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Abstract

Metals, ceramics, and polymers are just a few of the materials that can be used
with thin film technology. The majority of early material science research was
primarily concerned with well-defined metals but, as a result of the various
important industrial uses of metal oxide systems, there has been a phenomenal
increase in this area of study. To tailor the physical properties of metal-metal
oxide films placed onto ceramic substrates for specific purposes, it is essential to
understand how growth and/or annealing conditions affect the crystallography
and microstructure of the films.

In order to study the differences in the growth of single and polycrystalline
structures, as well as, to understand the impact of annealing on the surface
morphology and structure of the films, Fe and Ni films were grown epitaxially on
a MgO(001) substrate using the molecular beam epitaxy (MBE) technique and
were annealed in-situ in the MBE chamber under a controlled temperature of
400°C and oxygen partial pressure of 5x10° mbar. Reflection high-energy
electron diffraction (RHEED), transmission electron microscopy (TEM),
scanning electron microscopy (SEM) / energy-dispersive x-ray spectroscopy
(EDS), and atomic force microscopy (AFM) technigues were used to characterise
the structure of the films.

According to the structural analyses, Fe films grew on the MgO(001) substrate
with more uniformity than Ni films. Comparing Ni films to Fe films, higher
surface roughness was visible on Ni film, which is possibly due to the larger
mismatch (~16%) between Ni film and MgO substrate. The analysis of annealed
film lattice shows that the films get oxidised and RMS surface roughness
increased with annealing. The lattice d-spacing analysis, from high-resolution
TEM (HRTEM) images and selected area electron diffraction (SAED) pattern on
the annealed samples, indicated that the Fe films were half oxidised towards
Fes04 (magnetite) along with non-oxidised iron and Ni films were fully oxidised
to NiO.
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Chapter 1
Introduction

In the current era of science and technology, material science plays an essential
part. To suit commercial and individual needs, a variety of materials are utilised
in industry, housing, agriculture, transportation, etc. Numerous opportunities
have been created for better knowledge and application of various materials as a
result of rapid advancements in the field of solid-state physics. Thousands of
materials, such as metals, ceramics, polymers, composites, semiconductors,
biomaterials, and advanced materials are readily available; however, choosing the
right material for a given application is a highly difficult task. The best choice of
materials may be made, nevertheless, by having a solid understanding of the
fundamental properties of the various materials [1, 2].

1.1 Metal oxides

Most of the early material science research was focused on metals but, as a result
of the numerous significant technological applications of metal oxide systems,
there has been an incredible surge in this field of study. The class of materials
known as metal oxides is broad and interesting, with characteristics ranging from
metals to semiconductors and insulators. These materials are earth-abundant and
their variety of features enables them to be used in applications ranging from
energy storage to catalysis [3]. The stability of electrode/electrolyte interfaces in
fuel cells, the failure of dielectric materials due to surface conductivity, catalysts
for the partial oxidation of hydrocarbons, spintronic-based storage devices, solid-
state gas sensors for pollution monitoring and control, and the passivation of
metal surfaces against corrosion are all dependent on the characteristics of metal-
oxide surfaces or the interface between metal oxides and other materials.

Comparatively speaking, the study of metal-oxide surfaces lags behind that of
metals and semiconductors. This makes studying oxide surfaces more difficult
for a number of reasons. The level of complexity is a significant issue. When it
comes to crystal structures, this is obvious. Finding out where the atoms are on a
surface is one of the initial objectives of a structural investigation, but it is obvious
that the complexity of oxide structures can make this a difficult task. In reality,
there are surprisingly few oxide surface structures that have been accurately
identified. A complex combination of chemical and physical properties goes
along with complicated crystallography. Numerous elements, particularly
transitional metals, exhibit a variety of potential oxidation states, leading to a
number of oxides with various compositions. For surface research, this chemical

12



complexity has a wide range of important impacts. Surface defects are definitely
an essential component of metal oxides and their characteristics.

It is acknowledged that the existence of surface imperfections frequently causes
catalytic activity. Anion or cation vacancies, which have an impact on the site's
electronic energy levels, are a common defect on oxide surfaces. Oxide vacancies
occur more frequently than metal cation vacancies. Other defects that metal
oxides may have include steps, kinks, and impurity atoms, which are comparable
to those that are present on elemental surfaces. For all material science
experiments, surface preparation is a crucial component. The creation of virtually
perfect surfaces for any alloy is challenging compared to the fabrication of
elemental solids. The process of cleaving in an ultrahigh vacuum (UHV) is maybe
the greatest way to create nearly perfect surfaces [4].

Additionally, material scientists have the choice of creating thin films of the oxide
In situ on an appropriate substrate, or using commercially available single crystals
that have been cleaved to disclose the appropriate surface orientation, for
undertaking more fundamental experiments. It is possible to create thin films on
suitable metal substrates, which are sufficient to replicate the surfaces of bulk
terminated crystals, rather than analysing bulk metal oxide crystals. Either direct
metal oxide deposition or metal deposition followed by oxidation can be used to
grow the oxide film.

1.1.1 Applications of Metal Oxides
Metal oxides as catalysts

Metal oxide catalytic materials are being used extensively in the chemical,
environmental, and petroleum industries. They include simple oxides like silica,
alumina, clays, zeolites, titania, zirconia, and ZnO as well as complex oxides like
porous and mesoporous metal oxides. The majority of commercial catalysts are
composed of metal deposits on a metal oxide substrate with a high surface area.
In some instances, the metal oxides themselves can operate as catalysts, either in
pure forms (such as bismuth molybdate in the synthesis of acrylonitrile) or mixed
forms (such as V,0s on TiO; in the selective oxidation of hydrocarbons and
selective catalytic reduction of NOy) [5, 6].

The chemical industries make considerable use of metal oxides as catalysts for
selective oxidation in the creation of chemical intermediaries. These metal oxides
have particular characteristics like acidity, basicity, and redox aspects, which
result in particular catalytic properties. The surface of an oxide may have different
defects and environments (kinks, steps, terraces), which could affect the catalytic
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phenomena, such as making metal oxides more susceptible to catalytic processes
due to their structural characteristics [6].

FesO,4 is utilised as an iron source in catalysts in the "Haber-Bosch method,” a
chemical reaction that improves the reactivity of nitrogen and hydrogen to
produce ammonia. This process is currently the most popular process for
producing ammonia on a wide scale [7]. In numerous synthetic transformations,
such as oxidative addition, C-H activation, reductive elimination, oxidative
cyclization, oligomerization, and the creation of carbon-carbon and carbon-
heteroatom bonds in cross-coupling processes, Ni serves as a key catalyst. In
cross-coupling processes, nickel is utilised in place of palladium as a catalyst
since it is less expensive than other transition metal catalysts [8, 9].

Corrosion controlling

Corrosion is the ongoing degradation of a material and is caused by a number of
variables, including the application environment, operating circumstances, the
presence of non-equilibrium phases, the failure of protective phases or layers in
the materials, etc. Materials can change during the corrosion process into a new
form that may be reactive or protective in subsequent processes. The
thermodynamic instability of a given material system in the combined
environment and working conditions is typically the driving factor behind
corrosion. Depending on the application type and corrosive environment, many
ways are used to reduce or slow down the corrosion of a material system.
Applying protective or non-reactive phases in the form of coatings over the
material system to prevent exposure to the environment is the quickest and most
popular way. Because of the stability and resistance to the diffusion of various
ionic species, oxide systems are typically recognised for their protective activity.
The iron-containing alloy stainless steel is a well-known example of an oxide
layer-assisted corrosion-resistant alloy because the alloying element chromium
(Cr) creates an unbreakable stable oxide layer (Cr,Os, also known as chromia)
along the grain boundaries and surface. Although chromia cannot be used alone
because of brittleness, chromium enhances passivity when alloyed with other
metals and alloying elements in stainless steel. Another example is Aluminium
(Al) and Al — alloys [10]. The invention of corrosion-resistant surface coating
based on NiO also have a huge industrial application [11, 12].

Sensors

The optical, electrical, and thermal properties of metal oxide semiconductors
(MOS) have made them more popular in monitoring and detecting explodes and
harmful gases. SnO;, ZnO, Fe;0s, TiO,, In,O3, Co304, and CuO are the most
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popular metal oxide semiconductor materials that have been used as sensors. Due
to their inherent physical and chemical characteristics, metal oxide
semiconductors have recently emerged as the preferred material to fabricate
extremely sensitive, reliable, and cheap gas sensors for real-world applications
[13]. SnO,, ZnO, WO3, and TiO, are examples of wide-band-gap metal oxide
semiconductors whose electrical conductivity varies depending on the type of gas
surrounding them. As a result, they are the most common and practical sensing
materials utilised to make inexpensive gas sensing equipment [14].

Hydrogen peroxide (H.O;) is a chemical that is utilised in bleaching and
antibacterial treatments, among other things. However, too much H,O, can
damage the eyes and exposed skin. In order to detect H,O,, it is crucial to create
sensitive and precise sensors. Enzyme-based sensors are often one type of option
for detecting H,O,. The limitations on development and applications are intricate
processes, expensive costs, and unsuitability for large-scale production. It is well
known that FesO, nanoparticles have an enzyme-mimicking property that is
comparable to that of natural peroxidases. Due to this special property of Fe3;O4
and the low cost of thin-film technology, Fes;O4 thin films are being investigated
intensively for the production of H,O, sensors [15]. Numerous NiO-based gas
sensors are well suited for use in applications for monitoring environmental
harmful gases including carbon monoxide and nitrogen oxide due to their
physical and sensing properties. These sensors also showed similar NO, gas-
sensing properties [16, 17].

Spintronics

Conventional electronics use only the charge of charge carriers (electrons and
holes). This field is well established and has some limitations in applying the
next-generation spintronic devices, which use both charge and spin of the charge
carriers. Many devices work based on spintronics, for e.g., storage devices,
sensors, transistors, and other integrated circuits [18]. The combination of
ferromagnetism and semiconducting characteristics of the single-phased or
hetero-structured materials is related to Magnetic Tunnel Junction (MTJ) based
spintronics, according to several research. Giant magnetoresistance (GMR),
which was found in metallic multilayers (such as Fe/Cr or Co/Cu superlattices)
in the 1980s, was the first spintronics phenomenon that received significant
academic attention. Tunnel magnetoresistance (TMR), another spintronics
phenomenon, has sparked a significant amount of experimental and theoretical
research. The interest in oxides in spintronics has rapidly grown since the first
ground-breaking TMR results were reported on tunnel junctions based on
manganese perovskite oxides [19]. Due to their distinctive magnetic and electrical
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characteristics, transition-metal oxides are regarded as potential candidates for
functional spintronic materials. More recently, the growth of multiferroic
materials in thin film form and the renewed interest in their properties, which
typically include ferromagnetism, ferroelectricity, and ferroelasticity in single-
phased or hetero (composite) structures have opened up new applications for
oxides in spintronics.

