelectron spectroscopy (XPS) for elemental analysis, grazing incidence X-ray diffraction
(GIXRD) for phase identification, and surface characterization using scanning electron
microscopy (SEM) and atomic force microscopy (AFM).

Findings:

XPS analysis confirmed the presence of only cerium and oxygen in the deposited films.
GIXRD results revealed that the samples predominantly exhibited a high-intensity peak
corresponding to Ce203. Detailed GIXRD analysis showed the formation of three different
cerium oxide phases with very low intensities: CeO2, Ce203, and Ce7;O1. SEM and AFM
analyses indicated that the sample deposited at 200 °C and annealed at 15 Torr exhibited the
smoothest surface, essential for reducing light scattering and improving device efficiency in
applications such as microelectronics and photonics.

Results:

The optimal growth temperature for achieving the best crystallinity of Ce>O3 was found to be
300 °C. The smoothest surface was obtained for films deposited at 200 °C and annealed at 15
Torr. Conversely, placing the substrate perpendicular to the target’s normal or annealing at 30
Torr reduced the quality of the thin films. The study concludes that these cerium oxide thin
films, with their nano-smooth surfaces, are suitable for various applications, particularly in
areas requiring high surface quality and uniformity.

Keywords: cerium oxide, CeO», Ce;03, Ce7O12, thin film, LaAlOs (LAO), pulsed electron
deposition, PED.

August 2024, 72 pages
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INTRODUCTION

In recent years, pulsed electron deposition (PED) has gained great importance in thin
film deposition. It has various names, including channeled spark discharge and pulsed plasma
deposition. It is a newly invented technology that can be applied to obtain thin films that can
be used in many applications and are characterized by unique properties and high quality
(Liguori et al., 2019).

A thin film is a layer of material ranging in thickness from fractions of a nanometer
(monolayer) to several micrometers, and deposition is a process of controlled synthesis of
materials as thin films (Abegunde et al., 2019). Using PED technique, it is possible to deposit

cerium oxide in the form of thin films.

Cerium oxide nanoparticles have gained attention from scientists because of the
different and unique features they possess, as they possess two oxidation states between Ce**
and Ce®* (Xu & Qu, 2014). Cerium atoms have the ability to simply and radically change
their electronic configuration to better fit their immediate surroundings. It also shows oxygen
vacancies or defects in the network structure. These arise through the loss of oxygen and/or its
electrons, alternating between CeO. and CeO»-« during reduction and oxidation reactions
(Gao et al., 2014).

This study aims to deposit cerium oxide in the form of thin films, determine the
optimal growth temperature and study their properties for later use in various technological
fields and scientific research. this study consists of five chapters. The first chapter contains
general information about the study under the title Introduction. The theoretical foundations
and basic information were explained in the second part. In the third section, the system and
method used are explained. The fourth chapter is devoted to studying and discussing the

research results, while the conclusions and recommendations are discussed in Chapter Five.

History of nanotechnology

The inventor of modern nanotechnology is physicist Richard Feynman, winner of the
1965 Nobel Prize in Physics. He first introduced the idea of atomic-level matter manipulation
in a talk titled "There's Plenty of Room at the Bottom™ at the 1959 American Physical Society
meeting at Caltech. This innovative concept opened up new avenues for thought, and



Feynman's theories have since been validated. He is regarded as the founding father of

contemporary nanotechnology because of these factors (Hulla et al., 2015).

The future of nanotechnology

Over the course of approximately fifty years, nanotechnology has emerged as the
cornerstone of extraordinary industrial applications and rapid expansion. For instance, in the
pharmaceutical and medical fields, nanotechnology has significantly impacted medical
devices, including imaging probes, drug delivery systems, and diagnostic biosensors (Elmer
& White, 2018). Nanomaterials are widely used in the canned food industry, cosmetics, and
other fields to improve manufacturing, quality, and increase the shelf life of products
(Higashisaka et al., 2015). Due to their antibacterial properties against germs carried by small
organisms in food, zinc oxide nanoparticles with quantum dots are currently used as food

sensors to assess food quality and toxicity (Sato et al., 2008).

Nanoparticles, when used as sensors, possess unique physical properties not found in
bulk materials and can operate within living cells. Nanoparticle sensors have special physical
properties and can have more sensitivity than traditional devices (Riu et al., 2006). Modern
nanosensors rely on a variety of advanced materials, such as carbon nanotubes, quantum dots,
nanoshells, and nanopores (Kaur et al., 2019). In addition, nanosensors open up an entirely
new class of integrated devices that serve as the basis for “smart sensors,” or sensors that can
process, store, and analyze data (Han et al., 2020). Technological advances have the potential
to create previously unimaginable opportunities for the use of nanosensors in a variety of
industries. For example, they can be used as networks of nanorobots to monitor real-time
physiological parameters in human medicine or as diagnostic and therapeutic devices at the

molecular level (Devreese, 2007).

When employed for electroanalysis, nanoparticles can exhibit four distinct advantages
over macroelectrodes: increased mass transport, catalysis, a large effective surface area, and
control over the electrode microenvironment. As a result, a lot of research has been done on
their synthesis, characterization, and use in the identification of numerous electroactive
species (Welch & Compton, 2006).

The development of photocatalysis using nanotechnology is a topic that still attracts
many researchers from around the world to study. A careful examination of the special
properties of nanoparticles and how they are able to relate to photocatalysis is one of the
recent topics. To improve the photocatalytic and/or optical properties of semiconductor

materials, which are now becoming popular and receiving widespread attention for their



importance, nanoparticles are also being used. In inorganic semiconductor nanocomposites
and doped, conjugated, capped, and sensitized nanocomposite systems. Electrochemical-
assisted photocatalysis has been linked to the application of nanocrystalline thin films.
Recently, the use of nanoparticles has been proven to provide more precise mechanistic

details about the photocatalytic process and its mechanism (Fu et al., 2019).

Safety evaluation of nanomaterial’s

Regretfully, there is not a universally recognized standard procedure for determining
the toxicity of nanomaterials. Moreover, there are currently very few globally recognized
positive controls available for research on nanomaterials. In this regard, models and
techniques that have been accepted globally are required in order for regulatory agencies to
assess the safety of nanomaterials. Approaches for assessing the safety of nanomaterials have

been established, and efforts are still underway.

Additionally, standardized techniques have been suggested for this purpose. The
National Nanotechnology Characterization Laboratory in the United States and the
Nanotechnology Research Coordination Group in the United Kingdom have started to
develop reference materials for nanotoxicity testing. To assess nanotoxicity, the International
Coordination Alliance for Nanoenvironment, Human Health, and Safety has started creating
test methods (Hulla et al., 2015).



THEORETICAL FOUNDATION

Deposition

Deposition refers to the process of layering a substance on a solid surface, atom by
atom or molecule by molecule. The thickness of the deposited layers in this process varies
depending on the coating technology and material used, ranging from one atom to various
millimeters. The formed layer acts as a coating on a surface, changing the properties of the
substrate surface depending on the application. Numerous techniques, including spin coating,
spraying, plating, and vacuum deposition, can be used to apply a layer of various materials to

various surfaces (Darquenne, 2020).

Vapor deposition methods

This approach is classified into two types: chemical vapor deposition (CVD) and

physical vapor deposition (PVD), based on the vapor deposition procedure required:

1. Chemical vapor deposition (CVD) method: Also referred to as chemisorption,
this technique involves subjecting suspended particles (chemical vapors) in the
coating chamber to several chemical reactions, including compounding and
breakdown, before the particles settle as a dense, solid layer on the desired surface.
Volatile byproducts are typically produced during this coating process and are
expelled from the chamber by gas flow (Creighton & Ho, 2001).

