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Magnesium oxide (MgO) thin films are used as magnetic shields and barriers for
magnetic tunneling junctions in magnetic data storage devices. During the fabrication
process, these films could be exposed to water. The films can be loss by the
dissolution process which can directly affect to the performance of the magnetic data
storage devices. Therefore, the dissolution behavior of MgO thin films in deionized
water was investicated in this study. The dissolution of the material was determined
using an electrical conductivity meter (EC) to measure the dissolved MgO over a period
of 2-15 hours in deionized water at room temperature and a model describing the
reaction rate is created based on electrical conductivity measurements of dissolved
MgO as a function of time. The results showed the dissolution of the film left the
damaged area with different surface structures depending on the time of dissolution.

During the manufacturing, not only moisture traps on the surface of the film
can be found which result in magnesium hydroxide precipitation, residual stress can
also occur. Generally, heat treatment is used by hard disk manufacturers to remove
moisture and residual stress from the manufacturing process. The thermal treatment
conditions under which thin films are manufactured, both in terms of temperature and
gas atmosphere, may affect the device performance. Thus, the heat treatment
condition with various treatment temperatures and gas atmospheres were examined
in this study. The results showed that treatment temperatures and gas atmospheres
directly affected the physical, chemical, and electrical properties of the films.

Moreover, the hydroxide (Mg(OH),) formation of the MgO thin films was studied
by treating it with various gas atmospheres.. The temperature of heat treatment was
controlled at 450 °C. Then, the films were stored in controlled humidity. The surface

roughness, morphology and hydration reaction of the films were investigated. The



results showed that a hydration reaction occurred deeply into the film layer. The
depth of the hydration reaction and its surface roughness were based on heat
treatment conditions. Moreover, if the film is stored for a long period of time in the
humidity control cabinet, argon gas annealing is recommended.

The result of this study might be helpful to estimate the better optimization

process of read/write sensor head of HDD production.
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CHAPTER 1
INTRODUCTION

1.1  Rationale and Background

Hard disk drives (HDDs) are magnetic storage devices that use high-speed
rotating disks (platters) coated with magnetic materials to store and retrieve digital
information. Above and below each platter are magnetic read/write heads, which are
positioned to control their movement on the disk surface as well as provide access to
the appropriate data track (Figure 1.1 (a)). The read and write heads are used to detect
and modify the magnetization of a ferromagnetic thin film on a disk that serves as a
representation of binary data bits, as shown in Figure 1.1 (b).

Many years ago, anisotropic magnetoresistive (AMR) heads were the first
generation of magnetoresistive reader heads. The working principle of AMR is that the
electrical resistance of a ferromagnetic material changes in response to the direction
of magnetization caused by an applied magnetic field relative to the direction of
current flow. When a ferromagnetic material is magnetized in the same direction as
the current flow, the resistance decreases. On the other hand, the resistance increases
when magnetized perpendicular to the direction of current flow. Therefore,
magnetoresistance (MR) represents the change in resistance corresponding to an
applied electric field. In a giant magnetoresistance (GMR) element, which consists of a
nonmagnetic metal (Cu, for example) sandwiched between two ferromagnetic layers,
electrons flow through metal conduction. The MR ratios of typical AMR and GMR
elements are around 3% and 12%, respectively (Jungwirth et al,, 2013; Yuasa &
Djayaprawira, 2007). Electron flow happens through the quantum mechanical tunnel
effect in a TMR element.

When the pin layer and the free layer are antiparallel, a TMR element exhibits
an extreme characteristic in which electrons "cannot move almost at all," in contrast

to the characteristics of a GMR element in which "electron movement is difficult." This



results in a TMR element having an extraordinarily high MR ratio; this is also why TMR
elements are used as highly sensitive reading elements in modern hard disk drives.
Tunneling magnetoresistance (TMR) is a specific MR effect which is applied to a high-
density disk drive (HDD) read heads and is the primary focus of this research. In the
TMR reader, two ferromagnetic layers (a free layer and a pinned layer) are separated
by an insulator. Typically, the antiferromagnetic layer is composed of IrMn, PtMn, or
FeMn, while the free and pinned layers are composed of CoFeB or CoFe, and the

insulation layer is composed of AlL,O5 or MgO, as illustrated in Figure 1.1 ().

Head
Track =—»

Recorded transtions

| (C) Upper electrode

Figure 1.1 (a) typical hard disk drive components (b) Schematic illustration of the HDD
slider (c) cross-section of a typical thin-film multilayer stack used in a hard

disk drive reader head

In magnetic sensor read heads, magnetic tunneling junctions (MTJs) are
considered the heart of TMR. The MTJ operates on the principle of creating a high and
low resistance state based on the magnetic moment's orientation. The structure of the

MTJ includes (1) a pinned magnetization layer; (2) a free rotating magnetization layer;



and (3) an insulation or a barrier layer. The term magnetoresistance is important
because it represents the magnitude of the differential between the high and low
resistance states of a particular device. These states are used as logic states for
computer memory, allowing a clear distinction to be made between the "ON" and
"OFF" states of the computer memory. When the two magnetizations are parallel, the
resistance of the MTJ is minimal; when they are anti-parallel, the resistance of the MTJ
is maximal. This results in the TMR read head's output having a distinct character, such
as "yes or no" or "1 or 0," which correlates to digital information when this occurs (Figure

1.2)

Top layer

Free layer
Insulating barrier /&

Pinned layer

Antiferromagnet

Figure 1.2 Schematic diagram of the TMR effect in a MTJs reader head (Xuyang et al,,
2019).

Aluminum oxide (Al,O3) was used as a tunnel barrier in early MTJ devices due
to its suitability for thin forming (~10 A), ALLO5. Dexin et al (Dexin et al., 2004) reported
that the CoFeB/AlOx/CoFeB junction exhibited MR values of up to 70%. Regrettably,

oxidation of the Al layer frequently results in a significant decrease in the TMR ratio.



MgO is a typical rock salt structure that is strongly ionic insulating with a band gap of
around 7.77 eV (Roessler & Walker, 1967). MgO is an excellent insulator material
because of its high dielectric constant (9.8) and high breakdown voltage (Browder et
al,, 1991). Additionally, MgO may be used as a template for ferroelectric materials,
where the ferroelectric property enhances the capacitance value (Chen et al., 1989,
Lide, 2004). In TMR sensors, magnesium oxide thin film insulators were used as a
magnetic shielding/insulator layer. The discovery and development by HDD
manufacturers found that magnesium oxide thin film insulators could improve signal
quality while additionally reducing the side reading effect of HDD read heads (Haginoya
et al,, 2004; Zheng et al., 2006).

The critical problem facing MgO in a read/write head is the cleaning and polishing
process, which involves in contacting with water. MgO reacts quickly and easily with
water, including ambient moisture (Carrasco et al., 2010; Holt et al,, 1997; Jones et al,,
1984), resulting in irreversible hydration and the precipitation of magnesium hydroxide
(Mg(OH), (Amaral et al,, 2011). Dissolution of a magnesium oxide thin film results in
material loss and the change of the film properties, which can finally affect device
performance. The dissolution rate of magnesium oxide thin films is typically determined
by the amount of film dissolved in the solution. The hydration process can cause film
swelling and cracking due to the density difference between MgO (3.5 g/cm?) and
Mg(OH), (2.4 g/cm?) which precipitates in proportion to the amount of water/moisture
available and the duration of exposure time. The concentration of Mg(OH), is
proportional to the amount of magnesium oxide dissolved in water. Various recent
experiments have investigated the MgO dissolution mechanism and rate as a function of
pH (Fruhwirth et al., 1985), crystal orientations (Geysermans et al., 2009; Holt et al., 1997),
temperature (Amaral et al., 2010), and kinetic mechanisms (Blaha, 1995b; Kato et al,
1996; L. & N., 1969; Mejias et al., 1999)

Additionally, mechanical forces also cause the development of residual stress
in a thin layer. As a result, hard disk manufacturers have introduced a pre-heating
technique to remove moisture and decrease residual stress from the film. According
to some research, thermal annealing enhances the dielectric strength, porosity, and

defects of the material and decreases the leakage current (Cheng et al., 2016; Furukawa



et al,, 1997; Jo & Park, 1998; Keiji et al., 2010; Tanigaki et al., 1988). Thermal annealing
(also known as calcination) of magnesium oxide films can eliminate surface absorbents
such as water, hydroxyl (OH), and carbonyl (CO") groups (Kumari et al., 2009; Park et
al,, 2006; Peng & Barteau, 1990; Rheinheimer et al,, 2017). The effect of annealing
magnesium oxide (MgO) films used in magnetic tunnel junctions (MTJs) has become
an attractive topic in recent years. It has been observed that annealing can improve
the crystallinity and structure at the MgO/CoFeB interface, therefore enhancing the
magnetoresistance (Hayakawa et al., 2006; lkeda et al., 2008; Park et al., 2006).

The annealing temperature, annealing environment, and relative humidity
maintained in the processing room seem to have a significant effect on the film's
properties (chemical and structural stability, density, porosity, and roughness). In the
HDD manufacturing process, the production room regulates the humidity at
approximately 50% RH, which could initiate the hydration reaction with MgO thin films.
The physical and chemical properties of the magnesium oxide thin film might affect
the magnetic sensitivity of a read/write sensor head (Balcells et al., 2010), However,
most of these reports were performed on bulk MgO specimens (Amaral et al., 2011,
Blaha, 1995a, 1995b; Dimitrios et al., 1999; Kato et al,, 1996; L. & N., 1969; Santamaria
et al,, 2007). Even though these thin films are very important in HDD manufacturing,
the dissolution mechanism, and the effect of dissolution behavior of the MgO thin film
shielding layer of TMR devices are not yet well comprehensible. In this study, the
author investigated the kinetics of MgO hydration with different exposure times to
deionized water (DI water) at room temperature. To study the combined effect of both
atmospheric annealing and humidity control reaction effects, the MgO films were
annealed at different gas atmospheres and temperatures (250-450 °C) and stored in a
50% humidity control chamber for 30 days. The changes in surface roughness and
surface morphology will be discussed in the framework of the atomic force microscope
(AFM), X-ray photoelectron spectroscopy (XPS), and focused ion beam scanning
electron microscopy (FIB-SEM). In this thesis, a kinetic model is proposed, and its
validity is verified using electrical conductivity (EC) measurements on MgO thin films

exposed to DI water for varied periods of time. The mathematical model is used to



predict material loss during the production process and might be helpful to estimate

the better optimization process of read/write sensor head of HDD production.

1.2  Research objectives
1) To determine the dissolution behavior of MgO in DI water by investigating:
a. The material loss during dissolved in DI water.
b. The remaining film thickness.
c. The roughness as a function of time.
2) To determine the effect of annealing temperature and gas environment on
MgO electrical, chemical, and physical properties including electric breakdown, XPS

sputter rate and surface morphology.

1.3  Hypotheses

1) The dissolution behavior of the MgO thin film can be verified using an EC
meter in solution comparable to a chemical instrument, and the dissolution rate
equation as a function of time can also be generated directly from the thin film's
dissolution behavior.

2) After exposure to water, MgO thin films may exhibit the changes in physical
and chemical properties such as thickness and roughness, as well as a hydroxide
precipitation, which may result in film degradation.

3) The heat treatment conditions including annealing gasses and temperatures
will affect MgO thin film properties such as structure, dielectric breakdown, chemical

properties, and film roughness.

1.4  Scope and limitation of the study

The purpose of this research was to design a series of experiments to investigate
the dissolution behavior and material loss effects of MgO thin films. The dissolution of
the MgO films was determined using an EC meter over a period of 2-15 hours in DI
water at room temperature. The author decided not to investigate the dissolution
behavior as a function of temperature because the author aimed to simulate an actual

manufacturing environment in which the production room temperature was already



regulated. In this investigation, MgO thin film heat treatment experiment was

conducted at temperatures of 250, 350, and 450 °C in an environment of argon,
nitrogen, and normal gasses inside a custom-built double-heating chamber. The

furnace heating system regulated the temperature within the furnace.

1.5  Thesis Contents

This thesis is divided into six chapters.

Chapter 1 includes problems and rationale, research objectives, scope of work,
and research methodology.

Chapter 2 presents the literature review including theoretical backgrounds of
tunneling magnetoresistance (TMR) in the hard disk drives. Additionally, this chapter
has discussed the dissolution and heat treatment effects of MgO thin films and the
principles underlying the characterization techniques used in this study.

Chapter 3 describes experiments on the dissolution mechanism of a
magnesium oxide thin film shielding layer in a tunneling magnetoresistance hard disk
drive read head. The kinetics of magnesium oxide hydration were investigated at room
temperature using different exposure times to the deionized water (DI water). Atomic
force microscopy (AFM) and scanning electron microscopy (SEM) were used to study
the changes in surface roughness and morphology. The kinetic model of magnesium
oxide hydration was proposed and validated by using electrical conductivity (EC)
measurements on samples exposed to DI water for various periods of time.

Chapter 4 reports the effect of the annealing atmosphere on the film thickness
and surface roughness of the MgO thin film. The XPS depth profile technique was
employed to determine the chemical composition and sputter rate of the film.

Chapter 5 presents the effects of annealing atmosphere on hydration behavior
of MgO thin film to study the combined effects of both atmospheric annealing and
humidity control reaction. The XPS depth profile technique was used to determine
the depth to which hydroxide penetrates into the film layer.

Chapter 6 provides discussions and conclusions.
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CHAPTER 2
LITERATURE REVIEW

This chapter presents related research works and focuses on the dissolution
and heat treatment effects of MgO thin films, as well as the principles underlying the
characterization techniques used in this study. This chapter is divided into the following
sections. Section 2.1 describes hard disk drives and their key components, including
MTJs hard disk reader heads as well as the MgO thin film in MTJs hard disk reader
heads. Section 2.1.1 describes the reaction that occurs when magnesium oxide (MgQO)
is exposed to moisture or water, as well as the variety of chemical reactions that take
place when magnesium oxide is dissolved in water. Section 2.1.2 explains the method
to measure the dissolution rate of MgO in water, including several experimental
techniques for measuring the dissolution rate as a function of time. The internal factors
of the thermal treatment process that influences the properties of magnesium oxide
thin films are discussed in Section 2.2. The followings are the principles of film
characterization instruments, which are covered in Section 2.3: Instruments used in this
thesis include an electrical conductivity meter (EC), spectrometry ellipsometer (SE),
focused lon Beam Scanning Electron Microscopes (SEM-FIB), atomic force microscope

(AFM), and X-ray. photoelectron spectroscopy (XPS).

2.1  MgO in MTJs

Hard disk drives (HDDs) are currently the most commmon type of storage media,
and they are widely used due to their high capacity-to-cost ratio. They are made up
of high-speed rotating disks (platters) coated with magnetic materials. They are
mounted on a moving actuator arm that reads and writes data to the platter surfaces.
The read and write heads are used to detect and modify the magnetization of a thin
film of ferromagnetic materials on a disk, which is used to represent binary data bits.
Anisotropic magneto resistive (AMR) heads were introduced many decades ago and

were the first generation of magneto resistive heads that operated on the principle of
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the resistance change of a ferromagnetic material based on the magnetization direction
of an applied magnetic field relative to the direction of current flow. When a
ferromagnetic material is magnetized in the same direction as the current flow, the
resistance decreases. However, it exhibits an increase in resistance when magnetized
perpendicular to the direction of current flow. Magnetoresistance (MR) is the term most
commonly used to define this resistance change. It is typically calculated as a

percentage. (see Equation (2.1)).