Fes04 thin films have recently received a lot of attention for use in spintronic
devices due to their benefits, most notably those listed below. First, Fe3O, has
strong spin polarisation (approximately 100%) and a high Curie temperature
(around 860 K), which are typically needed in magnetoresistance (MR) fields.
Second, Fe3;04 thin films can have their magnetic and electrical characteristics
changed [15]. NiO is a potential material for spintronic devices, in which signals
are carried by propagating disturbances (i.e. magnons) in the ordering of magnetic
materials rather than by electrical currents [20, 21].

Metal oxides are also employed in solar cells [22], superconducting materials
[23], photoactive materials [24] and dielectric materials [25].

1.2 Thin films

Although thin film techniques have been studied for well over a century, it has
only been in the last few decades that they have been exploited extensively in
real-world applications [26]. A thin film is a layer of material that can range in
thickness from a few nanometers to several micrometres and can be described as
a low-dimensional structure made by the sequential condensation of atomic,
molecular, and ionic species of matter [27]. Modern technology requires thin
films for various applications. Many electronic semiconductor devices such as
transistors, sensors, photovoltaic devices, solar cells, light-emitting diodes,
photoconductors and light crystal displays are the main applications benefiting
from thin film construction. Thin films are the main drivers of ongoing
technological developments in the sectors of optoelectronic, photonic, and
magnetic storage devices. Due to their distinct electrical, magnetic and optical
qualities, the majority of functional materials are applied in thin film form. Thin
film technologies take advantage of the fact that the thickness parameter can be
used to control attributes in particular. Many organisations have used a variety of
deposition processes, including thermal evaporation, sputtering, molecular-beam
epitaxy, pulsed laser deposition, chemical vapour deposition (CVD), dip coating,
etc. to create metal oxide thin films. This study uses the MBE technique in order
to guarantee minimum contamination and excellent measurement accuracy. The
details of the MBE technique are discussed in chapter 2.
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1.3 Aim of the present study

Thin film technology can be applied to different substrate material such as metals,
ceramics or polymers. It is crucial to comprehend how the growth and/or
annealing conditions affect the crystallography and microstructure of metallic
films deposited onto ceramic substrates in order to tune their physical properties
(such as magnetic, electrical, etc.) for particular applications.

Due to the chemical, thermal, and mechanical stability, MgO has been frequently
employed as a substrate for thin metallic coatings and there has been an increase
In interest in the synthesis and characterization of Fe (body-centered cubic
structure) layers on MgO (rock salt structure) due to their technological uses.
However, MgO and Fe (bcc) have lattice parameters of 4.212 A and 2.87 A,
respectively. Since there is only a 4% lattice mismatch (due to a 45° rotation of
Fe lattices with respect to MgO), Fe has been seen to grow on MgO(001)
successfully [28-30]. Even in the presence of a lattice mismatch, a thin film can
develop on a substrate as a strained epitaxial layer. At room temperature, there is
a 16% lattice mismatch between Ni and MgO(001) but, numerous studies have
been done on the formation of thin films of Ni (face-centered cubic structure) on
MgO (rock salt structure), and Ni is predicted to interact strongly with MgO [31,
32].

The main aim of this study is to understand the self-oxidation in metallic thin
films and the comparison of self-formed metal-metal oxide to metal-metal oxide
structures grown by MBE, through the epitaxial growth and structural
characterisation of as-grown and in situ annealed Fe & Ni thin films on MgO(001)
substrate.

1.4 Magnesium Oxide - MgO(001) substrate

Since the substrate lattice serves as a template for thin film growth, substrate
selection is one of the initial steps in any thin film deposition study. The precise
lattice of single-crystal substrates makes them the best option for thin film
deposition. For thin films of materials such as ferro magnetic, photo-electronic,
and high T¢ superconductors, magnesium oxide makes a great single-crystal
substrate. It has the empirical formula MgO and is made up of an interlocking
lattice of Mg?* and O% ions that are held together by ionic bonding. MgO
crystallises in the cubic Fm-3m space group and has a rock salt structure.
Magnesium oxide's crystal lattice has an octahedral geometry with a lattice
constant of a = 4.212 A in which the strongly coupled Mg?* and O ions result in
their high melting point [33]. It has a special ability to tolerate high temperatures,
which makes it a popular refractory material in industries. The various
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applications of MgO in dehydrating material [34], medicines [35], etc. make it
more attractive.

1.5 Iron and Iron oxides

Iron (Fe) is the most common metal in the crust of the earth. At atmospheric
pressure, iron has two distinct crystal structures: the body centered cubic (bcc)
and the face centered cubic (fcc). The bcc a-phase is stable in the ground state,
and at T=1184 K, a-Fe changes into the fcc y-phase, which is stable up to 1665
K. Iron changes back into the bcc phase (6-Fe) above this point, where it remains
stable until it reaches the melting point T, =1809 K [36]. Iron oxides, which are
utilised in a variety of applications from the manufacture of steel to data storage
devices, are created using iron ore as the raw material. Compounds made of iron
and oxygen are known as iron oxides.

Magnetite (FesO4)

Magnetite (FezO,) is the oldest magnetic substance known to science and a
frequent rock-forming iron oxide. It is a ferrimagnet with a critical temperature
Tc = 858K. When Fe3O4 crystallises, it takes the shape of a spinel, where the A
sites are occupied by Fe®" ions and the B sites by a combination of Fe?* and Fe3*
ions [19, 37]. FesOy is particularly appealing for a variety of commercial and
industrial applications because of its good epitaxial fit to technologically
significant semiconductor and oxide substrates (mentioned above in section
1.1.1). Due to theoretically expected half-metallic features, such as 100% spin
polarisation at the Fermi level, magnetite (FesO,4) has been receiving a lot of
interest.

1.6 Nickel and Nickel oxides

Nickel (Ni) is a transition metal that is hard and ductile. Despite the fact that pure
nickel is chemically reactive, big pieces take longer than usual to react with air
because, under normal circumstances, a passivation layer of nickel oxide grows
on the surface to stop further corrosion. Nickel typically has a face-centered cubic
structure with a lattice parameter of 3.52A. Because it is corrosion-resistant,
nickel is used to safeguard other metals by plating them, and it is used in the
creation of alloys like stainless steel, for example. NiO can be produced when
nickel powder is heated over 400°C [38].

Nickel oxide (NiO)

Nickel (I1) oxide (NiO) is a basic oxide of nickel that adopts the NaCl structure,
with octahedral Ni?* and O?  sites. It is a charge-transfer insulator that is
antiferromagnetic. NiO is frequently non-stoichiometric, just like many other
binary metal oxides. NiO is a fascinating material since it is used in radiation
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detectors, solar cells, semiconducting devices, laser materials, thermoelectric
devices, and optoelectronic devices [39].
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Chapter 2
Methodology

This chapter gives an overview of the techniques used to grow and characterize
thin films in this work. It includes a detailed explanation of the MBE growth and
structural characterisation using electron microscopy and chemical analysis by
EDS. It also cover the mechanical polishing technique for the preparation of
cross-section specimens for TEM in detail.

2.1 Ultra-High Vacuum Systems

The majority of the thin film deposition techniques currently in use require a
decreased pressure environment or vacuum to ensure low contamination. The
level of vacuum required can be different according to the deposition techniques.
Based on the deposition chamber pressure, the vacuum levels can be defined as
in Table. 2.1[40].

Vacuum Level Pressure Range (mbar)
Rough Vacuum 1x10° tol1x10°3
Low Vacuum 1x10°to1x10°
High Vacuum 1x10°t01x10°
Ultra-High Vacuum <1x10°

Table 2. 1: Classification of vacuum levels according to the different pressure ranges [40].

This work mainly uses an UHV level which is required for the deposition of high-
purity thin films.

2.1.1 Vacuum Pumps

Maintaining UHV conditions is very challenging, and this usually achieved by
combining a number of vacuum pumps. Gas transfer pumps and entrapment
pumps are the two main groups of vacuum pumps. Gas transfer pumps transfer
gas molecules in one or more stages of compression from the pumped volume to
the ambient air. Entrapment pumps force molecules to condense or chemically
bond to the walls of the chamber they are pumping. Some entrapment pumps are
reversible and release trapped (condensed) gas back into the system during warm-
up, unlike gas transfer pumps, which permanently remove gas.

The two further categories of gas transfer pumps are positive-displacement and
Kinetic vacuum pumps. Positive-displacement pumps include roots pumps and
rotary mechanical pumps. The two best-known kinetic vacuum pumps are
diffusion and turbomolecular pumps. Adsorption, sputter-ion, and cryogenic
pumps are a few of the entrapment pumps that are frequently used. In a variety of
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pumping system configurations, each pump is utilised separately or in
combination [41].

Rotary Mechanical Pump

The rotary mechanical pump is one of the most well-known and widely used
positive displacement pumps. Typically, rotary pumps have a mounted rotor with
spring-loaded vanes (see Fig. 2.1). The vanes will move in and out as the rotor
rotates, allowing a volume of gas to be constrained, compressed, and eventually
released via the exhaust valve. To seal and lubricate the working parts, oil is
introduced to the rotary pump, but the oil itself can be a source of contamination,
hence oil traps are frequently attached to pumps to reduce this danger. In a multi-
vacuum system, the rotary pump is widely applied as the first stage because of its
ability to quickly evacuate enormous quantities to a pressure of 1 x 1073 mbar
[42].

1 Pump housing 9 Exhaust port

2 Rotor 10 Air infet siencer
3 Oiklevel sight glass 11 Od fiter

4 Suction duct 12 Exhaust valve

5 AnS-suckback valve 13 Exhaust duct

6 Dwtwsp 14 Gas balast duct
7 Intake port 15 Of injecion

8 Lid of gas ballast vave 16 Vane

Figure 2. 1: Diagram showing the operation of the rotary vane pump. The illustration shows a
cross-section of the pump, and black arrows show the direction of the flow [42].