2. The physical vapor deposition PVD method: Also known as physisorption.
During this process, the solid target material goes through a phase transition, which
weakens the surface before it settles on the substrate. Physical deposition is a
common method for putting a thin layer of material onto a surface. The PVD
technology is divided into several divisions, depending on how the solid is turned
into the vapor phase (Shahidi et al., 2015).

a. Thermal Evaporation Deposition: This is one of the most basic types of physical
vapor deposition technology. It involves heating the target material, with electrical
current to create vapor, which is then deposited on a substrate based on variables
like pressure and temperature (Vaynzof, 2020).

b. Pulsed Laser Deposition (PLD): This physical vapor deposition (PVD) method

uses a high-energy pulsed laser beam that is concentrated inside a vacuum chamber



to attack the material that has to be deposited as the target. This technique involves
striking the target material's surface with a high-energy pulsed laser to ablate
particulates. Subsequently, these molecules transferred onto the substrate's surface
(Fujioka, 2015).

c. Sputtering Deposition: In this technique, the target material's molecules are
stripped off and deposited on the substrate. In this, material is ejected onto a
"substrate”, like a silicon wafer, from a "target", which is a source. Re sputtering is
the re-emission of the material that has been deposited by bombardment with ions
or atoms during the deposition process. The energy distribution of sputtered atoms
that are expelled from the target is broad and can reach tens of eVs (Depla et al.,
2010).

d. Electron Gun Deposition: In this approach, a thin coating of the material is
deposited by hitting it with billions of high-kinetic-energy electrons and heating it
until it evaporates (Abegunde et al., 2019).

The difference between Pulsed Laser Deposition (PLD) and Pulsed Electron
Deposition (PED)

Both pulsed laser and pulsed electron beams produce plasmas that decelerate in a
similar way. The way energy is applied to the substance being ablated varies between the
procedures, though. PED uses a strong, pulsed electric spark created by pseudospark or
channelspark devices to achieve the same goal. Due to the substantially cheaper cost of the
electron source than the excimer laser, which is commonly utilized in PLD, PED has a major

economic advantage over PLD (Strikovski et al., 2010).

A feature shared by PLD and PED is particulate matter generation. One well-known
aspect of PLD is the production of particulates, the amount and size of which depend on the
target material, laser wavelength, laser fluence, ambient pressure, and target-to-substrate
distance. Many other types of nanoparticles, such as germanium, silicon, platinum, gold, zinc
selenite, and vanadium dioxide, have been produced using PLD. PED is expected to have

applications in the synthesis of nanoparticles as well (Mathis & Christen, 2007).

Thin Film

A thin film is a layer of material whose thickness ranges from nanometers to
micrometers. These films are obtained through a main process called deposition (Kaiser,
2002).



Nanoscale thin films are deposited on a substrate for many reasons, to protect the
substrate, change its appearance, and change the electrical or optical properties of the
substrate. Thin film deposition is an important process in various applications and industries,
which refers to placing a thin layer of any material on a surface, whether it is a substrate or
deposited layers. Depending on whether the deposition process is physical or chemical, the
deposition method is determined as a primary criterion. For example, the back of mirrors is
covered with glass coated by a thin layer of metals such as silver, aluminum, and other metals.
These layers are coated by deposition processes to form a reflective surface, i.e., spray

painting (Kaiser, 2002; Mirshojaeian Hosseini & Nawrocki, 2021).

Types of thin films, due to their properties

Optical: It is used to manufacture coatings that do or do not reflect light and in

modern screens, solar cells, optical detectors and monitors.

Electrical or electronic: used in the manufacture of devices that include

semiconductors, insulators, and conductors.
Magnetic: Usually used to make digital memory disks in computers.

Chemical: Researchers and scientists have used it to create resistance to alloys, to
create high electrical conductivity, diffusion and oxidation, to protect metals from corrosion,
as well as to make gas sensors and protect them from leakage. (Asha & Narain, 2020)

Mechanical: It is used to reduce elasticity (increase hardness) and adhesion and use

(Franzini et al., 2000) mechanical properties at a precise and more effective level.

Thermal: It is used to create thermal insulators and inhibitors. (J. Z. Zhang, 2009)

Thin film applications

Thin film technology is a broad and important modern field that includes a wide range
of applications. The potential and future applications of this technology are endless and have
an impact in all industrial, biological and research sectors. For example, many applications of
thin films have helped in the development of semiconductors, nano-electromechanical
systems with high precision, and magnetic data storage. There are recent and more advanced
future predictions for thin films that have nanostructures. Due to the rapid and dramatic
development in thin film deposition techniques over the last century, there has been a wide
range of technological developments in various fields such as hard coatings on devices,
integrated passive devices, LEDs, for power generation such as thin-film solar cells and

storage thin film batteries. It also has various applications in industry, including biosensors,



decorative coatings, plasmatic devices, photovoltaic cells, acoustic wave resonators, and
batteries. (Lotz et al., 1996)

Evaluation Methods for Thin Film Properties Chemical Composition
The chemical (elemental) composition of thin films can be studied by:

1. lon scattering techniques, such as Rutherford backscatter spectroscopy (RBS).
2. Spectroscopic techniques, such as X-ray photoelectron spectroscopy (XPS)
(Franzini et al., 2000)

Structure and morphology

The crystal structure and microstructures can be described by various methods, such as
X-ray diffraction (XRD) and Raman spectroscopy. The surface morphology of thin films is
analyzed using several devices, the most important of which are the transmission electron
microscope (TEM), the scanning electron microscope (SEM), and the atomic force
microscope (AFM) (Lotz et al., 1996; Williams, 1981).



MATERIALS AND METHOD

Cerium oxide

With an atomic number of 58, cerium (Ce) is a rare earth element that is a member of
the lanthanide series of the periodic table. Cerium is the most abundant of the rare earth
metals with an electron configuration [Xe] 4f! 5d* 6s? because it can exist in both the +3 (Ce®*
= [Xe] 4f! 5d° 6s°) and +4 (Ce** = [Xe] 4f° 5d° 6s°) oxidation states, in contrast to most other

rare earth metals that typically dwell in the trivalent form (Pinto et al., 1982).

Cerium oxide can be found as Ce;Oz (Ce*") (Figure 1.a), which has a hexagonal
structure, or as pure CeO, (Ce*) (Figure 1.b), which has a cubic structure (the red atoms
represent oxygen and the white atoms represent cerium). It is also known by other names such
as ceric oxide, cerium dioxide, ceria, or simply cerium oxide. The powder is a light yellow-

white color and has the chemical formula CeO> (Yamamoto et al., 2005).
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Figure 1. a) Hexagonal A-type structure of Ce2Os. b) The cubic (fluorite) structure of cerium
dioxide (Zhou et al., 2019).

Cerium has little biological importance in mammalian physiology, although soluble
Ce®" salts (nitrate, acetate, chloride, etc.) have long been utilized in medicine due to their
antiemetic, bacteriostatic, antibacterial, immunomodulatory, and anticancer properties. The
US FDA has granted orphan drug classification to Flammacerium, a commercial dermal burn
cream based on cerium nitrate. Cerium's insoluble oxide form (cerium oxide, CeO2, or ceria)

occurs naturally and is also synthesized as a bulk material and an artificial nanoparticle (NP).



