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Dissolution of the magnesium oxide (MgO) thin film in water during the
manufacturing process can thin the thickness of the film. This is a critical problem for
magnetic sensors containing MgO thin film such as the read head sensors of hard disk
drives (HDDs). Therefore, this thesis aims to investigate the dissolution and dehydration
behavior of the MgO thin film.

The thesis first investigates the influence of the gas atmospheres including
nitrogen gas (N), oxygen gas (O2) and carbon dioxide gas (COz) on the dissolution
behavior of the MgO thin film. Results reveal that the MgO thin film absorbs
molecules of water into its inner layer and transforms its chemical composition into
Mg(OH). after being exposed to deionized water. These Mg(OH)- layers could dissolve
by releasing Mg?* ions and OH ions into water resulting in the decrease of the film
thickness. It is found that the thickness of the film slightly decreases in the sample with
N2 and O, atmosphere while that decreases considerably in sample with CO>
atmosphere. This is because CO; reacts with water and generates carbonic acid
(H2COs) and/or bicarbonate acid (HCO®*) leading to the reduction of pH.
Consequently, the dissolution rate of the film under CO> atmosphere is much faster than

that under O2 atmosphere while N2 has no reaction with water.



To expand our understanding of the dissolution behavior of the MgO thin film,
the effect of water temperature on the dissolution of the film was investigated. It is
found that temperature is one of the crucial factors that strongly influence the
dissolution behavior of the film. Results reveal that the thickness of the film decreases
with an increase in water temperature. This is because the increase of water temperature
can increase the kinetic energy of water molecules leading to an increase in the
dissolution rate of the film.

Besides the investigation of the dissolution reaction of the MgO thin film, this
thesis demonstrates the dehydration behavior of the MgO thin film. Results indicate
that the MgO thin film creates clusters over its surface after being exposed to a humid
environment for 24 hours. This results in an increase of surface roughness and thickness
of the film. However, after the films were annealed at various conditions, the number
of clusters and the surface roughness and thickness of the film decreased with an
increase of the annealing temperature. It is found that the annealing at 400°C in Ar
atmosphere efficiently recovers the surface roughness and thickness of the MgO thin
film. The possible reason could be that the inert Ar gas may act as a protective layer
that prevents contamination and/or humidity from the air which may react with the film

during the annealing.
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D = Density

eV = Electron volts
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f = X-ray flux

Fs = Sensitivity factor

Ga* = Gallium ion
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CHAPTER |

INTRODUCTION

1.1  Significance of the Problem

In the current hard disk drive (HDD) technology, the magnetic tunnel junction
(MT]J) structure is a core of the read head sensor of HDDs, requires a thin and a well-
oriented texture tunnel barrier thin film (Cai, 2017; Feng, 2010; Hadorn, 2018; Isogami,
2008; Kurt, 2010; Parkin, 2018; Smirnov, 2017; Wisniowski, 2013; Yuasa and
Djayaprawira, 2007; Zhu, 2006). This is in order to produce a low resistance-area (RA)
and high tunnel magnetoresistance (TMR) which are the most important requirement
for achieving high sensitivity read head sensor (Bhutta, 2009; Ikeda, 2008; Yuasa,
2004; Yuasa and Djayaprawira, 2007; Zhu, 2006). However, the fact that, the MgO
thin film which is currently used as a tunnel barrier of MTJs structure, is highly sensitive
to water (J. H. Lee, 2003b; Singh, 2012). The reaction between magnesium oxide
(MgO) thin film and water is nowadays a critical problem occurring in the hard disk
drives (HDDs) industry. During exposing to water in the manufacturing process
including cleaning, cutting and lapping process, the MgO thin film could naturally
absorb the molecules of water to its inner layer and transforms its chemical
composition and structure to hexagonal hydroxide Mg(OH)> (Amaral, 2011; J. H. Lee,
2003a; 2003b). This transformation could lead to the volume expansion, tensile, and
compressing stresses formation which results in the producing of porosity, cracking and

swelling in MgO thin film (Ali and Al-Mowali, 2013; Amaral, 2011; Dobrzanski, 2020).



Moreover, these hydroxide layers can dissolve by releasing Mg?* and OH™ into water
(Amaral, 2010; Amaral, 2011; Hanlon, 2015; Kuenzel, 2018; Rocha, 2004) resulting in
an increase of vacancies in the MgO thin film and a decrease of the MgO thin film
thickness (Beruto, 1993; Tigunta, 2019). These changes in chemical composition,
structure and thickness of the MgO thin film as a result of the hydration and dissolution
reaction could reduce the TMR of the MTJs and operating speed of the read head of
HDDs. Therefore, it is worthwhile to draw attention on the reaction mechanism
between MgO thin film and water especially the dissolution process.

According to the literatures, the factors that can influence the reaction between
the MgO and water are the crystallographic orientation of MgO, exposure time, pH,
temperature and atmospheres (Aphane, 2009; J. H. Lee, 2003b; Silva, 2013). To obtain
more insight into the dissolution reaction of MgO, it is necessary to investigate the
reaction between MgO thin film and water under those parameters. To our best
knowledge, a lot of studies were performed under various solutions, pH and the normal
ambient conditions; however, a few works have reported the effect of temperature on
the dissolution of MgO thin film. Furthermore, the influence of gas atmospheres on the
degradation of MgO thin film in water has never been addressed in detail. Therefore,
in this dissertation, the profound influence of the temperatures and gas atmospheres on
the dissolution mechanism of MgO film is investigated. Moreover, the investigation
would extend to the dehydration behavior of the MgO thin film because dehydration
reaction is the mechanism of water removal (Stanish and Perlmutter, 1983). It is
reported that the dehydration reaction could induce the release of water molecules from
the hydrated layer resulting in the decrease of the hydroxide layer which forms over the

MgO thin film surface and thereby the improvement of the film properties (Gay and



Harrison, 2005; Moon 2007). Understanding dehydration behavior could be used as a
guideline to prevent dissolution of the film which leads to the degradation of the
magnetic sensors. The experimental conditions of this study were designed to be
comparable to assembly processes of magnetic sensors in read heads of HDDs. The
profound knowledge obtained from this study can be employed as a guideline to prevent

the damage of MgO thin film in the HDD manufacturing process.

1.2 Research Objectives

The main objectives of this dissertation can be summarized as follows:

1.2.1 Toinvestigate the influence of gas atmospheres including oxygen gas (O2),
nitrogen gas (N2) and carbon dioxide gas (COz2) on the dissolution behavior of MgO
thin films in water.

1.2.2 To determine effect of water temperatures on dissolution behavior of
magnesium oxide thin films.

1.2.3 To examine microstructure/crystal —structure evolution, surface
morphology and thickness of magnesium oxide thin films after being annealed under

various annealing conditions.

1.3 Hypotheses

To achieve the objective of this dissertation, the effect of dissolution on
microstructure of MgO thin film are determined based on these hypotheses:
1.3.1 The gas could react with water and change chemistry and pH of water

affecting the dissolution rate of the MgO thin film. It is possible that the CO; gas could



induce the decrease of water pH resulting in an increase of the dissolution rate of
the MgO thin film.

1.3.2 Water temperature could relate to the kinetic energy of water. Low
temperature of water may reduce the Kinetic energy in water resulting in the decrease
of dissolution rate in MgO thin film.

1.3.3 The microstructure/crystal structure, surface roughness and thickness of
the MgO thin film after being annealed should partially recover as a result of the thermal

decomposition of water molecule of magnesium hydroxide.

1.4 Scope of Thesis

The scope of this dissertation relates to the investigation of dissolution and
dehydration behavior of the MgO thin film. The experimental procedures were
designed to be comparable to the manufacturing processes of MgO. The experiment
was set up in three different systems. In the first system, the influence of gas atmosphere
on the dissolution of the MgO thin film in water was investigated. The MgO thin film
was exposed to deionized water saturated by gas including nitrogen gas (N2), oxygen
gas (O2) and carbon dioxide gas (COz). Then, the morphology, the chemical
composition and the thickness of the film were analyzed using the scanning electron
microscope (SEM), X-ray photoelectron (XPS) and atomic absorption spectroscopy
(AAS). In the second system, the effect of water temperature on the dissolution of the
MgO thin film was studied. The MgO thin film was exposed to water droplet at different
temperatures of 0, 10, 20, 25, 50 and 75°C. Then, the films were characterized using
the SEM and XPS to quantify the chemical composition, thickness and surface

morphology of the film. In the final system, the impact of environment on the



dehydration characteristic of the MgO thin film was determined. The MgO thin films
were exposed to humid atmosphere for 24 hours before being annealed at different
annealing temperatures of 250, 300, 350 and 400°C under different atmospheres (air, N2
atmosphere, Ar atmosphere). Then, the atomic force microscopy (AFM), Xx-ray
reflectivity (XRR), transmission electron microscopy (TEM) and X-ray absorption
spectroscopy (XAS), were used to determined topography, thickness and electronic

structure of the film.

1.5 Usefulness of the Research

1.5.1 To understand the effect of gas atmospheres and temperatures on the
chemical reaction between water and magnesium oxide thin film.

1.5.2 To understand the relationships between dehydration reaction of
magnesium oxide thin film and its physical properties.

1.5.3 To provide a guideline to optimize the atmospheres and temperatures in

assembly processes of magnetic sensors in read heads of HDDs

1.6  Outline of Thesis

The remainder of this thesis is built up in the following way:

Chapter 2 provides the theoretical background information of the MgO thin film
along with its properties and its applications. This chapter also includes the literature
review of the dissolution and dehydration reaction of MgO thin film, the fundamental
information of the magnetic tunneling junctions (MTJs) as well as the principle of

the characterization techniques used in this study.



Chapter 3 reports the dissolution behavior of the MgO thin film in water.
In this chapter, the influence of different gas atmospheres including nitrogen gas (N>),
oxygen gas (O2) and carbon dioxide gas (COz) on the change of the morphology,
thickness and chemical composition of the film is demonstrated. In addition, a
qualitative model based on the dissolution mechanism of the MgO thin film is purposed.

Chapter 4 reports the effect of water temperature on the dissolution of
MgO thin film. This chapter expands the understanding on the dissolution of the
MgO thin film. The result of the film dissolved at different water temperatures are
discussed. Then, the dissolution model under different temperatures is proposed.

Chapter 5 shows the investigation of the dehydration reaction of MgO thin film.
In this chapter, the main focus is on the influence of environmental including annealing
temperature and atmosphere on the dehydration characteristic of the MgO thin film.
The topography, the chemical composition as well as the thickness of the film is
determined. In addition, the dehydration model of the MgO thin film is proposed.

Chapter 6 is the discussion of the major finding related to the influence of gas
atmosphere on the dissolution of MgO thin film, the effect of water temperature on the
dissolution of the MgO thin film and the role of atmosphere and temperature on the
dehydration characteristic of MgO thin film.

The final chapter, Chapter 7 contains the conclusion of all the findings in this

thesis and suggestions for future work.
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CHAPTER 11
THEORETICAL BACKGROUND AND LITERATURE

REVIEW

This chapter introduces the background information of magnesium oxide
(MgO) and magnetic tunneling junctions (MTJs) along with the thin film
characterization techniques. In section 2.1 the basic information of MgO including
properties, applications and the interaction with water are provided. The fundamental
information of the magnetic tunneling junctions (MTJs) is described in section 2.2. In
addition, basic principle of the characterization techniques used in this thesis including
X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), X-ray
reflectivity (XRR) and transmission electron microscope (TEM) are also included in

section 2.4.

2.1 Magnesium Oxide (MgO)

Magnesium oxide (MgO), also called periclase and/or magnesia, is a simple
ionic mineral that is one of the most abundant minerals in the earth particularly in the
lower mantle (Cohen, 2000; Oganov, 2003; Shand, 2006). MgO was discovered in 1840
by Scacchi at Monte Somma, Italy (Shand, 2006). MgO has been a subject of various
experimental and theoretical studies because it possesses numerous remarkable

physical, electrical, mechanical and chemical properties as shown below.
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Figure 2.1 Magnesium oxide crystal structure

2.1.1 Properties of Magnesium Oxide

MgO is formed by a magnesium (Mg) atom and an oxygen (O) atom
connected through an ionic bond with a single valence state (Jeevanandam, 2017;
Licona, 2005). It crystallizes in a face-centered cubic (FCC) unit cell with a rock-salt
(NaCl) structure, as shown in Figure 2.1, each O% anion encircled by six Mg?* cations
and each Mg?* cation encircled by six O% anions (Licona, 2005; Shand, 2006). MgO
has a lattice parameter of 4.2112 A and energy bandgap (Eg) of 7.3 eV (Bullard, 2001;
Dyachenko, 2014). The range of its density is 3.55 to 3.68 g/cm? (i.e. depending on its
form, Thin film = 3.58 g/cm?, Bulk = 3.62 g/cm?®). The hardness is 5.5 on the Mohs
scale. MgO normally is a colorless to grayish-white color, however, its color can be
varied depending on its foreign inclusions. MgO is a transparent material with a
refractive index of ~1.736 so that it is usually applied as an optical material in numerous
applications. (Bullard, 2001; Kruk, 2018; Shand, 2006). It is reported that the
electronegativity of MgO is 2.13. The melting point is ~2800°C and boiling point is

~3600°C (Bullard, 2001). MgO is an outstanding high-temperature electrical insulator.
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It is reported that the specific resistance of pure MgO crystals at 700°C is 2.3 x 10°
Q-cm. The dielectric constant of MgO at 25°C and 1 MHz is 3.2-9.8, while its dielectric
loss (tan &) is 3x10™* at 1 MHz. Moreover, it is found that MgO also have a high
breakdown field of 12 Mv/cm (Habibah, 2013). To make it easy to understand the

physical properties of MgO are summarized and exhibited in Table 2.1.