Turbomolecular Pump

Turbomolecular pumps were created, and are now used, as a result of the desire
to benefit from the advantages of oil-free pumping. The turbomolecular pump
imparts a preferred direction to a molecular motion similar to the diffusion pump,
except in this case the impulse is brought about by impact with a turbine rotor
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that is spinning at rates of 20,000 to 30,000 revolutions per minute. The
turbomolecular pump is a vertical, axial flow compressor that uses numerous
stages or rotor-stator pairs mounted in succession to provide gas molecules
direction by ballistic transport (see Fig. 2.2). Gas that has been trapped by the
upper stages is passed to the lower stages, where it is incrementally compressed
to the fore-vacuum pressure [41].
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Figure 2. 2: (a) turbomolecular pump (b) Diagram showing the operation of a turbomolecular
pump [42].

While the blades spin at speeds of up to 30,000 revolutions per minute, the pump
will become frictionally heated as a result of frequent contact with the gaseous
atmosphere. Hence, the pumps are only used once the chamber's pressure has
been decreased to about 1 x 10 mbar. A rotary pump can support the
turbomolecular pump to efficiently achieve oil-free pumping. Although
turbomolecular pumps are typically the most significant pumps used in growth
chambers, other applications that are sensitive to noise, such as electron
microscopes, cannot use them because of the rotation of the blades [42].
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New generations of pumps, such as the ion pump and Titanium sublimation
pump, have been created to address the issues with noise and oil back-streaming.
Reactive ions are used in these novel pumps to bond with the chamber's remaining
ions and subsequently bond them to the pump's components or the chamber walls.

lon Pumps

lon pumps are molecule-trapping devices that store air molecules inside of them
and let them out when switched off or heated, respectively (see Fig. 2.3). In order
to trap gas atoms, the intense gas ions sputter Ti atoms from the cathode, which
then condense throughout the pump chamber, primarily on the cylindrical anode.
lon pumps thus eliminate gas atoms through electrical attraction to the cathodes
and chemisorption on the anode surfaces.
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STARCELL TYPE

:!ILA f

Figure 2. 3: (a) lon pump; (b) schematic representation of the interior of ion pump [41].

lon pumps are often turned on after a diffusion pump has decreased the pressure
to <~103Pa because they are only effective at high vacuums. lon pumps are
frequently added directly to the stage or gun chambers of TEM [42].

Titanium Sublimation Pump (TSP)

This is an entrapment pump that helps in maintaining UHV conditions by
lowering the pressure from 1 x 10~° mbar to below 1 x 1071 mbar. A thin coating
Is created on the inside surfaces of the chamber by intermittently sublimating Ti
atoms, which traps reactive gases like hydrogen, oxygen, and nitrogen (see Fig.
2.4). The TSP can quickly restore the vacuum after gaseous expansion by
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efficiently removing gases that pose a greater challenge to the turbomolecular
pump. Even though TSPs are a finite source pump, once the Ti source is
exhausted, the chamber must be vented and the source must be changed. As a
result, the length of the pump cycle is frequently several hours.

Once growth has begun, the TSP should be evaluated for its cycle position and
maybe switched off to prevent contamination of the growth by titanium.

Flange

Coolant supply

|

Titanium alloy filament Electrical connection

Figure 2. 4: Schematic representation of the interior of TSP [43].

Vacuum Gauges

The two different vacuum gauges, Pirani and ion gauges, are used to measure
pressure. The employment of these two instruments is necessary since they both
operate at different vacuum levels. Pirani gauges can read pressure in a rough
vacuum (Imbar to 1 x 1073 mbar), whereas ion gauges can only function in high
vacuum and above conditions (<1 x 10~° mbar). As both gauges are calibrated for
the same gas species, nitrogen, they are regarded as indirect pressure gauges and
are therefore subject to uncertainty.

Pirani gauges measure pressure by detecting heat transfer away from a resistively
heated wire. After the temperature has had time to stabilise, a precisely measured
current is applied to the wire, and the resistance of the wire is then measured. The
quantity of heat dissipated from the wire may be determined since the resistance
of the wire is linearly proportional to the temperature. The atmospheric pressure
is directly proportional to this value. The low gas density makes it impossible to
calculate heat transfer at pressures below those of the high vacuum domain. The
pressure is instead determined by ion gauges, which track the flow of ionised
molecules. The collision of produced electrons forms ions and the ion current
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measures the density of the gas in the system, and hence the pressure. The ion
gauge is vulnerable to oxidation and can be damaged at high pressures because
of the gathering of ions.

2.1.2 Molecular Beam Epitaxy

Optical, semiconductor and spintronic devices, including solar cells, diodes,
storage devices, sensors, transistors, and other integrated circuits, are directly
dependent on the growth of metal-oxide thin films. The epitaxial growth is
important in the deposition of semiconductor materials for forming good-quality
layers [44].

MBE (shown in Fig. 2.5) is a well-established UHV growth technique for
producing thin films layer by layer on a heated crystalline substrate. The growth
will be better if the layers or deposits have the same crystalline structure as the
substrate or a structure with similar symmetry and a lattice parameter difference
from the substrates of no more than 10%. The formation of an ordered lattice
depends on the effective mobility of adsorbed species on the growing surface,
which is activated by the comparatively high substrate temperatures. The beams
are often created by the evaporation or sublimation of appropriate materials
confined in ultra-pure crucibles. The film stoichiometry, thickness, and doping
concentration can be controlled precisely using the MBE technique. The high
quality of the produced films and the purity of the grown films is the strength of
MBE compared to other deposition techniques [45].

MBE is also used to deposit organic semiconductors with minimised auto doping
and auto diffusion. Instead of atoms, in this approach molecules are used in the
growth process. The role of MBE in the growth of semiconductor materials and
in electronic and photonic devices makes epitaxial growth commercially
important. The availability of diagnostic methods in growth or analysis chambers,
all coupled under ultra-high vacuum is one of the most notable features of MBE.
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Figure 2. 5: (a) view of the MBE chamber used in the project. (b) Specific inlets are numbered
and correspond to the following: 1) stage manipulator 2) RHEED.

A detailed understanding of growth mechanisms is made possible by the
application of these approaches, which are occasionally available in-situ (in the
growth chamber) and in real-time (during the growth), which in turn explains why
MBE procedures can be regulated extremely precisely and with high yields [45].

The three fundamental steps that may be used to explain this ultra-high vacuum-
based technology are (i) the creation of atomic/molecular beams, (ii)
transportation of the particles to the substrate, and (iii) deposition onto the
substrate. The thermal vaporisation of solid elements or compound ingredients or
the delivery of gaseous constituents causes the creation of atomic/molecular
beams. To obtain a homogeneous composition and thickness of the films, high
flux stability during evaporation is necessary. A mean free path for the particles
of the beam greater than the separation between source and substrate can maintain
the beam direction and density.

Usually, this condition can be met with a total pressure of more than 10~* mbar.
However, the development of high-quality thin films requires pressures between
1071 and 107* mbar, which reduces the incorporation of impurities. After the
particle hits the substrate, a number of distinct processes may take place,
influencing the early stages of the growth. The atom or molecule can move across
the surface until it interacts with other particles to create a cluster, gets captured
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at specific places like defects or steps, or can be re-evaporated and deposited at a
fixed location.

The process of MBE deposition takes a long time because only one monolayer is
deposited every minute. A modest growth rate is necessary in order for the atomic
layers to form layer by layer, and also for the atoms to have enough time to diffuse
on the surface and enter their lowest energy configuration. These lengthy
deposition times are the reason why UHV conditions are necessary to prevent
contamination of the film.

The three basic growth modes for a thin film are (i) island growth (also known as
Volmer-Weber), (ii) layer-by-layer growth (or Frank-Van der Merwe), and (iii)
the layer plus island or Stranski-Krastanov growth. The strength of the bonds
between each adatom and the substrate, as well as between the adatoms
themselves, affects the growth mechanism. Other factors that affect the growth
mechanism include substrate temperature, growth rates, and structure of the
substrate.

A stronger link between the adatoms to one another than to the substrate causes
island growth, in which the clusters nucleate and create three-dimensional
islands. On the other hand, layer-by-layer growth takes place when the deposited
species have a strong connection to the substrate, that leads to the production of
two-dimensional sheets. These two modes are combined in the layer plus island
or Stranski-Krastanov development process. The succeeding atoms begin to form
islands after the development of one or more monolayers.

The technology we used (shown in Fig. 2.5 and Fig. 2.6) consists of a main
chamber with fourteen ports made of stainless steel and protected by a gate-valve
Fast-Entry Load-Lock (FEL) for load transfer between ambient and UHV
conditions. A rotary-backed turbomolecular pump is used to pump both the main
chamber and the FEL. As a result, the FEL can be independently vented to
atmospheric pressure from the main chamber, and the employment of a
turbomolecular pump enables quick recovery of the vacuum to sufficient levels
prior to opening the gate valve for sample transfer.
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Figure 2. 6: (a) and (b) Photograph of the metal MBE system with specific inlets numbered 1)

stage manipulator; 2) metal growth chamber; 3) oxygen plasma; 4) load arm; 5) ion pump; 6)
rotary pump; 7) turbomolecular pump; 8) fast-entry load-lock; 9) effusion cells (K-cells).
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The main MBE chamber is equipped with three gas inlets that are connected to
oxygen, hydrogen, and nitrogen lines and are controlled by two leak valves and
one needle valve. A plasma generator that can produce a 100W atomic oxygen
plasma and permit molecular oxygen to pass through is attached to the oxygen
line. A hydrogen cracker, which can produce atomic hydrogen to prepare
substrates for growth, is connected to the hydrogen line. The last gas line is only
used for venting and enables nitrogen to be poured into the chamber; it is
controlled by a needle valve as opposed to leak valves, which are used to finely
regulate the other two lines. The main chamber also has a RHEED system (Fig.
2.5), effusion cells or k-cells (Fig. 2.6), and a Quartz Crystal Microbalance
(QCM). RHEED and QCM are used for in-situ monitoring of the growth.
Additionally, a TSP (shown in Fig. 2.4) that runs for 20 minutes every four hours
Is installed in the main chamber. This aids in lowering the partial pressure of the
gases (oxygen, hydrogen, and nitrogen) that are delivered to the system to enable
speedy restoration of UHV conditions following a growth or chamber venting.
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Sample manipulator and sample holder

One of the essential elements of the MBE system is the sample manipulator. It is
a Vacgen HPT-WX manipulator in this instance, with modules for X, Y, and Z
motion, a module for X, Y rotation, and a heating sample stage (shown in Fig.
2.7). The sample stage is suitable for use in UHV and O, environments because
it is comprised of stainless steel and Inconel. The sample is fixed using two
Inconel clamps so that it can be placed face down for growth. It is possible to
reach temperatures of up to 1100°C during this heating stage. The stage contains
a U-shaped hole in one of the sides to allow grazing angles for the RHEED gun’s
electrons to hit the substrate.

