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ABSTRACT 

      Sapphire or ruby as a single crystal α-Al2O3 phase is gaining a lot of attention in recent 

years due to its thermal, mechanical and optical properties. The current study presents a unique 

method to synthesize sapphire or ruby, which optimize the traditional synthesis process, and 

explores some of their applications such as high refractive index thin film coating and stress 

transferring material. In the synthesis process, pseudoboehmite (PB) is used as a precursor and 

mechanical milling is employed to reduce the phase transformation temperature of 

pseudoboehmite to sapphire or ruby. The phase transformation of the milled PB samples was 

investigated by various characterization techniques. XRD data showed that PB structure is first 

synthesized as raw material, followed by its room temperature transformation to χ-Al2O3. 

Raman spectrum and HRTEM confirmed the presence of α-Al2O3 and χ-Al2O3 phase in the 

30hr milled PB sample. Through the proposed synthesis method, there is a significant 

temperature reduction (approximately 200°C) for the complete transformation to sapphire or 

ruby during annealing, which is confirmed from thermal analysis. This is due to sapphire or 

ruby seeds are synthesized at room temperature in the milled sample and serve as hetero sites 

for nucleation in the annealing process.  

      In addition, XPS and EELS analysis shows unique band gap effects, both of them are 

consistent with theoretical value for two random choosing samples (PB milled 10hr and 30hr 

samples). This indicates the reliability of XPS band gap results. It is found it is possible to tune 

the band gap of alumina during mechanical milling through quantum confinement. FTIR result 

shows that PB lose water content from its structure, which can releases its surface strain during 

the milling process, therefore cold welding induces the increase of PB grain size. The current 

study also involved the application of sapphire or ruby thin films, which are deposited on 
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substrates through ion beam sputtering from the low temperature synthesized sapphire or ruby 

target.  
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CHAPTER 1 

INTRODUCTION 

1.1 Signification of the Alumina  

     Aluminum with its oxides, hydroxides and alumina silicates ubiquitously is the most 

abundant metallic element in the earth’s crust [1]. There exists a large diversity of aluminum 

oxides phases. Alumina (Al2O3) is the dominating form of the aluminum oxide. It is reported 

that Al2O and AlO phases exist at the interface between the surface oxide films and the metal 

bulk part [2]. Bayer process provides the most economic ways to obtain high purity alumina 

[3]. During Bayer process, Bauxite ore deposits are mined and refined to alumina [4]. The 

bauxite reserves are about 55-75 billion tons, 33% in Africa, 24% in Oceania, 22% in South 

America and Caribbean, 15% in Asian, and 6% in other places [5]. It is known that over 90% 

of the bauxite ore was consumed to produce alumina, the remaining materials are applied as 

refractories, abrasives and chemicals [4]. The main process includes: 1) dissolve the aluminum 

bearing minerals by caustic liquor at high pressure and temperature; 2) remove the solid residue; 

3) precipitate the pure alumina hydroxide [Al (OH)3 ] under cooling conditions; 4) calcine the 

alumina hydroxide to remove the water crystallization. But this process is an expensive and it 

is hard to produce consistent alumina particle size distribution, too fine or too coarse will cause 

dusting or disrupting the electrolytic smelting process [6]. On the other hand, there are so many 

risks in the Bayer process: physical, chemical, biological and ergonomic risk. In the bauxite 

mining process, noise is commonly encountered and can be very loud during the descaling of 

tanks. Noise-induced hearing loss cause a big issue. Bauxite contains trace quantities of 

mercury, which give rise of the mercury element vapor especially in the refining process of the 
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upstream part. Also bauxite mining and alumina refining increase the risks of tropical diseases 

such dengue fever and malaria caused by the water contamination. Ergonomic risks include 

stair climbing, sledgehammers, awkward postures, forceful and repetitive manual tasks [7]. 

Instead of the industrial Bayer process, people choose the chemical synthesis method to get 

alumina. 