Table 2.1 The properties of MgO

Properties Values
Crystal type Cubic FCC
Lattice constant (A) 4.212
Energy band gap (eV) 7.3
Molecule weight ( 40.304
Density
- Thin film (g/cm?) 3.585
- Bulk (g/cm?®) 3.62
Hardness (Mohs scale) 55
Reflective index 1.736
Melting point (°C) 2800
Boiling point (°C) 3600
Oxidation state Mg: +2
O: -2
lonic radius (nm) Mg?* = 0.072
0% =0.140

2.1.2 Application of Magnesium Oxide Thin Film
Recently, MgO thin film was employed as a tunnel barrier in magnetic
tunneling junctions (MTJs) which is an essential part of magnetic sensor, magnetic

random-access memory (MRAM) (Chou, 2006; Feng, 2010; Feng, 2011; Wisniowski,
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2013) and read head sensors of hard disk drives (HDDs) (see Figure 2.2) (Diao, 2010;

Feng, 2009).
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Figure 2.2 MgO thin film in the read head structure of HDDs.

MgO thin film is extensively used as the tunnel barrier in MTJs because
the properties of MgO thin film including epitaxial structure, low electrical conductivity
and high thermal stability are effective in enhancing the tunnel magnetoresistance
(TMR) value of MTJs which is correlating with the sensitivity of the read head sensor
(Bhutta, 2009; Yuasa, 2007). It is reported that using the MgO thin film as a tunnel
barrier in MTJs, the largest TMR value that has been recorded is obtained (Diao, 2010;
Feng, 2009; Stearrett, 2012). This will be explained in the section 2.2 magnetic
tunneling junctions (MTJs).

2.1.3 The Interaction Between the MgO and Water

Although the MgO possesses several remarkable properties, as described
above, the susceptive to water is still a major problem of it. Several studies reported that
in a presence of water (including liquid or vapor form) the MgO can hydrate by physically

and chemically absorbing water molecules to form the hydroxide Mg(OH): layer.
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Figure 2.3  Deconvoluted core-level XPS spectra of (a) O 1s and (b) Mg 2p of the
MgO thin films deposited in the different oxygen partial pressures

(Singh, 2012).

Singh et al. (2012) found that the MgO thin film can react with the
residual water vapor in the chamber during the growing of thin film and forms the
Mg(OH).. This is confirmed by the observation of —-OH peak in the deconvoluted O1s
spectra of the X-ray photoelectron spectroscopy (XPS) as shown in Figure 2.3.

Lee et al. (2003) studied the hydration reaction of the MgO single crystal
and MgO thin film. It was found that the MgO can absorbs the water and creates clusters
over its surface (See Figure 2.4). The formation of these clusters is a result of the lattice
mismatch between the lattice parameter of the cubic MgO (a =b = ¢ =0.4213 nm) and
the hexagonal Mg(OH). (a = b = 0.3142 nm, ¢ = 0.4766 nm). In a comparison between
the hydration of the single crystal MgO and MgO thin film, they exposed that the MgO

thin film is much more hydrated than the single crystal MgO.
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Figure 2.4  SEM photographs of the MgO thin film sample hydrated for O day

and 1 day (Lee, 2003).

Besides the formation of clusters, many studies reported that the
formation of Mg(OH). could induce the volume expansion lead to swelling, cracking
and porosity/vacancies in the MgO (Ali and Al-Mowali 2013; Amaral, 2011,
Dobrzanski, 2020; Lee, 2003). Nagamine et al. (2006) observed the deformation in the
crystalline orientation of MgO thin film barrier after it absorbs water and forms
Mg(OH). layer. In addition, there are studies reported that the absorption of the water
molecules does not occur only over the MgO surface, but it can also infiltrate into the
inner layer of the MgO (Lee, 2003; Smithson and Bakhshi, 1969). This may result in the
degradation of the MgO devices. Besides the hydration reaction, several works point
out that if there are significant amounts of water vapor presented and/or MgO is in
contact with water, the hydrated MgO can dissolve in water by releasing Mg?* and OH-
ions into water (Amaral, 2010; Amaral, 2011; Hanlon, 2015; Kuenzel, 2018; Rocha,
2004). Subsequently, it could lead to an increase in the number of vacancies in MgO

(Bureto, 1993) and a decrease of MgO thin film thickness.
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2.1.4 The Dehydration Reaction of MgO
It is known that the dehydration reaction is the water elimination
mechanism from the molecule of materials which most often involves the thermal
decomposition (Stanish and Perlmutter, 1983). Many studies reported that the
dehydration reaction could reduce the hydroxide layer and induce the recovery of the

properties of MgO (Gay and Harrison, 2005; Moon 2007).

Nommalized absorbance

a)
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Figure25 Mg K-edge XANES of Mg(OH). evaluated for 5 hours at various

temperatures and Mg K-edge of MgO (Yoshida, 1995).
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Yoshida et al.(1995) investigated the dehydration of the magnesium
hydroxide powder. The Mg(OH)2 powders were evacuated at various temperatures 373-
673 K (or 99.85-399.85°C) under pressure of 1.5 x 10 Torr for 5 hours. Using X-ray
absorption near-edge structure (XANES), they found that the Mg K-edge XANES
spectra of MgO can change from Mg(OH). to MgO after the increase of the evacuated
temperature. It is found that sample dehydrating at 623 K exhibited the similar XANES
spectra to that of MgO, as seen in Figure 2.5.

Khamkongkaeo et al. (2017) also investigated the dehydration reaction
of the Mg(OH). powder. After calcination at 450°C for 5 hours in air, Mg(OH)2 does
not completely convert to MgO, but it consists of 45.5% of Mg(OH)2 and 54.4% of
MgO contents. They further suggested that this unsuitable calcination condition could
lead to the formation of Mg vacancies and O vacancies in MgO and/or Mg(OH): structure

resulting in the inhibition of the improvement of the specific magnetization of MgO.

2.2 Magnetic Tunneling Junctions (MTJs)

Magnetic Tunneling Junctions (MTJs) are the structure that makes from a
multilayer of a thin film, the thickness of each layer is only a few nanometers. The basic
structure of MTJs consists of two ferromagnetic (FM) electrodes separated by a very
thin insulating oxide layer (also called a tunnel barrier) as shown in Figure 2.6
(Harnchana, 2011, Yuasa and Djayaprawira, 2007). One of the ferromagnetic (FM)
electrodes is denoted as a pinned layer because the magnetization direction of this layer
is pinned to a particular direction while the magnetization direction of another
ferromagnetic layer denoted as the free layer can be altered by the external magnetic

field (Harnchana, 2011, Sengupta, 2017; Yuasa and Djayaprawira, 2007).
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Figure2.6 A schematic of a cross-sectional structure of MTJs (Yuasa and

Djayaprawira, 2007).

The magnetization direction of these two ferromagnetic electrodes are related to
a level of the MTJs resistance. In case of low resistance in a parallel orientation (Rp), the
magnetization of the two ferromagnetic layers are in the same orientation. On the other
hand, in case of high resistance in the anti-parallel orientation (Rap), the magnetization
direction of the two ferromagnetic layers are in the opposite direction (Maciel, 2020;
Sengupta, 2017). By applying the current through the MTJs from the pinned layer to the
free layer and vice versa, the MTJs state is changed from the parallel to the antiparallel
state (see Figure 2.7).

The change in the resistance with the relative orientation of two ferromagnetic
electrodes is generally described in the term tunneling magnetoresistance (TMR) ratio
or magnetoresistance (MR) ratio for short, which is defined as (Harnchana, 2011;

Sengupta, 2017; Yuasa and Djayaprawira, 2007):

TMR = =22 2.1)

P
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If there is a large change between the resistance of the two configurations, the

TMR ratio will be large.

Resistance of MTJ (R)
N\

Rap
— —

MR ratio
= (Rap—Rp)/Rp

Rg

\

-
0 Magnetic field (H)

Figure 2.7 The magnetoresistance curve of a MTJs (Yuasa and Djayaprawira, 2007).

2.2.1 Tunnel Barrier of MTJs

Besides ferromagnetic layers, the tunnel barrier is one of the factors that
play an important role in the TMR value. In the previous MTJ technology, the barrier
is made of the Al-O barrier and the TMR value is limited to about 70% because Al-O
tunnel barrier is amorphous. The tunneling probabilities of the electrons through the
Al-O is limited as exhibited in Figure 2.8. Recently, when the MgO(001) is used as a
tunnel barrier instead of Al-O barrier, it is found that TMR value of MTJs can enhance
to be 600% at room temperature. This is the highest TMR value that has been obtained.
The enhance of the TMR value could be a result of the epitaxial structure of the

MgO(001) barrier.
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Figure 2.8  Schematic illustration of electron tunneling through an amorphous Al-O

barrier and a crystalline MgO barrier.

2.3  Thin Film Characterization

2.3.1 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), otherwise known as electron
spectroscopy for chemical analysis (ESCA), is surface analysis technique giving
information of the surface chemistry, chemical state and chemical composition of the
uppermost atomic layers (1-10 nm) (Heide, 2012; Leinen, 1999). In combination with
low energy ion bombardment, used for depth profiling, this technique can be used for
a compositional and chemical analysis in depth.

2.3.1.1 The Basic Principle of XPS

X-ray photoelectrons are produced by the ejection of core
electrons, which are bombarded by incident X-ray photons, from1-10 nm underneath
the surface of sample (See Figure 2.9). The kinetic energies of the emitted photoelectron
are then measured to determine their binding energies and consequently, the chemical
state information can be obtained. The photoelectron energy relationship is given by

(Watts and Wolstenholme, 2003):
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Eg =hv—Exk—WF (2.2)

where Eg is the energy by which the photoelectron bonds with parent atom, 4v is the
energy of the incident photon, Ek is kinetic energy of the photoelectron and Wk is the

spectrometer work function.

Ejected photoelectron,
kinetic energy, Ex

X-ray energy, hv

Free electron level

C ’1 b ; i
und' ua m Work function, W

= Femi level

» @@ Binding energy, Eg

Figure 2.9 Schematic diagram of the XPS process.

As a result of each electron has specific binding energy in the
specific atom. Therefore, the kinetic energy of the electrons kicked out is able to indicate
the atoms contained in the material (Heide, 2012; Leinen, 1999). The number of emitted

photoelectrons is plotted as a function of binding energy as illustrated in Figure 2.10.
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Figure 2.10 The survey scan and narrow scan of XPS spectra.

2.3.2 X-Ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a characterization technique
that widely used for determining the local geometric and electronic structure of
material. The XAS spectra compose of two regions: (1) X-ray absorption near edge
structure (XANES) with the energy ranged from 0 to 50 eV and (2) extended X-ray
absorption fine structure (EXAFS) with the energy ranged from 50 eV to 1000 eV
(Harnchana, 2011, Tian, 2014). The X-ray absorption spectrum is shown in Figure 2.11.

2.3.2.1 The Basic Principle of XAS

X-ray absorption spectroscopy (XAS) can be operated by using
a synchrotron radiation as X-ray source. The photons form the X-ray interact with the
core electron. If absorbed energy is equal to the binding energy of an electron, the
electron will be excited to an unoccupied state and leave a core hole behind. The atom
is in excited state and not stable, thus an electron in a higher energy level then releases

a photon in order to fill itself to the core hole. Therefore, the X-ray absorption
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corresponds to the binding energy of the core electron that transitions into an
unoccupied state and reflects the electronic unoccupied state of the specimen. The
absorption edge name is from the principle quantum number of the excited core electron
for example, K, L and M edges correspond to the excited 1s, 2s or 2p and 3s or 3p or

3d, respectively.

XANES EXAFS

Rising-edge -

Pre-edge

Normalized Absorption

[ —————— e

Incident Energy(eV)

Figure 2.11 The X-ray absorption spectrum (Tian, 2014).

2.3.3 X-Ray Reflectivity (XRR)

The XRR is a non-destructive analysis technique that has been
extensively used for investigating of thickness, density and roughness of the surface
and the interface of a single layer or multiple-layer thin films which have a thickness
between approximately 1 nm to 1pum (Bowen, 2006; Fujii, 2013; Gibaud, 2000; Gibaud,

2013; Matyi, 2008; Yasaka, 2010). XRR can be performed by using the same
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diffractometer as X-ray diffraction (XRD), however, principle is different. A schematic

of X-ray reflectivity measurement set up is illustrates in Figure 2.12.