Applications of Cerium oxide

Catalysis is considered one of the most important fields in which cerium oxide is used,
as it acts as a catalyst for chemical reactions. For example, in catalytic converters for cars,
cerium oxide reduces the emission of toxic gases by converting oxides of substances such as
carbon and nitrogen and hydrocarbons into substances with less toxicity and harm. It is also
used in water purification from pollutants (environmental treatment); studies have shown that
it plays an important role in the delivery of medicines; and research is currently examining the

possibility of treating some diseases due to its antioxidant properties (lvanov et al., 2009).

Nanotechnology has the potential to revolutionize pharmacology by improving or
creating new medicines. Cerium oxide nanoparticles (Nano ceria), well-known catalysts, have
a remarkable pharmacological potential due to their antioxidant capabilities, Research in
recent years has shown that it may act as an antioxidant for diseases including cancer, heart
disease, and diabetes, as these diseases are known to be linked to oxidative stress. On the
other hand, it has a role in protecting nerves through its ability to search for and carry reactive
oxygen species (ROS) Recently, cerium oxide has been nominated to treat cancer through
studying its redox properties and the production of reactive oxygen species in diseased cells,
which leads to the death of cancer cells and the protection of unaffected cells. It has been used
to deliver drugs and reduce side effects due to its ability to penetrate biological barriers
(lvanov et al., 2009).

It was found that the reactivity and cellular toxicity depend on the physical and
chemical properties and surface changes of the nanoparticles active in oxidation and reduction
processes. The scientists conducted the first experiments indicating that the cerium
nanoparticles have the ability to remove (*OH), which indicates the removal of (¢*OH) from
H>0> present in aqueous solutions. After that, scientists revealed an experiment that in it, the
cerium nanoparticles scan (*OH) with high efficiency depending on the size of the
nanoparticles and the amount of Ce*3 on the surface. The scientists conducted a simple light
experiment using methyl violet and discovered that the increase of Ce*® and the decrease of
the cerium nanoparticles on the surface of the NPs, and the cerium nanoparticles became more
effective in getting rid of hydroxide. It did not allow for a decrease in the visible absorption of
methyl violet, and the researchers achieved something important in this experiment, which is
the ability of cerium nanoparticles to reversely convert from Ce*®to Ce** and their ability to
clean (ROS) effectively. The scientists proposed a mechanism through which cerium

nanoparticles to remove (*OH), the first step refers to the oxidation of Ce*® by (+*OH), and the



second step refers to the reduction of Ce*and the production of Ce**. (Dhall & Self, 2018;
Dowding et al., 2014; Xue et al., 2011).

A. Ce203 + 2[*OH] — 2CeO2 + H20
B. 2CeO (in presence of aqueous H+) — Ce203 + %202

Many recent studies have shown that cerium nanoparticles can be used to protect solar
cells from ultraviolet rays, as they have unique properties for absorbing ultraviolet rays. This
leads to increasing the efficiency of solar cells, preventing damage, extending their life, and
using them for longer periods Cerium nanoparticles can also be used to improve
photocatalytic properties, and since they are characterized by the property of storing and
releasing oxygen, they can reduce the recombination losses of solar cells. As they are
considered a charge carrier agent and thus act as a scanner for photogenerated charge carriers
(Arachi et al., 1999; Feng et al., 2019).

Pulsed electron deposition (PED) technique

PED is a deposition technique in the fields of materials science and engineering to
produce thin films at nanoscales on the surface of substrates. The films that are deposited
through this technique are distinguished by their unique properties and high quality. In this
technique, a target material is deposited using a beam of electrons characterized by its speed
and high energy. Nearly twenty years ago, the technology of pulsed electron deposition (PED)
was developed to deposit thin films of metal oxides. This technology is widely used in
electronics and photovoltaic cells. This technology has been applied in the biomedical field to
replace joints of the feet by depositing a zirconium oxide coating on the bearing components.
It is characterized by low corrosion. (Liguori et al., 2019).

This technology has features such as flexibility and its ability to control the
manufacture of membranes in terms of thickness and surface smoothness by adjusting the
duration and number of pulses, pressure, and temperature. Working with this technology may
be hampered by several challenges, including equipment costs and the limitations of some

materials that cannot be disposed of (Arisi et al., 2007).

In recent years, (PED) has become an alternative to pulsed laser deposition (PLD) as a
technology for producing thin films. PED has some of the same advantages as PLD for
deposition. These include: easy control of film thickness, ease of preparation, and
measurement of the chemical elements of the multi-component film that is almost identical to

the target material, low consumption of target materials and a relatively high deposition rate.
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In addition, PED deposits materials that are transparent to UV rays and PLD fails to do so
(Bleu et al., 2018).

Applications of PED technique

1.

The PED technique has been recently demonstrated to be an effective method for
fabricating highly-adherent and nanostructured bioactive thin films and coatings,
with fine control over film composition. (Bellucci et al., 2017)

Dielectric films for capacitors and other electronic components are made using
PED. It is possible to customize these films to have particular dielectric qualities,
which are necessary to maximize the efficiency of electrical equipment. (Mazzer et
al., 2016).

PED-deposited films find utility in a variety of sensing applications, such as
chemical, bio, and gas sensors. The method enables the deposition of selective and
sensitive thin films that are capable of identifying particular analysts (G. Zhang,
2013)

PED is used in the photovoltaic field to deposit thin films of materials that are
utilized in solar cells. This covers the deposit of transparent conductive layers,
buffer layers, and absorber layers. PED is a useful technology in many industrial
and research applications because it can deposit high-quality films with controlled

thickness, content, and microstructure in an efficient manner. (Schock, 1996).

PED principle

Electrons accelerated with a high voltage by an electron gun and directed to the target

with an aluminum oxide ceramic. In order to deposit thin layers, the pulse ablates the target

material,

creating plasma, which then ejects perpendicular to the surface of the target.

Substrate is placed facing to the target materials normal. Thin film can be formed by

depositing a pulsed flow of material on a substrate, as shown in Figure 2 (Neocera, 2002).

SUBSTRATH

TARGET

Figure 2. General scheme of PED process (Neocera, 2002).
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The CeO: target preparation

To manufacture a solid target pellet, CeO, powder (MaTecK, 99.9%) was pressed in a
1"diameter die set under 12 tons of pressure and then sintered in a tube furnace (ProTherm
PZF-12-50-500) at 1150 °C in an air atmosphere for two hours. Figure 3 shows the
CeO, target used for depositions (Yurtcan, 2021).

Figure 3. CeO, target pellet
Substrate preparation

Lanthanum aluminate, or LaAlOs, is an inorganic compound often abbreviated as
LAO. It is a deformed ceramic oxide with a perovskite structure. All substrates were sliced
from a <100> oriented, one-side polished, 3” diameter, 0.5mm thick LAO wafer as shown in
Figure 4. lon scattering spectroscopy and surface X-ray diffraction were used to study and
analyze the surface crystals and chemical composition of the LaAlO3z single crystal. This

material is used as a substrate for high-quality thin film deposition (Alves et al., 2014).

rient < /D‘/‘ Pe 3 I r
& I@‘a" X 0. mm

Figure 4. Sliced LAO substrates.