      Alumina, as one of the most interesting ceramic materials, is widely employed as 

structural parts in medical field [8-10]. The advanced ceramics started to be used in the 

biomedical area around 1970s, and since then have been found that due to alumina’s high 

hardness, wear resistance and excellent biocompatibility it is currently widely used in the 

medical field [11]. Meanwhile, alumina is an insulator with a high melting point around 2000oC, 

chemical resistance, high mechanic strength and low conductivity [12]. These characteristics 

make alumina attractive for tremendous application in the electronic area. It can be applied as 

a catalyst support, a protective barrier against corrosion. During past decades, there is a large 

number of  papers studying the alumina’s structures, properties and transition sequence [10].  

1.2 Alumina: Different Phases, Phase Transformation and Application 

       Alumina exists in a variety of metastable structures including the α-alumina 

(hexagonal), β-alumina (hexagonal), γ-alumina (cubic spinel), δ-alumina (tetragonal), η-

alumina (cubic spinel), θ-alumina (monoclinic), κ-alumina (orthorhombic) and χ-alumina 

(cubic) [13]. Compared with α-alumina’s hexagonal crystal structure, other alumina phases are 

all based on cubic close packing array of oxide anions [14]. α-alumina is the only thermally 

stable phase, other phases belong to metastable phases [15]. Because the crystallographic d 

spacing is similar among these phases, it is hard to identify the alumina crystal structure during 

phase transformations. It means that most of these phases may coexist in the transformation 
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process [16]. For instance, η-, δ-, θ-, κ-, and χ-alumina are identified during the calcination of 

thermal decomposition of the oxy-hydroxide boehmite (γ-AlOOH) or gibbsite (γ-Al(OH)3) to 

α-alumina (α-Al2O3). By thermal decomposition, the well crystallized boehmite passes through 

the following alumina polymorphic transformation to the thermodynamically stable phase, α-

alumina polymorph (shown in Figure 1) [14]. The polymorphic alumina also can be produced 

through the calcination of any other alumina phases or hydroxide at a sufficient temperature 

[14].  

 

Figure 1 Schematics of the main solid states transformations of alumina [14, 17] 

      Boehmite (γ-AlOOH) (shown in Figure 2) and gibbsite (Al(OH)3) are the most often 

used precursors for the transformation process [18].They can be produced by controlling the 

temperature and pH in the aluminum hydroxide gel’s aging process, which can form four 

different phases: pseudoboehmite (AlOOH)2, gelatinous boehmite, poorly crystallized 

boehmite and well crystallized boehmite. Pseudoboehmite (AlOOH)2, as a poorly crystallized 

boehmite has broader X-ray diffraction peaks which coincide with the major peak of well-

crystallized boehmite. Pseudoboehmite is a transitional stage to produce boehmite and gibbsite. 

Pseudoboehmite has chains of boehmite structure (octahedral layers), those boehmite layers are 

Boehmite
AlOOH  γ-Al2O3 δ-Al2O3 θ-Al2O3 α-Al2O3

χ-Al2O3 k-Al2O3
Gibbsite
Al(OH)3

Tohdite
Al2O3. 0.2 H2O

250oC

450oC 750oC 1000oC 1200OC

1000-1100oC

300oC 300oC

300oC



4 

 

linked by hydrogen bonds. Therefore pseudoboehmite was considered to be an incomplete 

boehmite. Due to the presence of weaker hydrogen bond, it is rather a soft material when 

compared to alumina. Even though the boehmite consists of very small particles, its sintering 

process is very slow. During sintering, some of the methods for consolidation may need 

temperature up to 1600oC [19].  