(2.1)

MR% = RHR_ R, %100

Where Ry and R, are the electrical resistivities when current and magnetization
are parallel and perpendicular, respectively.

Tunneling magnetoresistance (TMR) is the current stage of HDD read head
development and the primary focus of this research. The TMR reader used in hard disk
drives consists of two ferromagnetic layers (free layer and pin layer) separated by an
insulator. Typically, the antiferromagnetic layer is made of IrMn, PtMn, or FeMn, while
the free layer and pinned layer are made of CoFeB or CoFe, and the insulation layer
is made of Al,O3; or MgO, as shown in Figure 2.1.

Magnetic tunneling junctions (MTJs) are at the heart of TMR. The MTJ operates
on the principle of generating a high and a low resistance state dependent on the
magnetic moment's orientation. The structure of the MTJ includes one ferromagnetic
layer with pinned magnetization as a reference, while the other ferromagnetic layer is
free to rotate in the presence of an external magnetic field. When the two
magnetizations are parallel, the MTJ's resistance is minimal; in anti-parallel, the
resistance is maximal. When this occurs, the TMR read head's output has a particular

character, such as "yes or no" or "1 or 0," which corresponds to digital information.
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Figure 2.1 MTJ read head in an HDD (Zhu & Park, 2006)

Due to the suitability of thin forming, aluminum oxide (Al,O3) was used as a
tunnel barrier for early MTJ devices as a tunnel barrier, a thin (~10 R), smooth, and
dense barrier layer. Unfortunately, the oxidation of the Al layer usually leads to a
significant decrease in the TMR ratio. The MR values of the Al,O5; device were reported
accurately up to 70% by using the CoFeB/AlO,/CoFeB junction (Dexin et al., 2004).
Recently, magnesium oxide (MgO) has also become the primary element of MTJ tunnel
barriers because of the great improvement in performance. The earliest stage of MgO
resulted in MR values of 220% at room temperature (Parkin et al., 2004). Recently,
researchers have demonstrated room temperature RM values exceeding 600%, using
variations of the stacks (Ikeda et al., 2010). The impact of these two-research works has
led to a lot of studies that significantly increase the TMR values, as shown in  Figure

2.2.
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Figure 2.2 TMR ratios over a few past decade for amorphous AlOx-based MTJs (blue
triangles) and crystalline MgO-based MTJs (red circles) (Zhu & Park, 2006).

In addition, the hard drive manufacturers have explored a way to increase the
quality of the HDD reader head by creating a soft magnetic side shield for improved
sensor stability from MgO (Haginoya et al., 2004; Zheng et al., 2006) to reduce side
reading effect, which can improve the signal-to-noise ratio. The manufacturing of an
MTJ device consists of 3 primary steps which: 1) depositing the various films to make
up the stack, 2) annealing to set the crystal structure of the films in the active region,
and 3) etching the desired device’s pattern. One of the essential steps in magnetic
sensor fabrication is the annealing step associated with the variables including
temperature, and environment such as gas environments, which may improve the
device performance, such as the TMR ratio.

2.1.1 MgO dissolution

Magnesium oxide (MgO) thin film is used as a barrier for magnetic
tunneling junction and magnetic shielding in magnetic data storage devices. During the
fabrication process, the film is inevitably exposed to water during certain operations

such as polishing, cutting and cleaning, these processes cause an expansive hydration
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reaction that originates a soluble product such as Mg(OH), (Amaral et al., 2011). MgO
film is easily dissolved in water (86 ppm at 30 °C (Patnaik, 2003)) and reacts very easily
with moisture in the air Jones et al., 1984). Furthermore, chemical instability of MgO
film due to the easy hydration and formation of Mg(OH), under atmospheric conditions
is a crucial issue. According to (Patnaik, 2003), the dissolution rate of Mg(OH), is
approximately 14 times lower than that of MgO. Therefore, the Mg(OH), layer acts as
a protective layer, slowing the decreasing MgO dissolution rate. In addition, the
hydration process also increases the film volume, which leads to the residual stress in

the device (Razouk & Mikhail, 1958) as shown in  Figure 2.3.

1000

nm
500

250

Figure 2.3 (a) SEM micrograph (b) AFM topography of MgO thin film surface after being

exposed to DI water 6 hours at room temperature.

The dissolution rate of magnesium oxide during hydration is one of the
important factors involved in the mechanism of MgO hydration. The kinetics and
hydration mechanisms of MgO comprises of the following steps:

a) The water vapor is chemically on MgO, then this reaction forms a liquid

layer on the MgO surface as the following equation (2.2) (Rocha et al., 2004).
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MgO () + HO () = Mg(OH); () —> MQ(OH)" (qiface) + OH (2 (2.2)

b) The liquid layer is formed then reacts with MgO to form a Mg(OH),
layer (see equation (2.3)) (Holt et al., 1997).

Mg(OH)+ (surface) T Hoi(aq) - MgOHﬂOHi(surface) (2.3)

) The Mg(OH), is subsequently dissolved in this water layer as the
following equation (2.4) (Rocha et al., 2004).

MgO Oha H,O o Mg(OH)Z © f\/\g(OH)+ (surface) + OH (@q) (2.4)

d) The layer saturated with Mg(OH), and precipitation occurs according to
the following equation (2.5) (Kato et al., 1996).

MgZJr @y t 2HO (aq) — Mg(OH)Z (s) (2.5)

The rate of hydration may be limited by the rate of Mg(OH), which is removed
from the MgO surface. Very rapid hydration of MgO may result in the formation of large
aggregation of hydroxide clusters. Such a surface condition may be unacceptable for
thin film applications (Dimitrios et al., 1999). The dissolution rate also depends on
temperature (Blaha, 1995¢; Fedoroc¢kova & Raschman, 2008) and the exposed area (L.
& N., 1969; Rocha et al., 2004). The 001 surface is the least susceptible to hydration as

shown in Figure 2.4.
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Figure 2.4 Surface morphology of the 5-day--hydrated MgO (a) (001) Sputtered thin
films (b) (111) Sputtered thin films (Lee et al., 2003).

It was found that after the MgO film was kept in a humid environment
(relative humidity 60 — 70%), the crystal step gradually hydrated. Therefore, the
environmental process must be carefully controlled to keep the humidity below 30%.
(Holt et al,, 1997). The hydration of MgO in water at different exposure times and
temperatures make the thickness of MgO films decrease continuously during hydration
despite the increase in mass loss due to hydration and reduction Hydration layer or
Mg(OH), is formed during the hydration process; this definitely changes the properties
of the film, hence a large effect on devices performance. For example, the thickness
of the hydration layer (Mg(OH),) could be 5 nm, which is approximately 50% of the
thickness of MgO barrier or shielding in magnetic sensors. This may result in the
decrease of the read sensitivity of the reader head.

2.1.2 Dissolution rate

The dissolution rate of magnesium oxide thin films is typically
controlled by the quantity of the film dissolved in the water. Mg(OH), precipitation is
influenced by the amount of water or moisture available as well as the exposure time.
Additionally, the concentration is proportional to the amount of magnesium oxide
dissolved in water. The following reaction rate equation can be used to explain the

mass loss of MgO as a function of time. (Equation (2.6)).

R(t) = kC,(t)C, (t) (2.6)
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Where k denotes the reaction rate and C; (t) and C, (t) denote the amount of
water and magnesium oxide, respectively, in this research, the researcher used MgO
thin films, which were dissolved in a considerable volume of water. As a result, the

concentration of MgO becomes the rate-limiting step, and equation (2.7) then

becomes.
R(t) = kC,(t) (2.7)

In reality, either the reactant or the solution becomes saturated with Mg(OH),
byproducts. As a result, the rate of dissolution decreases and eventually stops. Thus,
Mg(OH), concentration as a function of time rapidly increases during the initial state
followed by a plateau at an increasing time. Therefore, the plot of the product
concentration as a function of time would show highly increases at the beginning and

reach a tableland after some times. Dissolution of MgO crystals follows this trend, as

shown in Figure 2.5.
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Figure 2.5 Mg(OH), concentration as a function of time at various temperatures.

(Birchal et al., 2001)
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The reaction rate, k, from the product concentration as a function of time can
be calculated by evaluating the slope of the graph. Arrhenius equations are widely

used to describe reaction rates as the following equation:

k = Ag B/t (2.8)

where E, is the activation energy, ks denotes Boltzmann's constant, and A
denotes the collision rate, which is strongly dependent on the surface area. The slope
is proportional to Ex when k and 1/T are shown on a logarithmic scale (Thomas et al.,
2008). A method for evaluating the dissolution rate is represented in Figure 2.5.
(Fruhwirth et al.,, 1985). MgO conducted at a rate proportional to its concentration in
water. MgO concentration measurements are obtained over an extended period of

time with high resolution on a single sample.
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Figure 2.6 MgO dissolution rate obtained by measuring conductivity of water as a
function of time. Plateau after long-term exposure indicates saturation. The
inset shows a needle-like crystal on the surface, which is Mg(OH),

precipitation (Fruhwirth et al., 1985).
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The dissolution rate of MgO can be determined the mass lost during dissolution
or by determining the concentration of MgO in water, which is time dependent. To
evaluate the activation energy, it is essential to define the magnesium oxide
concentration as a function of time and temperature. In this research, both mass loss
and the discrete concentration measurement methods are inefficient. Therefore, the
MgO should be measured in concentration in the water by monitoring the solution
conductivity. If the dissolution could be measured in real time, it would be able to
study the dissolution behavior as a function of time. Finally, the mass loss of the film

during the manufacturing process may be evaluated due to dissolving in water solution.

2.2 MgO heat treatment

Many studies have found that thermal annealing improves the dielectric
strength and lifetime of oxides while also decreasing leakage current (Cheng et al,,
2016; Jo & Park, 1998; Keiji et al., 2010; Tanigaki et al., 1988). Thermal annealing can
reduce the porosity (Cheng et al., 2016) and defects (Furukawa et al., 1997), and change
the dielectric constant (Cheng et al.,, 2016). However, the annealing process has
undesirable outcomes such as oxide degradation (Tanigaki et al., 1988), changes in
chemical composition (Kang et al., 2004), structural changes (Kang et al., 2004; Wang
et al,, 2016), or migration of material from another layer (Bae et al., 2006; Wang et al,,
2008).

The temperature of annealing is typically between 300 and 800 °C, in a vacuum,
Ar, Ny, or O, gas environment. Thermal annealing (also known as calcination) of
magnesium oxide can remove surface absorbents such as water, hydroxyl (OH") groups,
(Kumari et al., 2009; Peng & Barteau, 1990), and carbonyl (CO") groups (Rheinheimer et
al,, 2017). Recently, it has been discovered that vacuum annealing Al-doped MgO
nanoparticles increased the number of oxygen vacancies in the materials, altering the
material's magnetic properties (Mishra et al., 2013).

The annealing effect on MgO in MJT is an interesting subject. In MJT, the MgO
barrier is placed adjacent to the CoFeB layer. It was shown that the annealing process

improved the crystallinity of the structure at the interface of the MgO and CoFeB; due
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to the increasing magnetoresistance (Park et al., 2006). However, the annealing process
may decrease the breakdown voltage of the MUT (Khan et al., 2008). Many researchers
found the boron atom (B) in this layer diffuse into the MgO layer during the annealing
process, resulting in a lower magnetoresistance and dielectric lifetime (Bae et al., 2006;
Hayakawa et al., 2006; Komagaki et al., 2009; Read et al., 2007). The annealing process
may also change the interfacial structures of the MJT (Bae et al,, 2006; Wang et al,,
2008). A study suggested a way to stop boron diffusion by inserting a Mo buffer layer
before the Ta layer (Liu et al., 2014). It was also found that the increase in annealing
temperature also increased MgO surface roughness (Aswal et al., 2002; L. Platt et al,
2002). Over annealing temperature always changes MgO thin film properties, especially,
in terms of physical properties, because it reduces the magnetic sensitivity of the
magnetic sensor and increases surface roughness related to the magnetic sensor, which
maintains the distance between the reader and the magnetic plate (Marchon et al,,

2013).

2.3  Characterization of MgO thin films
2.3.1 Electrical conductivity (EC)
Electrolysis is the process by which solutions decompose when
exposed to an electric current. Acids and bases are generally composed of two types
of ions: cations and anions. Figure 2.7. illustrates the electrolysis of the MgO in solution.

To begin with, MgO is decomposed in water into Mg and O ions.
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Figure 2.7 Electrolytic conduction of MgO in aqueous solution

Conductance is a measure of how easily an electric current flows through a
material. It is caused by electron movement in metallic conductors, whereas it is
induced by ion flow in electrolytic solutions. A medium electrolytic conductance, G, is
equal to the reciprocal of its electrical resistance, R, in ohms.

1
G = " (2.9)

The actual resistance depends on the electrode spacing (1) and area (A). In such
a condition, the resistance of a solution is directly proportional to the distance
between the electrodes () and inversely proportional to the electrode cross-sectional
area (A). When these numbers are combined using equation 2.9, the following result is

obtained:

l
R = P (2.10)
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Where is the resistivity of the electrolytic solution, measured in Q+m. The
conductivity (O) is the reciprocal of the resistivity (P) and is measured in mS/cm or

pS/cm.

l
= - 2.11
pP . ( )
The cell constant (K) is defined as the ratio of the distance (1) between the

electrodes to their area (A).

k = (2.12)

l
A

Where K = cell constant (cm™) A = effective area of the electrodes (cm?).
Conductivity refers to a solution, a metal, or a gas’s ability to conduct an electric

current. Current is carried by electrons in metals, whereas it is carried by cations and

anions in solutions.

The conductivity meters

Alternating current (I) is applied to two electrodes at an appropriate frequency,
and the potential (P) is measured as a function of time (V). Using both current and
potential, the conductance (I/V) can be calculated. The conductivity meter then
calculates the conductivity using the conductance and cell constant (equation 2.13).

The simplified conductivity meter diagram is shown in Figure 2.8.

Conductivity = cell constant x conductance (2.13)
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Figure 2.8 Simplified conductivity meter diagram

Conductivity is determined by several factors:

1. Concentration
2. lon mobility
3. lon valence

4. Temperature

Conductivity is a characteristic of all materials. Conductivity ranges from
ultrapure water to concentrated chemical samples in aqueous solutions, depending
on their ionic strengths.

2.3.2 Elipsometer

Ellipsometry is a technique for determining the polarization change
caused by light reflecting or transmitting through a material structure. An amplitude
ratio (psi: W), and a phase difference (delta: ) are used to indicate the polarization
shift. Therefore, ellipsometry is widely used to determine the thickness of films as well
as their optical constants. However, it is also used to describe the composition,

crystallinity, roughness, and doping concentration of materials that exhibit a shift in



26

optical responses. The reflected light exhibits amplitude and phase shifts, which are

quantified using ellipsometry as shown in Figure 2.9.

Angle of
incidence

Plane of
incidence

Figure 2.9 The ellipsometry measurement uses linearly polarized light with both p and
s components. As a result of contact with the sample, elliptically polarized

light is produced (Tompkins & Hilfiker, 2015).