Figure 2. 7: Photograph of (a) Vacgen HPT-WX manipulator, (b) heating stage and sample
holder.

Film growth

The growth process is carried out in a UHV environment that is produced by the
continuous pumping of the turbo pump. The sample holder with a substrate is
attached to the sample manipulator (Vacgen HPT-WX) which can be rotated
during growth (shown in Fig. 2.7). The MBE chamber that we employ to deposit
solid materials uses Knudsen-type effusion cells (K-cells), positioned at the

29



bottom of a UHV chamber and oriented towards the centre of the chamber where
a sample holder with a substrate is located (shown in Fig. 2.6). These cells are
made up of a crucible and are heated until the elements in each cell reach the
sublimation point. Following that, the shutters that can be operated from outside
of the chamber are opened, allowing the physical vapour from each K-cell to
diffuse through the chamber and deposit itself on the substrate. The substrate’s
temperature, atomic structure, and flux ratios of the various components reaching
the substrate will all affect the final composition and stoichiometry of the film.
Combining a power source and a thermostat allows for precise control of the
source temperature and constant flux throughout the deposition. Further, the
grown films were in-situ annealed in the MBE chamber using molecular oxygen
with an oxygen partial pressure of 5x10° mbar.

A QCM is lowered into the deposition position within the chamber to measure
the rate of deposition. Calculating the rate of deposition by keeping track of the
quartz crystal's resonant frequency is possible when the parameters of the material
being deposited, including its density and elastic moduli, are known. The
properties of the QCM, such as the mass, dimensions, elastic moduli, and density,
all alter as the material is deposited on it. As a result, the crystal's resonance
frequency is also altered. An accurate measurement of the deposition rate can be
obtained by calculating the amount of material and time needed to complete the
shift. Because the frequency of the crystal is temperature dependent, it is crucial
to read the change after the crystal has had time to readjust to its surroundings.

2.2 Characterization Techniques
This section will focus on both In-situ and Ex-situ structural characterisation
techniques used for this study.

2.2.1 Reflection High-Energy Electron Diffraction

RHEED is a characterisation method that can be used to keep track of the
structure and composition of epitaxial films as they grow in-situ. Due to the
sensitivity of diffraction to adsorbed contaminants and the requirement to prevent
electron-beam scattering by gas molecules, an ultrahigh vacuum environment is
essential for this approach. In RHEED, electrons under small angle hit the
specimen surface and their diffraction is then captured on a fluorescence screen.
In contrast to X-ray diffraction (XRD), which assesses the bulk of the material,
in RHEED the electrons will only penetrate a few A into a sample. An electron
gun, a sample with a spotless surface, and a fluorescence screen are the three basic
elements of a RHEED experiment. A schematic representation of the RHEED
system used in this work is shown in Figure. 2.8. In general, the energy of the
electron beam can be adjusted to be between 8 keV and 30 keV in RHEED
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experiments, but in our case, the electron beam is set to an energy value of 15
keV and it typically strikes the sample at an incidence angle of between 1° and
40,

Electron Gun Screen

.

Sample

Figure 2. 8: Experimental arrangement of the RHEED technique [46].

According to Bragg's rule, electrons coherently scatter and generate interference
patterns that can be seen in a fluorescent screen. Understanding reciprocal space
IS necessary to describe how a diffraction pattern develops from the scattering of
numerous electrons in RHEED. The real lattice is how atoms are arranged in a
crystal. A different way to describe the crystal structure using planes that have a
reciprocal relation to the actual lattice geometry is the reciprocal lattice. As a
result, smaller dimensions in reciprocal space will be larger in real space, and vice
versa. The spacing of the features in the diffraction pattern is consistent with
reciprocal space. The reciprocal surface lattice vector can be given as

r- = ma* + myb* (2.1)

where m; and m; are integer scaling factors and a* and b* are the reciprocal basis
vectors. The Miller indices (h k 1) are employed to provide plane orientations in
reciprocal space. The (h, k) indices are used to represent the surface geometry in
two dimensions. A surface's continuous third dimension can be represented as
lattice rods in reciprocal space. Since the locus of all possible final wave vectors
for elastically scattered electrons is a sphere, Bragg’s law can be applied to create
a continuous sphere of possible diffraction angles. This sphere is known as the
Ewald sphere (shown in Fig. 2.9) and its radius is dependent on the incident
electron beam's energy. High electron energies in RHEED result in a massive
Ewald sphere [41]. The diffraction pattern that will appear on the fluorescence
screen is reproduced at the point where this sphere intersects the reciprocal lattice.
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Figure 2. 9: a) Ewald construction for a 2D plane in reciprocal space and as viewed on the

RHEED fluorescence screen, (b) 2D representation of the Ewald sphere [46].

The RHEED pattern differs significantly for various surfaces,

which

demonstrates the surface sensitivity of RHEED [46]. Both spotted and streaked

patterns can be seen during MBE film growth (shown in Fig. 2.10).
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Figure 2. 10: Different RHEED patterns corresponding to different surfaces [46].

Due to lattice imperfections and thermal vibrations, the reciprocal lattice rods
have a finite width, and the incident electron energy spread also causes the Ewald
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sphere to have a finite width. As a result, the Ewald sphere and rods connect along
some of their height, producing a streaked rather than spotty diffraction pattern.
Spots are a result of smooth layered film growth, whereas streaks are caused by
three-dimensional volume diffraction at islands or surface asperities.

2.2.2 Electron Microscopy

Electron microscopy is a method that allows analysis of the atomic structure and
chemical composition of materials on sub nm scale. The limited image resolution
in light microscopes, which is imposed by the wavelength of visible light, led to
the development of electron microscopes. The idea that the electron possessed
wave-like properties and had a wavelength far smaller than visible light was
initially put forth by Louis de Broglie in 1925. Then, in 1927, two research teams
including Davisson and Germer and Thomson and Reid separately conducted
their well-known electron-diffraction experiments, proving the electrons' wave-
like character [47]. Since the wavelength of highly energetic electrons can be up
to 10° times shorter than the wavelength of photons, electron microscopes have a
significant resolution advantage over traditional optical microscopes. The well-
known de Broglie formula provides the wavelength of the accelerated electrons
as:

h
p

A= (2.2)

where p is the particle’s momentum and h is the Planck constant [48].

A relativistic analysis of the momentum is necessary when accelerating electrons
through a high potential, typically 100-300 keV, as this results in the electron
travelling at a speed greater than half that of light. The de Broglie equation can
be revised to consider these relativistic effects using V, the electron beam's
perceived accelerating potential.

h
\/ZmeeV(1+%)

Here, an electron's mass and charge are shown by the letters me and e,
respectively, with ¢ standing for the speed of light in a vacuum. Higher
accelerating potentials should be applied to shorten the wavelength and hence
improve theoretical resolution. Additionally, this enables penetration through
thicker samples, which is significant because transmission electron microscopy
needs samples to be less than 100 nm thick in order for them to be electron
transparent. However, a higher accelerating potential makes the sample more
sensitive to beam damage. In some situations, the electron beam can even destroy
the sample.

A= (2.3)
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Figure 2. 11: The different signals that emit due to the interaction of electrons with the
incident beam [49].

In an electron microscope, the specimen and incident electrons interact to produce
a variety of exit signals that are captured and analysed (shown in Fig. 2.11). The
two primary types of electron microscopes are the SEM and the TEM. TEM uses
the direct beam and the transmitted elastically scattered electrons to generate
Images with the use of electromagnetic lenses, whereas the secondary and
backscattered electrons are the most significant signals for an SEM.

Electron Lenses

Electromagnetic lenses are one of the most crucial components of any electron
microscope. An electron gun, a combination of electromagnetic lenses, apertures,
a sample holder, and an image viewing or recording system all together form an
electron microscope. A charge-coupled device (CCD) camera or a fluorescent
viewing screen detects the high-energy electrons that are generated by the gun
after they have been deflected and focussed inside the microscope column. The
illumination system refers to the set of lenses that is situated between the electron
gun and the specimen. These lenses collect the electrons leaving the gun and
direct a parallel beam of them at the specimen. An additional intricate system of
lenses including objective, intermediate, and projector lenses are employed to
magnify and record either a picture or a diffraction pattern after the electrons have
interacted with the object. The electron beam, the images, and the diffraction
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patterns are magnified and focused using electron lenses throughout almost every
operation on the EM.

Analysis of diffraction patterns is important in TEM studies since it can reveal
more information about the crystal structure than a TEM image does. Electrons
scattered across a specimen cause both constructive and destructive interference,
which results in diffraction patterns. As shown in Figure. 2.12, the diffraction
pattern of the crystalline samples will be an array of sharp spots and for the
amorphous material, it will be diffused rings.

Figure 2. 12: Electron diffraction patterns for (a) single crystalline, (b) polycrystalline (taken
from my experimental data) (c) amorphous material [50].

The electron lenses in the TEM are the equivalent of the glass lenses in a visible
light microscope (VLM). The lenses in a TEM operate the instrument's
fundamental functions, just like in a VLM. A lens in a visible light microscope
will deflect light because of the light path-shifting refractive index. Mirroring this
method, transmission electron microscopy uses magnetic fields that are generated
to control the electron beam using the Lorentz force. The strength of the
electromagnetic lens can be altered by varying the current flowing through the
Cu-coil in the lens [49].

Electromagnetic lenses are significantly more defective than optical lenses, even
though the magnetic field inside of them offers a controlling mechanism for
altering the paths of the electrons. The difficulty arises from the fact that it is quite
challenging to produce a magnetic field that operates uniformly on every electron.
The most critical factors to consider in order to obtain even better resolutions are
astigmatism, chromatic aberrations, and spherical aberrations.

Spherical aberration is the electromagnetic lens inability to behave uniformly
towards both off-axis and paraxial electrons. In other words, electrons that are
approaching the optical axis at a low angle would be focused differently than
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electrons that are approaching it at a higher angle. As a result, a point object will
appear as a disc with a finite size, which restricts the resolution of a microscope.

Chromatic aberration is influenced by the electrons "colour,” which can be
defined as their frequency, wavelength, or energy. It results from a difference in
the electrons wavelength in the microscope. The energy distribution of the
electrons coming out of the electron gun is the cause of this difference. Instead of
the original (source) point, the electrons with reduced energy will form a fuzzy
disc on the imaging plane due to increased deflection. By using better electron
guns with a smaller energy spread and a monochromator, one might reduce the
aberration brought on by the electron source. Better electron guns in modern
microscopes (based on cold field emission) can generate electron beams with an
energy spread of about 0.3 eV.