Figure 2.12 A schematic of X-ray reflectivity measurement set up (Bowen, 2006).

2.3.3.1 The Basic Principle of XRR
XRR is the measurement of the X-ray intensity which scattered or
reflected from the sample surface or interface in the specular direction (reflected angle

(o) equal to incident angle (o)) as a function of scattering angles (see Figure 2.13).
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Figure 2.13 Schematic diagram showing the specular reflectivity geometry

(Harnchana, 2011).
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Figure 2.14  Reflectivity of the thin film thickness 10 nm and 50 nm (Potdar, 2014;

Yasaka, 2010).

When the incident X-rays bombard on a flat surface (reflective
index less than 1) at the low incident angle of 1-2°, the total reflected X-rays occur, if
the incident angle is smaller than a certain critical angle. In this region, the X-rays do
not penetrate into the sample surface or penetrate in a few nanometers. When the
incident angle is increased to higher than 1-2°, the X-rays starts to penetrate and reflect

from the interfaces. The reflected X-rays from the different interfaces gives rise to
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interference fringes as shown in Figure 2.14. This XRR spectra can be utilized to
estimate the thickness, density and roughness of the film surface and interface (Lin,

2016; Potdar, 2014; Yasaka, 2010).

2.3.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used in this thesis as a
complementary technique to XRR to provide the primary information of the change in
thickness and the structural evolution of the MgO thin film. TEM is well-established as
a very high-resolution imaging/characterization technique that uses to analyzed almost
type of materials. TEM is useful in providing the information of structural, chemical
and crystallographic at the atomic level (Dayal, 2011; Reimer, 1989).

2.3.4.1 The Basic Principle of TEM

TEM operation involves two essential main components: (1) an
electron source and (2) set of electromagnetic lenses (see Figure 2.15). The electro
source generated electron beam is focused by condenser lenses to produce a parallel
beam at the specimen for TEM and convergent beam for scanning transmission electron
microscope (STEM). The image is then formed post specimen by an objective lens in
TEM and by serial acquisition of the transmitted beam (scanning the beam) in STEM
(Hubschen, 2016). The sample suitable for the TEM analysis is the sample with
thickness less than 100 nm. The TEM sample preparation will be explained again in

Chapter 5.
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Figure 2.15 Schematic of core component of a TEM microscope (Hubschen, 2016)

235 A Comparison of Usefulness and Limitation of Each
Characterization Technique
For the better understanding of the features of each technique, in this

section, the advantages and limitations of these techniques are summarized in Table 2.2.
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Table 2.2 Comparison of advantage and limitation of characterization techniques
for analysis the MgO thin film.

Technique Output Advantages Limitations
Chemical Peak overlap for some
composition. . elements.

. : Surface sensitive Cannot detect
Chemical bonding. .

XPS Depth profiling tec'hnlque. o hydrogen. _
Sputtering yield Suitable for thin film. Take Iong_tlme_data
Thickness interpretation (_m case

of depth profiling).
Non-destructive
fqyioue. Can use only
WoeA} structure synchrotron source
Chemical state technique. ynehrotre '

XAS . . Require high
Electronic structure ~ Can be carried out on expertise for data

any type of material. analysis

High resolution '

(angstrom) .

Non-destructive

Jhnique. Requires relatively
Thickness Can determine the large sample areas

XRR Roughness multilayer thin film. Require model for.

Density Can be performed in fitti
. itting.
total time ranges as
short as 10 s.
Cannot analyzed thick

Thickness samp!e (>1°°“!“)-
Crystallographic High resolution Eaii;:gepiﬁ)eanr?t\ilsn
structure technique. High cost '

TEM Interface Can determine the Destructive technique
Chemical multilayer thin film . chnique.
composition Time-consuming

process.
Require expertise for
TEM operation.
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CHAPTER Il
INFLUENCE OF GAS ATMOSPHERE ON THE
DISSOLUTION BEHAVIOR OF MAGNESIUM OXIDE

THIN FILM

3.1 Introduction

As mentioned in chapter 1, the dissolution reaction of MgO thin film can be
influenced by many factors. In this chapter, we focus on the effect of the gas atmosphere
on the dissolution mechanism of the MgO thin film. It is known that nitrogen gas (N.),
oxygen gas (O) and carbon dioxide gas (CO) are the most abundant gases present in
the atmosphere and water (Boyd, 2015; Frederick, 2008). Therefore, in this chapter, the
influence of gas atmospheres including N2, Oz and COz on the dissolution of the MgO
thin film is investigated.

Many studies reported that after the film was exposed to deionized water, it
quickly absorbs molecules of water and produces the hydroxide layers over its surface.
This could result in the change of chemical compositions of the film (Ali, 2013; Amaral,
2010; Dobrzanski, 2020; Nagamine, 2006; Santamaria, 2007; Singh, 2012). Furthermore,
they further point out that those hydrated MgO thin films can dissolve by releasing the
Mg?* ions and OH~ ions into water leading to the decrease of the film thickness (Amaral,
2010; Amaral, 2011; Kosenko, 2008; Kuenzel, 2018; Hanlon, 2015). To understand the
dissolution behavior of the MgO thin film, it is necessary to compare the composition

as well as the thickness of the film before and after being exposed to deionized water.
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In this experiment, X-ray photoelectron spectroscopy (XPS) is used to quantify
the chemical composition and thickness of the film. Scanning electron microscope
(SEM) is used to analyze the film surface morphology. The dissolution profile of the
MgO thin film is quantified by using a combination of focus ion beam and scanning
electron microscope (FIB-SEM) cross-sectional as well as in situ XPS depth profiling.
In addition, the concentration of Mg?* ions in the deionized water obtained from the
atomic absorption spectroscopy (AAS) results were converted to calculate the MgO
thin film thickness. Furthermore, the relationship between the chemical composition,
microstructural and thickness, a qualitative model is finally proposed to explain the
dissolution mechanism of the MgO thin film.

This chapter is organized as follows: section 3.2 describes the experimental
procedure used in this study; section 3.3 demonstrates the results which obtained from
various analysis techniques including XPS (section 3.3.1), SEM (section 3.3.2), FIB-
SEM cross-sectional (section 3.3.3), AAS (section 3.3.4), and pH measurement (section
3.3.5). The model of dissolution mechanism in water of the MgO thin film is proposed

in section 3.3.6. Finally, section 3.4 is the conclusion of this chapter.

3.2 Experimental procedure

3.2.1 Sample Preparation
MgO (001) thin films with 50 nm of thickness deposited on a Si substrate
were supplied by Western Digital Technology (Thailand) Co., Ltd. The sample was cut
into 1.5 x 1.5 cm? square shapes using a diamond scribe. The photoresist layer, designed
to protect the film surface, was removed using acetone. Then, the completely removed

photoresist MgO thin films were mounted on a custom-built fixture cell, as shown in
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Figure 3.1(a). A Viton O-ring was used to control the dissolved area such that only the

top of film surface was exposed to deionized water (DI water).

Glass

L Cenler
Deionized walter

O-ring Edge
MgO thin film sample Outside

Teflon

(b)

Figure 3.1  Schematic diagram of (a) the custom-built fixture cell and (b) the dissolved

region of MgO film sample after being exposed to deionized water.

In the meantime, three different gases; nitrogen (N2), oxygen (O2), and
carbon dioxide (CO>), were flowed into DI water, which was then cover on the MgO
films. The gas flow rate was controlled by using mass flow controllers (MFC). The pH
of the DI water was recorded at three different stages: 1) before being saturated with
gas; 2) being saturated with gas; and 3) finally, after the dissolution process of the MgO
films. The MgO films were exposed to DI water which saturated by different gases for
either 1 hour or 4 hours. This study therefore comprises six conditions of MgO thin films,
which we denote as 1h-N2, 4h-N2, 1h-O3, 4h-O2, 1h-CO- and 4h-CO>. The experimental
procedures of this study are exhibited in a schematic diagram in Figure 3.2.

3.2.2 Characterizations

XPS measurements were performed by using a PHI 500 Versaprobe-I1I
located at Beamline 5.3, Synchrotron Light Research Institute (SLRI). An Al Ka
monochromatic X-ray source (1486.6 eV) in PHI 500 was applied for acquiring XPS

spectra. An electron neutralizer was used to compensate the charging effects in case of
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the insulator surface. For depth profile study, the MgO thin film samples were etched
by 1 kV in situ argon ions (Ar*) with a beam current of 20 mA and 2 x 2 mm? of the
beam raster scan. High-resolution spectra of all elements were recorded using 22.4 eV
of pass energy and 0.1 eV of a step size. Then, for data analysis, the functional

composition of each core level was curve-fitted using the CasaXPS software.

MgO thin film with 50 nm thickness Three different gases
(N5, O, and CO,) were
y flowed into deionized

Cut into 1.5%1.5 cm? square water
shapes using a diamond scribe

y

Remove photoresist layer using
acetone

|

Exposed to modified deionized
water for 1 hour and 4 hours using
the custom-built fixture cell

y

Characterizations
|
| ¥ ¥ ¥
XPS SEM FIB-SEM AAS

Figure 3.2  Schematic diagram of the experimental procedure of the investigation

of influence gas atmosphere on the dissolution of MgO thin film.

An in-built Focused lon Beam and Field-Emission Scanning Electron
Microscope (FIB-SEM) was used to determine the surface morphology and the MgO

thin film thickness. Three different points of the dissolution regions on the film surface,
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as demonstrated in Figure 3.1(b), were cut cross section by Carl Zeiss AURIGA®
CrossBeam® Workstation using a focused Ga* ion beam. Cross-sectional images were
recorded at a 36° take-off angle using high-resolution SEM. To quantify the
concentration of Mg ions which dissolved in deionized water, samples of the deionized
water after the dissolution processes were retained and analyzed using atomic

absorption spectroscopy (AAS: Perkin Elmer, PinAAcle900).

3.3 Results and Discussion

3.3.1 XPS Results
3.3.1.1 Thickness of the MgO Thin Film
The integration of XPS and ions sputtering/etching was used to
characterize the depth profile of the MgO thin films. The XPS spectra of the pristine
MgO thin film before and after ions etching at 2, 60 and 120 minutes are presented in
Figure 3.3. These results reveal that at the beginning, the film is covered by a hydroxide

layer and carbon which is likely natural contamination (Parra, 2010).

| 0 min | | 2 mins | |60m{ns| |120mins|
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Figure 3.3 High-resolution O 1s spectra after 0, 2, 60, and 120 minutes of sputtering

of a pristine MgO thin film.
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This contamination was removed by Ar* ions sputtering within
1 to 2 minutes. From Figure 3.3, if it is assumed that the sample is homogeneous, then
the quantity of photoelectrons of an element depends on the atomic concentration of
that element in the sample (Barrio, 2012; Heide, 2012). The maximum intensity and the
relative sensitivity factor of a peak were used to quantify the relative atomic
concentrations of the several constituents of the thin film surface (Barrio, 2012; Heide,

2012). The intensity (1) of a photoelectric peak of a specified element can be expressed as

| = nFs (3.1)

Fs = nfoOyAAT (3.2

where n is the number of atoms per cm? of the element in the sample and Fs is sensitivity
factor which is obtained from OPERATOR’S PHI MultiPak™ Software Manual
(2012). Fs depends on the X-ray flux f (photons/cm?-sec), the photoelectric cross-
section ¢ (cm?) of the atomic orbital of interest, the angular efficiency factor 6 of the
instrumental arrangement based on the angle between the photon path and detected
electron, the efficiency in the photoelectric process y of formation of photoelectrons of
the normal photoelectron energy, the inelastic electron mean free path 4, the area of the
sample A from which photoelectrons are detected, and the detection efficiency T of
electrons emitted from the sample.

If the observed elements are detected on the film surface, the
concentration of the interested element can be calculated using (Heide, 2012; Parra,

2010; Ulvac-PHI, 2012):
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_ hy L/F
Y Sn SI/F; (3.3)

where Cy is the atomic concentration of one element in percentage. Ix is the maximum
intensity of a photoelectric peak of interested element. I; is the maximum intensity of a
photoelectric peak of each element in sample. F; is the sensitivity factor of each element
in the sample.

By employing Equation (3.3), a plot of the atomic concentration
of elements as a function of sputtering time of the pristine MgO thin film is presented
in Figure 3.4. The result reveals that the film consists of the C 1s, Mg 2p and O 1s at

the same concentration before the Ar™ ions etching begins (at 0 min).
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Figure 3.4 XPS depth profile of a pristine MgO thin film.

After the film is bombarded by Ar® ions, the C 1s signal
decreases to approximately zero whilst the Mg 2p and O 1s concentrations abruptly

increase to 50% and then remain stable. After 92 minutes of sputtering, the Mg 2p and
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O 1s concentrations slowly decrease to zero while the Si 2p signal, from the silicon
substrate, monotonically increases. This expected result is due to the interfacial layer
of the MgO/Si and the Si substrate.