The shift in polarization is referred to the ellipsometry measurement (Fujiwara,

2007), which is typically represented as equation 2.13:

p = tan(y)e® (2.13)

To obtain ellipsometry data, the author researcher used the primary
instruments, including the light source, polarization generator, sample, polarization
analyzer, and detector... A polarization generator and analyzer are composed of optical
components modifying polarization: polarizers, compensators, and phase modulators.
The rotating analyzer (RAE), the rotating polarizer (RPE), the rotating compensator (RCE),
and phase modulation (PME) are all common ellipsometer setups.

The measured data are compared to the input light source with known
polarization data for evaluating the polarization change of the sample. The Psi and

Delta ellipsometry measurement is illustrated in Figure 2.10.
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Figure 2.10 A schematic setup of a rotating analyzer ellipsometer (RAE) (Tompkins &

Hilfiker, 2015).

A model is created to define the sample after the measurement. Comparisons

are made between the calculated values and experimental data. To measure the

difference between curves, an estimator such as the Mean Squared Error (MSE) is

utilized. Variation of the unknown parameters is allowed until the minimum MSE is

reached. The optimal approach is the one that has the smallest MSE.

Table 2.1 Advantages and disadvantages of SE

Advantages

disadvantages

No contact with the films is required

indirect method characterization

(necessity of an optical model)

No references or standard is required

Data analysis tends to be complicated

High precision (sensitivity: ~0.1A)

Spatial resolution is limited (spot size:

several mm)

It is possible to monitor in real time
(feedback control)

Difficulty in characterizing absorption

coefficients less than 100 cm’!
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2.3.3 Atomic force microscopy (AFM)

AFM is a high-resolution scanning probe microscope with a resolution
of fractions of Angstroms that has a resolution 11,000 times greater than that of a
conventional optical microscope. AFM utilizes a micro- and nanoscale cantilever
equipped with a sharp silicon or silicon nitride tip (probe) to scan the specimen surface
at the nanoscale level. Applied forces between the tip and the surface can be
quantified to detect mechanical contact, magnetic, van der Waals interaction,
electrostatic, capillary, chemical, and electrostatic forces, depending on the
application (Ishida & Craig, 2019). Typically, an AFM unit can operate in three separate

modes: contact mode, noncontact mode, and tapping mode.

Figure 2.11 illustrates the various modes of AFM. The most frequently used
technique for surface force measurements is the contact mode, in which the cantilever
tip scans the sample in close contact with the surface. In noncontact mode, the tip
typically hovers approximately 5-15 nm above the substrate's surface. On the other
hand, tapping mode AFM addresses issues such friction, tip contact with rough surfaces,
electrostatic forces, adhesion, and other difficulties encountered during the tapping

process.

Contact mode Contactmode
"“‘~ﬁ___/"‘!! i N
Noncontact mode Noncontact mode

-----
--------
.....

Tapping mode
Tapping mode

,Hvu.,,..vu!'

,llh““”}“ll X

Figure 2.11 Various AFM modes have been developed, including contact mode,

noncontact mode, and tapping mode (Asmatulu & Khan, 2019).
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2.3.4 Focused ion beam (FIB)

Typically, the FIB is used to create extremely fine cross sections (less
than 100 nm precision) of a material in preparation for further imaging by SEM, STEM,
or TEM. The dual beam FIB combines these two techniques into a single piece of
equipment, allowing for sample preparation using the FIB and SEM imaging without
exchanging the specimen, as shown in Figure 2.12.

The focused ion beam (FIB) column is an optical instrument that
focuses and scans an accelerated ion beam on a sample in a vacuum chamber. Such

a column can be used for two main purposes:

1) To form scanning ion images by collecting the secondary electrons
(SE) generated by the interaction of the incident ions with the sample surface.

2) To locally sputter the material surface to directly fabricate arbitrary
nanostructures.

The most commercially available FIB systems use gallium (Ga) ions for
micromachining of the surfaces (Giannuzzi, 2005). FIB uses a strong electric field to
speed up gallium ions to a typical speed of 10-50 keV (Giannuzzi et al.,, 2005). The
basic functions of the FIB, namely, imaging and sputtering with an ion beam (meaning

milling or etching), require a highly focused beam for high resolution.

el
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Figure 2.12 dual-beam FIB-SEM instrument is represented in a schematic diagram.
The interaction between the electron and ion beam samples is shown in

greater detail inside this image (Volkert & Minor, 2007)
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2.3.5 X-ray photo electron spectroscopy (XPS)

XPS, also known as electron spectroscopy for chemical analysis, is
commonly used to analyze the chemical composition of surfaces(Mather, 2009). XPS
works on the principle of the photoelectric effect. Typically, Mg kOl (1253.6 eV), Al kQL
(1486.6 eV), or monochromatic Al KOl (1486.7 eV) X-rays are employed as the
monoenergetic source. These photons have a limited penetration depth of around 1-
10 nanometers in a solid material. They can only interact with the atoms on the
material's surface, resulting in the emission of electrons through the photoelectric
effect. The measured kinetic energy of the emitted electrons is determined by the

following equation:

KE = hv — BE — 6, (2.14)

Where hU denotes the photon's energy, BE denotes the binding energy of the

atomic orbital from which the electron originates, and Os denotes the work function

of the spectrometer.

Figure 2.13 illustrates the fundamental operation of an XPS instrument. A
precise energy photon is employed to excite the electronic states of atoms under the
sample's surface. Emitted from the surface, the electron of which the intensity for a
specific energy level is recorded by a detector after being filtered for energy by a

hemispherical analyzer (HSA).
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Figure 2.13 Schematic drawing of an XPS instrument (Watts & Wolstenholme, 2019)

An XPS spectrum is a graph of the number of electrons detected
(sometimes per unit time) (Y-axis) versus the binding energy of the electrons detected
(X-axis). Each element exhibits a specific set of XPS peaks exhibiting unique binding
energies that directly identify the element present in or on the surface of the material

being investigated, as shown in Figure 2.14.
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Figure 2.14 XPS spectra MgO survey scan (Peng et al., 2020)
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Sputter Depth Profiling

It is a surface-sensitive quantitative technique that combines ion gun etching
with XPS chemical composition analysis to provide a sample's depth profile. In this
experiment, an ion gun is used to etch the material for a period of time before being
switched off and the XPS spectra are acquired. A fresh surface is exposed after each
ion gun etching cycle, and the XPS spectra provide the analytical method to determine
the composition of the surfaces that are currently operating as shown in Figure 2.15.

Sputter rates are the rate at which a surface is etched (removed) as a result of
an energetic ion collision. From less than a monolayer per minute to levels of more

than 10 nm/min, this process may be achieved.

Binding enargy (o)

Figure 2.15 schematic of XPS depth profiling (Taketa et al., 2020)
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CHAPTER 3
DISSOLUTION MECHANISM OF MGO THIN FILM SHIELDING LAYER IN
TUNNELING MAGNETORESISTANCE HARD DISK DRIVE READ HEAD

3.1 Introduction

As discussed in chapter 1 the dissolution of a magnesium oxide thin film results
in material loss as well as changes in the film properties. The dissolution mechanism
and dissolution rates in thin films, especially MgO thin film shielding layers of MTJs
devices, are not yet well understood. In this chapter, MgO thin film was exposed to
room temperature DI water for 2, 4, 6, 8, 10, and 15 hours, and the water’s electrical
conductivity was measured by using an EC meter. The quantity of magnesium dissolved
in water was determined by flame AAS, and the change in surface roughness and
surface morphology was investigated by using atomic force microscopy (AFM) and
scanning electron microscopy (SEM). These results were applied to the mathematical
model of the dissolution rate of magnesium oxide as a function of time. The model
can be used to predict material loss during the production process and identify
promising candidates for manufacturing.

This chapter is divided into the following sections: Section 3.2 presents the
experimental procedure and instruments used in this study; Section 3.3 reports the
data obtained using a variety of analysis techniques, including FIB-SEM cross-sectional
and AFM microscopy (section 3.3.1), electrical conductivity (section 3.3.2), ellipsometry
(section 3.3.3), and XPS chemical analysis (section 3.3.4). Section 3.3.5 proposes a
model for the MgO thin film's dissolution in water. Finally, section 3.4 brings this

chapter to a conclusion.

3.2 Experimental procedure
Specially sputtered 50 nm MgO thin film shielding insulators (i.e., for TMR
sensors of HDD) on silicon substrates (provided by Western Digital, LLC, Fremont, CA,

US) were cut into 15 mm x 15 mm coupons for experimental flexibility. These samples
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were fixed to custom-built test cells (Figure 3.1). The surface area of the MgO films
exposed to the solvent was controlled by a 10 mm diameter O-ring fixed to the test
cell. Thus, only the encircled film surface was exposed to the 20 mL of DI water,

allowing for good control of the environment and the properties of the solution.

Electrical conductivity probe

Glass top cover

%
a@

Glass liquid container— =)

)

Figure 3.1 Schematic view (left) and photograph (right) of the custom-built test cell.

The EC measurements of the samples as a function of immersion time were
carried out at room temperature using an electrode linked to a data acquisition system
(Lutron CD-4319SD). The EC data were acquired at a rate of 6 samples per minute and
stored in an SD card. A PinAAcle-900F (PerkinElmer, Germany) atomic absorption
spectrometer (AAS) was used to determine the magnesium (Mg) concentration in the
dissolved solution. Tapping mode AFM (XE-120 Park Systems, scan frequency 0.2 Hz,
512 lines) was used to scan 5 x 5 Jkm? sample areas. AFM images were analyzed by
using XEI software (Park Systems) to extract the roughness and particle size information
from the sample surface. Focused ion beam-SEM (FIB-SEM) measurements (Auriga dual-
beam FIB-SEMM, Zeiss) were used to investigate the topography and microstructures

of the surface (SE detector, 5 kV) as well as the cross-sections (Gallium lon source,
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5 kV). The processing of the SEM images using Image) (NIH Image) and thickness
measurements using an ellipsometer (M-2000, JA Woollam) was used to extract the
Mg(OH), cluster sizes and left-over film profiles, respectively. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using a commercial PHI VersaProbe Il XPS
(ULVAC-PHI, Inc.). The source was monochromatic Al Kq radiation (1486.6 eV) and a
pass energy of 23.5 eV was used. The analysis of the XPS spectra was performed using

CasaXPS (Casa Software Ltd).

3.3 Results and discussions

3.3.1 AFM surface roughness

When the MgO thin film was in contact with water, reactions such as
hydration, dissolution, and precipitation occurred immediately. These reactions
affected the physical properties of the thin film surface. Figure 3.2 (a) and (f) represent
the AFM image of the surface roughness and the topographic SEM image of the MgO
film surface after immersion in DI water for 2 hours, respectively. The hydration reaction
is initiated as tiny groups of 50 nm hydration clusters on the film surface. This indicates
the presence of a hydroxide reaction occurred in some areas on the thin film surface.
Immersion of the MgO films for 4 hours resulted in the expansion of hydration clusters
to a wider area and larger Mg(OH), clusters with a size of approximately 80-100 nm.
This indicated that the hydration process had covered the entire exposure area,
resulting in an increase in surface roughness to 1.9 nm, as shown in Figure 3.2 (b) and
(). After 6 hours of immersion, the Mg(OH), cluster sizes increased to 200 nm, and
some parts of the film peeled off at approximately 0.5-1 nm?, which is a great indicator
that the MgO thin film has begun to dissolve during this period, as -shown in Figure
3.2(c) and (h). With an immersion time of 10 hours, the AFM micrograph shows the
surface roughness was increased to a maximum of 3.7 nm. (Figure 3.2(d)). The SEM
image (Figure 3.2(i)) reveals the increased peeling of the surface film, leaving behind
deeper areas and small traces of scattered holes spread throughout the film. After 15
hours of immersion, the precipitated hydroxide filled in holes caused by peeling,
reducing roughness to 2.1 nm. (Figure 3.2(j)) and hydroxide precipitated all over the

film, increasing the size of hydroxide clusters to about 500 nm (Figure 3.2(e)),
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The surface of the MgO layer was almost insoluble due to Mg(OH),
precipitation because the Mg(OH), layer possibly acts as a protective layer that blocked
further dissolution. Figure 3.3 is a plot of the Mg(OH), cluster size as a function of
dissolution time to compare the surface roughness measured from the AFM pictures
to the cluster size of the hydroxide formed on the film surface, measured using ImageJ
software to illustrate how the film surface morphology changes over time when
immersed in water. The Mg(OH), cluster size increases with dissolution time due to the
increasing aggregation of hydroxide precipitation over time. On the other hand, the film
roughness increases initially with dissolution times of up to 10 hours, then decreased
at 15 hours of dissolution time. These observations suggest that Mg?* ions from the
MgO thin film dissolved in the first phase. After 10 hours, Mg(OH), clusters nearly
covered the entire surface area of the dissolved film, which inhibited the further
dissolution of the MgO film. The roughness of the film surface decreases as the Mg(OH),

coverage becomes more universal.
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Figure 3.2 (a)-(e) AFM images at 5 x 5 llm scan size and (f)—(j) SEM images at x50000
magnification on MgO dissolved surfaces in deionized water for 2, 4, 6, 10,

and 15 hours respectively.
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surface.

3.3.2 Electrical conductivity (EC)

The solubility of the MgO thin film depends on the dissolution time.

The EC meter was used to measure the concentration of MgO dissolved in water. Since

the EC has increased with the amount of Mg?* in the DI water, the change of the EC as

a function of time is correlated to the dissolution of MgO in DI water. Figure 3.4 is the

electrical conductivity-dissolution time (ECT) curve which is extracted by using a

mathematical model based on the first-order rate law (Atkins & de Paula, 2010) and

the multi-rate model by using dynamic fitting (Xing et al,, 2018) of the EC versus

dissolution time plot.



45

o
E 8 B clectrical condu'ctivity —
< 7 A Mg concentration E

N m=  experiment curve fit o
= >
o 6 - N
< =
= 5l 7 =)
- ‘ 06 -
B : =
9 4 7 = a
- 204 =
= g S
= RE / ‘ z 8
= o2 =

Q =
- 2| 7 d 3
< ‘ =
= 04 2 4 6 s 0.1 =0
= 11 EC (uS/cm) i z
£
2 0 L} L} L} L} L] L} L] 000
@ 0 2 4 6 8 10 12 14 16

dissolution time (hours)

Figure 3.4 Electrical conductivity (EC) and Mg concentration as a function of dissolution
time. The Red dashed line is the curve fitting to the experimental data. The

inset depicts the linear relationship between Mg concentration and EC.