The substrate is cleaned before the deposition process, to ensure it is not contaminated.
It was placed in an ultrasonic cleaner, as shown in Figure 5, using acetone and methanol for
eight minutes each, respectively, and then dried after cleaning, the substrate was pasted on the
sample holder using silver paste (Ted Pella, 200 silver paint) and then heated to 120 °C on the
heating station (hot plate) 'Kaisi 818', as shown in Figure 6. To avoid contamination and

remove any extraneous atoms or molecules from the deposition chamber, a pre-deposition
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base pressure of 9 x 10 Torr was chosen. For each deposition, the target-substrate distance
was fixed at 5 cm, considering the geometry of the plasma plume. The pressure was raised to
15 mTorr with high-purity oxygen (99.999%) for depositions once deposition temperatures

were reached.

Figure 5. Ultrasonic Cleaner

Figure 6. Heating station (hot plate) "Kaisi 818"

PED system

PED is a powerful technology for manufacturing cost-effective high temperature
superconductivity (HTS) films for coated conductor applications. The PED system is a
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Neocera, Complete P180 PLD Laboratory, which has an electron gun making it possible to
use as a PED system. The electron gun is a Pulsed Electron Beam Source with a 20 kV
maximum energy of output electrons called PEBS-20. Figure 7 shows the system consists of
three main parts: (a) vacuum system, (b) control system. Figure 8 shows electron gun (PEBS-
20).

Figure 7. PED system (Neocera, Complete P180 PLD Laboratory) a) Vacuum system, b)
Control System

PEBS-20

Figure 8. The electron gun (PEBS-20) of P180 PLD Laboratory
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PEBS-20 requires 5 to 20 mTorr working pressures for suitable plasma formation.
Table 1. Represents the specifications of the PED system.

Table 1. The Specifications of the PED System. (Neocera, 2002).

Gas pressure, oxygen 5-20 mTorr
Energy of electrons 8-20 kV
Single Pulse Energy 0.1-0.8J
Pulse width 50-100 ns
Pulse repetition rate, max 10 Hz

At the beginning of the PED process, the cleaned substrate was placed into the
vacuum chamber. To ensure the repeatability of experiments, the pre-established routines
were then sequentially executed. After that, it is necessary to wait for the base pressure to
reach 9x10°° Torr. Once this pressure is achieved and the temperature reaches the
predetermined threshold, the deposition process will commence. The temperature range for
these variable values is from room temperature to 600 °C. Once the required temperature was
reached, the deposition pressure was raised to 10 mTorr with high purity oxygen gas, the
shield was closed, and cleaning shots were performed on the target surface. Following target
cleaning, deposition was completed with 1000 shots at 1 Hz and 9000 shots at 5 Hz, and then
the chamber pressure risen to 15 Torr for annealing. The system has been shut down after the

cooling process is complete.

Instrumental Analysis for Thin Film Characterization
Grazing incidence X-ray diffraction (GIXRD)

In materials research, grazing incidence X-ray diffraction (GIXRD or GIXD) is a
potent method for examining the structural characteristics of thin films, surfaces, and
interfaces. GIXRD uses the same principle as X-ray diffraction (XRD), but with a crucial
difference: the incident X-ray beam contacts the sample surface at a very shallow angle
(usually less than a few degrees). This grazing incidence ensures that the X-rays only
penetrate the material's surface layers, allowing the investigation of thin coatings and surface
features without interference from the substrate. (Dutta, 2000). In this study, "PANalytical
Empyrean XRD" was used in GIXRD mode to obtain X-ray diffraction data of samples.

Scanning electron microscope (SEM)

The scanning electron microscope is an important device in analyzing the surfaces of
nano-thin films to obtain accurate images of the sample surfaces by scanning the surface with

a beam of electrons that is focused on the sample surfaces, where the electrons interact with
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the sample and produce secondary electrons and unique X-rays that are possible to collect and
analyze to form an image that shows the topography and components of the sample surface.
The most prominent components of this device are the electronic lenses, the electron source,
the detectors, and the sample chamber. It is capable of producing a three-dimensional image,
and the resulting images are characterized by their depth and high accuracy and provide

information about the elemental composition of the sample. (Stokes, 2008)

Scanning electron microscopy (SEM) is a multipurpose technology employed in
research and development as well as several industry labs these days. Materials science,
including polymer science, frequently uses SEM because of its high lateral resolution, great
depth of focus, and ability for X-ray microanalysis. These features help to clarify microscopic
structures or distinguish between various phases to analyze the samples (Michler, 2008)
"Zeiss Sigma 300" scanning electron microscope system used to obtain images of the surface

topography shown in figure 9.

Figure 9. "Zeiss Sigma 300" SEM system

X-ray photoelectron spectroscopy (XPS)

Most people agree that X-ray photoelectron spectroscopy (XPS) is a crucial and
significant method for characterizing and analyzing the surfaces of biological polymers. This
method, also known as electron spectroscopy for chemical analysis, or ESCA, offers a
complete elemental analysis of the top 10-200 A (depending on the sample and instrumental
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conditions) of any solid surface that is vacuum stable or can be made vacuum stable by
cooling. It excludes hydrogen and helium. Information about chemical bonds is also given. X-
ray photoelectron spectroscopy (XPS) is often considered the most quantitative, easily
interpretable, and chemically informative of all currently known experimental techniques for
surface research (Andrade, 1985). . The most extensively used surface analysis technique is
X-ray photoelectron spectroscopy (XPS), which can be used on a wide range of materials and
offers useful quantitative and chemical state information from the surface of the material
under study. The characteristics of each element that leaves the sample are identified, and the
peak regions can be utilized to calculate the composition of the material's surface. The initial
experimental result provides a survey scan (also known as a wide scan) of the binding energy
ranging from 0 to 1200 eV (Aziz & Ismail, 2017). Specs-Flex XPS system used for survey
scan to determine the elemental analysis of the thin films. Conducting elemental composition
analysis of the cerium oxide thin films was not possible due to the long wait time required

after the experiments before the analysis could be performed.

Atomic force microscope (AFM)

Scientists and researchers specializing in the field of nanotechnology, in particular, use
the atomic force microscope, which is a tool used to analyze the surfaces of nano-thin films
and produce high-resolution and high-quality images by using a physical probe that allows
scanning the surface of the sample. This allows obtaining details of the surface topography
and its properties with high precision, and one of its most prominent components is the
cantilever and the laser, photo detector, scanner, and the control system. One of the features of
this tool is that it can give images of individual atoms and has the ability to give various
information about magnetic and mechanical properties. There are some challenges that users
of this device may face, including the small scanning size compared to the electron
microscope and its slow speed, especially in high settings. In general, it is a wonderful device
and tool for measuring nanoscale surfaces and helps reduce many scientific and technological
challenges (Eaton & West, 2010).

SEM s better suited for imaging the composition and surface features of conductive
and coated samples, as it produces high-resolution two-dimensional pictures and
compositional data. AFM excels in providing three-dimensional surface profiles with atomic
precision while requiring minimal sample preparation, making it appropriate for non-
conductive and biological substances. Both procedures are complementary and frequently
used in tandem to provide a thorough grasp of a sample's surface properties (Dubes et al.,
2003). Hitachi 5100N AFM used for sample surface analysis of the thin films.
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RESEARCH FINDINGS AND DISCUSSION

Grazing Incidence X-Ray Diffraction (GIXRD)

X-ray diffraction (XRD) is chosen for the analysis of thin films because it provides
comprehensive information about their crystal structure and phase composition. By analyzing
diffraction patterns, XRD can determine whether the film is crystalline (e.g., cubic,
hexagonal), amorphous, or polycrystalline. It is also capable of identifying unwanted
secondary phases, impurities, or mixed phases, and can detect even small amounts of
crystalline phases within a thin film, making it an essential tool for quality control (Werzer et
al., 2024). The diffraction angle (20) is typically scanned over a range, such as 20° to 80°,
though this can be adjusted based on experimental requirements.