Theoretically, the change of the atomic concentration according
to the sputtering time is associated with the stoichiometry and the thickness of the films
(Kuenzel, 2018). To convert the sputtering times into film thickness, the known
thickness standard of the MgO thin film is sputtered (Parra, 2012), and the sputtering

rate is then calculated using

Thickness
Sputtering time (minute)

Sputtering rate = (3.4)

In this study, a pristine MgO thin film with 50 nm thickness was
used as the standard and sputtering rate of the film is indicated by the point that the Mg
2p line intersects with the Si 2p line (at 107 minutes). Thus, the sputtering rate of MgO

is approximately 0.467 nm/min.

Table 3.1 Estimation of MgO thin film remaining thickness using various techniques.

Thickness (nm)

Conditions

XPS FIB AAS
1h-N2 40.6 30 43.7
1h-O; 39.2 23 40.7
1h-CO2 0 2 22.5
4h-N2 2.8 13 175
4h-0O; 0 3 135

4h-CO> 0 0 0
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Using Equation (3.4), the remaining thickness of each MgO thin
film sample is shown in Table 3.1. A plot of the atomic concentration as a function of
sputtering time/depth obtained at the center point of the dissolved regions (see Figure
3.1(b)) of the six MgO thin films is presented in Figure 3.5.
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Figure 3.5 Depth distribution of MgO thin film atomic concentrations after being
dissolved in deionized water under different gas atmospheres. The

remaining thickness of the films is indicated by the black arrow.
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These results demonstrate that the trend of the depth profile of
1h-N2 and 1h-O; is similar to the pristine sample while those of 4h-N2, 4h-O,, 1h-CO;
and 4h-CO; are relatively divergent. These differences are attributed to the different
remaining thickness of the MgO thin film. It is obvious that the film thickness
dramatically decreases in COz-saturated DI water and it slightly decreases under N»-
saturated DI water at the same immersion time. It is found that 1h-N2 shows the highest
remaining MgO film thickness fraction while the lowest remaining thickness belongs
to 1h-CO2, 4h-0O2 and 4h-COa.

The decrease in film thickness is a result of the dissolution of the
MgO thin film in DI water. After the film is covered with gas-saturated DI water, it
reacts with water molecules and then dissolves in DI water. It is found that the film
reacts strongly with COz-saturated DI water, while it only slightly reacts with O»-
saturated DI water and N»-saturated DI water. This could be attributed to the pH value
of DI water after being saturated by different gases. Moreover, the result shows that the
CO:; significantly dissolves in DI water and reduces the pH of the water while the O
and Nz dissolve in a small amount in DI water (Gevantman, 2013); this will be discussed
later in section 3.4 (effect of deionized water pH).

3.3.1.2 Formation of Mg(OH):

To determine the changing of the electronic structure of MgO
thin films after being covered with DI water, the high-resolution spectra of all element
were deconvoluted and considered. Overall spectra were calibrated by using Ar 2p
spectra at binding energy of 243 eV (Bukhtiyarov, 2006; Denisenko, 2010; Oswald,
2018) to eliminate any positive charge-induced binding energy shift. The secondary

electron background of all spectra was subtracted by a Shirley function. A linear
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combination of 70% Gaussian and 30% Lorentzian peak shape was used to extract the

chemical bonding of elements from the respective surface core level (Parra, 2012). All

subpeak of the O 1s spectra were used Full-width-at-a-half-maximum in a range of 1.5

to 2 eV (Febvrier, 2017; Fotea, 2006). The characteristics were computed to obtain the

best fit of the experiment curve following a least squares minimization method. A

significant change of shape and intensity of O 1s spectra at selected sputtering times of

the six samples are compared in Figure 3.6 and Figure 3.7.
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Figure 3.6

Variation of high-resolution O 1s spectra which obtained from the MgO
thin film after being dissolved in deionized water under different gas

atmospheres for 1 hour.
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Figure 3.6 presents representative high-resolution O 1s spectra
of the samples immersed for 1 hour before and after 2, 10, 50 and 80 minutes of in situ
Ar" ions sputtering. Before in situ Ar" ions bombardment begins (at 0 min), the high-
resolution O 1s spectra can be deconvoluted into three subpeaks at 530.1, 531.4 and
532.7 eV for 1h-N2 and 530.0, 531.2 and 532.6 eV for 1h-O>. On the other hand, the O
1s spectra of 1h-CO> can be deconvoluted into four subpeaks at 530.1, 531.2, 532.3 and
533.0 eV. The observed subpeak at binding energy of 533.0 eV of 1h-CO: is identified
as the bonding of O-Si in the SiO; lattice (binding energy at 532.8 £ 0.2 eV) (Lu, 2010).
This indicates that the film was wholly dissolved and the silicon from the substrate was
detected from the beginning (see Figure 3.5).

In addition, other subpeaks observed at 530.1 + 0.2 eV is
identified as O—Mg in the lattice of MgO (Dillip, 2016; Rocha, 2004; Zhu, 2015) and
subpeak at 532.5 £ 0.2 eV is indicated as O—OH in Mg(OH). (Dillip, 2016; Yin, 2014).
This implies that the film absorbs the molecules of water and its chemical composition
transforms into Mg(OH)2 (Kuenzel, 2018; Yao, 2000). Besides the O—OH and O-Mg
subpeaks, observed subpeak at 531.3 £ 0.2 eV are attributed to the bonding of O-C in
MgCOz from carbon contamination (Dillip, 2016; Rocha, 2004; Parra, 2010; Yin,
2014). After 2 minutes of in situ Ar* ion sputtering, the O—C subpeaks are completely
eliminated from 1h-N2 and 1h-O.. It results in the increasing of the O 1s spectra
intensity and shifting of peak position 0.1 — 0.2 eV toward a lower binding energy. In
the meantime, another subpeak at a binding energy of 530.7 £ 0.2 eV is observed in
every condition. It is identified as the oxygen-deficient regions within the MgO lattice.
These vacancies could be a result of the removal of the oxygen atoms from the MgO

lattice during the bombardment of in situ Ar” ions (Ridier, 2016; Zhu, 2015). After 10



51

minutes of sputtering, the intensity of O 1s spectra of 1h-CO. considerably decreases
to nearly zero while those of 1h-N2 and 1h-O2 remain as it is. It can be seen that the
bonding of O—OH is still detected in 1h-N2 and 1h-O,. This evidence points out that the
water molecules do not only absorb on the film surface, but they also infiltrate into the
deeper layer of the MgO thin film. These interactions can induce the transformation of
the film chemical composition from MgO into Mg(OH)z. Interestingly, after 50 minutes
of sputtering, the O—OH subpeak disappears from 1h-N2 whilst it is still detected in 1h-
O>. This indicates that the thickness of the Mg(OH) in 1h-Nz2 is thinner than that of 1h-
O>. This could be because the MgO thin film can absorb the DI water which is saturated
by the different gas atmosphere. After 80 minutes of sputtering time, the O-Si subpeak
shows up in both of the MgO samples, indicating that the MgO/Si interlayer is reached.

Next, the immersion time was increased to 4 hours, and the
change of chemical composition and dissolution behavior was determined again.
Figure 3.7 presents the deconvolution of the high-resolution O 1s spectra of the samples
before (0 min) and after 2, 10 and 50 minutes of sputtering. The results show that before
the Ar" ions etching begins, the O 1s spectra of 4h-N2 can be extracted into three
subpeaks at 529.9, 531.2 and 532.2 eV. Unlike the previous samples, the O 1s spectra
of 4h-Ozand 4h-CO; can be deconvoluted into four subpeaks at 530.0, 531.4, 532.4 and
532.8 eV for 4h-Oz and at 530.1, 531.4, 532.3 and 532.9 eV for 4h-COx. This is because
the signal from the silicon substrate is detected in 4h-O2 and 4h-CO.. The coexistence
of the O-Mg, the O—OH and the O-Si subpeaks in 4h-O; and 4h-CO; indicates that the
hydroxide layer forms at the MgO/Si interlayer region. Furthermore, it could exist in
the magnesium silicate phase. After 2 minutes of sputtering, the O 1s spectra of all

sample drops. The O-Si subpeak is observed in all samples. At 10 minutes of sputtering,
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the O 1s spectra of 4h-O. and 4h-CO. drastically reduce to zero. It reflects that no
oxide/hydroxide film is observed on the silicon substrate. However, the O 1s spectra of
4h-N3 still remains until 50 minutes of sputtering. It can be observed that the bonding
of O—OH is not detected at 10 minutes. This can be assumed that the O—OH subpeak is

eliminated from 4h-N; after 4-8 minutes of sputtering.
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Figure 3.7  High-resolution O 1s spectra of MgO thin film after being dissolved in

deionized water under different gas atmospheres for 4 hours.
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To quantify the thickness of the Mg(OH)2 layer, the integrated
peak intensity of O—OH subpeak of high-resolution of O 1s spectra, as displayed in
Figure 3.6 and Figure 3.7, are converted to the Mg(OH). atomic concentration and then
plotted as a function of sputtering time in Figure 3.8. The result shows that all samples
transformation of MgO thin film into the hydroxide layer. Thus, the thickness of the
Mg(OH): layer is possibly varied according to the remaining thickness of the MgO thin
film (see Figure 3.5). However, the Mg(OH): is still observed in 1h-COz, 4h-O2 and

4h-COz although the MgO thin film does not exist in these sample.

Sputtering Depth (nm)
0.00 9.34 18.68 28.02 37.36 46.70

'EEREEEEREERRERERETE FNNNNENESE SRR RRERENRRRRRRET
3100 —e— 1h-N7
: '—l—lh-Oz
S B0 1h-COy
§ 1--o 4h—N2
§ 604..5..4h-0>
E 4o > 4nCO
A o=
I 20
S e,
ED &
2 (=

0 20 40 60 80 100
Sputtering Time (min)

Figure 3.8 Atomic concentration of Mg(OH): as a function of sputtering time.

This is because the hydroxide layer form at the MgO/Si

interlayer region of these sample. Furthermore, we found that 1h-O2 produces the
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thicker Mg(OH)2 layer compared to 1h-No. It is because the N»-saturated DI water could
absorb on the film surface slower than those of O»-saturated DI water. The profile of
Mg(OH). layer and MgO film after being covered with gas-saturated DI water is

presented in Figure 3.9.
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Figure 3.9  Schematic representation of the remaining thickness of the MgO thin

film and the thickness of the Mg(OH)a.

3.3.2 SEM Results
The surface microstructures at the edge of the dissolved region (see
Figure 3.1) of the MgO thin films after being covered with gas-saturated DI water were
examined by using SEM; the results are shown in Figure 2.10. The micrographs exhibit

that after being covered with gas-saturated DI water, new coral-like clusters are formed
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over the film surface. Interestingly, it is further found that the development of the
clusters strongly depends on the gas and immersion time. The degree of development
of the clusters on the surface of 1h-O is greater than those of 1h-N2 and 1h-CO..
Furthermore, the number of clusters also dramatically increase with an increase of
immersion time in the case of 4h-Oz and 4h-N2. On the other hand, there are no new
clusters over 4h-CO; surface. This is because the dissolution rate of the MgO thin film
being covered with CO.-saturated DI water is greater than those of the other gases.
According to the XPS results, as shown in Figure 3.6 and 3.7, the bonding of O-OH is
detected after the deconvolution of O 1s spectra. It may indicate that the new clusters
developed over the sample surfaces could be Mg(OH). layer that formed during the

dissolution process.

(a) Th-N, Lhos : (¢) 1h-CO,

(d) 4h-N, (e) 4h-0, () 4h-CO,

Figure 3.10 SEM micrographs (magnification x10000) of MgO thin films after being

dissolved in deionized water.
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3.3.3 FIB-SEM Cross-Sectional Result
Figure 3.11 presents the FIB-SEM cross-sectional image at three points
of the dissolved region of each sample. The different contrast in the images refers to
the different morphology of film and substrate. The darker area corresponds to the
substrate region while the brighter area refers to the film region. The remaining
thickness of the MgO thin films is evaluated from the cross-sectional images at the three

points of the dissolved regions (see Figure 3.1(b)) and illustrated in Figure 3.12.

1h-N,

Outside

Center == |00 nm

Figure 3.11 FIB-SEM cross-sectional micrographs at three points of the dissolved

regions of six MgO thin film samples (Magnification: x100000).

The thickness of the films at the outside of the dissolved regions remains
at ~50 nm, corresponding to the thickness of the pristine sample, as expected since this
region of the film is not exposed to water. On the other hand, the film thickness at the
other points decreases. We found that the thickness of the MgO thin films at the edge

of the dissolved regions remains thicker than those at the center of the dissolved regions.
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It possibly relates to the capillary action of water which makes the film at the center
point absorbs the molecule of water greater than the other points resulting in the higher
dissolution rate at that point. The results show that 1h-N2 possess the thickest remaining
film while the thinnest remaining film belongs to 4h-CO.. The remaining thickness of
the films at the center of the dissolved region are summarized in Table 3.1.