A nonlinear regression curve (first-order kinetics) representing the behavior of

the EC (measured in micro siemens per centimeter: JUS-cm™) of MgO dissolution as a

function of dissolution time, t, (measured in hour) can be expressed by Equation 3.1:

EC=EC,, (1-e™) G5.1)

Where EC,o is the maximum electrical conductivity, and k is the reaction

constant. The extracted curve fitting parameters are as follows:
EC =8.25(1—e ***) (3.2)
As measured by atomic absorption spectroscopy (AAS), the concentration of

Mg?* dissolved in DI water increases as a function of time. The inset in Figure 3.4 is a

plot of the Mg®* concentration in solution versus EC during the dissolution reaction.
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The calibration curve is linear over a wide range of Mg?* concentration. The relationship

between Mg concentration obtained from AAS and EC is given in Equation 3.3:

[Mg]=0.07EC 53

Where EC is measured in [US/cm while [Mg] is Mg concentration measured in
mg/L. By combining Equations (3.2) and (3.3), the Mg concentration as a function of

time can be calculated with the following equation:

[Mg]=0.58(1—e ") (3.4)

The volume of MgO thin film that is dissolved in DI water is 1.571x10° cm?® and
the mass loss fraction of Mg from the MgO density (3.51 g/cm?) is 3.391 x107 g. If this entire
amount is dissolved in water, the maximum [Mg] in this experiment is 1.69 mg/L. From

Equation 3.3, the percentage of mass loss can be calculated with the following equation:

% mass loss = 31.95(1—e*"1‘”) % (3.5)

3.3.3 Ellipsometry

We can estimate the film thickness dissolved in DI water as a function
of time from Equation 3.4. The comparison between the experimental measurements
and model calculations of [Mg] versus dissolution time is summarized in The solubility
of the MgO thin film depends on the dissolution time. The EC meter was used to
measure the concentration of MgO dissolved in water. Since the EC has increased with
the amount of Mg2+ in the DI water, the change of the EC as a function of time is
correlated to the dissolution of MgO in DI water. Figure 3.4 is the electrical conductivity-
dissolution time (ECT) curve which is extracted by using a mathematical model based
on the first-order rate law (Atkins & de Paula, 2010) and the multi-rate model by using
dynamic fitting (Xing et al., 2018) of the EC versus dissolution time plot.
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Table 3.1 Comparison of MgO mass loss from the experimental AAS results and with

dissolution model calculations for various time scales.

Mg concentration, [Mg] Mass loss
Sample Dissolution
no. time (hour)  Experiment Calculated Experiment  Calculated
(mg/L) (mg/L) (%) (%)
1 2 0.12 0.14 8.38 7.80
2 a4 0.23 0.25 14.72 13.70
3 6 0.38 0.33 19.50 18.16
4 8 0.38 0.39 23.12 21.53
5 10 0.48 0.44 25.86 24.07
6 15 0.54 0.51 30.12 28.04

However, the remaining MgO film thickness, measured using an ellipsometer
after 10 hours in DI water (Figure 3.5), revealed that the dissolution pattern is not
cylindrical, but rather semicircular. The film thickness gradually decreased from the O-
ring edge to the center of the area exposed to the water. The FIB-SEM cross-section
images of the Si substrate/MgO thin film interface at different locations after 10 hours
of exposure to DI water corroborated the thickness measurement from the
ellipsometer. Figure 3.5 (b) is the SEM image of the MgO surface located outside the
O-ring, which corresponds to the area of MgO not exposed to DI water. The MgO film
thickness in this location is 60 nm, similar to that of the as-received sample. Figure
3.5(c) shows the MgO cross-section surface located near the edge of the O-ring and
inside the dissolution area. The massive agglomerations of particles are expected to
be Mg(OH)2 clusters (Alavi & Morsali, 2010; Hwan Eun et al., 2003). The film thickness
in this location decreased to 44 nm. Figure 3.5(d) shows the MgO cross-section surface
located at the center of the dissolution area. The surface is rough, with an increasing

number of particle clusters. The thickness further decreased to 37 nm.
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Figure 3.5 (a) Thickness profile of the MgO thin film after dissolution, as measured by
ellipsometry. (b-d) SEM-FIB cross section of the film (b) outside the exposed
area, (c) inside the exposed area (near O-ring), and (d) at the center of the

exposed area.

3.3.4 XPS chemical analysis

The films after different amounts of dissolution times were studied
using SEM and XPS to confirm the coverage of the precipitated Mg(OH)2 clusters over
the MgO film surfaces. Figure 3.6(a) and (b) are SEM micrographs showing MgO film
morphologies before and after dissolution. Before being exposed to the DI water, the
films have smooth surfaces of uniformly distributed grains. After DI water exposure, the
film morphology changed as a function of the dissolution time. Figure 3.6(c) and (d)
show the O 1s XPS spectra of the MgO films before and after exposure to DI water.
The pristine MgO films exhibited O 1s binding energy at 530.5 eV. After the MgO thin
film was immersed in DI water for 10 hours, there was a 2 eV red shift in the O 1s
binding energy spectra, which indicates that some of the oxygen is present in the form
of hydroxide (Liu et al., 1998). The deconvolution of the O 1s spectrum (Figure 3.6(c))
into two peaks advocates that the peak at 530.1 eV corresponds to the MgO
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component and the peak at 532.1 eV corresponds to the precipitated Mg(OH)2
component (M. Santamaria et al., 2007). For the present work, the XPS data were only

used to qualitatively identify the species found at the surface to be mainly Mg(OH)2.
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Figure 3.6 (a,b)SEM micrographs and (c,d) O 1s XPS spectra of as-received MgO (a and
¢, respectively), and MgO immersed in deionized water for 10 hours (b and

d, respectively).

3.3.5 Dissolution mechanism of MgO

The dissolution mechanism of MgO thin film can be explained by the
dissolution and precipitation reactions as shown in Figure 3.7. When MgO was exposed
to water, the water molecule, H20, deprotonated to become a hydroxide ion (OH-).
Consequently, formed from the self-ionization of H20, the hydrogen nucleus (H+)
immediately protonated MgO to form MgOH+ as described in Equation 3.6. After that,
the negatively charged OH- ions from the water were attracted to the positively
charged MgOH+ ions on the surface where they were adsorbed to form MgOH+OH-,
as described in Equation 3.7. Equation 3.8 describes the dissolution of the MgO film

into Mg2+ and OH- ions dissolved into the water. The amount of Mg2+ in the solution
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was associated with material loss from the film as it was continuously dissolved.
Equation 3.9 describes how the concentration reaches the saturation point: Mg(OH)2
precipitated and formed protective layer, resulting in a lower rate of MgO dissolution.
In addition, the precipitation of Mg(OH)2 also affected the surface roughness of the

film, resulting in thin film surface microstructures based on the dissolution time.
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Figure 3.7 The mechanism of MgO dissolution (a) surface is protonated by H* ions from

water (H,0), (b) OH negative ions absorbed on the surface to form
MgQOH*OH;, (c) dissolution of the MgO film into Mg?* and OH" ions, and (d)

magnesium hydroxide (MgOH), cluster.

The equations associated with the dissolution mechanism of MgO thin films

with DI water are as follows (Birchal et al,, 2001; Holt et al,, 1997; Kato et al., 1996;

Rocha et al., 2004):

1) MgO-alkaline oxide acts as an electron donor in water:

MgO,, +H,0,) = MIOH" ey + OH "y 56
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2) OH anions are adsorbed on the positively charged surface:

MgOH +( )+OH C(aq) MgOH "[OH o

surface

surface) (3.7)

3) OH anions are desorbed from the surface and release the Mg?* ions into
the solution:

+ - 2+ -
MgOH" eOH" _ (..., >Mg™ ) +20H" (3.8)

surface

4) lon concentration in solution reaches at the supersaturation point, which
the hydroxide starts to precipitate on the oxide surface:

Mg* ,, +20H", —> Mg (OH) (3.9)

(aq) 2(s)
3.4 Conclusions

In summary, the dissolution of the commercial MgO thin film used as
a magnetic insulator layer after exposure to DI water was investigated, to demonstrate
the challenge in the production process of read/write heads for magnetic HDDs. When
the MgO thin film is exposed to DI water, a hydration reaction occurs rapidly, which
can cause physical and chemical damage to the film and affect device performance.
We demonstrated that the amount of dissolved MgO film can be measured by the EC,
which is linearly proportional to the amount of Mg?* in the solution. The proposed
model of MgO dissolution shows that the precipitated Mg(OH), clusters form a
protective layer on the film surface which eventually inhibits the dissolution process.
Using film thickness, roughness measurements, and XPS of MgO thin films after
different DI water exposure time, we confirmed that our prediction model was in
agreement very well with the experimental results. The precipitated Mg(OH), cluster
sizes increase with DI water exposure times, while the film roughness initially increases
as Mg(OH), clusters precipitate, but then decreases as the Mg(OH), coverage becomes

more universal. The experimental measurements of MgO mass loss and prediction
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model are within 20% of each other. The model provides a fundamental understanding
of the underlying mechanisms of MgO thin film damage during the hydration process.
Our simple experimental setup enables the rapid identification of suitable MgO thin
film candidates for the HDD read/write heads, and the possibility of optimizing the

manufacturing process of such devices.
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CHAPTER 4
EFFECT OF ANNEALING ATMOSPHERE ON PHYSICAL AND ELECTRICAL
PROPERTIES OF MGO THIN FILM IN TUNNELING MAGNETORESISTANCE
SENSOR

4.1. Introductions
In chapter 3 was discussed the effects of MgO thin films that have been
exposed to water and dissolved in the hard disk drive manufacturing process. In this

chapter MgO thin films were annealed to remove moisture and residual stress from

the films at various temperatures (250, 350, and 450 °C) and various gas atmospheres
(Ar, N, and normal air) as well as investigate the combined effects of temperature and
gas atmospheres annealing on the morphological, chemical, and electrical properties
of MgO thin films which were used as a shielding insulator in HDD reader heads. The
results were analyzed by using atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), focused ion beam scanning electron microscopy (FIB-SEM), and
source meter.

This chapter is divided into the following sections: Section 4.2 describes the
experimental procedure used in this study. Section 4.3 presents the results and
discussions on data obtained by using a variety of analysis techniques, section 4.3.1
presents surface roughness analysis by AFM, section 4.3.2 presents FIB-SEM cross-
sectional image analysis, section 4.3.3 presents electrical properties by measuring the
dielectric breakdown voltage, section 4.3.4 presents chemical composition analysis by
XPS, section 4.3.5 presents and grain expansion mechanism. Finally, section 4.4 is the

conclusion of this chapter.
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4.2. Experimental procedure

In this work, 50 nm thick MgO films on 10 nm Ruthenium (Ru) on silicon (Si)
substrates (provided by Western Digital, LLC, Fremont, CA, US) were used to study the
annealing in different environments. These MgO films were annealed at 250, 350, and
450 °C with Argon (Ar), Nitrogen (N,) and normal air atmospheres using a custom-built
in-house gas chamber (as shown in Figure 4.1 (a)). The samples were kept at the bottom
of two cups and allowed the gases to enter the respective gas chamber. The custom-
built chamber was kept in the oven and annealed at 250, 350 and 450 °C for 2 hours.
The ramp-up and ramp-down rates of an oven were 5 °C/min. The gas inlets of the
chamber were connected to the Ar and N, gases with a flow rate of 100 cm®/min. In
the case of conventional air annealing, samples were annealed with a flow rate of 100
cm®/min by a conventional air pump. The actual image of the custom-built in-house
gas chamber is shown in Figure 4.1 (b).

Tapping mode atomic force microscopy (AFM, XE-120 Park Systems, scan
frequency 0.2 Hz, 512 lines) was used to investigate the surface roughness of the films,
and the measured scan area was 5 x 5 Um? AFM images were analyzed using XEl
software (Park Systems) to extract the root mean square (RMS) roughness values.
Focused ion-beam scanning electron microscopy (FIB-SEM, dual-beam, Auriga, SE
detector, 5 kV, Zeiss) was used to determine the topographical information and cross-
sectional images (Gallium lon source, 5 kV). Additional research was carried out using
X-ray photoelectron spectroscopy (XPS) at Beamline 3.2 of the Synchrotron Light
Research Institute (SLRI) in Thailand to investigate MgQO films' chemical composition
and depth profile. The XPS measurement parameters are as follows: the survey
spectrum was collected from 0 — 1400 eV with 1 eV energy step, 117.5 eV pass energy.
High-resolution Mg 2p, O 1s, and Ru 3d spectra were acquired with a 0.1 eV energy
step, a 23.5 eV pass energy, and five cycles. The depth profile analysis of the MgO thin
films were sputtered using an in-situ argon ion (Arf, 1 keV) source with 1 mA beam
current, 2x2 mm? beam size, and a 10-minute per step size. The XPS spectra analysis

was performed using the commercial software CasaXPS (Casa Software Ltd).
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Gas 1 inlet

Gas 2 inlet ~

Gas 2 outlet

Figure 4.1 (a) schematic representation of custom-built in-house annealing setup and

(b) actual image of the annealing gas chamber.

In-house prepared circuits were used to measure the dielectric breakdown of
MgO films. The schematic diagram of the dielectric breakdown measurement is shown
in Figure 4.2. A 10 nm Gold (Au) electrode was deposited on both MgO film (as a top
electrode of 10 x 10 mm?) and on the Ru electrode (as a bottom electrode of 2.5 x 10
mm?). The electrodes were connected to a voltage source unit (Keysight B2901A) to

measure the current-voltage (I-V) curves.
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Figure 4.2 a schematic diagram of the MgO thin film prepared for dielectric breakdown

measurement

4.3, Results and discussions

4.3.1. AFM roughness
Figure 4.3 shows the topographic AFM images recorded over 5 x 5 um?

of MgO thin films. The Ar gas annealing showed an increased RMS roughness value

from 1.74 to 2.53 nm as the annealing temperature increased from 250 to 450 °C, as
shown in Figure 4.3 (a-c). Similarly, the N, gas annealed MgO film RMS values are 2.47
and 4.10 and 3.61 nm, respectively, for 250, 350 and 450 °C, as shown in Figure 4.3 (d-
f). The decreased film roughness with an increase in annealing temperature is related
to grain growth and aggregation, creating a greater surface area (Mukhin et al., 2019).
However, it seems to be RMS values are higher for air annealed samples, and the
values are 2.82, 3.53, and 5.12 nm, respectively, for 250, 350 and 450 °C, as shown in
Figure 4.3 (g-i). It is found that the surface roughness is increased with increasing
temperature in all the gas environments. The maximum surface roughness is observed
for air-annealed films at a higher temperature. This might be due to the grain growth
effect in the MgO films, and this grain growth is maximum for air-annealed samples.
High annealing temperatures lead to an increase in film thickness from grain growth,
which can be the reason for the increase in surface roughness when the annealing

temperature increases (Tolstova et al., 2016, Wang & Zhu, 2018).
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Figure 4.3 surface roughness of MgO films at different gas atmospheric temperatures.
Figures (a-c) depict the Ar gas annealing, figures (d-f) depict the N, gas
annealing, and figures (g-i) depict the normal air annealing. Here annealing

temperatures are 250, 350, 450°C.

4.3.2. FIB-SEM images
MgO film thicknesses were estimated from FIB-SEM cross-sectional
images, as shown in Figure 4.4. Pristine M¢O film showed a smooth surface,
homogeneous, with an average film thickness of 49.58 nm, as shown in Figure 4.4 (a).
The Ar gas annealed MgO film thickness values are 49.48, 49.61, and 47.98 nm,
respectively, for 250, 350, and 450 °C, as shown in Figure 4.4 (b-d). Similarly, the N, gas
annealed MgO film thickness values are 49.93, 55.43, and 51.01 nm, respectively, for
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250, 350 and 450 °C, as shown in Figure 4.4 (e-g). However, when the MgO thin film
was subjected to annealing under air containing atmosphere, the grain size of the film
increased adversely. The thin film thicknesses of normal air annealed films are 47.09,
58.08, and 104.5 nm, respectively, for 250, 350 and 450 °C, as shown in Figure 4.4 (h-
i). These experimental results are consistent with Lin et al. (Lin et al., 2005), which
showed that high temperatures could promote grain boundary movement and
agglomerate other grains during the annealing process. The increased film thickness is
observed in air annealed films, and the increase of film thickness is very high for air
annealed films compared to other gases. The creator surface is visible throughout the
film, possibly due to the high surface roughness induced by grain growth or hydroxide
formation. Grain growth occurs because of the grains' surface energy reduction. It is
observed that temperature variation stimulates and migrates the grain boundaries,
increasing the grain size on the material during the annealing process. The result is

consistent with the previous study by Aswal et al.(Aswal et al., 2002).
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Figure 4.4 SEM-FIB cross-section of (a) as-received, (b-d) argon, (e-g) nitrogen, and (h-

j) normal air 250-450 °C samples, respectively.