Another aberration that reduces the spatial resolution of the microscope is
astigmatism. That happens when the electrons detect an irregular magnetic field
revolving around the central axis of the microscope. This lowers the resolution of
the resulting image. The lenses are one of the main causes of astigmatism,
although contamination can also result in charge accumulation on the apertures.
The stigmator coils can be used to fix this flaw by producing a compensatory
magnetic field that gives the beam a controllable 2-dimensional distortion.

2.2.2.1 Transmission Electron Microscopy

TEM is a high-resolution imaging technique in which an image is produced by a
stream of electrons (from the electron gun) passing through a thin sample. Figure
2.13 gives a schematic representation of TEM. The sample composition,
crystallinity, and thickness/density all have an impact on the electron beam. The
scattering and absorption of electrons in thicker specimen sections and from
heavier element atoms define contrast in the image at low magnifications. When
the magnification is high, the interference of electrons that were scattered by the
specimen and the wave nature of the electrons dominate the image contrast. A set
of electromagnetic lenses significantly magnifies these transmitted electron
signals. The use of beam energies between 100,000 and 400,000 eV makes TEM
a very demanding piece of machinery. TEM even provides vital information
about the internal structure of the sample, including data on crystal structure,
morphology, and stress states. SAED, HRTEM, Bright field TEM (BF-TEM),
and Dark field TEM (DF-TEM) are the four fundamental TEM operations (see
Fig. 2.14) [49].

There are four basic lens systems and three major apertures (as shown in Fig.
2.13) in a TEM. The illumination system or condenser lenses, which are the first
lens, collect and focus the electrons emitted from the electron source. The
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condenser aperture is used to form a collimated electron beam, which helps to
reduce the final image’s spherical aberration. Since this system is unaffected by
the imaging mode, all four modes of operation use the same components. The
objective lens comes next; which is a very powerful lens that is frequently
regarded as the most crucial lens in a microscope. It creates the images and
diffraction patterns that the other lenses magnify. Of all the lenses in the
microscope, the objective lens has the widest angle of incident beam. When the
intermediate lens is focused on the back focal plane of the objective lens,
diffraction patterns can be observed in a TEM. A selected area aperture can be
inserted in the first intermediate image plane to specify the region from which the
diffraction pattern is extracted. Such images are called SAED pattern.
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Figure 2. 13: Schematic view of imaging (left) and diffraction (right) modes in TEM [51].

Setting the objective aperture differently distinguishes the two real-space imaging
modes, BF-TEM and DF-TEM (shown in Fig. 2.14). The objective aperture,
which is positioned in the back focal plane of the objective lens, is used by both
BF-TEM and DF-TEM. The objective aperture at the back focal plane, which
isolates the unscattered electrons, is used in BF-TEM to enable the direct beam
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while blocking the diffracted beam. In this mode, the film can be seen more
clearly in the image because the substrate material composition scatters the
electron beam differently from the film, creating a contrast between the two.
Another diffraction contrast imaging technique that enables the formation of
images from diffracted beams is DF-TEM. In this mode, the regions where the
electrons scatter at the angle allowed by the chosen Bragg condition are brighter
In the resulting image. Due to the fact that the contrast and brightness will be
decreased in areas that do not meet the isolated Bragg condition, this mode is
helpful for differentiating between phases and grains within the sample. The
objective aperture is removed in the third mode, HRTEM, allowing the entire
transmitted diffraction pattern to pass from the back focal plane (Fig. 2.14) [49].
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Figure 2. 14: Schematic view of (a)HRTEM, (b) BF-TEM, and (c) DF-TEM [52].

2.2.2.2 Scanning Electron Microscopy

A focused beam of high-energy electrons is utilised by the SEM to produce a
range of signals at the surface of solid specimens. In addition to the sample's
exterior morphology (texture), SEM/EDS also provide information about the
sample’s chemical composition, crystalline structure and orientation of its
constituent materials, from the signals resulting from electron-sample
interactions. An image is created by combining the position of the electron beam
with the strength of the signal being detected while it is being scanned in a raster
scan pattern. Most often, a portion of the sample surface is chosen for data
collection, and a 2-dimensional picture is created to show the spatial variations in
these attributes. Conventional SEM methods can be used to image areas with
widths of roughly 1 cm to 5 microns in a scanning mode (magnification ranging
from 20X to approximately 30,000X, spatial resolution of 50 to 100 nm). The
SEM is also able to analyse specific point locations on the sample; this method is
particularly helpful in detecting chemical compositions (using EDS), crystalline
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structure, and crystal orientations (using diffracted backscattered electrons
(EBSD)) in a qualitative or semi-quantitative manner.
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Figure 2. 15: Basic components of an SEM [53].

As shown in Figure. 2.15, a source (electron gun), a set of lenses (objective) that
act to control the beam diameter and focus it on the specimen, a set of apertures
(micron-scale holes in metal film) that the beam passes through and that affect
the beam's characteristics, controls for the specimen's position (X, y, z-height),
orientation (tilt, rotation), and an area of beam/specimen interaction, are
considered to be the essential components of all SEM and all of the above are
maintained at high vacuum levels (the value of the upper column being greater
than the specimen chamber). A variety of detectors such as lower electron
detector (LED), upper electron detector (UED), upper secondary detector (USD),
backscattered electron detector (BED), and EDS are positioned all around the
sample chamber to investigate the ways the electron beam can interact with the
sample surface (Fig. 2.16).
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Figure 2. 16: Diagrammatic representation of the signals emitted due to the interaction between
the electron beam and specimen [54].

The coulomb (electric charge) field of the specimen nucleus and electrons might
interact with the electron beam. Numerous signal types, such as secondary
electrons (used to create SEM images), backscattered electrons (BSE), EBSD,
photons (characteristic x-rays used for elemental analysis and continuum x-rays),
visible light (cathodoluminescence-CL), and heat are produced as a result of these
interactions. Both secondary electrons and backscattered electrons can be used to
image samples, with secondary electrons being most useful for displaying the
morphology and topography of samples and backscattered electrons being most
useful for highlighting compositional contrasts in multiphase samples (i.e. for
rapid phase discrimination). Inelastic collisions between incident electrons and
electrons in certain atomic shells in the sample result in the emission of x-rays.
The accelerated electrons produce x-rays with a defined wavelength as they
transit back to lower energy states. As a result, each element in a material that the
electron beam "excites" emits distinctive x-rays. SEM analysis is regarded as
"non-destructive™ since the volume of the sample is not lost due to the x-rays
produced by electron interactions, allowing for repeated investigation of the same
materials [55].
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2.2.3 Energy-Dispersive X-Ray Spectroscopy

A sensitive x-ray detector and a software (AZtec) to gather and analyse energy
spectra makes an EDS system. An EDS detector (shown in Fig. 2.17 a) is used to
separate the distinctive x-rays (produced by the interaction of an electron beam
with a sample target) of various elements into an energy spectrum. EDS system
software (AZtec) is then used to analyse the energy spectrum in order to calculate
the abundance of particular elements. EDS may be used to build element
composition maps across a much larger raster region and to determine the
chemical composition of materials down to a spot size of a few microns.
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Wi " Be or UTV/ Taractert lic X-rays
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Stage Schematic of a Energy
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Figure 2. 17: (a)Schematic representation of the Energy Dispersive Spectrometer [56], (b) two-
step process of EDS [57].

The EDS detector is built on a semiconductor component, often a silicon crystal.
A typical EDS detector is composed of several components such as a collimator,
to ensures that only x-rays will be caught in a detector; a window that separates
the detector crystal from the chamber of the microscope under a high vacuum; a
semiconductor crystal to absorbs the energy of incoming x-rays and electronics
for detecting the charge the detector recorded, converting it to a voltage pulse,
and sending it to the pulse processor. The pulse processor receives a charge signal
created when a high bias voltage is placed across the crystal, which causes
electrons and holes to migrate to electrodes on opposing sides of the crystal [58].

When an atom's inner shell is struck by an electron beam for EDS analysis (as
shown in Fig. 2.17 b), the electron is knocked out of the shell and leaves a
positively charged electron hole. In order to replace the void left by the displaced
electron, it attracts another electron from an outside shell. An x-ray can be
produced as a result of the energy difference that occurs as the electron transitions
from the outer, higher-energy shell to the inner, lower-energy shell of the atom.
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This transition determines the energy of the x-ray. In this manner, each element
present in a sample can be identified using x-rays [56].

2.2.4 Atomic Force Microscopy (AFM)

AFM is a surface analysis method to scan the the topographic details of samples
at the nanometer range. As shown in Figure. 2.18 (a) the microscope has a tip that
Is attached to a cantilever and a laser beam that is reflected onto a position-
sensitive detector from the rear of the cantilever. The position of the cantilever
and the reflected laser beam change in response to the atomic forces acting
between the probe and the sample, and the detector records the resulting position
changes [58].

photo-detector
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Figure 2. 18: (a) Schematic representation of an AFM, (b) illustration of the tapping mode [59].

In a typical AFM, two measuring methods are often used. The simplest is the
contact mode, in which the sample surface is directly touched by the tip to
determine the topography. By altering its position, an electronic feedback loop
maintains the tip's continuous deflection. Nevertheless, there are a few issues with
this mode. Both the tip and the sample surface can easily be damaged since the
tip presses down on the sample. On the other hand, as shown in the Figure. 2.18
(b) in the tapping mode (used in this project), the sample's topography is
determined by tapping the surface repeatedly at the resonance frequency of an
oscillating cantilever. The contact forces will cause the tip's vibration amplitude
to diminish as it gets closer to the sample's surface. The tapping mode is less
damaging in this instance because the feedback loop maintains the amplitude of
the vibrating cantilever and prevents the tip from being in continual mechanical
contact with the surface.
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2.3 Sample preparation
The techniques used for the preparation of samples for both TEM and SEM/EDS
analysis will be discussed in the following section.