 

 

 

 

Figure 2 Boehmite crystal structure [20] 

     Gibbsite is also a widely accepted precursor for α-alumina through two transformation 

sequences. The first sequence is gibbsite transforming to κ-alumina, χ-alumina and then α-

alumina. The second sequence involves the gibbsite transforming to boehmite, γ-alumina, θ-

alumina and then α-alumina [21]. Every year gibbsite is produced in more than 30 billion tones 

in the world through the Bayer process. In industry most of the gibbsite is applied as an 

intermediate to produce aluminium. The rest of it is applied as filler for fireproof and paper, 

and precursors for the preparation of aluminium compound [22]. 

1.2.1 Gamma-alumina (γ-Al2O3): Structure, Phase Transformation and 

Application  

      Among the metastable alumina phases, γ-alumina (γ-Al2O3) is especially interesting as 

one of the most important and widely used catalyst support in the automotive and petroleum 

industries. The structure for the γ–Al2O3 is a defect spinel Al8/3O4, the unit cell contains 32 
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oxygen ions on the FCC positions with a ABCABC stacking sequence, 64/3 Al cations occupy 

the tetrahedral and octahedral positions (shown in Figure 3) [23]. γ-alumina is a metastable 

phase, and can transform to θ-alumina at 700–800°C. It cannot be used in the high temperature 

because this phase can transform to the stable phase (α–alumina) at high temperature [24].  

 

 

 

 

 

 

 

 

Figure 3 γ-alumina crystal structure [25] 

      Gamma-alumina is the product of decomposition of boehmite (γ-AlOOH) with the 

structure of a cubic defective (or non-stoichiometric) spinel under the temperature range of 500-

550oC [26-28]. It does not exist in the pure single-crystal form and usually is porous with large 

surface areas [29]. The application of γ-alumina is contributed to a combination of its textural 

properties, such as pore size distribution, pore volume, surface area, and its acid/base 

characteristics, which are mainly related to local microstructure, phase composition and surface 

chemical composition. Among its properties the chemical and hydrothermal stability of γ-

alumina still play a key role in deciding its applications in catalytic field [30]. Also it is applied 

at the ceramic interfaces or as a minor component in multiphase such as in the Al-Si-O systems 

[31]. However γ-alumina is an intermediate product in the transformation process, it transforms 

rapidly to more stable α-alumina phase at higher temperatures (1000-1100oC). The 

transformation of γ-alumina (r = 3.56g.cm-3) to α-alumina (r = 3.98g.cm-3) is accompanied by 



6 

 

a loss of porosity and it has a negative effect on the γ-alumina’s application in catalytic area 

[28].   

1.2.2 Theta-alumina (θ-Al2O3): Structure, Phase Transformation and Application 

      It is so important to mention the transformation process (from θ-alumina to α-alumina) 

to sinter and control the microstructure of α-alumina [28]. The transformation from θ-alumina 

(shown in Figure 4) to α-alumina forms around the temperature (1050-1200oC). Compared with 

the volume reduction in the transformation (γ-alumina to α-alumina), this transformation takes 

place through a nucleation and grain growth mechanism [28]. It has been approved by many 

reports, α-alumina nuclei occurs at certain sites in the θ-alumina crystalline matrix firstly [32]. 

Then it is followed by the growth of the nuclei to the surrounding matrix. There are a lot of 

reports extensively discussing the θ-alumina to α-alumina phase transformation and size change 

during the process [32].  

 

 

 

 

 

Figure 4 θ-alumina crystal structure [33] 

      Even though different alumina phases have been studied for many years, until now, 

there still exists a debate over the structures of some of the alumina phases. Therefore the 

application of these phases is limited by lacking adequate knowledge of the structures [28].  
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1.2.3 Alpha-alumina (α-Al2O3): Structure, Phase Transformation and Application 

     Among all of the alumna phases, α-alumina (α-Al2O3) is the most stable alumina with a 

hexagonal crystal system constructed of an aluminum atom, which is surrounded by six atoms 

of oxygen (shown in Figure 5). Meanwhile, the oxygen atoms are not bonded at the corners of 

a regular octahedron [34]. Because the electron between the aluminum and oxygen atoms are 

highly ionic, the bonds among them are so close. As a result, α-alumina (α-Al2O3) is the second 

hardest naturally occurring material know by human kind [35]. Due to its thermal stability, high 

hardness and high resistance, α-alumina is widely used as refractory, ceramic, and chemical 

resistant materials [31]. The α-alumina’s thin films have tremendous potential in 

microelectronic devices and optoelectronic devices [36-38]. It can be applied to many different 

fields, such as corrosion-resistant barriers, wear-resistant coatings and passivation layers [39]. 