Grazing incidence X-ray diffraction (GIXRD) is a variation of XRD specifically used
for analyzing the crystallography of thin films. It is a non-destructive technique that allows for
the analysis of thin films and surfaces without damaging the sample, which is particularly
important for sensitive and valuable materials. GIXRD is highly sensitive to surface layers
and thin films, and it minimizes the contribution of diffraction peaks from the substrate,
thereby enhancing the detection of the thin film's crystal structure. The GIXRD diffraction
pattern with no background subtraction or smooth data process of all the samples have one
significant peak at around 53.8° (20) corresponding to hexagonal Ce203 (200). Those high
intensity peaks scaled to 1000 relatively and presented through Figure 10 to Figure 16.
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Figure 10. GIXRD of thin film deposited at 25 °C
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Figure 11. GIXRD of film deposited film at 100 °C
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Figure 12. GIXRD of film deposited film at 200 °C
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Figure 13. GIXRD of film deposited film at 300 °C

20



Irel.

950 4

900+

850+

800+

750

700

600

550

500

450

400

3504

300+

250+

2004

150

100

50+

il

Experimental pattern: 400C

T
25.00
Cu-Ka (1.541874 A)

T
30.00

T
35.00

T
40.00

T
45.00

T
50.00

T
55.00

Figure 14. GIXRD of film deposited film at 400 °C.
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Figure 15. GIXRD of film deposited film at 500 °C.
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Figure 16. GIXRD of film deposited film at 600 °C.

The GIXRD diffraction pattern of all the samples are stacked and shown in Figure 17,
illustrating the growth of highly crystalline cerium oxides at temperatures ranging from room

temperature to 600 °C.
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Figure 17. GIXRD of thin films deposited at a) 25 °C, b) 100 °C, c) 200 °C, d) 300 °C, e)
400 °C, f) 500 °C, and g) 600 °C

Since all the samples have only one high-intensity peak at the same angle, the low-
intensity peaks were examined for comparison. The Open Crystallography Database (COD)
was used to verify the phases of the cerium oxides, specifically CeO, (COD ID: 96-156-
2990), Ce203 (COD ID: 96-153-1456), and Ce7O12 (COD ID: 96-152-1459), which were
indicated by green, red, and orange markers, respectively in Figures 18 to 26.
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Figure 18. Low intensity GIXRD peaks of thin film deposited at 25 °C.

This sample has CeO: diffraction peaks at 28.54° and 33.10° corresponding to (1 1 1),
(2 0 0) and Ce7O1> diffraction peaks at 37.23°, 45.27° and 58.77° corresponding to (1 1 -2), (3
-20)and (1-14).
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Figure 19. Low intensity GIXRD peaks of thin film deposited at 100 °C.

This sample has CeO; diffraction peaks at 28.71° corresponding to (1 1 1) and Ce7O12
diffraction peaks at 37.30° and 58.92° corresponding to (1 2-2) and (1 -1 4) and Ce20s
diffraction peaks at 28.88° corresponding to (0 0 2).
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Figure 20. Low intensity GIXRD peaks of thin film deposited at 200 °C.

This sample has CeO: diffraction peaks at 76.79° corresponding to (3 1 3) and Ce7O1
diffraction peaks at 37.34°, 32.32° and 76.83° corresponding to (1 2 -2), (1-1 2), (05 1).
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Figure 21. Low intensity GIXRD peaks of thin film deposited at 300 °C.

This sample has Ce>O3 diffraction peaks at 48.61° corresponding to (1 1 1) and Ce7O12
diffraction peaks at 37.39°,44.62°and 61.18°diffraction peak corresponding to (1 2 -2), (2 -2
2), (1-24).
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Figure 22. Low intensity GIXRD peaks of thin film deposited at 400 °C.

This sample has CeO: diffraction peaks at 59.28° corresponding to (2 2 2) and Ce7O12
diffraction peaks at 37.46° and 59.28° corresponding to (1 2 -2), (1 -1 4) and Ce203
diffraction peaks at 28.85°, 48.54° corresponding to (0 0 2), (1 1 1).
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Figure 23. Low intensity GIXRD peaks of thin film deposited at 500 °C.

This sample has Ce>O3 diffraction peaks at 28.03° corresponding to (1 0 0) and Ce7O12
diffraction peaks at 37.55° and 67.63° corresponding to (1 2 -2), (2 -2 4).
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Figure 24. Low intensity GIXRD peaks of thin film deposited at 600 °C.

This sample has CeO: diffraction peaks at 33.51° corresponding to (2 0 0) and Ce7O12
diffraction peaks at 37.50°, 60.38° and 65.14° corresponding to (12 1), (21 3), (31 -4) and
Ce203 diffraction peaks at 26.36°, 28.83° and 65.74 corresponding to (1 0 0), (0 0 2), (1 1 3).
The noise in the beginning of the analysis is not significant because background reduction is
not applied for all of the samples. However, the GIXRD result is not as clean as low
temperature depositions.

In order to see the effect of substrate placement orientation, a new substrate was
placed perpendicular to the target at 200 °C. Placing the substrate perpendicular had no
significant effect; however, different crystal orientations increased as a result of this
placement. Figure 25.a and Figure 25.b shows the GIXRD analysis of the thin films deposited

at 200 °C perpendicular and normal placements, respectfully.

The thin film prepared at 500°C was annealed at a higher pressure of 30 Torr to
observe the effect of annealing on the thin film. Figures 26.a and 26.b show the GIXRD
results of the thin film deposited at 500 °C and annealed at 30 Torr and 15 Torr, respectively.
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Figure 25. a) GIXRD of thin film deposited perpendicular position at 200 °C. b) GIXRD of

thin film deposited at 200 °C.

The sample in Figure 25.a has Ce7O12 diffraction peaks at 37.33°, 44.72°, 45.07° and
67.89° corresponding to (1 2 -2), (2 -2 2), (1 -1 3), (2 -2 4) and Ce203 diffraction peaks at
39.33°, 65.45° and 75.15° corresponding to (0 1 2), (1 1 3), (1 2 1) and CeO2 diffraction peaks

at 56.37° corresponding to (31 1).
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Figure 26. a) GIXRD of thin film deposited at 500 °C and annealed at 30 Torr. b) GIXRD of

thin film deposited at 500 °C and annealed at 15 Torr.
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Although both samples have low-intensity peaks in Figure 26, the peak intensity
increases at higher annealing pressures, and an unidentified foreign peak is observed at
35.64°. Ce7012 diffraction peaks at 37.42°, 47.95°and 72.41° corresponding to (1 1 -2) (-2 5
0) (2 0 2). Annealing at higher pressure resulted in impurities, which is why lower annealing

pressure is preferable.

Comparison of the GIXRD results revealed that the best samples in terms of
crystallinity are those grown at 300 °C, 400 °C, and 500 °C. However, considering the peak
corresponding to Ce7O12 at 55°, the best sample was chosen to be the one grown at 300 °C.
By looking at the results, it was concluded that all the samples except for sample prepared at
600 °C are background noise free and the peaks are clean (Andrle et al., 2021; Hoshino et al.,
2024).