4.3.3. Dielectric break down
Typically, the isotropic MgO has a critical field strength between 100 -
350 kV/cm, which means that 50 nm MgO film has the 0.25-1.75V critical field strength
(Chen et al,, 2009; Ho et al., 1997; Khan et al., 2008). As seen in Figure 4.5, the current-
voltage (I-V) curves are measured for Ar, N, and air-annealed MgO films. When the
voltage is low, the current is of few microamperes, and when the voltage reaches a
certain threshold, a rapid rise in current indicates the onset of dielectric breakdown.

This irreversible change in conductivity correlates to the thin film's hard dielectric
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breakdown (Dimitrov et al., 2009). Figure 4.5 shows the as received film dielectric
breakdown voltage at around 2.2 V, and consistent with the predicted value.

The Argon annealed sample breakdown voltages are 10.2, 8.4 and 7.2 V,
respectively, for 250, 350, and 450 °C, as shown in Figure 4.5 4.5 (a). While nitrogen gas
annealed film's dielectric breakdown voltage are 8.3, 7.2 and 5.5 V, respectively, for
250, 350, and 450 °C, as shown in Figure 4.5 (b). Similarly, the air annealed sample
breakdown voltages are 8.2, 5.6 and 1.7 V, respectively, for 250, 350, and 450 °C, as
shown in Figure 4.5 (c). The result showed that the breakdown voltage of the films
decreased with increasing annealing temperature. The change in the dielectric
breakdown voltage is due to the change in magnesium oxide film density caused by
the reaction with oxygen and air humidity in the annealing atmosphere. As a result,
the internal structure of the film was changed from MgO to Mg(OH),, which reduced
the dielectric strength of air-annealed thin film (Zahran et al,, 2018). Therefore,
compared to N, and air annealed samples at the same temperature, annealing in the
Ar atmosphere exhibited higher breakdown voltages. This finding implies that a lower

annealing temperature results in better film durability.
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Figure 4.5 (a-c) I-V curve of the Ar, N2 and normal air annealed MgO films. Current

jump indicates the dielectric breakdown voltage.
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4.3.4. lon sputter etch rate

Figure 4.6 shows the schematic drawing of the pristine film's MgO layer
structure and XPS depth profile. Pre-sputtering of MgO films was done for 10 min to
remove the surface contamination. High-resolution XPS spectra were recorded, and
the procedure continued until the Ru film layer reached. The Mg, O and Ru atomic
concentrations significantly varied as the sputtering time increased (as shown in Figure
4.6 b).

The area under the Ols, Mg2p, and Ru3d peaks were plotted as a
function of etching time. Initially, both Mg and O concentrations increased slightly (this
might be due to surface impurities) and were further saturated for a certain period (this
is due to the core MgO film content). As the sputtering time progressed further, both
Mg and O concentrations dropped, and Ru (bottom electrode film) concentration rose
sharply. This is due to the end of MgO film and starting of the bottom electrode layer.
On average, the rate of MgO etching rate is 0.63 atoms/min. The sputtering rate was
calculated by dividing the sputtering time by film thickness measured from FIB-SEM
images. The detailed XPS analysis of MgO films was discussed in our previous

publication (Kongtunmon et al., 2021).
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Figure 4.6 (a) Schematic drawing of MgO layer structure (b) XPS depth profile of as-
received MgO/Ru/Si film to determine the atomic concentration of Mg as a

function of film depth
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Figure 4.7 lon depth profile of MgO thin film with different annealing environments.
High-resolution peak intensity of Mg2p, Ols, and Ru3d as a function of
etching time for the fresh sample, N2 and Ar. Rising of the Ru peak intensity

is used to calculate the etch

Different gas annealed MgO film depth profile results are shown in Figure 4.7.
Ar gas annealed films depth profiles are shown in Figure 4.7 (a-c). As the annealing
temperature increases, the sputter rate decreases in Ar gas annealed films. The
sputtering rates of the annealed films are 0.53, 0.35, and 0.28 nm/min, respectively,
for 250, 350 and 450 °C. The decrease in the sputter rate indicates that the film
becomes stronger as the annealing temperature increases. This might be due to an
increase in film density and crystallinity, which is consistent with the Oswald et al.

(2020) (Oswald et al., 2020) result. The N, gas annealed film's depth profiles are shown
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in Figure 4.7 (d-f). The sputtering rates of N, gas annealed films are 0.54, 0.47, and 0.47
nm/min with increasing annealing temperatures from 250 to 350 and 450 °C, respectively.
The sputtering rate slightly decreased and did not change much in N, gas annealed films,
and these sputter rates are comparable to Ar gas annealed films. It means that the
annealing temperature does not influence much the film hardness. Figure 4.7 (g-i) shows
the normal air annealed film depth profiles. The sputtering rates of air-annealed films
are 0.56, 0.44, and 0.46 nm/min, respectively, for 250, 350, and 450 °C. The sputtering
rate is decreased with increasing annealing temperature. However, the results of this
experiment showed that increasing air annealing leads to an increase in thin film
thickness. Therefore, variation in sputtering time is due to varying film thickness.
However, the sputtering yield variation results from the varying film densities (Shulga,
2000). As film thickness increases, film density drops, impacting the sputtering rate. The
higher the expansion of the thickness, the slower the sputtering rate.
4.3.5. grain expansion mechanism

This study indicates that both gas environments and annealing
temperatures influence the surface morphology, composition, and dielectric properties
breakdown voltage of MgO films. Figure 4.8 shows the basic understanding and a
schematic representation of the hydration reaction mechanism. MgO film easily reacts
with the oxygen content in the atmosphere and initiates the hydration reaction within
the film. Annealing temperature influences the oxygen content in the atmosphere and
the hydration reaction rate. The oxygen content in Ar and N, gases is significantly less;
hence the observed less hydration reaction (in all the temperatures). However, oxygen
content in the air is adequate to initiate the hydration reaction for all temperatures.
The larger MgO grains create more voids between grain boundaries and allow the water
molecules in the air (in the form of moisture) into the gaps. The primary reason for this
phenomenon is the change in film thickness caused by the oxygen concentration of
the air flowing through the annealing chamber, which results in oxygen gas diffusion
and adsorption on the thin film's surface (Aswal et al., 2002; Sun et al., 2013).

Additionally, increasing annealing temperature increases the lattice
constant of MgO, resulting in grain growth of MgO thin films (Diana et al., 2021; Singh
& Chae, 2019; Singh et al,, 2018). As a result, films annealed in the air have a lower
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free carrier concentration than those annealed in inert gas. When annealing in an

oxidant reduction environment, the grain boundaries act as carrier traps, creating a

decrease/increase in carrier concentration (Nunes et al., 2001).

Figure 4.8 Mechanism of gas annealed MgO thin films grain expansion.

4.4. Conclusions

In conclusion, MgO films are annealed at different temperatures in different gas
environments to examine their physical and chemical properties. The MgO film
thickness slightly increases when annealed in Ar and N, gases. However, the film
thickness is drastically increased after air annealing. The reason behind the increase in
film thickness is hydration reaction-assisted grain growth. Oxygen content in the
Annealing environment is the main contender for the hydration reaction of MgO films.
The maximum surface roughness of air-annealed films is due to the surface scatters
that evolved due to drastic grain growth. The smooth surface of films is observed when
annealed below 350 °C, and the roughness of the films increases after 450 °C. The FIB-
SEM results revealed that film thickness increased twice of a pristine film when
annealed air atmosphere at 450 °C. Although the film density decreases with the

annealing temperature, the dielectric breakdown voltage is decreased as the
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temperature increases. The argon-annealed film demonstrated the lowest reduction
in dielectric breakdown voltage.

In contrast, the air-annealed thin film showed the most significant decrease in
dielectric breakdown voltage, affecting the film's shielding performance and signal
output quality of the hard disk reader heads. In addition, the Ar gas annealing can
reduce residual stress and humidity in MeO thin films rather than using N, gas to
prevent the film thickness expansion, film surface roughness, and reduction of
dielectric strength of MgO thin films. The results provide information for the hard disk

drives (HDDs) manufacturing process suitable for Ar gas annealing.
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CHAPTER 5
EFFECT OF ANNEALING ATMOSPHERE ON HYDRATION BEHAVIOR
OF MGO THIN FILM IN TUNNELING MAGNETORESISTANCE SENSOR

5.1. Introductions

Chapter 3 and Chapter 4 report the effects of MgO thin films that have been
exposed to water and dissolved during the hard disk drive manufacturing process, as
well as the effects of heat treatment on moisture and residual stress in the thin films.

This chapter will discuss the effects of storing heat-treated film in a humidity-
controlled cabinet at 50% relative humidity for 30 days. MgO thin films are annealed
at various atmospheric gasses and then stored for 30 days in a 50% humidity-controlled
cabinet to investigate the combined effect of atmospheric annealing and humidity.
The atomic force microscope (AFM), X-ray photoelectron spectroscopy (XPS), and
focused ion beam scanning electron microscopy (FIB-SEM) were used to determine
these effects.

This chapter is divided into the following sections: Section 5.2 describes the
experimental procedure used in this study. Section 5.3 discusses data obtained using
various analysis techniques, such as section 5.3.1, which includes FIB-SEM cross-
sectional image analysis, surface roughness analysis by AFM (section 5.3.2), depth
dependent chemical composition analysis by XPS depth profile (section 5.3.3), and the
mechanism of MgO thin films hydration (section 5.3.4). Finally, section 5.4 is the

conclusion of this chapter.

5.2. Experimental procedure

MgO (50 nm)/ Ru (10 nm)/Si films were provided by Western Digital, LLC,
Fremont, CA, US. The heat-treated MgO films at different atmospheres (Ar, N, and
normal air) were prepared by annealing the MgO film in a custom-built gas chamber,
as shown in Figure 5.1. The gas chamber was placed inside a commercially purchased

oven (VULCAN 3-550) during the annealing process. Figure 5.1. (a) shows the sketch
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diagram, and Figure 5.1. (b) shows the actual image of a custom-built gas chamber.
The samples were annealed at 450 °C for two hours, while flowing Ar, N, gasses, and
normal air gases into the chamber with a 100 cm®/min flow rate. Then, the annealed
films are stored in the humidity control cabinet (Weifo, Dry-70, Taiwan), where the

internal humidity is regulated at 50% relative humidity for 30 days.

gas 1 outlet =—

Gas 1 flow , Gas 2 flow

&

gas | inlet —

gas 2 inlet

top chamber

bottom chamber

Figure 5.1 shows the annealing set-up of MgO films. (a) Schematic drawing and (b)

actual image of the custom-made ¢as annealing chamber.

The surface morphology, roughness, topography, and cross-sectional profile of
annealed MgO films were studied by using a tapping mode atomic force microscope
(AFM, XE-120 Park Systems, scan frequency 0.2 Hz, 512 lines), and focused ion beam
scanning electron microscopy (Auriga dual-beam FIB-SEM, Zeiss) respectively.
Furthermore, the chemical composition and depth profile of hydration (Mg(OH),) were
investigated using X-ray photoelectron spectroscopy (XPS) at Beamline 5.2 of the
Synchrotron Light Research Institute (SLRI), Thailand. The high-resolution C 1s, O 1s,
and Mg 2p spectra were taken at a 0.1 eV energy step, a 23.5 eV pass energy, and a



72

total of five cycles. The MgO thin films were etched using an in-situ argon ion (Ar*, 1
keV) source with 1 mA beam current, 2x2 mm? of beam size, and 2 min per step size
in order to study the depth profile analysis. The XPS spectra analysis was performed

by using commercial CasaXPS (Casa Software Ltd.) software.

5.3. Results and discussions
5.3.1. Microstructure analysis by SEM imaging

Figure 5.2. shows SEM micrographs of as-received, Ar gas, N, gas, and

normal air annealed MgO films at 450 °C. The thickness of the MgO films was analyzed
by a cross-section image of the films using FIB-SEM. As-received MgO film possesses a
smooth surface and an average film thickness of 49 nm as shown in Figure 5.2. (a).
However, the surface morphology and thickness of MgO films changed drastically at
different gas annealed films. After annealing with Ar gas at 450 °C, the thickness of the
film slightly increased to 51 nm, as shown in Figure 5.2. (b). Likewise, annealing with N,
gas, the film thickness increased to 56 nm (Figure 5.2. (c)). In the case of Figure 5.2. (d),
a normal air atmosphere, the film thickness increased almost twice (109 nm) as as-
received film. These results are in agreement with the previous work done by L. F.
Amaral et al. (Amaral et al,, 2011) and L. Balcells et al. (Balcells et al., 2010). The
reason behind the growth of film thickness could be hydroxide formation on the film
surface. At high-temperature annealing, the increasing film thickness occurrence causes
grain growth, and the size of wvoids significantly increases(Thompson, 1990).
Consequently, the penetrations of residual moisture in the air into the film initiates
the hydration reaction within the film. However, this behavior was not seen when the
films were annealed in an Argon and Nitrogen gas environment due to the absence of

oxygen in the Ar and N, gasses.
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Figure 5.2 SEM-FIB cross-section of (a) as-received, (b) argon 450 °C, (c) nitrogen 450

°C and (d) air 450 °C annealed samples, respectively.

5.3.2. Surface roughness analysis by AFM

AFM micrographs of different gas annealed and moisture-controlled
MgO thin films are shown in Figure 5.3. (a-c). The measured root mean square (RMS)
roughness values of thin films are 2.5, 3.2, and 5.1 nm, respectively. For Ar, N, gasses,
and normal air annealed films. It is evident that the MgO thin film annealed under air
has higher surface roughness value (5.1 nm) than that of annealed under N, (3.2 nm)
and Ar (2.5 nm) gasses. The increase in thickness could be due to the grain growth and
hydration reaction in MgO films. In particular, annealing under a normal air atmosphere
with higher oxygen content could be the cause of a greater degree of grain growth and
hydration reactions (Yao et al., 2019). The irregular grain growth causes more surface

roughness and voids on the surface of the films.
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Figure 5.3 AFM surface images of (a)-(c) the Ar, N, and Air 450 °C annealed MgO films
after being hydrated (stored in a 50% relative humidity control cabinet for

30 days). The inset numbers are the roughness of the films.