2.3.1 Preparation of cross section specimens for TEM - Manual polishing
The first step in preparing a sample for TEM is to cut the sample so that a face of
the sample is exposed in cross section. The imaging and analysis of thin film
surfaces depend on this. A spinning diamond-coated saw (shown in Fig. 2.19 a)
Is used to cut the sample into two 2.5 x 1 mm wide strips with the short edge
parallel to the chosen viewing direction. The sample is mounted on a glass slide
using Crystal Bond from Agar Scientific. As shown in Fig. 2.19 (c) two slightly
longer Silicon (Si) strips, 3 x 1 mm in size, are also cut and employed as the
sample's supports in addition to these. After being sliced, the material goes
through a two-stage chemical cleaning procedure that involves 2-3 minutes of
acetone immersion followed by isopropanol immersion, both for the same amount
of time and in a sonicator. The sample cuts and Si supports are used to create a
multi-layer structure after cleaning. The two cuts of the sample are sandwiched
(shown in Fig. 2.19 c) between the Si supports in this structure and are bonded
film-on-film. The components are all glued together using a little amount of
Gatan G1 epoxy resin in a 1:10 ratio (mix 1-part hardener to 10 parts resin). The
glued sample is then placed on a hotplate (set to 135°C) to allow the epoxy resin
to solidify. The sample is attached to a glass slide using the Crystal Bond once
the epoxy has dried, at which point manual polishing can start. Fig. 2.19 (b)
depicts the schematic representation of the composition of the structure. The first
stage of polishing is done by polishing the back side slowly (2-3 minutes each
pad) with 15, 9, 3, and then withlum diamond polishing pads. Upon removal
from the Crystal Bond, the sample is cleaned using the same procedure (acetone
followed by isopropanol) mentioned earlier.
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Figure 2. 19: (a) Spinning diamond-coated saw, (b) schematic representation of the specimen
ready to be mechanically polished; (c) manually done specimen for polishing; (d) Polishing
Instrument.

At this point, as shown in the Fig. 2.20 (a) we attach a TEM copper grid (~3 mm-
diameter) to the polished surface of the specimen using the glue mixture. This
ring holds the specimen once the preparation is complete and offers additional
and essential mechanical support during the final polishing stage. The entire
structure is then flipped over and mounted on the glass slide using Crystal Bond.
The second side of the specimen is now ready to be polished.
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Starting with 15 pm polishing pad the sample is thinned to 200 pum and then
changes to 9 um pad to thin the sample into 130 um. After that by using 3um pad
the sample will be again thinned to 100 um. After reaching this stage the final
polishing step is performed with 1 um pad to achieve a thickness below 100 pm,
but the thickness is no longer checked manually but rather with an optical
microscope operating in transmission mode.

Substrate

Si support

v

TEM ring

Figure 2. 20: Images showing (a) TEM copper grid glued to the polished specimen; (b) PIPS
Instrument; (c) stage (Si support turns red) where the specimen is very thin and ready to be ion-
milled.; (d) Hole appeared in the glue line; (e) Hole with fringes in the glue line; (f) specimen
ready for microscopy studies.

As soon as the Si supports are thin enough, they start to become translucent and
their colour shifts to a deep red (see Fig. 2.20 c). At this stage the manual
polishing is finished and the sample is gently removed from the glass slide by
heating the Crystal Bond. The sample is then put through a two-stage chemical
cleaning procedure. With the help of a diamond pen, extra Si material that was
protruding from the TEM grid is removed, and the sample is then ready for the
next phase of the thinning procedure. The sample is about 60 pum thick which is
too thin to be manually polished at this point. A Precision lon Polishing System
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(PIPS) shown in Fig. 2.20 (b) from Gatan is further used to thin the sample.
Focused ion gas beams are employed by PIPS to further thin the sample until
electron transparent. This device uses two guns pointed at a rotating sample stage
kept in a vacuum to accelerate argon ions up to 6 keV. The guns can be rotated
to produce grazing angles above and below the sample that range from 0 to 10°.
The sample is milled using an accelerating voltage of 3.5 keV and an angle of £6°
until a small hole and colour fringes (Fig. 2.20 f) are visible in the glue line. The
final cleaning of the sample was done inside PIPS using an accelerating voltage
of 1.0 keV for 3 minutes with guns at £8° angle, then at 0.3 keV for 10 minutes
with guns at +£8° angle. The sample is now cleaned and is ready for the
transmission electron microscopy studies.

2.3.2 Preparation of specimens for Scanning electron microscopy
Depending on the type of sample and the amount of information needed, sample
preparation for SEM analysis can be simple or complex. Getting a sample that
will fit into the SEM chamber and making a few accommodations to prevent
charge build-up on electrically insulating materials count as minimal preparation.
The majority of electrically insulating samples should be covered with a thin layer
of conductive material on them, which is typically made of carbon, gold, or
another metal or alloy. The best material for conductive coatings depends on the
type of data to be collected: carbon is best for elemental analysis, whereas metal
coatings work best for high-resolution electron imaging.
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Chapter 3
Results and Discussions

This chapter discusses the growth and structural characterisation of as-grown and
annealed Fe and Ni thin films in O, environment. This work aims to study and
compare the single and polycrystalline structures and also to know the impact of
annealing on the surface roughness of the films.

In this work, the Fe and Ni films were grown epitaxially on MgO(001) substrate
(10 x 10 mm?) using the MBE technique (as discussed in Chapter 2). Despite the
difference in the lattice structure and lattice parameters (zre = 2.866 A and zmgo
= 4.212 A) of Fe and MgO, MgO is a suitable choice of a substrate to grow Fe
with a lattice mismatch of ~4% [60]. The growth and interaction of Ni on MgO
substrate are widely studied and Ni is expected to interact strongly with MgO.
Some studies also report that Ni can form epitaxial relations with MgO [61-64]
but the lattice mismatch of ~16% makes it more complex and interesting at the
same time.

Film growth and annealing

The MgO substrate was cleaned and prepared for growth by sonicating in an
isopropanol bath for 15 minutes and annealing in the furnace at 900°C for 1 hour.
These steps remove the contaminants and make the surface flat for better
deposition. The Fe and Ni films of ~5nm thickness were deposited inside the
MBE chamber by setting Fe and Ni source (in k-cells, shown in Chapter 2)
temperature to 1300°C and the substrate temperature to 250°C respectively. The
deposition was done for 50 minutes. RHEED patterns were recorded before and
after the deposition of the film to observe the evolution of the surface. The
samples were taken out of the chamber and a small piece (5 x 5 mm?) from both
Fe and Ni samples was annealed in-situ in the MBE chamber under a controlled
temperature of 400°C for 20 minutes with oxygen partial pressure of 5x10° mbar.
RHEED was not possible after annealing due to the limitation of the size of the
samples.

3.1Structural studies of as-grown and annealed Iron (Fe) and Nickel (Ni)
films on MgO (001) substrate

This section will discuss the results obtained from RHEED, SEM/EDS, and AFM

of as-grown Fe and Ni films on MgO(001) and TEM, SEM/EDS, AFM results of

annealed (400°C) Fe and Ni films on MgO(001). In this work, RHEED was

mainly used to monitor the sample growth and to check the surface quality of the

substrate in-situ before and after the deposition of the films. The SEM (using
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JEOL 7800F Prime SEM) and AFM studies were done to compare the surface
morphology and roughness of both Fe and Ni films. The EDS analysis was carried
out to determine the elemental composition of the materials and to study the effect
of annealing on the morphology and chemical composition of the samples. TEM
studies (using JEOL 2010 TEM system) on the annealed films help to determine
the thickness and to have a detailed analysis of the surface morphology and
crystal structure to properly understand the influence of annealing on the structure
of films.

3.1.1 Fe on MgO(001) as-grown
RHEED Results

Figure. 3.1 shows the RHEED patterns acquired before and after the growth of
Fe on MgO(001). The MgO substrate was cleaned and annealed before deposition
to obtain a high-quality substrate with a flat surface. The sharp streaky RHEED
pattern taken from MgO(001) substrate as shown in Fig. 3.1 (a) confirms that a
flat surface with small domains was obtained. As observed in Fig.3.1 (b), the
RHEED results after deposition of the Fe film on MgO(001) show a modulated
streaky pattern, which indicates that the Fe film has surface roughening (e.g. a
multilevel stepped surface). The streaks in RHEED represent the epitaxial growth
of asingle crystal, while the modulated intensity can be interpreted by the electron
transmission through small grains [65, 66].

RHEED of MgO(001) RHEED of Fe on MgO(001)

/

2

Figure 3. 1: RHEED patterns acquired (a) from MgO(001) surface before deposition of the Fe
film, results in a sharp streaky pattern that confirms the high quality of the substrate with a flat
surface (b) after deposition of Fe film on MgO(001) showing a modulated streaky pattern,
which indicates that the Fe film has surface roughening, i.e., a multilevel stepped surface.

SEM Results

The surface morphology of as-grown Fe film on MgO(001) taken using a LED
detector at both low and high acceleration voltage (5 kv & 15 kv) is shown in
Fig. 3.2. The low-resolution image of the sample with an acceleration voltage of
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5 kv presented in Fig 3.2 (a) shows that the sample exhibits a rough surface which
Is less organised and non-uniform. Some contamination (dust) on top of the
sample becomes visible with the lower voltage. The images of the sample shown
in Fig. 3.2 (b) at a higher voltage of 15 kv and in Fig. 3.2 (c) with a voltage of 5
kv, also show the surface roughening and presence of dust-like particles on the
film surface. The higher resolution images of the as-grown Fe film surface shown
in Fig. 3.2 (d-f) confirm that the surface morphology of the Fe film is composed
of small domains and stepped surfaces which support the RHEED results [67].
This rough surface may be attributed to the contamination or dust particles from
the carbon tape used to hold the sample in the SEM/EDS stub or it can be also
due to the influence of lattice mismatch between Fe and MgO [60]. Further
Investigation on the surface roughness and elemental composition was done using
AFM and EDS which is described later.
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Figure 3. 2: SEM images (top view) showing the surface morphology of as-grown Fe film on
MgO (001) taken using LED detector at different working distance of 4 & 10mm (a) image of
as-grown Fe film at lower magnification with an acceleration voltage of 5 kv (scale bar:100
pum) showing a rough surface, (b & c) surface of as-grown Fe film at increased magnification
with a scale bar of 10 um showing the surface roughening and presence of dust like particles,
(d, e & f) images showing the surface of as-grown Fe film at increased magnification and
acceleration voltage (5 kv & 15 kv) with a scale bar of 1 um confirm that the surface
morphology of the Fe film is composed of small domains and stepped surfaces.
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AFM Results

The topography and surface morphology of the as-grown Fe films on MgO(001)
substrate were given by the AFM analysis (shown in Fig. 3.3) which is in good
agreement with the SEM results. Fig 3.3 (a) gives the two-dimensional (2D) or
plane-view of surface roughness for the as-grown Fe films. The 3D view of the
surface roughness of the film is shown in Fig. 3.3 (b). The film shows a rough,
stepped surface (Fig. 3.3 b) and the root-mean-square (RMS) surface roughness
value of the film is found to be 0.91 nm.
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Figure 3. 3: AFM images showing the topography of as-grown Fe on MgO(001) film with a
scan area of 2 x 2 um? (a) 2-dimensional view, (b) 3-dimensional view.