From FIB-SEM cross-sectional results, we presume the cross-sectional
profile of the film after being dissolved as similar to a spherical cap shape and display as
an inset in Figure 3.12. This dissolution profile is used as the model to convert the Mg

concentration obtained from the AAS results into the thickness of the film, described next.
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Figure 3.12 The remaining thickness of MgO thin films estimated by FIB-SEM.

3.3.4 Atomic Absorption Spectroscopy (AAS)
Figure 3.13 shows the concentration of Mg ions in the DI water,
obtained from the different dissolution processes. The results demonstrate that at the

same immersion time, the Mg concentration is highest in the dissolution under CO, and
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lowest in the dissolution under N2. This could relate to the reduction of the film

thickness as observed in XPS and FIB-SEM cross-sectional results. The concentration

of Mg can be calculated by using the following equation

Cwmgo = M/Vp

where Cwmgo is the Mg concentration (mg/L) M is the mass (mg) of the MgO thin film,

which is dissolved in the volume, Vp) of deionized water (L).
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Figure 3.13 Mg concentration of MgO thin film which dissolved in deionized water

under different gas atmospheres.

The dissolution profile of the MgO thin films is assumed to be a

spherical cap shape as displayed in Figure 3.12. The volume of a spherical cap Vs (nm?®)

can be expressed by the formula (Polyanin, 2007)

V= % (3a’+h),

(3.6)
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where a is a radius of the cap circle or the dissolved region (nm). The mass of MgO
thin film (in mg) can be given as M = DVs while D is the density of the MgO (3580 x
1072t mg/nm3). Hence, the height of the spherical cap or the thickness of the dissolved

film (nm), h can be calculated by combining Equations. (3.5) and (3.6) and expressed as

7Dh® + 3a%zDh — 6CmgoVor = 0. (3.7)

Therefore, if the thickness of pristine MgO thin film, Tstandard IS 50 nm,

the remaining thickness of the films (Tremain) Can be estimated by

Tremain = Tstandard — h (38)

The remaining thickness of the MgO thin film estimated from AAS
results using the Equation (3.8) are displayed in Table 3.1. The trend of the change of
remaining thickness obtained from AAS is in agreement with that from the FIB-SEM
cross-sectional and XPS.

3.3.5 Effect of Deionized Water pH

Table 3.2 presents a plot of the pH values of DI water obtained from
three different intervals: 1) before being saturated with gas, 2) after being saturated with
gas and 3) finally, after the dissolution process of the MgO films. The pH of DI water
before flowing gas is 5.95. After being saturated with gas, the pH of the DI water
changed. Interestingly, the pH values slightly decrease in case of the N2 and the Oa.
Unlike the previous cases, pH of the CO»-saturated DI water dramatically decreases to
2.68. These changes could be attributed to the reaction between DI water and each gas.

The International Union of Pure and Applied Chemistry (IUPAC) reported that the



60

solubility of CO, is 6.15x10™ where as Oz and N, are 2.293x10™ and 1.183x10°°,
respectively (Gevantman, 2003). This confirms that the CO; dissolves in water higher

than N2 and Oa.

Table 3.2 The pH values of deionized water obtained before flowing gas after

flowing gas, and after the dissolution process.

Conditions

Before After flowing gas After the dissolution process

flog\]/:Sng N o 1h- 1h- 1h- 4h- 4h-  4h-
N2 Oz CO2 N2 O2 CO

pH 5.95 569 566 268 |59 598 42 612 6.17 4.46

Generally, the pH of water is determined by the balance of the H" and OH™ ions
dissolved in water, the higher number of H" ions, the lower pH value (Boyd, 2011;
Saker, 2007; Starr, 2011). It is possible that the gas interacts with the H.O molecule
and then induces the deprotonation of the hydrogen atoms from the water molecule
causing the reduction of pH value of DI water. This is the reason why we observed the
decreasing of pH in case of CO,. The chemical interaction between CO, and water is

shown as Equation (3.9) (Dobrzanski, 2020; Knoche, 1980; Taheri, 2014)

COz(g) + H20q) (3.9)

It is clearly seen that the CO: interacts with deionized water and
produces carbonic acid/bicarbonic acid. This is why the dissolution rate of the MgO

thin film under COz is greater than that of O, and N2, respectively.
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After that, the DI water from the dissolution process was collected. It is
found that the pH of DI water tends to increase in every condition while the most
significant change of pH is observed in 4h-CO.. Bharadwaj et al. (2013) suggested that
that the higher H* ion concentration in low pH of DI water can lead to a higher
dissolution rate of the MgO. In addition, Simpson et al. (2002) reported that when MgO
is exposed to acid, the acidic media adsorbs on the MgO surface leading to surface
reconstruction through production of the Mg(OH). layer. Then, Mg?* ions and OH~ ions
are liberated from the Mg(OH): film and dissolve into the acid solution. These OH™ ions
dissolved in DI water could result in the increasing of DI water pH as we observed in
the DI water obtained from the dissolution process.

3.3.6 MgO Dissolution Mechanism

To gain the more understanding of the dissolution behavior of the MgO
thin film, the possible reaction mechanism of MgO thin film during being exposed to
DI water are concluded from the overall results obtained from several techniques and
exhibited as a schematic drawing in Figure 3.14.

After the MgO thin film is covered with DI water, the film rapidly
absorbs the molecules of water on their surface and transforms their chemical

composition into Mg(OH)2 as described by (Dobrzanski, 2020; Hanlon, 2015)

MgOs) + Hz0() Mg(OH)qs) (3.10)

It is further found that the water molecules continuously infiltrate into the
deeper layer of the film resulting in the transformation of the film chemical composition

in the deep into Mg(OH): as observed in XPS depth profile results (Figure 3.5 and 3.6).



62

The Mg(OH)2 layer formed on the film surface starts dissolving in DI water by releasing
the OH™ ions into the water. Then, the MgOH™ layer is reconstructed over the film
surface (Equation (3.11)) (Amaral, 2010; Amaral, 2011; Hanlon, 2015), which is

clearly observed in the SEM images (Figure 3.10).

o Experimental

— Fitted curve

- MO
MgCO3
Mg(OH)»

Intensity (a.u,)

Intensity (a..)

Bmi 2 Energy
(1) MgO (s) + H,0 (1) === Mg(OH), (s)

(2) Mg(OH), (s) — MgOH (surface) + OH(aq)
(3) MgOH* (surface) s Mg>(aq) + OH(aq)

Figure 3.14  Schematic diagram of the dissolution mechanism model of the MgO thin

film during being exposed to deionized water.

The hydroxide layer continuously releases Mg?* and OH™ into the deionized
water, as displayed in Equation (3.12) (Amaral, 2010; Amaral, 2011; Hanlon, 2015),

resulting in a decrease of the film thickness.

Mg(OH)z¢) MOH " surface) T OH ™ (aq) (3.11)

MGOH " (artace) MG (aq) + OH” (a0 (3.12)



63

3.4 Chapter Summary

In this chapter, a profound dissolution mechanism of MgO thin film in DI water
under the influence of gas atmospheres (N2, O2 and CO) is presented. The results
demonstrate that the MgO thin films react with the DI water by the absorption of the
water molecules into their surface. Then, water molecules infiltrate into the deeper layer
of the film causing the transforming of film chemical composition into Mg(OH)2, as
observed in XPS depth profile results. It is found that the Mg(OH) layer is thickest in
1h-O2. Furthermore, AAS results reveal that the film dissolves by releasing Mg?* and
OH ions into the DI water. These dissolutions modify the film surface morphology and
cause a decrease in the film thickness. It was observed that the film thickness
dramatically decreases in case of the dissolution under CO, while it only slightly
decreases under Oz and Na. This is because the different gas atmospheres affect the DI
water pH differently. It is found that the CO. can react with the molecules of water and
produces carbonic acid/bicarbonic acid resulting in the reduction of the pH value of DI
water, while on the other hand, N2 has no reaction with the DI water. These results
provide detailed understanding of the influence of various gas atmospheres on the
degradation of MgO thin films, and therefore offer important guidelines for quality

control and improvement of MTJs sensor manufacturing processes.
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CHAPTER IV

EFFECT OF WATER TEMPERATURE ON THE

DISSOLUTION BEHAVIOR OF MAGNESIUM OXIDE

THIN FILM

4.1 Introduction

In previous chapter, the influence of the gas atmosphere on the dissolution in
water of the MgO thin film was investigated. It is found that the gas atmosphere could
play a crucial role in the dissolution behavior of the MgO thin film. Besides the effect
of gas atmosphere, the temperature of the water also has influence on the dissolution
behavior. To broaden our knowledge of the dissolution of MgO thin film, in this chapter,
the effect of temperature on dissolution behavior of the MgO thin film is investigated.

Temperature of water is one of the most significant environmental factors that
strongly influences the water chemistry and thus it plays a central role in many
processes including biological activity, corrosion, hydration, dissolution and other
chemical reactions (Wanders, 2019; Wedemeyer, 2007;). Many studies reported that an
increase of water temperature could increase rate of chemical reactions. Zhang, Li, and
Wang (2019) studied the effect of temperature on the water wettability of the MgO
substrate. They found that an increase of temperature could lead to the increase of
kinetic energy. This results in an increase of wettability of the MgO substrate. In
addition, Fedorockova and Raschman (2008) investigated the dissolution of MgO in

acid under temperatures varies from 25°C to 60°C. They observed that the dissolution
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of the MgO increases with an increase of temperature. Although many researchers
reported the influence of the temperature on the dissolution of MgO, to the best of our
knowledge, the detail of dissolution of MgO thin film under various temperatures is
still unclear. In order to obtain an understanding of the dissolution behavior in the wide
range of temperatures, therefore, in this study, the MgO thin film is exposed to water at
different temperatures including 0, 10, 20, 25, 50 and 75°C. Then, the characterization
techniques, including scanning electron microscope (SEM), and X-ray photoelectron
spectroscopy (XPS), are used to quantify the morphology, thickness and the depth
profiling of the film.

This chapter is organized as follows: Section 4.2 describes the experimental
procedure used in this study. Section 4.3 demonstrates the result of the surface
morphology, the remaining thickness of the film, the depth profiling of the film and the
influence of different water temperatures on dissolution mechanism of the films as well

as the discussion. In final, section 4.4 shows the conclusion of this chapter.

4.2  Experimental Procedure

4.2.1 Sample Preparation
The dissolution behavior of the MgO thin film was investigated under
different temperatures as exhibited in Figure 4.1. The commercial epitaxial MgO (001)
thin films (obtained from Western Digital (Fremont), LLC, Fremont, CA, US) with 20
nm thickness on the Si substrate from the same production lot were cut into 1x1 cm?
square shape using a diamond scribe. A 1 ml of droplets of the deionized water with
six different temperatures (0, 10, 20, 25, 50, and 75°C) was dropped on the top of the

film surfaces for 5 minutes. After that, the droplet of deionized water was removed from
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the film surfaces by N2 blower. The samples are denoted as MgO-0, MgO-10, MgO-
20, MgO-25, MgO-50, and MgO-75 representing water temperatures.
4.2.2 Characterizations
4.2.2.1 X-ray Photoelectron Spectroscopy (XPS)

In this experiment, the remaining thickness of the film after
dissolution is approximately a few nanometers; therefore, XPS depth profile
measurement method is applied to determine the remaining thickness because of its
high surface-sensitive analytical capability which is suitable for extra thin films. The
integration of XPS (the PHI 500 Versaprobe-Il) and in situ Ar" ion bombardment was
used to examine the remaining thickness and the depth distribution of the chemical
composition of the films. X-ray source of this instrument is a monochromatic Al-K,
which provides photon with 1486.6 eV. The in situ Ar" ion bombardment with 1 keV
energy and a beam size of 2 x 2 mm? were proceeded using an ion gun in the analysis
chamber. All spectra (Mg 2p, O 1s, C 1s, Si 2p) were collected using the same pass
energy of 23.5 eV except the O 1s spectra of MgO-25, MgO-50 and MgO-75 which
were collected at 11.75 eV of pass energy. Corrections of the energy shift due to the
steady-state charging effect of the samples were carried out by reference to the Ar 2p
spectra at 243 eV (Bukhtiyarov, 2006; Denisenko, 2010; Oswald, 2018). The atomic
concentrations were calculated from the C 1s, O 1s, Mg 2p and Si 2p photoelectron
peak intensity using Shirley background subtraction and sensitivity factors provided by

the OPERATOR’S PHI MultiPak™ Software Manual (2012).
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Figure 4.1 Schematic diagram of the experimental procedure of the study of

dissolution behavior of the MgO thin film under different temperatures.

4.2.2.2 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) was used to evaluate

the change in surface morphology and thickness of the MgO thin film samples. All

SEM measurements were done using Scanning electron microscope equipped with

Focused ion beam (FIB-SEM: Carl Zeiss AURIGA® CrossBeam® Workstation). To

prevent static electric charge and beam damage during the irradiation of electron, all

samples were sputter-coated with 1 nm thickness of gold using Leica/EM ACE601. For
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the thickness measurement, the cross-section of the film was prepared by using Ga* (ion)

milling. Then, the cross-section was photographed at a take-off angle of 52° using SEM.