As the aggressive scaling of the gate length and the gate oxide thickness demand a higher 

hardness of semiconductor material, α-alumina thin film, which is insulator with higher 

hardness, is widely used as wear-resistant coatings and a promising material to take place of 

standard SiO2 semiconductor [40, 41].  

 

 

 

 

 

 

 

 

Figure 5 α-alumina crystal structure [42] 
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       Sapphire, a single crystal structure of α-alumina, is an anisotropic material. The 

anisotropic atomic structure leads to anisotropic mechanical, physical and thermal properties. 

The melting point of sapphire is 2040oC, and it is known for its very high chemical stability 

even in high temperature. The dielectric strength is 480,000 V.cm-1 [43]. White sapphire (α-

Al2O3) is used for producing the scratch proof glasses for watches, while the blue sapphire (α-

Al2O3 with a little Ti4+) is used in gemology field. In the latest trend sapphire is applied as 

substrate for high brightness Light Emitting Diode (LED) devices and an active luminescent 

medium. Also there is high demand for application in radio frequency devices, optical windows, 

tools for cutting edges and wear surface [44]. Lattice spacing is one of the most important 

characteristics of sapphire. The planes (0001), (1010), (1120) and (1011) of sapphire are the 

most commonly used planes [45]. The sapphire’s c-plane (0001) provides a good lattice match 

for growing GaN-based LED device layers in the metal-organic chemical vapor deposition 

process (MOCVD). Also sapphire is highly thermal stable, chemical resistant and mechanically 

strong, it meets the requirements for a good substrate that need to endure the high temperature 

and reactive atmosphere in MOCVD process. The high dielectric strength and lattice match 

between the silicon and γ-plane sapphire (1102) promote the silicon on sapphire technology 

development for high frequency radiofrequency switches. The sapphire’s high optical 

transmission in the IR range combined with its high mechanical strength and temperature 

stability stimulate the sapphire in military and aerospace application [44]. For example sapphire 

optics can provide nearly 85% light transmission from the UV to IR range. 

       Ruby consists of sapphire (α-Al2O3) with a small percentage Al3+ ions replaced by Cr3+, 

and is the most widely used material among α-alumina based ceramics. Single crystal ruby can 
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be used as a working element of lasers, its laser intensity highly depends on the ruby’s size and 

quantity of the optically active elements [46]. Meanwhile single crystal ruby is used for jewelry, 

tool product such as watch and bearing parts, and decoration parts because of its optical, thermal 

and mechanical properties. But ruby crystal has minimum light scattering when it is applied as 

solid-state laser, decoration part or jewelry. According to the light scattering model, the optical 

transmittance depends on the grain size, grain boundary and porosity [47]. In order to get highly 

transparent alumina, extremely low porosity (<0.05%) and small grain size (<1µm) should be 

satisfied. The Verneuil process use flame to sinter alumina and serves as a traditional way to 

synthesize gemstones like ruby and sapphire. Even though Verneuil method has made the 

artificial ruby production cheaper and easier, it is still expensive and difficult to produce the 

high quality crystals limiting its industrial application due to cost [48]. High technology links 

with the production of the high quality single crystal ruby, proposes to use the polycrystalline 

ruby for the laser [48, 49]. Polycrystalline alumina is a material hard to sinter and needs to be 

produced by reactors that require high temperature and vacuum or pressure assisted sintering 

process. In the past decades, the hot-pressing, hot-isostatic pressing, extrusion molding and cold 

isostatic pressing with high temperature (1800oC) vacuum sintering techniques have been 

applied to fabricate polycrystalline ruby [50].  