EDS Results

The EDS analysis was done to confirm the elements in the sample. The results
from EDS analysis of as-grown Fe on MgO(001) film (particles with dimensions
around 10um) are shown in Fig. 3.4. The selected area for mapping and spectrum
analysis is shown in Fig. 3.4 (a). The results of elemental mapping (shown in Fig.
3.4 b & c) confirms the presence of the elements Mg and O from the substrate
and Fe from the film. The presence of C (as shown in Fig. 3.4 c) is related to the
Impurities (suspected to have come from dust or from the carbon tape used to
hold the sample in the SEM/EDS stub) on the film. EDS spectra from the film,
normalised to Mg K-Peak, are shown in Fig. 3.4 (d), revealing the peaks of Mg,
O and Fe along with the impurities C. The atomic composition of the elements
according to the spectrum analysis is Mg = 35%, O,=43.2 %, Fe = 0.5%, and C
= 21.3%. These results confirm that there was a presence of >20% impurity on
the film surface which might have led to the rough surface as seen in SEM results.
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Figure 3. 4: EDS results of as-grown Fe on MgO(001) showing (a) selected area for mapping
and spectrum analysis, (b & c) elemental mapping results confirming the presence of the
elements Mg and O from the substrate, Fe from the film and also the presence of C on the
surface, (d) spectrum analysis showing the sum spectrum and atomic percentage of each
element in the film.
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3.1.2 Fe on MgO(001) annealed at 400°C
SEM Results

SEM surface analysis of the Fe film on MgO(001) after annealing (in-situ) at
400°C is shown in Fig. 3.5. The image of the sample at low-magnification with
an acceleration voltage of 20 kv is shown in Fig 3.5 (a & b). A noticeable change
in the surface morphology has been observed after annealing. The surface of the
Fe film seems more uniform after annealing than the as-grown Fe films on
MgO(001). As seen in Fig. 3.5 (¢ & d) the film surface shows darker spots due to
hydrocarbon contamination. This contamination on the sample surface becomes
more visible in the higher-resolution images with a lower acceleration voltage of
5 kv (as shown in Fig. 3.5 e & f). Further investigation on the sample was done
using AFM and TEM analysis which is described later.
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Figure 3. 5: SEM images (top view) showing the surface morphology of Fe on MgO(001)
annealed at 400°C taken using LED detector at a working distance of 10mm (a & b) images of
annealed Fe film at lower magnification with an acceleration voltage of 20 kv (scale bar :100
pm) showing a uniform surface compared to the as-grown Fe film surface, (c & d) uniform
surface of annealed Fe film at increased magnification showing darker spots due to
hydrocarbon contamination, (e & f) high resolution images with a lower acceleration voltage
of 5 kv where the contamination due to the carbon is more visible.
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AFM Results

The AFM results revealing the topography of annealed (400°C) Fe on MgO(001)
film are shown in Fig. 3.6 (a & b). There seems a tremendous change in the
surface morphology of the annealed films as compared to the as-grown samples
(shown in Fig. 3.3). Fig 3.6 (a) gives the two-dimensional (2D) or plane-view of
surface roughness for the annealed Fe films. The 3D view of the surface
roughness of the film is shown in Fig. 3.6 (b). A dramatic rise in the surface
roughness is seen in the topography image (shown in Fig. 3.6 b). The RMS
surface roughness increased with annealing. The annealed films show a root-
mean-square (RMS) roughness of 3.30 nm which is more than thrice the surface
roughness of as-grown (0.91 nm) Fe samples. The increase in surface roughness
can be due to grain growth and film crystallisation. But in this case, such a huge
rise in the roughness is thought to be the result of carbon contamination as seen
in SEM analysis.
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Figure 3. 6: AFM images showing the topography of annealed Fe on MgO(001) film at 400°C
with a scan area of 2 x 2 um? (a) 2-dimensional view, (b) 3-dimensional view.

EDS Results

The chemical composition of the film was revealed by EDS mapping and
spectrum analysis which is shown in Fig. 3.7. The selected area for mapping and
spectrum analysis is shown in Fig. 3.7 (a). The elemental mapping (as shown in
Fig. 3.7 b & c) showed that the annealed film mainly consists of uniformly
distributed Mg, O, and Fe along with C. As mentioned earlier the presence of
carbon signals is from hydrocarbon contamination on the surface.
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Figure 3. 7: EDS results of Fe on MgO(001) annealed at 400°C showing (a) selected area for
mapping and spectrum analysis, (b & c) elemental mapping results confirming the presence of
the elements Mg and O from the substrate, Fe from the film and also the presence of C on the
surface, (d) spectrum analysis showing the sum spectrum and atomic percentage of each
element in the film.
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The EDS spectra (shown in Fig. 3.7 d) reveal the peaks of the elements in the
film. Comparing the spectrum, it is realised that particles on the surface selected
for spectrum 7 show more presence of carbon than the area chosen for spectrum
6 & 8. This confirms the presence of contamination on the film surface which
might be the cause of film roughness (which supports the AFM results). We can
see an increase in the oxygen peak in spectra 7. Comparing the atomic percentage
of the elements (shown in Fig 3.7 d), there is a small rise in the amount of oxygen
in the annealed films to the as-grown Fe films (shown in Fig. 3.4 d). The overall
Increase in oxygen percentage to 44.7% might be the effect of further film
oxidation due to in-situ annealing. This was further investigated in the TEM
analysis.

TEM Results

Fig 3.8 displays the low and high magnification TEM images of the cross-
sectional Fe films annealed (20 min) at 400°C. The TEM images show two
separate layers of thickness ~4.18 nm and ~5 nm respectively. In the following,
we will demonstrate that these two layers are non-oxidised (lower layer) and
oxidised iron (upper layer). Fig. 3.8 (c & d) shows a clear planar interface
between the substrate and the film.

58



=
o,
5
MgO(001)

Figure 3. 8: Cross-sectional Bright-Field (BF) low and high magnification TEM images of Fe
on MgO(001) annealed for 20 min at 400°C, showing (a, b & c) clear interface between the
substrate and the film Fe with a small layer of oxidised Fe on top, (d) HRTEM image showing
non-oxidised Fe with a layer of oxidised iron FeOx of thickness ~4.18 nm and ~5 nm
respectively.

The lattice d-spacing analysis performed using FFT diffractograms (using JEMS
software from the HRTEM images (shown in Fig 3.9) could prove that the top
layer is Fe;O4 along [001] zone axis and the non-oxidised layer of Fe is along
[101] zone axis. Fig. 3.10 shows the analysis (using JEMS software) of the
selected area electron diffraction (SAED) pattern obtained from the annealed Fe
films showing the single crystalline Fe [101] and Magnetite (FesO4) [001] on
MgO(001).
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Figure 3. 9: (a) HRTEM image of Fe on MgO (001) annealed at 400°C comprising of area
chosen for the lattice d-spacing analysis of substrate MgO (black dashed box), Non-oxidised
Fe (red dashed box), Fe3O4 (blue dashed box); (b) FFT diffractogram of Fe304[001]; (c) FFT
diffractogram of Fe [101]; (d) FFT diffractogram of MgO [001].

Figure 3. 10: (a) Selected area for the diffraction pattern from the substrate MgO(001) and film;
(b) Analysed SAED pattern showing the single crystalline growth of Fe [101] (red spots), and
Magnetite (FesO4) [001] (blue spots); on MgO(001) (black spots).
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3.1.3 Nion MgO (001) as-grown
RHEED Results

Fig. 3.11 (a) Shows the RHEED pattern acquired from the MgO(001) substrate
before the deposition of the film. The sharp streak pattern in RHEED indicates
that the substrate has a high-quality, flat surface with small structural domains.
The RHEED pattern obtained after deposition of the Ni film on MgO(001) is
shown in Fig. 3.11 (b). The streaky pattern obtained after the deposition of the
film indicates an epitaxial growth. Additional diffraction rings (shown in Fig.
3.11 c¢) appeared which are less visible (marked for reference) representing the
polycrystalline growth of the film [66].

RHEED of MgO(001) RHEED of Ni on MgO(001)

]

Figure 3. 11: Experimental RHEED patterns from (a) MgO(001) surface before deposition of
the film, (b) after deposition of Ni film on MgO (001), (c) image of after deposition of Ni film
showing the diffraction rings (marked by dashed lines for reference).

SEM Results

Fig. 3.12 shows the surface morphology of as-grown Ni film on MgO(001). The
sample exhibits a highly rough surface compared to as-grown Fe films (shown in
Fig. 3.2). The image of the sample at low magnification with an acceleration
voltage of 20 kv is shown in Fig 3.12 (a & b). The image of the film surface
shown in Fig. 3.12 (c to f) consists of a granular structure [68]. It seems like the
sample has a polycrystalline structure (Fig. 3.12 e & f) as suggested by the
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RHEED results. The surface is non-uniform and the particles (grains) are
clustered together unlike the as-grown Fe film surface. The high rough surface
seems to be the result of the clustering of the grains and film crystallisation. The
carbon contamination as seen earlier can also induce surface roughness. This was
further investigated in the EDS analysis.

10.1mm 13:01:29

Figure 3. 12: SEM images (top view) showing the surface morphology of as-grown Ni on
MgO(001) films taken using an LED detector at a working distance of 10mm (a & b) images
at lower magnification with an acceleration voltage of 20 kv, (¢ & d) images with a lower
acceleration voltage of 5 kv showing a granular structure on the film surface, (e & f) high-
resolution images exhibiting a highly rough surface and seems like the particles (grains) are
clustered together.
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AFM Results

The AFM topography images of as-grown Ni films are shown in Fig. 3.13 which
Is in good agreement with the SEM results. The AFM results indicate that the
film shows a non-uniform and stepped surface with root-mean-square (RMS)
roughness of 1.61 nm. Fig 3.13 (a) gives the two-dimensional (2D) view of
surface roughness for the as-grown Ni films. The 3D view of the surface
roughness of the film is shown in Fig. 3.13 (b). This result confirms that the Ni
film surface is rougher than the Fe film surface, which is, considered to be the
result of the clustering of the grains.

28 nm

0nm

Figure 3. 13: AFM images showing the topography of as-grown Ni on MgO(001) film with a
scan area of 2 x 2 pm? (a) 2-dimensional view, (b) 3-dimensional view.