4.3 Results and Discussion

4.3.1 Surface Morphology
The microstructure of the MgO thin film surfaces after being exposed to
different water temperatures are carried out by scanning electron microscope (SEM) as
shown in Figure 4.2 which illustrates the change of morphology of the dissolved areas

and vicinities.

Figure 4.2 The SEM image of the MgO thin film morphology after exposed to

deionized water. (Magnification: x5000)

It is found that the clusters of new layers form over the surfaces in every

condition. Significantly, the number of clusters of new layers take place and increase
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with increasing water temperature. These new layers could be caused by the chemical
reaction between the deionized water and MgO film. Moreover, the reaction could also
be accelerated by the temperature of the water. Influence of water temperature on
dissolution behavior is indicated by the remaining thickness of the film after being
exposed by the water.
4.3.2 Remaining Thickness of the Films

A plot of the atomic concentration percentage of elements as a function of
sputtering time of the fresh MgO thin film and the films after dissolution are exhibited
in Figure 4.3 and Figure 4.4, respectively. As mentioned above, the O 1s spectra of the
MgO-25, MgO-50 and MgO-75 were collected using 11.75 eV of pass energy. Using
lower pass energy is result in the lower O 1s atomic concentration. However, it does
not affect the variation of the film depth profile. From Figure 4.3, the depth profile of
the pristine sample shows that the C 1s signal due to the natural contamination is
detected on the top of the film surfaces. After the first sputtering cycle of in situ Ar*
ion, the carbon contamination is removed and the concentration of the Mg 2p and O 1s
are continuously constant at 50% of the atomic concentration. Then, after being
sputtered deeper into the film, the Mg 2p and O 1s concentrations start decreasing
meanwhile the signal of Si 2p increases. The intersection point between the Mg 2p and
Si 2p lines may indicate the interface region between MgO thin film and Si substrate
after sputtering through the film. The variation of atomic concentration as a function of
the sputtering time elucidates the changes of the film chemical composition along the

depth. Moreover, it can be used to investigate the thickness of the film.
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Figure 4.3 The XPS depth profile of the 20 nm MgO thin film. The black arrow

indicates the reference point of the remaining thickness.

By employing the depth profile measurement shown in Figure 4.3, the
intersection of the Si 2p line and the Mg 2p line is used as the reference point (at 39
min, indicated by the black arrows) to determine the remaining thickness of the films
by comparing with the sputtering rate of the fresh MgO thin film, which is
approximately 0.513 nm/min (i.e. sputtering rate = thickness of the film/sputtering
time). When considering all dissolution conditions as shown in Figure 4.4, the XPS
results reveal the effect of temperature on the reduction of the film thickness. The
thickness decreases with the increase of water temperature. This is because the
dissolution rate of the MgO thin films strongly depends on the water temperature. These
results are in agreement with the previous work reported by Bharadwaj et al. (2013),
who demonstrated that the dissolution rate dramatically increased with increasing

temperature. Furthermore, M. Komiyama et al. (1997), also pointed out that the MgO
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can be hardly dissolved in a cold water. These could be the reasons why the remaining

thickness of the MgO-0 sample is thicker than that of the MgO-75 sample.
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Figure4.4 A plot of atomic concentration percentage as a function of sputtering

time of the MgO thin films after dissolution in deionized water.

To verify the remaining thickness of the MgO thin film after being
exposed to deionized water, the cross-section of the film was investigated by using FIB-

SEM . The FIB-SEM cross-sectional images are illustrated in Figure 4.5. The different
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contrast in the images is referred to the different morphologies of the film and substrate.
The darker area represents the substrate region while the brighter area is the film region.
The results show that the film thickness decreases with the increase of the water
temperature exposed. This is in a line with the XPS depth profile results, as discussed

above.

h 4

—_ 10 nm

) ()) NM

Figure45  The FIB-SEM cross-sectional of the MgO thin film at different water

temperatures. (Magnification: x100K)
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4.3.3 Depth Profiling of the Films
To identify the chemical state of elements on the films after dissolution,
the XPS spectra of all elements are recorded and deconvoluted with a combination of
Gaussian (70%) and Lorentzian (30%) fits. The deconvoluted high-resolution O1s core
level spectrum of the representative sample (MgO-0, MgO-25 and MgO-75) at the
selected sputtering time (0, 2, 10, 20 and 30 min of sputtering time) are demonstrated

in Figure 4.6.
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Figure 4.6  The deconvoluted O 1s spectra of (a) MgO-0 (b) MgO-25 and (c) MgO-

75 at different selected sputtering time.
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The intensity of O 1s spectra of MgO-25 and MgO-75 are lower than
those of MgO-0 because the lower pass energy was used. Before the bombardment of
Ar* ion, the O1s spectra are deconvoluted into three subpeaks at the binding energy of
530.3, 532.1, 532.8 eV which correspond to the binding energy of O—-Mg, O-C and O—
OH, respectively (Dillip, 2016; Rocha, 2004; Yin, 2014; Zhu, 2015). The presence of
the OH group represented by O—OH peak in the deconvoluted O 1s spectra, as shown
in Figure 4.6. This confirms that the film reacts with the deionized water and creates
the Mg(OH). layer over their surface. This result corresponds to the formation of the
new layer over the film surface observed by the SEM, as shown in Figure 4.2.

After 2 min of sputtering, the peak position shifts 0.1-0.2 eV to the
lower binding energy while the O—C subpeak is eliminated and the intensity of the O—
Mg subpeak dramatically increases. At the same time, O-vacancy identified as the
oxygen deficiency takes place at 530.6 eV (Ridier, 2016; Zhu, 2015) of the binding
energy and decreases with the sputtering time. The oxygen deficiency could be caused
by the in situ Ar® ion sputtering that removes the oxygen atom from the lattice MgO.
Then, after sputtering to the further depth, the O-Si subpeak appears at the binding energy
of 533 eV (Lu, 2010) meanwhile the intensity of another subpeak start decreasing.

To quantify the amount of the Mg(OH)2 which forms over the film
surface, the maximum intensity of O—OH subpeak of all sample is converted to the
percent of atomic concentration and established in Figure 4.7. The results suggest that
the O—OH concentrations continuously decrease with increasing sputtering time. This
implies that the Mg(OH). permeates into the deeper layer of the film. Significantly, the

amount of Mg(OH)2 in the films increases with the water temperature.
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Figure 4.7 A plot of the atomic concentration of Mg(OH)2 of all samples.

4.3.4 Dissolution Mechanism of the MgO Thin Films
To understand the effect of the temperature on the dissolution behavior
of the film, a schematic drawing of the dissolution mechanism of the MgO thin film is
illustrated in Figure 4.8 After the films are exposed to the deionized water, the water
molecules are rapidly absorbed on the film surface and infiltrate into the deeper layer
of the film Then, the chemical composition of the film which reacted with water is
transforming into the Mg(OH). (as confirmed by the XPS results). This can be

expressed as the Equation (4.1) (Dobrzanski, 2020; Hanlon, 2015):

MgOg) + H20() Mg(OH)zs) (4.1)

Subsequently, the hydroxide layer is partially releasing OH™ ions into

the deionized water and creating MgOH™ on the film surface expressed as the Equation



81

(4.2) (Amaral, 2010, Amaral, 2011; Hanlon, 2015). This is evidenced by a change of

the film morphology as manifested in the SEM micrographs (Figure 4.2).

HO o MgOH' e Mg>

— Deionized water

—— Low temperature

—— High temperature
........ AR Y B
Low temperature
Activation energy (E;) I

at low temperature

5
2
0
........... __.I_Qfﬁgﬁsﬁ?%%ggﬁgi’).. High temperature _
Progress of reaction
Figure 4.8  The dissolution model of the MgO thin film after being exposed to

deionized water.

The Mg?* and OH™ are continuously released from the film surface.

Consequently, the morphology, thickness, and chemical composition are finally

changed. At the higher temperature, the required activation energy is less than that of

the lower temperature as illustrated in Figure 4.8(top diagram).

Mg(OH)z) MgOH® surface) + OH (aq) (4.2)
MgOH" (surface) Mg?* (ag) + OH (ag) (4.3)
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Moreover, the increase of water temperature enhances the Kinetic energy
of the molecules of water (Zhang, 2019). Therefore, the probability of water molecules
interacts with the MgO film is greater in high temperature water. This results in the
greater number of Mg(OH)2 and thinner remaining thickness of MgO film when the

film is exposed to the high temperature water.

4.4  Chapter Summary

This study demonstrates effect of water temperature on the degradation
behavior of the MgO (001) thin film and the formation of the Mg(OH)2 on their surface.
Qualitative analysis is done by SEM. The micrographs from SEM show the
development of new layers on the film surfaces after being exposed to the water.
Meanwhile, XPS depth profile results are in agreement with FIB-SEM cross-section
results which point out that the MgO thin films are dissolved in deionized water while
the dissolution of the films strongly depends on the water temperature. Furthermore,
the quantitative analysis is conducted by XPS which indicates the bonding between
metallic Mg and hydroxide —OH in the deconvoluted O 1s spectra. The XPS spectra
reflect the amount of the Mg(OH). concentration on the film surface. This result
elucidates that after being exposed to the deionized water, the films absorb deionized
water and form Mg(OH).. This effect is more pronounced in case of the higher
temperature. In addition, the information obtained from this investigation provides the
basic understanding of surface science as well as valuable knowledge for the further
development and modification which could be a guideline for the industrial processing

especially the spintronic device manufacturing.
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CHAPTER V

ROLE OF TEMPERATURES AND ATMOSPHERES ON

THE DEHYDRATION CHARACTERISTIC OF

MAGNESIUM OXIDE THIN FILM

5.1 Introduction

In Chapter 3 and 4, we reported dissolution reaction of the film. Such a reaction
could degrade electrical and mechanical properties. On the other hand, in this chapter,
we investigated the dehydration reaction of the MgO film. The dehydration reaction is
the mechanism of water removal from the molecules of materials. It most often involves
the thermal decomposition (Stanish and Perlmutter, 1983). Many studies suggested that
dehydration reaction could induce the decrease of the hydroxide layer which formed
over the hydrated MgO thin film resulting in the improvement of the film properties
(Gay and Harrison, 2005; Moon 2007). Theoretically, Mg(OH). dehydrates and
transforms to MgO after it was calcined at temperature 350°C as described in Equation

(5.1) (Kurosawa, 2019; L’vov, 1998).

Mg(OH)2(s) MgO(s) + H20(g) (5.1)

In practice, the temperature which is suitable for dehydration of the hydrated
MgO thin film depends on several factors including forms of MgO, purity and amount

of Mg(OH): as well as the environment during the annealing process (Hill, 2004; Oka,
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1988; Yim, 2018,). Therefore, understanding the impact of these factors on the
dehydration behavior of the MgO thin film is important. In this chapter, the role of
annealing temperatures and annealing atmosphere on the dehydration behavior of the
MgO thin film is studied. The MgO thin film is exposed to humid environment for 24
hours. Then, the hydrated-MgO thin films were annealed at 250, 300, 350 and 400°C
in different annealing atmosphere including air, nitrogen gas (N2) and argon gas (Ar).
The atomic force microscope (AFM) was used to study the surface topography of the
film. The thickness of the MgO thin film was quantified by using x-ray reflectivity (XRR)
and transmission electron microscope (TEM). In addition, the electronic structure of the
MgO thin film was determined by the x-ray absorption spectroscopy (XAS).

This chapter is organized as follows: section 5.2. describes the experimental
procedure used to determine the role of environment on the dehydration of MgO thin
film. Section 5.3 discusses the results obtained from various analysis techniques
including atomic force microscopy (AFM), X-ray reflectometry (XRR), transmission
electron microscope (TEM) and X-ray absorption spectroscopy (XAS). Finally, section

5.4 presents conclusion of this chapter.

5.2 Experimental Procedure

5.2.1 Sample Preparation
Figure 5.1 displays the schematic of the experimental procedure of this
study. The commercial MgO (001) thin film with 20 nm of thickness on Si substrate
was cut into piece of 1x1 cm? square shape using diamond scribe. Acetone was used to
remove the photoresist layer covered over the MgO thin film surface. Then, the cleaned

surface MgO thin films were exposed to humid environment for 24 hours in a humid
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chamber, where the relative humidity (%RH) was controlled at ~80% RH. Hereafter, the

MgO thin film exposed to humid environment was referred as “hydrated MgO thin film”.

MgO thin film with 20 nm thickness

y

Cut into 1x1 cm? square shapes
using a diamond scribe

y

Remove photoresist layer using

acetone

A 4

Expose to humid environment
at relative humidity of 80% for

24 hours

A

Anneal at 250, 300, 350 and
400°C under different
atmospheres (Air, Ar, N,)

\ 4

Characterizations
]
v ¥ ¥ ¥
AFM XRR TEM XAS

Figure 5.1

Schematic diagram of the experimental procedure of the investigation

of role of temperatures and atmospheres on the dehydration

characteristic of magnesium oxide thin film.