5.3.3. Chemical composition analysis by XPS

The chemical composition and depth profile hydration of different gas
annealed MgO films were studied using XPS analysis. First, the surface contamination
of films was removed by Ar ion etching for 2 min, and the depth profile of hydration
was reviewed by etching the films for 10 min. The high-resolution O 1s XPS spectra
can provide qualitative and quantitative information about the hydration behavior of
MgO films. Figure 5.4. shows the high-resolution O 1s XPS spectra of as-received and
annealed MgO films at different atmospheres. The main photoelectron peak between
528-535 eV belongs to the O 1s orbital. Further deconvolution of this peak reveals the
accurate chemical composition of elements. The deconvoluted peak at 530.5 eV
belongs to the binding energy of MgO (O-Mg), and the deconvoluted peak at 532.1 eV
belongs to the hydration behavior of oxygen (O-OH; Mg(OH,) (Liu et al,, 1998; M.
Santamaria et al., 2007). In this analysis, 2 and 10 minute sputtered O 1s XPS spectra
are presented in Figure 5.4. (a)-5.4(d) and 5.4(e)-5.4(h), respectively. The as-received

film (sputtered for 2 min as shown in Figure 5.4. (a)) provided the information of the
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presence of both hydroxide peak (O-OH; Mg(OH,) and the main binding peak MgO (O-
Mg). Furthermore, a significant reduction in hydroxide peak (Mg(OH,)) can be observed
in 10 min compared to that of 2 min sputtered films. The depth-dependent (here,

each depth is counted for 2 min) hydration reaction (hydroxide peak formation) of all

the annealed films are shown in Figure 5.5. In the case of the as-received sample, the
hydroxide Mg(OH), peak percentage decreased with MgO film depth. For 2 min
sputtered film, the hydroxide Mg(OH), peak is significant, when compared to oxidepeak
(Mg-0), and insignificant (almost disappeared) for 10 min sputtered film. This
information provides that the hydration reaction is only limited to the surface layer
(for as-received sample). The corresponding images can be seen in Figure 5.4. (a and
e). Regarding the Argon annealed films, the rate at which hydroxide Mg(OH), peak
percentage decreases is less than as-received film (as discussed above). The hydroxide
Mg(OH), peak intensity is slightly higher than the as-received sample for 2 min
sputtered films and significantly present in 10 min sputtered films as shown in Figure
5.4. (b and f). When it comes to the N, gas annealed films, the rate at which hydroxide
Mg(OH), peak percentage decreases is less than that of both as-received and Argon
annealed films, and the presence of hydroxide Mg(OH), percentage is higher than these
films. The hydroxide Mg(OH), peak intensity is slightly higher than the as-received
sample for 2 min sputtered films and significantly present in 10 min sputtered films as
shown in Figure 5.4. (c and ¢). Similarly, the rate at which hydroxide Mg(OH), peak
percentage decreases is significantly less compared to as-received and Ar, N, gas
annealed films. However, the presence of hydroxide Mg(OH), peak on the surface and
beneath layers is very much higher than the other film sets (Figure 5.4. (d and h)). This
evidence confirms that the hydration reaction rate is higher for normal air annealed

films and less than for Ar and N, gas annealed films.
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Figure 5.4 comparative O 1s XPS spectra after 2 minutes [(a) - (d)] and 10 minutes [(e)
— (h)] of sputter time of un-hydrated (as-received) MgO thin film and
hydrated MgO films that were stored in a 50% relative humidity-controlled
cabinet for 30 days.
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The atomic ratio (O-OH)/(O-Mg) of each sample decreased with sputter time,
and this might be due to the removal of the Mg(OH), layer during Ar* ion etching. From

Figure 5.5Figure 5.5., it has been shown that the hydroxide/oxide ratio ((O-OH)/(O-Mg))
decreased with the increase in sputter time. The reduction ratio (hydroxide/oxide ratio)
is highest for as-received film, followed by Ar annealed, N, annealed, and air annealed
samples. Among the annealed films, the Ar annealed film exhibited the highest
hydroxide (O-OH) decreasing rate compared to N, annealed films and the lowest for
air annealed films. However, the decreasing rates of these N, and air annealed films

were much lower than that of the Ar annealed film.

—ll— as-received

—@— normal air
—4— nitrogen

—¥— argon

O-OH (%)

O . r T T T T T v T v T

0 2 4 6 8 10 12
sputter time (min)
Figure 5.5 XPS sputter time of MgO thin films annealed at different gas environments.

The hydration depth process in thin films layer can be calculated from the

sputtering rates of thin films after annealing in Section 3. The result of the calculation
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is shown in Figure 5.6. The proportional changes of the hydroxide/oxide peak ratio (O-
OH)/(O-Mg) reflected the hydration reaction penetration depth caused by the MgO
film’s reaction with the residual humidity in the air. Air annealed film thickness is more
compared to N, and Argon annealed films due to voids created between the grains
allowing humidity in the air to penetrate through into the film layer. The figures
illustrate that the depth of the hydration process in as-received films and films
annealed with argon gas is only a few nanometers. However, when the film is annealed
in nitrogen or air atmospheres, the hydration reaction penetrates greater than 6 nm,
implying that the reaction penetrates more than 10% of the film thickness. The smaller
the film thickness, the smaller the voids in the films. This results, as well, in lower

penetration depth of water molecules in the air into the film.

100
=M= As-received
[ —A= Ar
80 -.\ —.— N,
N k== Air
@ A ‘\
S 604 ‘%:
O n AN oy |
20 4 \.
\-\._-
O ] ] ] ] " ] ]

Sputter depth (nm)

Figure 5.6 hydration reaction depth profile of MgO thin films annealed at different

environments.
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5.3.4. Mechanism of MgO thin film hydration

To understand the mechanism of hydration reaction deep inside the
film, Figure 5.7. shows the effect of MgO grain size on hydration reaction due to
humidity in the air. The larger MgO grains create more voids between grain boundaries
and allow the water molecules present in the air (in the form of moisture) into the
voids. When MgO films are exposed to moisture in the air, the water molecule (H,0)
deprotonates to become a hydroxide ion (OH"). Meanwhile, the hydrogen nucleus (H*)
formed from the self-ionization of H,O to protonate MgO to form MgOH™ as described
in Equation 5.1. After that, the negatively charged OH" ions from the humidity attracted
by positively charged MgOH" ions (on the surface where they are adsorbed) form
MgOH"™OH, as described in Equation 5.2. The equations associated with the hydration
mechanism of MgO thin films are as follows (Birchal et al., 2001; Holt et al., 1997; Kato
et al., 1996; Rocha et al., 2004):

1) MgO acts as an electron donor in water:

Mgo(s) + HZ O(moisture) ¥ Mg0H+(surface) + OH_(ion) (5'1)

2) OH anions are adsorbed on the positively charged surface:

M90H+(surface) + OH_(ion) - MgOH+0H_(surface) (5.2)

The hydration reaction deeply penetrates the film and causes the
swelling of that particular area (Amaral et al., 2011; Carrasco et al,, 2010; Holt et al,,
1997; Kushner & Hickner, 2017). This effect leads to increased voids, surface swelling,
and an increase in the film roughness (Lee et al,, 2003). According to Mejias et al.
(Mejias et al.,, 1999), grain size, shape, and porosity further encourage water absorption
from air humidity. Along with that, the defect sites in grain boundaries can easily absorb

water and form chemisorbed Mg(OH),.
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Figure 5.7 Mechanism of gas annealed MgO thin films hydration.

5.4. Conclusions

In this chapter, the effect of the gas annealing atmosphere on MgO thin films
was analyzed. According to AFM observations, most of the surfaces of the MgO thin
film remained smooth, except for the air annealed thin film, which had an increase
from 49 nm to 109 nm. After heat treatment, grain expansion and voids in nitrogen
annealing and air annealing samples were observed. In addition, after the films were
hydrated by storing them in a humidity-controlled cabinet at 50% RH for 30 days, the
surface became rough and had a mossy appearance. This indicates that a hydration
reaction is formed on the film surface by humidity in the air, i.e., the larger the film
expansion is, the greater the hydration reaction would be. Larger grains favor hydration
via the filling of oxygen vacancies and adsorption of water at the surface. This results
in a deterioration in the shielding performance of MgO, consequently resulting in a
decrease in the signal output quality of the hard disk reader heads. These findings were
confirmed by XPS depth profiling, which indicates that the O-OH bounding of air
annealing is the highest when compared to the other annealing atmospheres. The
results provide the information for the manufacture of HDD devices to use Ar gas as
an annealing atmosphere to reduce the residual stress and humidity in MgO thin films
rather than the use of N, gas to prevent the film thickness expansion, film surface
roughness, and hydroxide penetration depth. In addition, if the film is stored in the

humidity control cabinet for a long time, argon gas annealing is recommended.
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CHAPTER 6
CONCLUSION AND FUTURE PERSPECTIVES

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

the future work.

6.1 General Conclusions

The research goals are to gain a comprehensive understanding of the
dissolution and heat treatment mechanisms of the MgO thin film employed as a
shielding layer in magnetic sensor MTJs in hard disk drives. The experiment aims to
simulate a virtual production environment and determines how it influences the
overall properties of the hard disk drive reader head. The models are developed to
elucidate the dissolution mechanism of the MgO thin films that could take place during

HDD manufacturing processes.

The primary thesis conclusions are summarized as follows.

1. In Chapter 3, the dissolution mechanism of the MgO thin film shielding
layer is investigated. It is discovered that a hydration reaction occurs rapidly when the
MgO thin film layers are exposed to DI water. The hydration reaction that occurs can
cause physical and chemical damage to the film and affect the device performance.
The amount of dissolved MgO film can be measured by the EC, which is linearly
proportional to the amount of Mg?* in the solution. A model for MgO dissolution,
where the precipitated Mg(OH), clusters form a protective layer on the film surface
eventually inhibits the dissolution process. The author confirms that the proposed
prediction model is in agreement with the experimental results and provide a
fundamental understanding of the underlying mechanisms of MgO thin films, which
are damaged during the hydration process. The simple experimental setup enables
the rapid identification of suitable MgO thin film candidates for the HDD read/write

heads and the possibility of optimizing the manufacturing process of such devices.
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2. Chapter4 describes the effect of annealing in different gases annealing at
different temperatures of MgO thin films. It is found that the normal air annealed films
showed a drastic behavior in film structure and film quality compared to other gas (Ar
and N,) annealing. The dielectric breakdown voltage decreased as annealing
temperature increased, and the rate of reduction was greatest for air annealing,
moderate for N, gas annealing, and minimal for Ar gas annealing. MgO hydroxide
formation played a critical role in the damage of MgO film quality and properties. It is
very clear that the MeOH formation is negligible for Ar, N, gas annealing and significant
for air annealing films. The XPS depth profiling analysis further confirms the MgOH
formation decreased with an increased thickness and increased with annealing
temperature. The qualitative and quantitative analysis suggests that the Ar gas and
moderate annealing temperature are the best results compared to another gas
annealing. These results provide critical information to the HDDs manufacturers on the
use of Ar gas as an annealing atmosphere to reduce residual stress and humidity in
MgO thin films rather than N, gas.

3. Chapter5 provides a detailed study on the effects of MgO film storage in
the humidity-controlled cabinet at 50% relative humidity. The moisture in the air
initiates a hydration process on the film surface, i.e., film thickness expansion, which
increases the hydration reaction and causes the penetration of the hydration process
into the film layer. Furthermore, the penetration depth increases withintensifying the
film thickness. Larger grains favor the hydration reaction via oxygen vacancy filling and
water adsorption at the surface. As a result, degradation in the shielding performance
in hard disk reader heads. The XPS depth profiling analysis suggests that air annealing
has the largest O-OH bounding corresponding to hydroxide penetration depth
compared to other annealing atmospheres. The results indicate that nitrogen gas and
air atmosphere heat treatment lead to film expansion, surface roughness, and
hydroxide penetration depth. Therefore, HDD devices manufacturing process is advised
to employ argon gas as an annealing environment to minimize residual stress and
reduce hydroxide formation in MgO thin films, especially when the film is stored in the

humidity control cabinet for a long period.
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6.2 Recommendations for Future Work

6.2.1 This thesis provides a better knowledge of the dissolution mechanism
of MgQ in DI water. The scope of the future study includes the different types of water-
based solutions (such as surfactants for cleaning) for the critical cleaning of the
manufacturing process. Lubricants for polishing and coolants in the cutting process can
be used to improve the accuracy of the dissolution model.

6.2.2  The influence of the gas environment during the annealing process can
affect the physical, chemical, and electrical properties of MgO thin films. Therefore, it
is extremely beneficial to investigate the additional properties of the MgO thin film,
including mechanical and crystal properties. This discussion will enhance our
understanding of thin-film degradation, improving efficiency and reducing waste in the
manufacturing process of hard disks that use MgO thin film as MTJs magnetic sensors.

Finally, the author expects that this knowledge will help hard disk drive
companies set up optimal methods for manufacturing process conditions to reduce
the degradation of magnesium oxide thin films owing to exposure to water, humidity,

temperature, and various gas atmospheres during manufacturing.
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ARTICLE INFO ABSTRACT

Keywords: Magnesium oxide (MgO) thin films arc used as magnetic shiclds and barriers for magnetic tunncling junctions in
Mgo magnetic data storage devices. During the fabrication process, these [ilms are exposed Lo water, causing a hy-
Dissolution dration rcaction resulting in hydroxide pr itation. This hydration process can causc material loss
Hlectrical conductivity and changes in the properties of the films, which may compromise the device performance. In this study, we
3\1:; ftim investigate the dissolution of MgO thin films in deionized water. The magnitude and extent of the damage to the

surface structures of the MgO films depend on the properties of the thin films and the time of dissolution. The
surface roughness and morphology of the dissolved area are investigated by using atomic force microscopy and
scanning electron microscope, respectively. It was found that the surface roughness increased with exposure
time to water (from 1 to 10 h), corresponding to increasing film damage. Moreover, a model describing the
reaction rate is created based on electrical conductivity measurements of dissolved MgO as a function of time.

Surface roughness

1. Introduction

Currently, hard disk drives (HDDs) are common storage media that
is extensively used because of its high capacity per price ratio. In HDDs,
the data is represented as binary bits which are produced by exploiting
the magneto resistive (MR) phenomenon in ferromagnetic materials.
MR describes the dependence of the resistance of a ferromagnetic ma-
terial on the magnetization direction of the applied magnetic field re-
lative to the direction of current flow. When a ferromagnetic material is
magnetized parallelly to the direction of current flow, its resistance
decreases. On the other hand, when a ferromagnetic material is mag-
netized perpendicularly to the direction of current flow, its resistance
increases. This property of a ferromagnetic material is being utilized for
HDDs. In particular, the read/write head is a small active component in
a HDD that is used to detect and modify the magnetization of the HDD’s
ferromagnetic thin films. It is a part of the slider, located at the end of
the actuator arm. A schematic drawing of a slider is shown in Fig. 1(a).
‘The magnetization process in HDDs representing the binary data bits by
using tunneling magnetoresistance (I'MR) is the next step in the de-
velopment of HDD read heads, the technology which is currently under
development.

*Corresponding author.
E-mail address: soodkhet@g.sut.ac.th (S. Pojprapai).

https://doi.org/10.1016/j.micomm.2020.101374

A magnesium oxide (MgO) thin film is used as a magnetic shielding/
insulator layer in TMR sensors because HDD manufacturers have dis-
covered that MgO thin film insulators can increase the signal-to-noise
ratio and reduce the side reading effect of HDD read heads [1,2]. The
schematic representation of a typical thin-film multilayer stack for the
magnetic sensor in a HDD read head is shown in Fig. 1(b). During the
HDD manufacturing process, the read/write sensor goes through var-
ious production processes such as cutting, cleaning, polishing, and
washing.

The major challenge for the MgO in a read/write head is the
cleaning/polishing process, where it comes into contact with water.
MgO reacts very quickly and easily with water, and even moisture in
the air [3-5], which can cause an irreversible hydration reaction and
magnesium hydroxide (Mg(OH),) precipitation [6]. The dissolution of
an MgO thin film causes material loss and changes in the properties of
the film, which can compromise device performance. The hydration
process can lead to swelling and cracks in the film due to the density
difference between MgO (p =3.5 g/cm?) and Mg(OH); (p =2.4 g/cm?)
[4,6]. An accurate prediction of the dissolution process enables the
prevention of device damage and reduces the amount of waste in the
production process.
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Fig. 1. (a) Schematic illustration of the HDD slider (b) schematic of typical thin-film multilayer stack cross-section for magnetic sensor in hard disk drive read head.