EDS Results

Fig. 3.14 shows the EDS elemental mapping and spectrum analysis of the as-
grown Ni on the MgO(001) sample. The selected area for mapping and spectrum
analysis is shown in Fig. 3.14 (a). The elemental mapping (Fig. 3.14 b & ¢)
confirms the presence of the elements (non-uniform distribution) Mg and O from
the substrate and Ni from the film. A small carbon signal was also present which
can be related to the impurities on the film similar to the Fe films. The EDS
spectra (shown in Fig. 3.14 d) reveal the peaks of Mg, O, and Ni along with C.
The atomic composition of Ni is shown as 0.5%. The oxygen peak is almost
similar in spectra 1 & 3. The rise of the oxygen peak in spectrum 2 is from the
contaminants.
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Figure 3. 14: EDS results of as-grown Ni on MgO(001) showing (a) selected area for mapping
and spectrum analysis, (b & c) elemental mapping results confirming the presence of the
elements Mg and O from the substrate, Ni from the film and also the presence of C on the
surface, (d) spectrum analysis showing the sum spectrum and atomic percentage of each

element in the film.
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3.1.4 Nion MgO (001) annealed at 400°C
SEM Results

SEM images showing the surface analysis of the annealed (in-situ) Ni on
MgO(001) film at 400°C are shown in Fig. 3.15. The surface of the sample at low
magnification with a high acceleration voltage of 20 kv is shown in Fig 3.15 (a
& b). The bubble-like structure seen in Fig 3.15 (b) must be carbon clustering.
The image of the annealed Ni film surface appears rougher in Fig. 3.15 (c to f)
than the as-grown Ni films. Similarly, to Fe samples, a significant change in
surface morphology has been seen in Ni films after annealing. But the Ni surface
Is rougher than the surface of Fe film (Fig. 3.5), after the annealing. It can be said
that the annealing increases roughness.
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Figure 3. 15: SEM images (top view) showing the surface morphology of Ni on MgO(001)
annealed at 400°C (a & b) images at lower magnification with an acceleration voltage of 20
kv, (c to f) lower and high-resolution images exhibiting a highly rough surface of annealed Ni
films.

AFM Results

The AFM results shown in Fig. 3.16 (a & b) reveal the surface topography of
annealed Ni films. A drastic change in the morphology was seen in the AFM
results. As compared to the as-grown Ni samples (RMS roughness=1.61 nm)
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there seems a huge rise in the surface roughness after annealing. The root-mean-
square (RMS) roughness of 4.61 nm from the AFM analysis indicates that the
surface roughness of the Ni samples increased significantly with annealing. The
grain growth induced by annealing makes the film rougher and may have induced
the crystallinity. The AFM analysis could also confirm that Ni films are rougher
compared to Fe films.
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Figure 3. 16: AFM images showing the topography of annealed Ni on MgO(001) film at 400°C
with a scan area of 2 x 2 um? (a) 2-dimensional view, (b) 3-dimensional view.

EDS Results

Fig. 3.17 reveals the chemical composition and spectrum analysis of the annealed
Ni film. Fig. 3.17 (a) shows the selected area for mapping and spectrum analysis.
The EDS mapping and spectrum analysis (shown in Fig. 3.17 b & c¢) consist of
Mg, O, and Ni from the film along with C from contamination on the surface. The
oxygen peak varies in every spectrum as shown in Fig. 3.17 (d). The rise of the
oxygen peak in each spectrum is from the contaminants. There was no visible
change in the atomic percentage of oxygen in the annealed Ni films to the as-
grown films which can explain the effect of annealing (oxidation) like Fe films
(shown in Fig. 3.7 d). This was further investigated in the TEM analysis.
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Figure 3. 17: EDS results of Ni on MgO(001) annealed at 400°C showing (a) selected area for
mapping and spectrum analysis, (b & c) elemental mapping results confirming the presence of
the elements Mg and O from the substrate, Ni from the film and also the presence of C on the
surface, (d) spectrum analysis showing the sum spectrum and atomic percentage of each
element in the film.
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TEM Results

The cross-sectional TEM images of Ni films annealed (20min) at 400°C are
shown in Fig 3.18. Unlike Fe films, Ni films do not show definite non-oxidised
and oxidised layers of Nickel. The similar contrast between the lower and upper
layers is not due to composition but to surface roughness and hence
mass/thickness contrast. This indicates a less uniform growth possibly due to the
larger mismatch between film and substrate. The interface between the film and
substrate (Fig. 3.18 d) seems not planar but has an irregular step-like structure.
The film shows the presence of moiré fringes due to the overlapping of grains
(Fig. 3.18 ¢ & d) which confirms a polycrystalline growth of Ni.

(a) Rl ‘ SN

MgO(001)

Figure 3. 18: Cross-sectional Bright-Field (BF) low and high magnification TEM images of Ni
on MgO(001) annealed for 20 min at 400°C, showing (a & b) non-uniform growth of Ni on
MgO(001) (c)HRTEM image showing the step like interface between the substrate and film
and overlapping of grains (moiré fringes), (d) HRTEM image showing that the film is fully
oxidised.
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The lattice d-spacing analysis performed using FFT diffractograms from the
HRTEM images (shown in Fig. 3.19) shows that the film is completely oxidised.
The FFT results could also be supported by the analysis of the selected area
electron diffraction (SAED) pattern using JEMS software (shown in Fig 3.20),
and it is clear that the film is totally oxidised because the distances in the
reciprocal space correspond to NiO. Although there is an overlapping between Ni
and NiO rings of guiy and gpog), the lack of Ni (200) ring indicates a full
oxidation.

_____

#(200)

Mgo[001]
|
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Figure 3. 19: (a) HRTEM image of Ni on MgO(001) annealed at 400°C comprising of area
chosen for the lattice d-spacing analysis of substrate MgO (black dashed box), and the film

(red and green dashed box); (b) FFT diffractogram of NiO [001]; (c) FFT diffractogram of
MgO [001].

70



‘

MgO(001)

Figure 3. 20: (a) Selected area for the diffraction pattern from the substrate MgO(001) and
film; (b) Analysed SAED pattern showing that the Ni film is fully oxidised.
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Chapter 4
Conclusion

The epitaxial growth of Fe and Ni films on MgO(001) substrate in this study
clearly shows the difference in the growth of single and polycrystalline structures
and also helps to understand the impact of annealing on the surface morphology
and structure of the films.

The Fe on MgO(001) film in the as-grown condition showed a non-uniform
growth with a rough (RMS roughness of 0.91 nm) and stepped surface. While
annealed (in situ) Fe film on MgO(001) at 400°C showed a tremendous change
in the surface morphology. The grain growth and film crystallisation caused by
annealing resulted in a rise in the surface roughness of the film to 3.30 nm. The
TEM analysis proved that the film gets oxidised after annealing and shows good
epitaxial and single crystalline growth. The analysis of lattice d-spacing from
HRTEM images and SAED pattern could determine the presence of Fes;O,
(magnetite) along with non-oxidised iron.

On the other hand, the as-grown Ni film on MgO(001) exhibits a non-uniform
and highly rough surface (RMS roughness of 1.61 nm) with a granular structure.
The surface of annealed (in-situ) Ni on MgO(001) film at 400°C seems rougher
than the as-grown Ni films. The RMS roughness of 4.61 nm from the AFM
analysis indicates that the surface roughness of the Ni samples increased with
annealing. The TEM studies showed a less uniform polycrystalline growth of Ni
on MgO(001). The lattice d-spacing analysis from the HRTEM images and SAED
pattern proved that the film is fully oxidised and the distances in the reciprocal
space correspond to NiO.

Overall, the structural studies of Fe and Ni films on MgO showed that the growth
of Fe films on the MgO substrate was more uniform than Ni films. Ni films
showed more surface roughness compared to Fe films. This is possibly due to the
larger mismatch (~16%) between Ni film and MgO substrate. This study helps
to understand that the MBE growth will be better if the crystalline structure and
lattice parameter of the layers or deposits are more compatible with the substrate.

4.1 Future work

The lattice mismatch of ~4% results in a high-quality growth of Fe on MgO(001).
On the other hand, the growth of Ni films on MgO(001) seems more challenging
due to the lattice mismatch of ~16% and the results from my studies also support
the statement. To make the growth better, the selection of the substrate is
important. The YSZ(001) substrates which are more compatible with Ni material
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are in consideration. Further, works can include the growth of both Fe and Ni
films on YSZ(001). Here the strain would be the opposite i.e., Fe would be having
more strain (with a lattice mismatch of ~21%) than Ni (lattice mismatch of ~3%)
on YSZ. It is assumed that the strain will influence the dynamics and the size of
the oxidised layer. Different rates of oxidation, depending on the crystallographic
directions are expected instead of layer-by-layer oxidation in the case of Fe on
MgO which can lead to a non-uniform oxide-film interface. In other words, this
interface might appear significantly rougher, which likely be also seen as an
increase in surface roughness on these films.

In-situ annealing (in the MBE chamber) of Fe and Ni thin films on YSZ can also
be done under a controlled oxygen atmosphere at different temperatures.
Parameters such as O, partial pressure and annealing time can also be varied
during annealing. In the case of the Fe thin films, this can produce a variety of
different stoichiometry since Fe has two oxidation states that can appear as FeO,
Fe,0s and Fes;04, with a-Fe,Os as a ground state. In-situ oxidation of Fe and Ni
thin films under a controlled oxygen atmosphere within the aberration-corrected
environmental TEM/STEM microscope to study the evolution of the surfaces,
defects and strain as a function of time, temperature and oxygen pressure during
oxidation is under consideration. The study of the oxidation mechanism,
substrate/film and metal/oxide interface microstructure and chemistry by EDS,
electron energy loss spectroscopy (EELS) and electron diffraction can also be
done.

Another aspect of this research would be studying the magnetic properties of the
oxide/metal films (Fe & Ni) for various applications. In the case of Fe/FeOy, there
can be two magnetic distinctive systems, one is ferromagnet metal/ferrimagnetic
oxide bilayers, i.e., FesOsFe or y-Fe,Os/Fe. The second type of bilayer is
antiferromagnetic oxide/ferromagnetic film. e.g., a-Fe,Os/Fe and FeO/Fe. Those
interfaces can show interesting ordering including exchange bias. Hence
temperature-dependent  measurements by VSM  (Vibrating Sample
Magnetometer) or SQUID/VSM (Superconducting quantum interference
vibrating sample magnetometer) would be very useful. In the case of Ni films,
since Ni has only 2+ valence only one magnetic bilayer system is expected. An
example would be NiO/Ni bilayers, which should show typical AFM/FM
behaviour including exchange bias.

The removal of carbon contamination from the surfaces of the film before
SEM/EDS and AFM analysis will be considered seriously as it affects my current
study. Several measures including cleaning with compatible solvents, plasma
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cleaning and optical baking at 80°C in high vacuum will be considered for the
removal of any contamination from the films.
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