To investigate the dehydration characteristic of the MgO thin film, the

hydrated MgO thin films were annealed at 250, 300, 350 and 400°C for 120 minutes in
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air, nitrogen atmosphere (N2) and argon atmosphere (Ar) using a horizontal tube
furnace. The heating and cooling rate used in this study are 5°C/min following the
annealing profile illustrated in Figure 5.2. In case of the annealing in the gas
atmosphere, before annealing, the high purity gas (99.9% pure of either nitrogen gas
or argon gas) was flowed into the furnace with a flow rate of 600 standard cubic
centimeters per minute (sccm) for 30 minutes in order to expel air and other
contaminants from the furnace. Then, to maintain the atmosphere within the furnace
during the annealing process, the gas was flowed through the tube furnace with the
flowing rate of 100 sccm. After the annealing process completed, the dehydrated
samples were removed from the furnace. Subsequently, the chemical compositions,

thickness and surface roughness of all samples are analyzed.

Temperature (°C)

Time (minute)

Figure 5.2 The annealing profile of the MgO thin film.
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5.2.2 Characterizations
5.2.2.1 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) was used to examine the
features on the surface of all MgO thin film samples. The MgO thin films were mount
on the metal plate using the super glue. The measurement was performed using the
Nanoscope 1A Multimode SPM, Veeco Instruments operating under the contact mode.

5.2.2.2 X-Ray Reflectivity (XRR)

In order to access the change in thickness of the MgO thin film,
the X-ray reflectivity (XRR) was used. The measurements were performed by using
MRD (PANalytical) Xpert Materials Research diffractometer. The system voltage of
45 kV with a current of 40 mA was used for this operation. The reflected X-ray intensity
was recorded as a function of the X-ray incident angle, 6 ranging from 0.1° to 8°.

5.2.2.3 Transmission Electron Microscope (TEM)

Then, the transmission electron microscopy (TEM: Philips
CM200) was also used to measure the thickness of the MgO thin film. To prepare the
samples for the TEM, the MgO thin films were coated by the platinum strip and were
milled to thin specimens (< 100 nm of thickness) by focus Gallium ion beam of the
field emission scanning electron microscope (FIB-FESEM: The FEI XT Nova NanoLab

200). Then, the thin specimens were lifted-out by the ex-situ lift-out and were placed on

copper (Cu) grids for subsequent TEM analysis.
5.2.2.4 X-ray Absorption Spectroscopy (XAS)
X-ray absorption spectroscopy (XAS) is a powerful analysis
technique that gives information on the structure of the materials at the local level. In

the XAS, X-ray absorption near edge structure (XANES) is one of the techniques that
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can identify the local atomic coordination and electronic structures of the materials. In
this study, the XANES measurements were carried out at the BL8: XAS beamline at
Synchrotron Light Research Institute (SLRI). The synchrotron white X-ray is generated
from a bending magnet with 1.2 GeV of an electron energy and 110-70 mA of an
electron beam current. For this measurement, Beryl (1010) crystal was used as a double
monochromator. The size of monochromatic X-ray beam on sample was 15 mm x 1
mm. The XANES spectra of the Mg K-edge (1303 eV) were recorded with energy steps
of 0.2 eV and a dwell time of 3 sec at room temperature under the fluorescent yield
mode by using a 4-element silicon drift detector (4SDD). In order to solve an energy
shift, the Mg metal foil were used as a reference for energy calibration with a precision
of £ 0.2 eV. The pre-edge and post edge background of the XAS spectra was subtracted.
All XANES spectra were normalized with height of the edge jump by using ATHENA

software package.

5.3 Results and Discussion

5.3.1 Topography of the Film

The AFM images depicting the topography of the pristine MgO thin film
and the hydrated MgO thin film are exhibited in Figure 5.3. Results reveal that before
the film was exposed to the humid environment, it possesses a smooth surface while
the surface roughness is of 0.151 nm. After the hydrated film is kept in the humid box
for 24 hours, it is found that the film forms the clusters over its surface resulting in an
increase of the surface roughness to 33.97 nm.

Interestingly, these clusters are very similar to the clusters we observed

in the SEM image in the Chapter 4. This result is in agreement with work reported by
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Lee and Eun (2003); they observed the same clusters during the investigation of the
hydration reaction of MgO thin film. They suggested that the hydration induced the
formation of hydroxide Mg(OH). and these clusters are the results of the lattice
mismatch between the oxide and hydroxide. Therefore, it could be speculated that the

clusters over film surface are the Mg(OH), a result of the hydration of the MgO thin film.

5 nm (b)

-5 nm

Figure 5.3  The AFM morphology of (a) the pristine MgO thin film and (b) the

hydrated MgO thin film (all 10x10 pm?).

To investigate the dehydration behavior of the MgO thin film, the films
were annealed at 250, 300, 350 and 400°C in air, Ar and N2. The topography of the
annealed MgO thin films is compared in Figure 5.4 while the change of the MgO thin
film surface roughness of all samples is plotted in the graph and shown in Figure 5.5.
The results indicate that temperature and atmosphere during the annealing process

strongly affect the dehydration behavior of the MgO thin film. It is found that an
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increase in the annealing temperature leads to a decrease in the number of clusters and
surface roughness in the MgO thin film. At the annealing temperature of 350°C in the
Ar atmosphere, it is clearly seen that the clusters almost completely disappear and the
surface roughness drops to 0.577 nm while those in the N2 atmosphere and in the air,
the clusters are still detected. Then, after increase annealing temperature to 400°C, the
clusters are still predominant in sample annealed in air, while those annealed in Ar
atmosphere are completely removed. This reflects that the annealing in Ar atmosphere
better improves the morphology of the film than the annealing in N2 and in air,

respectively.

-100 nm

100 nm

Figure 5.4  10x10 um? AFM scan on the MgO thin film after being annealed at 250,

300, 350, 400°C (a) in air, (b) in N2 atmosphere and (d) in Ar atmosphere.
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The reason that annealing in Ar gas can improve the film surface
roughness could be assumed that flowing an inert gas into the annealing chamber may
prevent contaminations and unwanted reactions during the annealing process
(Takahashi, 2003; Ye, 2013). Furthermore, with the excellent thermal conductivity of
the Ar gas, it could thoroughly disperse the thermal in furnace resulting in the

improvement of the film surface roughness (Neyrat, 2003).
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Figure5.5  The change of surface roughness of the pristine MgO thin film, the
hydrated MgO thin film and the films after being annealed in different

conditions.

5.3.2 Thickness of the Film
5.3.2.2 X-Ray Reflectivity (XRR)
XRR was used to determine the thickness of the MgO thin film
and the thickness of the Mg(OH)2 layer which forms over the MgO thin film. The

obtained XRR spectra are fitted using the GenX program and exhibits in Figure 5.6(a),
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(b) and (c). Then, the thickness of the MgO thin film and Mg(OH). layer obtained from

the fitting of the XRR spectra of all samples are listed in Table 5.1.
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Figure5.6 A comparative of the XRR spectra of the pristine MgO thin film, the

hydrated MgO thin film and the film annealed in (a) air, (b) Ar

atmosphere and (c) N2 atmosphere.

The results show that prior to exposure to a humid environment,
the thickness of the MgO thin film is 20.31 nm. However, after the film was exposed
to the humid environment, it is found that the thickness of the film increase to 25.50
nm while this comprises 10.19 nm thickness of MgO thin film and 15.31 nm thickness

of Mg(HO). layer. The increase in the film thickness could be a result of volume
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expansion during the conversion of cubic MgO to hexagonal Mg(OH). (Ali and Al-

Mowali, 2013; Amaral, 2011; Dobrzanski, 2020).

Table 5.1 The thickness of all sample obtained from the fitting of XRR spectra

Thickness (nm)

Sample
MgO Mg(OH)2 Total
Pristine MgO thin film 20.31 0 20.31
Hydrated MgO thin film 10.19 15.31 25.50
250°C 12.91 11.49 24.40
Air 300°C 14.47 10.41 24.88
350°C 15.70 8.65 24.35
400°C 17.89 6.06 23.95
250°C 10.79 14.91 25.70
N; gas 300°C 15.78 10.19 25.97
350°C 16.17 8.27 24.44
400°C 18.61 2.65 21.26
250°C 12.94 10.13 23.07
Ar gas 300°C 13.87 9.23 23.10
350°C 15.17 7.95 23.12
400°C 19.43 1.09 20.52

Then, after the films were annealed in various conditions, the

thickness of the film decrease with an increase of annealing temperature. It is found

that the thickness of the film annealed in Ar atmosphere is less than that of the film

annealed in N> atmosphere and in air. This could confirm that annealing in Ar

atmosphere does not only improve the surface roughness of the film, but it also

increases the thickness of the MgO thin film.

To understand the dehydration behavior of the MgO thin film,

the change in the thickness of the MgO thin film and the Mg(OH). layer are plotted as

a graph as shown in Figure 5.7. The result exhibits that the MgO thin film thickness

increases while the thickness of Mg(OH). decreases. It is also observed that the
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decrease of Mg(OH): layer strongly depends on the temperature and atmosphere during
the annealing process. It is found that the thickness of the film almost completely
recovers after annealing at 400°C in Ar atmosphere; the thickness of the MgO thin film
grows to 19.43 nm while the thickness of the Mg(OH). layer falls to 1.09 nm. The
increase of the MgO thin film and decrease of the Mg(OH)2 could be attributed to the

decomposition of water molecules that occur during the annealing process.
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Figure 5.7  Thickness of MgO thin films and Mg(OH)2 layer after being annealed

at 250, 300, 350 and 400°C in air, N2 atmosphere and Ar atmosphere.

5.3.2.2 Transmission Electron Microscope (TEM)
TEM was used as a complementary technigque to XRR to provide
a direct view of the change in thickness and the structural evolution of the MgO thin
film. The high magnification cross-sectional TEM images of the pristine MgO thin film
and the hydrated MgO thin film are exhibited in Figure 5.8. The visual estimations of

the range of the film thickness are indicated by a red arrow. The TEM results confirm



98

that before the hydration process, the thickness of the pristine MgO thin film is 20.28
nm. After the film is kept in the humid box for 24 hours, the thickness of the film rises
up to 22.53 nm. This is in line with the thickness of the hydrated MgO thin film obtained

from the XRR results.

5 nm

S nm
e

Figure 5.8  High magnification cross-sectional TEM images of (a) the pristine MgO

thin film (b) the hydrated MgQO thin film.

The TEM was used to verify the change in thickness of the films which
is annealed at 350 and 400°C in air, N2 atmosphere and Ar atmosphere. Figure 5.9
illustrates the cross-sectional TEM images of those samples. The results indicate that
the thickness of the hydrated MgO thin film decrease with an increase of annealing
temperature. It is further found that at the same annealing temperature, the decreasing
of the film thickness of the sample annealed in the Ar atmosphere is greater than that
of the other annealing atmosphere. These results are also in agreement with the results

obtained by XRR analysis in section 5.3.2.1
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Figure 5.9

The cross-sectional TEM images of MgO thin films after being annealed

at 350 and 400°C in air, in N2 atmosphere and in Ar atmosphere.
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5.3.3 Electronic Structure of the MgO Thin Film

The normalized Mg K-edge XANES spectra of the pristine MgO thin
film, the hydrated MgO thin film and the samples annealed in N2 atmosphere and in Ar
atmosphere are exhibited in Figure 5.10 and Figure 5.11. The XANES spectrum
obtained from the pristine MgO thin film is in perfect agreement with Mg K-edge
XANES spectrum of MgO reported by Khamkongkaeo et al. (2018), Yoshida et al.
(1995) and Yoshimura et al. (2013). The Mg-edge XANES spectra can be described by
three features as labeled A, B and C. It is known that the shift of the feature A is the
signature of the transition of electrons from 1s to an unoccupied bound 3p-like state.

However, no energy shift was observed in all spectra.
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Figure 5.10 The normalized Mg K-edge XANES spectra of the MgO thin films

annealed in N2 atmosphere at different temperatures.
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Figure 5.11 The normalized Mg K-edge XANES spectra of the MgO thin films

annealed in Ar atmosphere at different temperatures.

In order to interpret the XANES spectrum of the hydrated MgO thin
film, the feature of this spectrum is compared to the XANES spectrum of Mg(OH):
reported by Khamkongkaeo et al. (2018). It is expected that the Mg(OH)2 layer forms
over the MgO thin film surface after it was exposed to humid environment. However,
the results reveal that the XANES spectrum feature of the hydrated MgO thin film,
which contains Mg(OH)2 over the surface, is quite different from the XANES spectrum
of Mg(OH). reported by Khamkongkaeo et al. (2018). It is instead found that the
XANES spectra feature of the hydrated MgO thin film is similar to the XANES spectra
of the MgO thin film, but its intensity is lower than that of the MgO thin film. This is
possibly because after the film exposed to humid, only a part of the film transforms to

Mg(OH): as detected by the XRR (Section 5.3.2.2).
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Considering the XANES spectra obtained from the samples annealed in

N2 gas (Figure 5.10) and the samples annealed in Ar atmosphere (Figure 5.11), it is

found that after the films were annealed, the intensity of the XANES spectra increase

with an increase of annealing temperature. At the annealing temperature of 400°C, the

intensity of XANES spectra obtained from both gas atmospheres are similar to the

XANES spectra obtained from the pristine MgO thin film.
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Figure 5.12 A comparative Mg K-edge XANES spectra of samples annealed at same

annealing temperature in N2 atmosphere and in Ar atmosphere.