Pulsed Electron Deposition (PED) of Ce20s is not presented in the literature due to the
challenges associated with maintaining the +3 oxidation state. Maintaining this oxidation state
during deposition can be difficult. In this study, GIXRD analysis suggest that Ce.Os was
deposited as a single crystal, which is noteworthy because Ce.0Os has not been previously
deposited using the PED method. Single-crystal Ce.0s has important applications, particularly
in oxygen storage, fuel cells, and sensors. The ability of Cez0s to easily switch between Ce**
and Ce* states further enhances its potential in various applications (Gupta et al., 2016;
Inbaraj & Chen, 2020).

Atomic Force Microscopy Results

An AFM instrument was used to evaluate the surface characteristics of thin films
produced through pulsed electron deposition. Three-dimensional, two-dimensional, and linear
pictures were obtained at various layers of the thin films. When the AFM pictures of the films
were analyzed, the average roughness values varied dramatically depending on the degree of
heat. The resolution was assessed for each thin film at each temperature using a 2-micron
scale. The surface height of the sample was measured at three different distances. It is shown
in the chart in red, blue and green. The values at the bottom of each image indicate the

roughness values at each surface, respectively (Figure 27-35).
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Figure 27. The AFM image of the sample surface deposited at 25 °C.

Figure 27.a shows a three-dimensional image in the plane 2 um % 2 um and Figure
27.b shows a two-dimensional in the plane 2 ym X 2 pum and Figure 27.c shows linear
elevation AFM line height of the sample. Through the reference line, through the red line, the
particle height is 3.30 nm and the roughness is 9.376x102 nm, the blue line has a particle
height of 3.70 nm and the roughness is 1.266x10"* nm, and through the green line it has a
particle height of 3.40 nm and a roughness of 1.122x10"* nm, Figure 27.a shows that the
surface contains a gap indicating the beginning of the growth of nanoparticles and the growth

of others with slight roughness, at a height of 2 nanometers
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Figure 28. The AFM image of the sample surface deposited at 100 °C.

Figure 28.a shows a three-dimensional image in the plane 2 um % 2 um and Figure
28.b shows a two-dimensional in the plane 2 ym X 2 pum and Figure 28.c shows linear
elevation AFM line height of the sample. Through the reference line, through the red line, the
particle height is 2.1 nm and the roughness is 1.244x10"* nm, the blue line has a particle
height of 2.7 nm and the roughness is 1.505x10"* nm, and through the green line it has a
particle height of 1.9 nm and a roughness of 1.416x10"* nm, Figure 28.a shows the growth of
a large number of nanoparticles on the whole surface with higher roughness compared to the

growth of the samples at previous room temperature and at a height of 4 nm.
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Figure 29. The AFM image of the sample surface deposited at 200 °C.

Figure 29.a shows a three-dimensional image in the plane 2 um % 2 um and Figure
29.b shows a two-dimensional in the plane 2 ym X 2 pum and Figure 29.c shows linear
elevation AFM line height of the sample. Through the reference line, through the red line, the
particle height is 3 nm and the roughness is 1.481x10™t nm, the blue line has a particle height
of 2.61 nm and the roughness is 9.554x102 nm, and through the green line it has a particle
height of 3.60 nm and a roughness of 9.35710°2 nm, Figure 29.a shows a decline in the growth
of the particles and a slight growth at a height of 4 nm, The growth area of the particles
indicated by the red line in image (b) shows the highest surface roughness present on the

surface (a).
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Figure 30. The AFM image of the sample surface deposited perpendicular at 200 °C

Figure 30.a shows a three-dimensional image in the plane 2 pym x 2 um and Figure
30.b shows a two-dimensional in the plane 2 um X 2 pm and Figure 30.c shows linear
elevation AFM line height of the sample. Through the reference line, through the red line, the
particle height is 0.95 nm and the roughness is 9.251x102 nm, the blue line has a particle
height of 1.00 nm and the roughness is 9.489x102 nm, and through the green line it has a
particle height of 0.90 nm and a roughness of 6.025x10°2 nm. Figure 30.a shows the growth of
some particles in separate places on the surface of the substrate at a height of more than 4
nanometers. The roughness values are the lowest among all samples at all temperatures. This
may be due to deposition occurring directly on the edges due to the perpendicular position of

the sample.
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Figure 31. The AFM image of the sample surface deposited at 300 °C

Figure 31.a shows a three-dimensional image in the plane 2 um % 2 um and Figure
31.b shows a two-dimensional in the plane 2 pum % 2 um and Figure 31.c shows linear
elevation AFM line height of the sample. Through the reference line, through the red line, the
particle height is 2.30 nm and the roughness is 1.015x10* nm, the blue line has a particle
height of 4.3 nm and the roughness is 4.986x10"* nm, and through the green line it has a
particle height of 2.80 nm and a roughness of 1.207x10 nm, Figure 31.a shows growth of
some particles at a height of 5 nanometers and a slight increase in roughness in most of the

surface.
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Figure 32. The AFM image of the sample surface deposited at 400 °C

Figure 32.a shows a three-dimensional image in the plane 2 pym x 2 um and Figure
32.b shows a two-dimensional in the plane 2 um X 2 pm and Figure 32.c shows linear
elevation AFM line height of the sample. Through the reference line, through the red line, the
particle height is 2.50 nm and the roughness is 1.278x101 nm, the blue line has a particle
height of 2.40 nm and the roughness is 1.260x10™ nm, and through the green line it has a
particle height of 2.60 nm and a roughness of 1.239x10! nm, Figure 32.a shows a regular
growth of particles at close heights of up to 5 nanometer. The surface is considered one of the

roughest surfaces.
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Figure 33. The AFM image of the sample surface deposited at 500 °C

Figure 33.a shows a three-dimensional image in the plane 2 um % 2 um and Figure
33.b shows a two-dimensional in the plane 2 pum % 2 um and Figure 33.c shows linear
elevation AFM line height of the sample. Through the reference line, through the red line, the
particle height is 2 nm and the roughness is 2.025x10"t nm, the blue line has a particle height
of 4.2 nm and the roughness is 3.065x10™ nm, and through the green line it has a particle
height of 2 nm and a roughness of 2.079x10°* nm, Figure 33.a shows growth of molecules at a

height of 10 nanometers and growth of other molecules at lower heights.
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Figure 34. The AFM image of the sample surface deposited at 500 °C and annealed at 30
Torr

Figure 34.a shows a three-dimensional image in the plane 2 um % 2 um and Figure
34.b shows a two-dimensional in the plane 2 pum % 2 um and Figure 34.c shows linear
elevation AFM line height of the sample. Through the reference line, through the red line, the
particle height is 3.50 nm and the roughness is 3.008x10* nm, the blue line has a particle
height of 1.80 nm and the roughness is 1.321x10" nm, and through the green line it has a
particle height of 2.50 nm and a roughness of 1.556x10 nm. Figure 34.a shows high
roughness and large growth of many nanoparticles with a height of about 4 nanometers, and

the image shows high roughness in the area indicated by the red line in image (b).
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Figure 35. The AFM image of the sample surface deposited at 600 °C.

Figure 35.a shows a three-dimensional image in the plane 2 pym x 2 um and Figure
35.b shows a two-dimensional in the plane 2 um X 2 pm and Figure 35.c shows linear
elevation AFM line height of the sample. Through the reference line, through the red line, the
particle height is 60 nm and the roughness is 1.172x10°* nm, the blue line has a particle height
of 40 nm and the roughness is 3.548 nm, and through the green line it has a particle height of
11.70 nm and a roughness of 2.456x10" nm, Figure 35.a shows peak-like growth with a

height of 50 nm, high roughness values compared to all previous temperatures.