       The single crystal ruby can act as an optical high temperature thermometer and an ion-

irradiation damage sensor. The ruby thin film has also been used as a probe to observe the local 

state density in complicated photonic systems. The α-alumina unique optical properties gained 

from its electronic structure and bonding between Al and O atoms make it widely applied as an 

optical component in thin-film devices [51]. The so called R lines of ruby are near red shifted 

weak bands in both the absorption and emission spectra. These bands are vibronic side band, 
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one-phonon transition. This makes ruby suitable for photon-spectroscopy application. The R1 

and R2 line’s intensity, wavelength and the fluorescence lifetime depends on temperature and 

pressure [52, 53]. So ruby is especially a good candidate for application as a sensor due to its 

resonant luminescence bands shift with temperature and pressure [54, 55]. In order to exploit 

the ruby’s application in the photonics and electro-optic area, it is necessary to form high quality 

ruby thin film [56]. 

1.4 This Ph.D. Work  

       This Ph.D. thesis investigates a new cost effective way to produce transparent sapphire 

and red ruby thin films as well as exploring their optical applications. In order to get dense ruby 

products, it is necessary to design a perfect process from powder synthesis to sintering process. 

In the powder synthesis process, mechanical milling was chosen to help the phase 

transformation from pseudoboehmite to metastable alumina. Because pseudoboehmite’s 

structure contains water molecule and is softer than the boehmite’s, pseudoboehmite is an ideal 

precursor for milling. Here are presented the various material characterization methods (X-ray 

diffraction (XRD), Scanning electron microscope (SEM), high resolution transmission electron 

microscopy (HRTEM), a SETARAM differential scanning calorimeter (DSC), X-ray 

photoelectron spectroscopy (XPS), and a Thermo Scientific Nicolet iS50 FT-IR spectrometer, 

Raman Spectroscopy) were employed to observe and quantify the transformation behavior. The 

traditional spark plasma sintering (SPS) is the most popular sintering techniques, because it 

takes short time to fabricate bulk materials from powder [57]. However it is expensive and 

complex to operate it, since it requires a fast heating rate (up to 1000°C.min−1) and high pressure 

(up to 1GPa) [58]. A new sintering process for fabricating sapphire or ruby thin film was 

designed; the milled powders are pressed by the French press machine and heat at the 
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temperature (1000°C) for 3hr to get a white or pink α-alumina pellet, which can be applied as 

a target in ion beam sputtering. By ion beam sputtering, transparent sapphire or red ruby thin 

film is deposited on the substrate, and their applications as high refractive index coating and 

stress sensor were studied.  

     Aims of the project: 

Ø To find and observe the phase transformation during the mechanical milling process.  

Ø To observe mechanical milling effects on the phase change and particle size. 

Ø To understand the phase transformation mechanism, in terms of the chemical bond 

changing and transforming energy changing.  

Ø To verify whether the ion beam milling produces the sapphire and ruby thin film 

successfully, then explore sapphire and ruby thin film application by improving the 

refractive index of the material and measuring the stress of superconductor YBCO thin 

film.  

1.5 Outline of This Ph.D. Report     

    This Ph.D. dissertation consists of six chapters. In the first chapter, introduction, alumina 

and its different phases (especially γ-alumina, θ-alumina and α-alumina) were briefly 

introduced. Also this chapter reviews literatures on phase transformation process from 

metastable alumina (γ-alumina, θ-alumina) to thermal stable α-alumina. Then the main thermal 

stable phase α-alumina (sapphire or ruby)’s structure, properties and its application were 

introduced.  