MgO thin film dissolution is typically measured using the amount of
the film that has been dissolved in the solution. The precipitation of Mg
(OL1), is proportional to the amount of water/moisture and the ex-
posure time. The concentration of this product is proportional to the
amount of MgO dissolved in water. The mass loss of MgO as a function
of time can be expressed as the following reaction rate equation:
R() = kG, (DG (0) W
where k is the reaction rate, and C,() and C»(1) are the amount of water
and MgO, respectively. In the present work, the MgO thin film thickness
is only a few tens of nanometers, and thus the amount of MgO is the
rate-limiting factor. Taking into account the rate-limiting factor, Eq. 1
then becomes
R(1) = kC;(1) @

In an actual system, either the reactant runs out or the solution
saturates with the Mg(OH), by-products. Thus, the dissolution rate re-
action slows down and then eventually stops. A plot of the Mg(OH),
concentration as a function of time is therefore characterized by an
initial quick increase and gradually followed by a plateau at higher t.

From the product concentration as a function of time, we can cal-
culate the reaction rate, k, by calculating the slope of the graph. The
reaction rate is often described by an Arrhenius equation:

k = Ae-ka/kal 3
where Ey is the activation energy, kg is the Boltzmann's constant, and A
is the number of collisions, which depends highly on the surface area.
Plotting k and 1/T in a logarithmic scale gives the slope, which is
proportional to L4 [7]. The measurement of MgO concentration can be
performed over a long time with fine resolution on just one sample.

The MgO dissolution mechanism and the dissolution rate as a
function of pH [8], crystal orientations [4,9], temperature [10], and
kinetic mechanism [11-14] have been investigated by many recent
experiments. However, most of these reports were performed on bulk
MgO specimens. Even though these thin films are very important in
HDD manufacturing, the dissolution mechanism and dissolution rates in
thin films, especially the MgO thin film shielding layer of TMR devices,
are not yet well understood. In the present paper, the kinetics of MgO
hydration with different exposure time to deionized water (DI water) at
room temperature were investigated. The changes of surface roughness
and surface morphology were investigated by using atomic force mi-
croscopy (AFM) and scanning electron microscopy (SEM). A kinetic
model and its verification with electrical conductivity (EC) measure-
ments of samples exposed to DI water for varying amounts of time are
proposed. Our model can be used to predict material loss during the
production process and identify promising candidates for manu-
facturing.

2. Experimental methods

Specially sputtered 50 nm MgO thin film shiclding insulators (i.c.
for TMR sensors of HDDs) on silicon substrates (provided by Western
Digital, LLC, Fremont, CA, US) were cut into 15 mm X 15 mm coupons
for experimental flexibility. These samples were fixed to custom-built
test cells (Fig. 2). The surface areas of the MgO films exposed to the
solvent were controlled by a 10 mm diameter O-ring fixed to the test
cells. Thus, only the encircled film surface was exposed to the 20 mL DI
water, allowing for good control of the environment and the properties
of the solution.

The EC measurements of the samples as a function of immersion
time were carried out at room temperature using an clectrode linked to
a data acquisition system (Lutron CD-4319SD). The EC data were ac-
quired at a rate of 6 samples per minute and stored in an SD card. A
PinAAcle-900 ¥ (PerkinLlmer, Germany) atomic absorption spectro-
meter (AAS) was used to determine the magnesium (Mg) concentration
in the dissolved solution. Tapping mode AFM (XE-120 Park Systems,
scan frequency 0.2 11z, 512 lines) was used to scan 5 X 5 um? sample
arcas. AFM images were analyzed by using XLI software (Park Systems)
to extract the roughness and particle size information from the sample
surface. Focused ion beam-SEM (FIB-SEM) measurements (Auriga dual
beam FIB SEM, Zeiss) were used to investigate the topography and
microstructures of the surface (SE detector, 5 kV) as well as the cross-
sections (Gallium Ton source, 5 kV). The SEM images processing using
ImageJ (NI Image) and thickness measurements using ellipsometer
(M-2000, JA Woollam) were used to extract the Mg(Ol11), cluster sizes
and left-over film profiles, respectively. X-ray photoelectron spectro-
scopy (XPS) spectra were obtained using a commercial PHI VersaProbe
1I XPS (ULVAC-PLI, Inc.). The source was monochromatic Al K s ra-
diation (1486.6 eV) and a pass energy of 23.5 eV was used. The analysis

Electrical conductivity probe

Glass top cover

Glass liquid container—

Teflon O-ring cover —

10 mm O-ring ————4==
[} \‘\

15x15 mm MgO wafer @

Fig. 2. Schematic view (left) and photograph (right) of the custom-built test
cell.
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respectively.

of the XPS spectra was performed using CasaXPS (Casa Software Ltd).

3. Results and discussion

When the MgO thin films were in contact with water, reactions such
as hydration, dissolution, and precipitation occurred immediately.
These reactions affected the physical properties of the thin film surface.
Fig. 3 (a) and (f) represent the AFM image of the surface roughness and
the topographic SEM image of the MgO film surface after immersion in
DI water for 2 h, respectively. These images show that hydration re-
action initiated as small groups of 50 nm hydration clusters on the film
surface. Immersion of the MgO films for 4 h resulted in the expansion of
hydration clusters to a wider area and larger Mg(OH) clusters with size
of approximately 80—100 nm, as shown in Fig. 3(b) and (g). Mean-
while, the film roughness did not change significantly. With an im-
mersion time of 6 h, the Mg(OH) cluster sizes increased to 200 nm, and
parts of the film peeled off about 0.5-1 nm? as -shown in Fig. 3 (¢) and

(h). With an immersion time of 10 h, the AFM micrograph shows the
maximum roughness in the films (Fig. 3(d)). The SEM image (Fig. 3 (i))
reveals increasing peeling of the surface film, leaving behind deeper
areas and small traces of scattered holes that spread throughout the film
(Fig. 3(e)). After 15 h of immersion, the film roughness decreased to a
minimum value as shownin Fig. 3(j). The surface of the MgO layer was
almost insoluble due to Mg(OH), precipitation possibly because the Mg
(OH); layer acted as a protective layer that blocked further dissolution.
Fig. 4 s a plot of the Mg(OH), cluster size as a function of dissolution
time in hours. The cluster size was estimated using the XEI software
from the AFM images of the sample surface and was confirmed by
particle size measurements from the SEM images using the ImageJ
software. The Mg(OI11); cluster size, derived from AFM and SEM images,
increased with dissolution time. On the other hand, the film roughness
increased initially with dissolution times of up to 10 h, then decreased
at 15 h of dissolution time. These obscrvations suggest that Mg ' ions
formed from the MgO thin film dissolution in the first phasc. After 10 h,
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Fig. 4. Film roughness (Ra) and Mg(OH); cluster size on MgO thin films as a
function of dissolution time in deionized water derived from AFM images of the
surface.

Mg(OH); clusters nearly covered the entire surface area of the dissolved
film, which inhibited the further dissolution of the MgQ film. The
roughness of the film surface decreased as the Mg(OL1), coverage be-
come more universal.

The solubility of the MgO thin films depended on the dissolution
time. The EC meter was used to measure the concentration of MgO
dissolved in water. Since the EC increased with the amount of Mg®  in
the DI water, the changes of the EC as a function of time were correlated
to the dissolution of MgO in DI water. Fig. 5 is the electrical con-
ductivity-dissolution time (ECT) curve which was cxtracted by using a
mathematical model based on the first-order rate law [15] and the
multi-rate model by using dynamic fitting [16] of the EC versus dis-
solution time plot. A nonlincar regression curve (first-order kinetics)
representing the behavior of the EC (measured in micro Sicmens per
centimeter: puS cm ') of MgO dissolution as a function of dissolution
time, ¢, (measured in hours) can be expressed by Eq. 4:

EC = ECpas (1 — %) @

where ECox is the maximum electrical conductivity, and k is the re-
action constant. The extracted curve fitting parameters are as follows:

EC = 825(1 — e™%14) (5)

As measured by atomic absorption spectroscopy (AAS), the con-
centration of Mg” " dissolved in DI water increased as a function of
time. The inset in Fig. 5 is a plot of the Mg®' concentration in solution
versus EC during the dissolution reaction. The calibration curve is

o
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Fig. 5. Electrical conductivity (EC) and Mg concentration as a function of dis-
solution time. Red dashed line is the curve fit to the experimental data. The
inset depicts the linear relationship between Mg concentation and EC.
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linear over a wide range of Mg*' concentration. The relationship be-
tween Mg concentration from AAS, [Mg], and EC is given in Eq. 6:

[Mg] = 0.07EC )

where EC is measured in pS/cm while [Mg] is measured in mg/L. By
combining Eq. (5) and (6), the Mg concentration as a function of time
can be calculated with the following equation:

[Mg] = 0.58(1 — e~044r) o

The volume of MgO thin films that were dissolved in DI water was
1.571 x 1075 cm® and the mass loss fraction of Mg from the MgO
density (3.51 g/cm®) was 3.391 x 107 g. If this entire amount was
dissolved in water, the maximum [Mg] in this experiment was 1.69 mg/
L. From Eq. 6, the percentage of mass loss can be calculated with the
following equation:

(8)

The thickness of films dissolved in DI water as a function of time
were estimated by Eq. 8. The comparison between the experimental
measurements and calculation model of [Mg] versus dissolution time
were summarized in Table 1. The calculation model agreed to within 20
% of the experimental measurements. The maximum mass loss in this
experiment was approximately 28 %. If the dissolution occurred in a
cylindrical volume, the thickness of MgO thin films would be reduced to
36 nm from 50 nm as calculated using Eq. 8. However, the remaining
MgO film thickness, measured using an ellipsometer after 10 h in DI
water (Fig. 6), suggests that the dissolution pattern was not cylindrical,
but rather semicircular. The film thickness gradually decreased from
the O-ring edge to the center of the area exposed to the water. FIB-SEM
cross-section images of the Si substrate/MgO thin film interface at
different locations after 10 h of exposure to DI water corroborate the
thickness measurement from the ellipsometer. Fig. 6(b) is the SEM
image of the MgO surface located outside the O-ring, which corre-
sponds to the area of MgO that was not exposed to DI water. The MgO
film thickness in this location was 60 nm, similar to the thickness of the
as-received sample. Fig. 6(c) shows the MgO cross-section surface lo-
cated near the edge of O-ring and inside the dissolution area. The
massive agglomerations of particles were expected to be Mg(OH),
clusters [17,18]. The film thickness in this location decreased to 44 nm.
Fig. 6 (d) shows the MgO cross-section surface located at the center of
the dissolution area. The surface was rough, with an increasing number
of particle clusters. The thickness further decreased to 37 nm.

The films after different amounts of dissolution times were studied
using SEM and XPS to confirm the coverage of the precipitated Mg
(OH); clusters over the MgO film surfaces. Fig. 7 (a) and (b) are SEM
micrographs showing MgO film morphologies before and after dis-
solution. Before exposure to the DI water, the films had smooth surfaces
of uniformly distributed grains. After DI water exposure, the film
morphology changed as a function of the dissolution time. Fig. 7(c) and
(d) show the O 1s XPS spectra of the MgO films before and after ex-
posure to DI water. The pristine MgO films exhibited O 1s binding
energy at 530.5 eV. After the MgO thin films were immersed in DI water
for 10 h, there was a 2 eV redshift in the O 1s binding energy spectra,
which indicated that some of the oxygen was present in the form of
hydroxide [19]. The deconvolution of the O 1s spectrum (Fig. 7 (¢)) into
two peaks suggests that the peak at 530.1 eV corresponded to the MgO
component and the peak at 532.1 eV corresponded to the precipitated
Mg(OH), component [20]. For the present work, the XPS data was used
to only qualitatively identify the species found at the surface to be
mainly Mg(OH),.

The dissolution mechanism of MgO thin films can be explained by
the dissolution and precipitation reactions as shown in Fig. 8. When
MgO is exposed to water, the water molecule, H,O, deprotonates to
become a hydroxide ion (OH ). Meanwhile, the hydrogen nucleus
(H ) formed from the self-ionization of H,O immediately protonates
MgO to form MgOH ™~ as described in Eq. 9. After that, the negatively

Tmassloss = 31.95(1 — e~"14)%
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Table 1
Comparison of MgO mass loss from the experimental AAS results and with calculation models (Eqs. 7 and 8) for various time scales.
Sample no. Dissolution time (hour) Mg concentration, [Mg] Mass loss
Experiment (mg/L) Caleulation (mg/L) Experiment (%) Calculation (%)
1 2: 0.12 0.14 8.38 7.80
2 4 0.23 0.25 14.72 13.70
3 6 0.38 0.33 19.50 18.16
4 8 0.38 0.39 2312 21.53
5 10 0.48 0.44 25.86 24.07
6 15 0.54 0.51 30.12 28.04

charged OH™ ions from the water are attracted to the positively
charged MgOI1L" ions on the surface where they are adsorbed to form
MgOIL " "OL1~, as described in Eq. 10. Eq. 11 describes the dissolution
of the MgO films into Mg~ and OH ~ ions dissolved into the water. The
amount of Mg~ in the solution is associated with material loss from
the films as they are continuously dissolved. Eq. 12 describes how the
concentration reaches the saturation point: Mg(OH), precipitates and
covers the surface of the thin films as a protective layer, resulting in a
lower rate of MgO dissolution. In addition, the precipitation of Mg
(OH); also affects the surface roughness of the films, resulting in thin
film surface microstructures that depends on the dissolution time.