Comparison of the AFM results revealed that all thin films have very low roughness
values. The sample with the lowest roughness value is the thin film prepared at 200 °C.

Particles with heights reaching up to 60 nm were detected at temperatures above 500 °C.
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It can be observed that increasing the temperature contributed to stimulating the
growth of more films and increasing the roughness, this may be due to thermal stress, but it
cannot be determined because the increase in temperature during the deposition process may
lead to either an increase or a decrease in the surface roughness (Broekmaat et al., 2008). In a
study conducted to analyze the surfaces of TiO; thin films by Atomic Force Microscopy
(AFM), samples were grown at 200, 300, and 400 °C on a silicon substrate by direct current
(DC) planar magnetron sputtering system in an O,/Ar atmosphere. Annealing at higher
temperatures generally leads to increased surface roughness and grain growth, with the most
significant changes occurring at 400 °C due to more pronounced grain growth at this
temperature (Talu et al., 2020).The appearance of gaps in the 3D image at 25 °C may be due
to defects in the deposition process or non-uniform growth leading to a gap or discontinuity in
the film structure. One of the most important reasons for the appearance of gaps is thermal
stress during annealing after deposition, as the difference in thermal expansion coefficients
between the film and the substrate can lead to stress and the formation of a gap. The reason
that can be preferred in this study is the formation of grain boundaries because gaps appeared
at 25°C, which means at the temperature at which thin films begin to form and grain growth
and their merging in an irregular manner leaves gaps and voids within the film (Jena et al.,
2015; Loi et al., 2002; Voigtldnder, 2019).

Uneven grain growth can cause grain boundaries to converge and form peak-like
structures. Thermal stress can induce surface instabilities that manifest as peaks. The most
compelling reason in this study may be due to enhanced surface diffusion. If the deposition
temperature is high enough to promote atomic movement, atoms can migrate and aggregate to
specific locations and form peaks (Nikam et al., 2020). This is what was observed in peak
growth at 600 °C Peak-like structures can be used in optoelectronic devices such as solar cells
and photodetectors to enhance light absorption. The peaks can act as effective light traps,
improving the device efficiency. Peak-like features on metal thin films can enhance the
electromagnetic field at the surface, which is of great importance for Raman spectroscopy
(Saritha et al., 2016). Well-controlled temperature promotes regular molecular growth. High
temperatures can facilitate the diffusion of atoms, leading to specific crystal structures and
regular molecular growth. Regular atomic crystal structures are essential for photovoltaic
devices such as LEDs. These materials with regular atomic growth exhibit unique electronic
and optical properties due to fewer defects. Films with regular atomic growth tend to have
higher mechanical strength and toughness as the uniform structure reduces the possibility of

stress concentrations. (Wu et al., 2019)). Looking at the atomic force microscopy results in
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this study, regular molecular growth is observed at temperatures of 100 °C, 300 °C, 400 °C,

and 500 °C at an annealing pressure of 30 Torr.

Scanning Electron Deposition System Results

SEM images were taken of each film obtained, and the surface morphology of the thin
films was determined. The magnifications of the SEM images of the thin films obtained were
10,000x, 20,000x, 50,000x, and 100,000x, respectively (Figure 36-44).

Figure 36. SEM images of the sample surface deposited at 25 °C. a) 10,000x magnification,
b) 20,000x magnification, c) 50,000x magnification, d) 100,000x magnification

The Figure 36 shows that the surface not smooth and the surface appears to have a
precipitate layer with a simple smooth texture and the growth of small, ill-defined grains due

to limited atomic movement at room temperature.
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Figure 37. SEM images of the sample surface deposited at 100 °C. a) 10,000x magnification,
b) 20,000x magnification, c) 50,000x magnification, d) 100,000x magnification

The Figure 37 shows that the surface very smooth and some small grains grow on the
surface.
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Figure 38. SEM images of the sample surface deposited at 200 °C. a) 10,000x magnification,
b) 20,000x magnification, c) 50,000x magnification, d) 100,000x magnification.

The Figure 38 shows that the surface is very smooth
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Figure 39. SEM images of the sample surface deposited perpendicular at 200 °C. a) 10,000x
magnification, b) 20,000x magnification, c¢) 50,000x magnification, d) 100,000x
magnification

Figure 39 shows that the surface is smooth but has dents, and some small grains grew

on the surface. Placing the substrate perpendicular dramatically reduced surface roughness.
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Figure 40. SEM images of the sample surface deposited at 300 °C. a) 10,000x magnification,
b) 20,000x magnification, c) 50,000x magnification, d) 100,000x magnification

Figure 40 shows that the surface has a droplet with 200 nm diameter and surface is
smooth but has lots of small particles. Rise in the temperature resulted rough surface.
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Figure 41. SEM images of the sample surface deposited at 400 °C. a) 10,000x magnification,
b) 20,000x magnification, c) 50,000x magnification, d) 100,000x magnification

Figure 41 shows that the surface has a droplet with a 100 nm diameter, and most of the

surface area is flat, Image (d) shows a large droplet particle.
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Figure 42. SEM images of the sample surface deposited at 500 °C. a) 10,000x magnification,
b) 20,000x magnification, c) 50,000x magnification, d) 100,000x magnification

Figure 42 shows that the surface has a few droplets but is generally smooth.
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Figure 43. SEM images of the sample surface deposited at 500 °C and annealed at 30 Torr. a)
10,000x magnification, b) 20,000x magnification, c¢) 50,000x magnification, d) 100,000x
magnification

Figure 43 shows that the surface has different domains and is rougher compared to the

standard annealing temperature.

47



Figure 44. SEM images of the sample surface deposited at 600 °C. a) 10,000x magnification,
b) 20,000x magnification, c) 50,000x magnification, d) 100,000x magnification.

Figure 44 shows that all the surfaces have many droplets with sizes varying from 1 um
to 200 nm and 100 nm. The maximum zoom reveals a compact network growth of
nanoparticles and the surface is fused and is not as smooth as previous samples.

Based on the scanning electron microscope results, most of the thin films have smooth
surfaces at temperatures of 100 °C, 200 °C, perpendicular 200 °C, 300 °C and 400 °C.
Smooth surface thin films are widely used in various industries and research fields. Their
applications include optical coatings, mirrors, semiconductor devices, transistors, and
photovoltaics and Smooth thin films are considered resistant to corrosion and scratches (Pascu
et al., 2022). The results show that at a temperature of 500 °C and an annealing pressure of 30
Torr, the film surface contains domains due to the change in annealing pressure. It was
concluded that the sample annealed at 200 °C has the smoothest surface compared to all other
samples. The results show that at temperatures of 500 °C and above, droplets appear on the
surface, making deposition above 500 °C not recommended. The surface of the film at a
temperature of 600 °C contains a rough surface with large crystalline grains resembling a

network at a magnification of 100.000 times.
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In a study conducted using PLD for ZnO deposition (Verardi et al., 1999), where a
scanning electron microscope was used for surface analysis, the results indicate slightly rough
nanoscale surfaces for the thin films (smooth). By comparing these findings with those
obtained in this study, ZnO was studied by PLD in an atmosphere of high purity oxygen. This
same step was carried out in this study to deposit cerium oxide. The present study have
proven that high-purity oxygen contributes to obtaining smoother and more uniform film
surfaces by preventing unwanted chemical reactions or impurities that can disrupt film

growth, as proven by many studies (Banerjee et al., 2020; Sekkat et al., 2021)

Placing the sample perpendicular at 200 °C is not preferable due to dents and small
grains. Deposition at high temperatures results in droplets on the sample surface, so
deposition at temperatures higher than 500 °C is not recommended. Annealing at 15 Torr is
sufficient, and increasing the annealing pressure leads to the formation of domains on the
surface. Since controlled cooling was done at 10 °C/min, no cracks have formed on any of the
sample surfaces due to differences in the thermal expansion coefficients of the substrate and
the thin film.