To understand the effect of atmosphere on the dehydration of MgO thin

film, the normalized Mg K-edge XANES spectra obtained from the samples annealed
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in Ar atmosphere and in N> atmosphere, are presented in Figure 5.12. Although we
observed that the change in the XANES spectra of the film after the film was annealed,
at the same annealing temperature, it seems like that there is no significant difference
in feature between samples annealed in N2 atmosphere and Ar atmosphere. This may
imply that the electronic structure of the film annealed in Ar atmosphere and N>

atmosphere is similar.

5.3.4 Dehydration Mechanism of the MgO Thin Film
From the overall results, the possible dehydration mechanism of MgO
thin film is concluded and displayed as a schematic drawing in Figure 5.13. After the
MgO thin film is exposed to the humid environment, the film absorbs the molecules of
water from the surrounding and hydrates by forming the Mg(OH)2 clusters over its

surface (as observed in the AFM image).

Atmospheric

moisture
Hydrated MgO Water dehydration H,0
thin film Dehydrated MgO
+ thin film
MgO film WeNiINN Anncaling
Si wafer ‘ n & ﬁi-wafer ‘ 66 wafer ‘ Si wafer
1A3¢snur AV ¢

MgO (s) + H,O (I) = Mg(OH), (s) M0 (s) + H,0(g) = MgO (s)

Figure 5.13 A schematic drawing of the dehydration mechanism of the hydrated

MgO thin film.

After the films are annealed at different temperatures in different

atmospheres, the water molecule can be reversibly driven off from the film leading to
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the dehydration of hydroxide hence MgO thin film formation. The reversible hydration

and dehydration reaction of the MgO thin film can be expressed in the Equation (5.2)

MgO(s) + H20(g) Mg(OH)2(s) (5.2)

54 Chapter Summary

In this chapter, the role of annealing temperature and annealing atmosphere on
the dehydration characteristic of the MgO thin film is investigated. Results demonstrate
that hydration reaction can induce the volume expansion in the film leading to the
increase of the film thickness and film surface roughness. However, after the films were
annealed at different temperatures and atmospheres, it is found that the surface
roughness and thickness of the film can be recovered. This is probably because the
annealing could drive off molecules of water leading to the dehydration of the
hydroxide layer. Results obviously reflect that after being annealed at 400°C in Ar
atmosphere, the surface roughness and thickness of the film can be recovered. The
possible reason is that the inert of the Ar gas act as a protective layer that prevents
contamination and/or humidity from the air which react with the film during the
annealing process. The information obtained in this study could be a guideline for the
protection and development in the manufacturing process of devices containing MgO

thin film.
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CHAPTER VI

GENERAL DISCUSSION

This chapter presents a general discussion of an overview of the major findings
of this thesis based on the existing literature review and the hypotheses proposed in

Chapter 1.

6.1 Influence of Gas Atmosphere on the Dissolution Behavior of

Magnesium Oxide Thin Film

The influence of the gas atmosphere on the dissolution behavior of the
magnesium oxide (MgO) thin film was investigated and demonstrated in detail in
Chapter 3. In this section, the findings are discussed to address the postulated
hypothesis. The MgO thin films were exposed to deionized water which saturated by
different gas including nitrogen gas (N2), oxygen gas (O2) and carbon dioxide gas (CO>)
for either 1 hour or 4 hours. The results indicate that the chemical composition, surface
morphology and thickness of the film changes after the interaction with water.

Scanning electron microscopy (SEM) result shows that the MgO thin films
create coral-like clusters over its surface after being exposed to deionized water
resulting in the change of the film morphology. X-ray photoelectron spectroscopy (XPS)
result reveals that after being exposed to deionized water, the MgO thin film absorbs
molecules of water over its surface and transforms its chemical composition into

Mg(OH)2 because the bonding of O—OH is observed after the deconvolution of O 1s
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spectra. After sputtering into the deeper layer of the film, the bonding of O-OH in the
O 1s spectra is still detected. This implies that water does not absorb only over the film
surface, but it can infiltrate into the deeper layer of the film. XPS depth profile results
further indicate that the interaction with water can also result in a decrease in the film
thickness. It is found that at the same immersion time, the thickness of the film
dramatically decreases in CO»-saturated DI water and it slightly decreases in No-
saturated DI water. The results of the remaining thickness of the film obtained using a
focused ion beam equipped with scanning electron microscopy (FIB-SEM) also confirm
that the thickness of MgO thin film is thinnest in the dissolution under CO- gas.

The observation of the increase of Mg concentration in deionized water obtained
from the dissolution process using atomic absorption spectroscopy (AAS) suggests that
the MgO thin film dissolves in deionized water by releasing of Mg?* ions and OH" ions
into the water while the highest concentration of Mg is obtained from the dissolution
under CO2 gas and lowest in the dissolution under N2 gas. This is because the different
gas atmospheres affect the deionized water pH differently. It is found that the CO> gas
can react with the molecules of water and produces carbonic acid/bicarbonic acid
resulting in the reduction of the pH value of deionized water, while on the other hand,
N2 gas has no reaction with the deionized water.

The overall results confirm that the dissolution reaction could cause the changes
in thickness, morphology and chemical composition of the MgO thin films.
Furthermore, the dissolution behavior of the MgO thin film strongly depends on the gas

atmosphere used during the dissolution process.
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6.2 Effect of Water Temperature on the Dissolution Behavior of

Magnesium Oxide Thin Film

In order to expand our understanding of the dissolution behavior of the MgO
thin film, in Chapter 4, the effect of water temperature on the dissolution of the MgO
thin film was studied.

SEM images show that the films form clusters over its surface while an increase
in water temperature can cause an increase in the number of clusters. Furthermore, the
XPS results point out that the chemical composition of the film transforms into
Mg(OH)2, not only over the surface of the film but also at the deeper layer of the film.
XPS depth profile and FIB-SEM cross-sectional results further exhibit that the water
temperature strongly affects the decrease of the film thickness. It is found that the
thickness of the film thinnest in sample MgO-75. This is because an increase in water
temperature enhances the kinetic energy of the molecules of water. Therefore, the
probability of water molecules interacts with the MgO film is greater in high-
temperature water. The results prove that the increase of water temperature enhances the
kinetic energy of the molecules of water resulting in the increase of dissolution rate of the

MgO thin film.

6.3 Role of Temperature and Atmosphere on the Dehydration

Characteristic of Magnesium Oxide Thin Film

Besides the dissolution reaction, in this chapter, we investigate the role of
temperature and atmosphere on the dehydration characteristic of the MgO thin film.

The results obtained in Chapter 5 reflect that the hydration could cause the formation
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of clusters over the MgO thin film surface resulting in the increase of the film thickness
and surface roughness.

Atomic force microscopy (AFM) images show that the number of clusters,
which form over the MgO thin film surface after being exposed to a humid
environment, reduces after the films were annealed. This results in a decrease in the
surface roughness of the MgO thin film. It is further found that the decrease in the
number of clusters and surface roughness strongly depend on the temperature and
atmosphere used. X-ray reflectivity (XRR) results reveal that the thickness of the film
tend to decrease with an increase of annealing temperature while the annealing at 400
in Ar atmosphere, the thickness of the film can return to having a similar thickness to a
pristine sample. This is in agreement with the results receive from the transmission
electron microscopy (TEM). The improvement of the film surface roughness and
thickness could be a result of the decomposition of the water molecules which absorb
over the film surface.

Overall results confirm that the dehydration could lead to the decomposition of
the water molecules resulting in the recovery of the film surface roughness and
thickness. It further found that the annealing temperature and annealing atmosphere

play a crucial on the dehydration characteristic of the MgO thin film.



CHAPTER VII

CONCLUSION AND FUTURE PERSPECTIVES

This chapter is the conclusion of the dissertation. It also presents the

perspectives for the future work.

7.1 General Conclusions

The goals of this thesis are to acquire extensive knowledge of dissolution and
dehydration mechanism of the MgO thin film used in MTJs of magnetic sensors in
HDDs. In this thesis, all testing systems were designed to be comparable to the wet
cleaning and polishing process of the HDDs manufacture. The aspects of the
mechanisms obtained from these studies have been elucidated.

The main findings of this thesis are concluded and listed below.

1. From the study of the influence of gas atmospheres on the dissolution
behavior of MgO thin film in Chapter 3, it is found that the dissolution reaction begins
with the absorption of the molecules of water into the deeper layer of the MgO thin
film. This reaction transforms the chemical composition of the film into Mg(OH). and
subsequently dissolves by releasing Mg?* ions and OH™ ions into water resulting in the
decrease of the film thickness. Results reveal that the dissolution rate of this film
strongly depends on the immersion time and the gas atmosphere because each gas reacts
with water differently. It is found that the thickness of the MgO thin films after being
exposed to CO> gas-saturated deionized water dramatically decreases while those were

exposed to O2 and N gas-saturated deionized water slightly reduce. This is because the
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COz can interact with the molecules of water and produce H,CO3/HCO 3 acid leading
to the reduction of the pH value of deionized water; on the other hand, N2 has no
reaction with the deionized water. These results obtained in this study fully support the
hypothesis which we purposed in Chapter 1 (section 1.3.1) stated that the gas could
change the chemistry and pH of water and could affect the dissolution rate of the MgO
thin film. The COz gas could induce the decrease of water pH leading to the increase of
dissolution rate of the MgO thin film.

2. In Chapter 4, the investigation of the effect of water temperature on the
dissolution mechanism of the MgO thin film reveals that the temperature of water
significantly affects the dissolution behavior of the MgO thin film. The results
correspond to the hypothesis which we proposed in section 1.3.2 that the water
temperature relates to the kinetic energy of water. Low temperature could lead to low
kinetic energy and subsequently low dissolution rate. We found that an increase in
water temperature enhances the kinetic energy of the molecules of water resulting in
the increase of dissolution rate. At the higher temperature of water, the thickness of the
film decreases faster than that of the film exposed to water at the lower temperature.
Finally, the qualitative model is purposed to explain the effect of the water temperature
of the MgO thin film.

3. The investigation of the dehydration behavior of the MgO thin film, as
showed in Chapter 5, was hypothesized that the thermal decomposition of water in the
hydroxide Mg(OH). could lead to the recovery of the microstructure/crystal structure,
surface roughness and thickness of the MgO thin film. The results obtained in this study
indicates that after the MgO thin films were annealed at various annealing temperatures,

the surface roughness and the thickness of the MgO thin film can be recovered. It is
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further found that the dehydration behavior of the MgO thin film strongly depends on
the annealing temperature and atmosphere. The result shows that annealing in the inert
gas atmosphere can improve the surface roughness and thickness of the MgO thin film
better than annealing in air does. This is because the inert gas may act as a protective
layer preventing contaminations and/or moistures that may react with the film during
annealing.

4. The basic principle, advantages, and limitations of characterization
techniques that were used in this thesis including XPS, XRR, XAS and TEM are
reviewed and summarized in a comparative way (Chapter 2). This review could be
fruitful information and guideline for the researchers who would like to apply such

techniques for thin film characterization.

7.2 Future Perspectives

This thesis successfully investigates the dissolution and dehydration behaviors
of the MgO thin film. The results obtained in this thesis provide the basic knowledge
of the influence of environment (e.g. temperature and atmosphere) on mechanism of
dissolution and dehydration of the MgO thin film.

The following recommendations are for the future studies.

1. In this thesis, the author obtained an understanding of the dissolution
mechanism of MgO thin film in water. Therefore, it would be of interest to extend the
framework to consider the dissolution reaction of the MgO thin film in other solutions,
for example, acetone, ethanol, methanol because various types of lubricants and/or

solutions are used in the cleaning or polishing processes.
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2. This thesis reported the impact of dissolution and dehydration reactions on
the thickness, chemical composition and surface morphology of the film. Therefore, it
would be of great interest to further investigate the other properties of the MgO thin
film including mechanical properties and electrical properties because this could be a
useful information for the manufacturing process of devices containing MgO thin film,
such as MTJs, MRAMs and read head of HDDs.

Finally, the author hopes that this thesis would broaden understanding in the
field of material science and engineering, surface science, chemistry, and other related
fields. Moreover, the author hopes that the information obtained from this work could
be useful guidelines for quality control and the improvement of the manufacturing
process of the MTJs, MRAMs, the read head of HDDs as well as the other devices

containing MgO thin film.
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