The cquations associated with the dissolution mechanism of MgO
thin films with DI water are as follows [4,12,21,22]:

1) MgO-alkaline oxide acts as an electron donor in water:

MgO) + Hy Oy = MEOHpucey + OHgg) ©)
2) OH anions are adsorbed on the positively charged surface:
MEOHGofacey + OHig) = MROH*«OHp0ce) a0

3) OH™ anions are desorbed from the surface and release the Mg~
ions into the solution:

=
S

,
2
7N
[
p—

»n
3

MgO thickness (nm)
P

w
S

2

1

-0
position (mm)

100 nm

= 2 -

MgOH**OHG 00y = Mgw‘;) + 20H, an

4) Ion concentration in solution reaches supersaturation, the point at
which the hydroxide starts to precipitate on the oxide surface:

Mglh + 20HG5, — Mg(OIy,

(29) (12)

4. Conclusions

In summary, the dissolution of commercial MgO thin film magnetic
insulator layers that are exposed to DI water, which is an existing
challenge in the manufacturing process of read/write heads for mag-
netic HDDs was investigated. When the MgO thin films are exposed to
DI water, a hydration reaction occurs rapidly, which can cause physical
and chemical damage to the film and affect device performance. This
research work demonstrated that the amount of dissolved MgO film can
be measured by the EC, which is linearly proportional to the amount of
Mg~ in the solution. A calculation model for MgO dissolution where
the precipitated Mg(OH), clusters form a protective layer on the film
surface that eventually inhibits the dissolution process was proposed.
This model agrees very well with the experiment results. The pre-
cipitated Mg(OH), cluster sizes increase with DI water exposure time,
while the film roughness initially increased as Mg(OH), clusters pre-
cipitated, but then decreased as the Mg(OH), coverage became more

100nm

100m

Fig. 6. (a) Thickness profile of the MgO thin films after dissolution, as measured by ellipsometry. (b-d) SEM-FIB cross section of the films (b) outside the exposed area,
(c) inside the exposed area (near O-ring), and (d) at the center of the exposed area.
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Fig. 7. (a,b)SEM micrographs and (c,d) O 1s XPS spectra of as-received MgO (a and c, respectively), and MgO immersed in deionized water for 10 h (b and d,

respectively).

universal. The experimental measurements of MgO mass loss can be
estimated by using the calculation model. The model provides a fun-
damental understanding of the underlying mechanisms of MgO thin
film damage during the hydration process. The simple experimental
setup of this work enables the rapid identification of suitable MgO thin
film candidates for the HDD read/write heads, and the possibility of
optimizing the manufacturing process of such devices.
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The magnesium oxide (MgO) thin films are well known as a magnetic shicld in read /write sensor head in a hard
disk drive (HDDs). The production room regulates the humidily to approximately 50% RH in the HDD
manufacturing process, which is initiating the hydration reaction with MgO films. In this work, MgO thin films
were heal-treated at 450 “C under dilferent gases (Ar, N3 and air) and stored in controlled humidity (o un-
derstand and estimate the hydroxide (Mg(OH),) formation. X-ray photoelectron spectroscopy (XPS), atomic force
microscope (AIM), and focused ion beam scanning clectron microscope (FIB-STEM) were employed to estimate
the chemical reactions, surface morphology, and thickness of MgO films. It is found that hydration layer for-
mation increased 28%, 12%, and 47%, respectively, for Ar, Ny and air anncaled films. Furthermore, the
thickness of the MgO films varied differently with different annealing conditions and found that it is proportional
to the hydration reaction. The result of this study might be helpful to estimate the better optimization process of

read/write sensor head of HDD production.

1. Introductions

Nowadays, hard disk drives (HDDs) are still in demand as memory
storage devices because they are more versatile and cheaper than solid-
state drives. The magnesium oxide (MgO) thin film is used as a magnetic
shielding/insulator layer in tunneling magnetoresistance (TMR) sensors
to increase the performance of the read/write head in HDDs [1].
Recently, it was found that MgO thin film insulator can increase the
signal-to-noise ratio and reduce the side reading effect of HDD read
heads [2] (Fig. 1(a)). During the HDD manufacturing, the pre-assembly
of the TMR sensor with the HDD slider consists of cutting, cleaning,
polishing, and washing process. Unfortunately, MgO reacts very quickly
and easily with water or even moisture in the air and leads to an irre-
versible hydration reaction (magnesium hydroxide (Mg(OH)2) precipi-
tation) [3-6]. The sensor head production may require a special
cleaning/polishing process where the sensor comes into contact with
water. The hydration reaction results in swelling and cracks on the

* Corresponding author.
F mail address: soodkhet@ g.sut.ac.th (S. Pojprapai).

https://doi.org/10.1016/j.ceramint.2021.11.253

surface of the film due to the different densities between MgO (p = 3.5
g/cm"l) and Mg(OH): (p = 2.4 g/cms) [3-5]. Moreover, mechanical
forces also cause residual stress in a thin film. Therefore, hard disk
manufacturers prefer to use a preheating method to remove moisture
and reduce the residual stress in the film.

Some studies show that thermal annealing improves the dielectric
strength, porosity, defects and reduces the leakage cwrrent [7-11]. In the
case of MgO films, thermal annealing (called calcination) can remove
surface absorbents such as water, hydroxyl (OH), and carbonyl (CO)
group [12-14]. Recently, the annealing effect of MgO films used in
magnetic tunnel junction (MTJs) is an interesting subject. It has been
shown that the annealing process improves the crystallinity and struc-
ture at the interface of the MgO and CoFeB, resulting in an increase in
magnetoresistance [15-17].

Annealing temperature, annealing condition, and amount of hu-
midity maintained in the processing room greatly affect the film quali-
ties (chemical and struetural stability, density, porosity, and roughness).
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In the HDD manufacturing process, production room regulates the hu-
midity approximately 50% RH, which could initiate the hydration re-
action with MgO thin films. The change in physical and chemical
properties of MgO thin film can alter the magnetic sensitivity of the
read/write sensor head [18], and the film surface roughness related to
the distance between the read/write head and magnetic plate [19]
(Fig. 1(b)). In this work, MgO thin films are annealed at different at-
mospheres and stored in a 50% humidity control chamber for 30 days to
study the combined effect of both atmospheric annealing and humidity
control reaction effects. The above results will be discussed in the
framework of atomic force microscope (AFM), X-ray photoelectron
spectroscopy (XPS), and Focused ion beam scanning electron micro-
scopy (FIB-SEM).

2. Material and methods

MgO (50 nm)/Ru (10 nm)/Si films were provided by Western Digital,
LLC, Fremont, CA, US. The heat-treated MgO films at different atmo-
spheres (Ar, Ny and normal air) were prepared by annealing the MgO
film in a custom-built gas chamber, as shown in Fig. 2. The gas chamber
was placed inside a commercially purchased oven (VULCAN 3-550)
during the annealing process. Fig. 2(a) shows the sketch diagram, and
Fig. 2(b) shows the actual image of a custom-built gas chamber. The
samples were annealed at 450 °C for 2 h while flowing Ar, N, gases, and
normal air gases into the chamber with a 100 cm"/min flow rate.

The surface morphology, roughness, topography, and cross-sectional
profile of annealed MgO films were studied by using tapping mode
atomic force microscope (AFM, XE-120 Park Systems, scan frequency
0.2 Hz, 512 lines), and focused ion beam scanning electron microscopy
(Auriga dual-beam FIB-SEM, Zeiss) respectively. In addition, the
chemical composition and depth profile of hydration (Mg(OH),) were
studied using X-ray photoelectron spectroscopy (XPS) at Beamline 5.2,
Synchrotron Light Research Institute (SLRI), Thailand. The high-
resolution C 1s, O 1s, and Mg 2p spectra were taken at 0.1 eV energy
step, 23.5 eV pass energy, and a total of five cycles. The MgO thin films
were etched using an in-situ argon ion (Ar, 1 keV) source with 1 mA
beam current, 2 x 2 mm? of beam size, and 2 min per step size order to
study the depth profile analysis. The XPS spectra analysis was performed
by using a commercial CasaXPS (Casa Software Ltd.) software.

3. Results and discussion
3.1. Microstructure analysis by SEM imaging
Fig. 3 shows SEM micrographs of as-received, Ar gas, Ny gas, and

normal air annealed MgO films at 450 °C. The thickness of the MgO films
was analyzed by cross-section image of the films using FIB-SEM. As-
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received MgO film possesses a smooth surface and an average film
thickness of 49 nm as shown in Fig. 3(a). However, the surface
morphology and thickness of MgO films changed drastically at different
gas led films. After ling with Ar gas at 450 °C, the thickness
of the film slightly increased to 51 nm, as shown in Fig. 3(b). Likewise,
annealing with N gas, the film thickness increased to 56 nm (Fig. 3 (c)).
Finally, in the case of Fig. 3(d) a normal air atmosphere, the film
thickness was increased almost twice (109 nm) thick as as-received film.
These results are in agreement with the previous work done by L. F.
Amaral et al. [5] and L. Balcells et al. [18]. The reason behind the
growth of film thickness could be hydroxide formation on the film
surface.

3.2. Surface roughness analysis by AFM

AFM micrographs of different gas annealed and moister control
stored MgO thin films are shown in Fig. 4(a—c). The measured root mean
square (RMS) roughness values of thin films are 2.5, 3.2, and 5.1 nm,
respectively for Ar, N; gases, and normal air annealed films. It is evident
that the MgO thin film annealed under air has the highest surface
roughness value (5.1 nm) than that of annealed under Nj (3.2 nm) and
Ar (2.5 nm) gases. The increase in thickness could be due to the grain
growth and hydration reaction in MgO film. In particular, annealing
under a normal air atmosphere with higher oxygen content could be the
cause of a greater degree of grain growth and hydration reactions [20].
The irregular grain growth causes more surface roughness and voids on
the surface of the films.

3.3. Chemical composition analysis by XPS

The chemical composition and depth profile hydration of different
gas annealed MgO films were studied using XPS analysis. First, the
surface contamination of films was removed by Ar ion etching for 2 min
and the depth profile of hydration was reviewed by etching the films for
10 min. The high-resolution O 1s XPS spectra can provide qualitative
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Fig. 5. Comparative O 1s XPS spectra after 2 min [(a)~(d)] and 10 min [(e)-
(h)] of sputter time of un-hydrated (as-reecived) MgO thin film and hydrated
MgO films that were stored in a 50% relative humidity-controlled cabinet for
30 days.
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Fig. 4. ATM surface images of (a)-(c) the Ar, N and Air 450 °C annealed MgO films after being hydrated (stored in a 50% relative humidity control cabinet for 30

days). The inset numbers are the roughness of the films.
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and quantitative information of the hydration behavior of MgO films.
Fig. 5 shows the high-resolution O 1s XPS spectra of as-received and
annealed MgO films at different atmospheres. The main photoelectron
peak between 528 and 535 eV belongs to the O 1s orbital. Further
deconvolution of this peak reveals the accurate chemical composition of
elements. The deconvoluted peak at 530.5 eV belongs to the binding
energy of MgO (O-Mg), and the deconvoluted peak at 532.1 eV belongs
to the hydration behavior of oxygen (O-OH; Mg(OHy) [21,22].

In this analysis, 2 and 10 min sputtered O 1s XPS spectra are pre-
sented in Fig. 5 (a)-5(d) and 5(e)-5(h), respectively. The as-received film
(sputtered for 2 min as shown in Fig. 5(a)) provided the information that
the presence of both hydroxide peak (O-OH; Mg(OHz) and the main
binding peak MgO (O-Mg). Furthermore, a significant reduction in hy-
droxide peak (Mg(OHj)) can observe in 10 min sputtered films
compared to that of 2 min sputtered films. The depth-dependent (here,
each depth is counted for 2 min) hydration reaction (hydroxide peak
formation) of all the annealed films are shown in Fig. 6.

In the case of the as-received sample, the hydroxide Mg(OH)2 peak
percentage decreased with MgO film depth. The hydroxide Mg(OH),
peak is significant compared to oxide peak (Mg-O) for 2 min sputtered
film and insignificant (almost disappeared) for 10 min sputtered film.
This information provides that the hydration reaction is only limited to
the surface layer (for as-received sample). The corresponding images
can be seen in Fig. 5(a and e). Regarding the Ar gas annealed films, the
rate at which hydroxide Mg(OH), peak percentage decrease is less than
as-received film (as discussed above). The hydroxide Mg(OH). peak
intensity is slightly higher than the as-received sample for 2 min sput-
tered films and significantly present in 10 min sputtered film as shown in
Fig. 5(b and ). When it comes to the N2 gas annealed films, the rate at
which hydroxide Mg(OH); peak percentage decrease is less than that of
both as-received and Ar gas annealed films, and the presence of hy-
droxide Mg(OH); percentage is higher than these films. The hydroxide
Mg(OH), peak intensity is slightly higher than the as-received sample
for 2 min sputtered films and significantly present in 10 min sputtered
film as shown in Fig. 5 (¢ and g). Similarly, the rate at which hydroxide
Mg(OH), peak percentage decrease is significantly less compared to as-
received and Ar, Ny gas annealed films. However, the presence of hy-
droxide Mg(OH); peak on the surface and beneath layers is very much
higher than the other film sets (Fig. 5 (d and h)). This evidence confirms
that the hydration reaction rate is higher for normal air annealed films
and less in Ar and Ny gas annealed films.

The atomic ratio (O-OH)/(0O-Mg) of each sample decreased with
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Fig. 6. Depth profile hydration reaction in MgO thin films annealed at different
environments.
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sputtering time, and this might be due to the removal of the Mg(OH),
layer during Ar ™ ion etching. From Fig. 6, it has been shown that the
hydroxide/oxide ratio ((O-OH)/(O-Mg)) decreased with the increase of
sputter time. The reduction ratio (hydroxide/oxide ratio) is highest for
as-received film, followed by Ar annealed, N, annealed, and air
annealed sample. Among the annealed films, the Ar annealed film
exhibited the highest hydroxide (O-OH) decreasing rate compared to N
annealed films and lowest for air annealed films. However, the
decreasing rates of these Ny and air annealed films were much lower
than that of the Ar annealed film. The decrease of hydroxide/oxide
(O-OH)/(O-Mg) peak ratio with penetration depth reflects the decrease
hydration reaction with the residual humidity in the air. Air annealed
films thickness is more compared to N3 and Ar gas annealed films. This
created voids between the grains allowing humidity in the air to pene-
trate through the voids deep into the film layer. The smaller the film
thickness, the smaller the voids in the films. This results, as well, in
lower penetration depth of water molecules in the air into the film.

To understand the mechanism of hydration reaction deep inside the
film, Fig. 7 shows the effect of MgO grain size on hydration reaction due
to humidity in the air. The larger MgO grains create more voids between
grain boundaries and allow the water molecules present in the air (in the
form of moisture) into the voids. When MgO films are exposed to
moisture in the air, the water molecule (H,0) deprotonates to become a
hydroxide ion (OH ). Meanwhile, the hydrogen nucleus (H") formed
from the self-ionization of H,O to protonate MgO to form MgOH * as
described in below Equation (1). After that, the negatively charged OH™
ions from the humidity attracted by positively charged MgOH" ions (on
the surface where they are adsorbed) form MgOH 'eOH ", as described in
Equation (2). The equations associated with the hydration mechanism of
MgO thin films are as follows [3,25-25]:

1) MgO acts as an electron donor in water:

MeOy, + 1,

oy — MgOH

s+ OH oy 1)

2) OH anions are adsorbed on the positively charged surface:

MEOH (gpucey + OH ™ 0y = MgOHY OH™ 2)

The hydration reaction deeply penetrates the film and causes
swelling of that particular area [3-5,26]. This effect leads to increased
voids, surface swelling, and an increase of film in the roughness [27]. In
addition, according to Mejias et al. [28], grain size, shape, and porosity
further encourage water absorption from air humidity. Along with that,
the defect sites in grain boundaries can easily absorb water and form
chemisorbed Mg(OH),.

4. Conclusions

In conclusion, the effect of gas annealing atmosphere on MgO thin
films was analyzed by SEM, AFM, and XPS with Ar™ ion cluster sput-
tering. According to AFM observations, most of the surfaces of the MgO
thin film remain smooth, except for air annealed thin film, which had an
increase from 49 nm to 109 nm. After heat treatment, grain expansion
and voids in nitrogen annealing and air annealing samples were
observed. In addition, after the films were hydrated by storing films in a
humidity-controlled cabinet at 50% RH for 30 days, the surface became
rough and had a mossy appearance. This indicates that hydration re-
action is formed on the film surface from humidity in the air, i.e., the
larger film expansion is the greater the hydration reaction would be.
Larger grains favor hydration via the filling of the oxygen vacancies and
adsorption of water at the surface. This results in a deterioration in the
shielding performance of MgO, consequently resulting in a decrease in
the signal output quality of the hard disk reader heads. These findings
were confirmed by XPS depth profiling, which indicates that O-OH
bounding of air annealing is highest compared to the other annealing
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Fig. 7. Mechanism of gas annealed MgO thin films hydration.
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