X-ray photoelectron spectroscopy (XPS) results

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that measures the very topmost 200 atoms, 0.01 um, 10 nm of any
surface. In order to determine the chemical composition of the prepared thin films, an XPS
scan was conducted on the sample prepared at 300 °C with a Specs-Flex XPS. The result
show that the surface of the thin film contains only two elements: cerium and oxygen, as
shown in Figure 45 below. Due to the prolonged waiting time for XPS analysis, the sample

was oxidized during this period, and the cerium oxide phase could not be determined.
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Figure 45. XPS data of thin films of cerium oxide.

The X-ray Photoelectron Spectroscopy (XPS) survey of the thin film revealed the
presence of only two elements: cerium (Ce) and oxygen (O). The absence of other elemental
signals in the spectrum confirms the film's high purity and suggests successful deposition of
the Ce-O compound. The relative intensity of the Ce and O peaks can provide insights into

the stoichiometry of the film, which is critical for understanding its structural and functional
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properties. However, the long wait for analysis resulted in oxidation of the samples and it was
not possible to identify the cerium-oxide phase by XPS method, but XRD results clearly show
Ce20s3 phase. This result highlights the effectiveness of the deposition process in achieving a

controlled and homogenous composition.
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CONCLUSION AND RECOMMENDATIONS

PED technology is widely used for the deposition and preparation of thin and thick
films. The stoichiometry of the target material is maintained during transfer to the substrate. It
is a fast crystal growth method, allows for the preparation of superlattices thanks to the use of
multiple targets, and enables samples to be annealed without removing them from the vacuum

chamber. This makes the method a very effective physical deposition technique.

In this study, Cerium Oxide thin film growth was performed using a PED system. For
this purpose, LAO with suitable crystal lattice and thermal expansion coefficient was chosen
as a substrate and high quality; Cerium Oxide thin films were obtained with one high intensity
GIXRD peak (Figure 17) referring to Ce>O3 for growth temperatures from room temperature
to 600 °Deep GIXRD analysis of thin films for very low intensity peaks revealed that the thin

films comprise three types of cerium oxide: CeO2, Ce203z, and Ce7012.

The crystalline properties, surface morphology, and homogeneity of the prepared
samples were evaluated by Grazing Incidence X-ray diffraction (GIXRD), scanning electron
microscopy (SEM), atomic force microscopy (AFM) and X-Ray photoelectric spectroscopy
(XPS).

The XPS results indicate that the deposited thin films are composed solely of cerium
and oxygen atoms. The GIXRD analysis showed that the samples grown at temperatures of
300 °C, 400 °C, and 500 °C exhibited the highest level of crystallinity. However, after taking
into account the peak associated with Ce7O12 at 55°, the most optimal sample was selected as
the one that was cultivated at 300 °C.

The graph between the roughness value obtained from the results of the AFM device
and the temperatures, as shown in Figure 46, where deposition occurred in each experiment,
shows the presence of continued growth of smooth surfaces at all temperatures and the growth

of very rough surfaces at 600 °C.

Upon comparing the AFM results, it was found that all thin films exhibit extremely
low roughness values. The thin film prepared at 200 °C exhibits the minimum roughness
value among the samples. Nanoparticles with heights of up to 60 nm were observed at

temperatures exceeding 500 °C.
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Roughness and temperature
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Figure 46. Roughness values for cerium oxide thin films as a function of deposition
temperature.

Based on the SEM results, all thin films have smooth surfaces at temperatures of 100
°C, 200 °C, 200 °C perpendicular, 300 °C, and 400 °C. The SEM images of thin film of
cerium oxide at an annealing pressure of 30 Torr and a temperature of 500 °C show a surface
containing domain areas comparing with all other surface results due to the change in
annealing pressure. The sample with the most polished surface is the one grown at 200 °C. It
is not advisable to position the sample at a 90-degree angle at this temperature due to the risk
of dents and small grains. Deposition at elevated temperatures leads to the formation of small
liquid droplets on the sample surface, so deposition above 500 °C is not recommended. The
thin film prepared at 600 °C has a rough surface with large crystalline grains that resemble
compact tissue, due to the high temperature. Annealing at a pressure of 15 Torr is sufficient;

increasing the annealing pressure creates domains on the surface.

Cerium oxide, especially its form Ce20s, plays an important role in applications that
require smooth surfaces due to its unique physical and chemical properties, including the use
of cerium as a polishing agent in the glass industry and the creation of exceptionally smooth
surfaces in optical mirrors and lenses. The smooth surface of cerium oxide is useful in various
chemical catalytic processes, as it enhances selective reaction rates by providing a stable and
active site. Research in recent years indicates the use of cerium oxide in the production of
solid oxide fuel cell components, where a smooth surface is critical for effective ion doping
and fuel oxidation. (N. Chakrabarty, 2021)

When comparing the results of this study with the results of deposition of cerium
oxide by PLD, the surfaces deposited by PED are smoother compared to the results of PLD

(Yurtcan, 2021), which showed a network-like surface formation. The superiority in the
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results in both studies is attributed to the specific properties targeted by a particular
application. For example, smooth nano-surfaces are usually characterized by less friction due
to the absence of roughness, which is beneficial in mechanical resistance and light scattering.
As for nano-surfaces that have a network shape, they help increase the surface area, which
enhances interaction with other materials. This property plays a major role in applications
such as catalysis and energy storage. These networked nano-surfaces can also be used to
enhance adhesion and strong bonding in composite materials such as paints. They can also
manipulate and disperse light, which is useful in photovoltaic cells and sensors. In conclusion,
determining the choice between surfaces depends on the specific requirements of the intended
application, as each of them provides properties that suit different functional needs. (Li et al.,
2024).

In a study on coating thin films of CeO: doped with Er using PED, X-ray diffraction
measurements indicated that all films are polycrystalline with an FCC (Face-Centered Cubic)
structure, and that Er doping affects the X-ray diffraction patterns of cerium oxide films
(Tatar et al., 2013). While in this study all thin films have one significant very high intensity
peak corresponding to hexagonal Ce;O3 CeO: (FCC) is more stable, versatile, and widely
used, making it the preferred choice for many applications (Kusmierek, 2020). Especially,
Ce20s (hexagonal) has unique properties that can be useful in redox applications
(Upolovnikova et al., 2024).

As a result, cerium oxide thin films can be obtained at various temperatures using the
PED method on LAO substrates. To achieve a flat surface, samples should be prepared at
temperatures between 100 °C and 400 °C, particularly at 200 °C. For the best Ce2O3
crystallinity, thin films should be prepared at 300 °C for PED method. In order to obtain thin
films with the desired properties, variables such as energy, frequency, coating pressure, etc.,

can be optimized further.
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