      The second chapter provides the background information of the experimental 

techniques such as mechanical milling, ion beam sputtering used in the experiment. 
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Additionally, it describes the theory behind the characterization methods, such as grain size 

calculation by XRD, band gap measurement by XPS and EELS, residual stress by Raman 

spectra etc.  

    The third chapter reveals experimental conditions and describes the set up in the system 

by explaining its components. In addition, it describes the sample experimental preparation and 

the whole procedure for getting sapphire or ruby thin film.  

    The fourth chapter divides into two parts to show the experiment results and analyses. The 

first part shows the effects of mechanical milling on the phase transformation, particle size, and 

band gap of the milled powder. The second part of the chapter shows the sapphire or ruby thin 

film’s synthesis process and its application (optical application and stress measurement).  

    The fifth chapter gives a brief conclusion for the project.  

    The sixth and final chapter briefly summarizes future work and some recommendations 

for improvements in the synthesis process.  
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

      This chapter describes the experimental techniques applied in this work. It divides into 

four sections: section 2.1 talks about the mechanical milling, section 2.2 describes the material 

characterization methods and mechanisms, section 2.3 introduces the process for the thin film 

growth, and section 2.4 presents the methods used for the thin film optical property analysis.   

2.1 Mechanical Milling 

      Mechanical milling (MM) is a solid state, high-energy ball-milling process to produce 

powders with controlled microstructure [59]. There are two different milling styles, direct and 

indirect, SPEX milling belongs to the indirect one. In the direct milling process, the material 

got the kinetic energy by mechanical shaft or rollers. In the indirect milling process, the milling 

system consists of a rotating vessel filled with steel balls and the sample. The vessel rotates 

with its longitudinal axis, which is fixed by the shafts. As the vessel swings back and forth, the 

steel balls and samples get the centrifugal force. When the centrifugal force exceeds the gravity 

force, the balls and samples spin to the vessel wall, which creates consecutive collisions with 

the chamber walls. During the collision, the impact energy is generated which will be discussed 

in the bellow paragraph [60].  

2.1.1 Phase Transformation in the Mechanical Milling Process 

     Through this process, high intensity plastic deformations occur, which lead to various 

stresses in the grounded particles, such as compression, attritions, impact and shear. All of these 

can lead to the material’s Gibbs free energy change. When the material gains enough energy to 

overcome the activation energy for phase change from A to B, the phase transformation will 
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occur (shown in Figure 6). The Gibbs free energy for the phase transformation is attained by 

transferred energy from power supply. There are a number of non-equilibrium phases, the 

powder’s morphology change highly depends on the powder’s mechanical properties - ductile 

or brittle.  

 

 

 

 

 

 

 

      There are several theoretical models evaluating the power transferred to the vessel 

filling materials. The fundamental assumption is that mechanical energy is delivered through 

periodic and impulsive actions, not continuously supplied.  

      In the milling process, the power supplied (p) is transferred to the kinetic energy in a 

single collision (ΔE) and the total number of events per unit of time (N): 

p = ε ∙ ∆E ∙ N.																																																																				(1) 

ε is an energy transfer coefficient, for perfect elastic collisions ε = 0; for perfect inelastic 

collisions ε = 1. ΔE is the kinetic energy involved in the collision.		ΔE = 0
1
m3v3

1. mb and vb 

Phase A  

ΔG∗ 

Activation energy to 

produce A from B 

E 

Phase B  

Figure 6 Gibbs free energy change of the phase during milling process 
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are the average mass and the velocity of the single impact event. Accordingly, specific energy 

(Ws) supplied to mill charge is given by  

W8 =
0
9
∙ :;
:<
= =∙>?∙@∙A?

9
	.																																																												(2) 

Where M is the mass of the grounded materials. 

2.1.2 Grain Size Change in the Mechanical Milling Process  

      During the ball milling process, the milling balls collide with each other and the particle 

powders are trapped in the colliding milling balls. The particles are continuously flattened, cold 

welded, fracture (shown in the Figure 7 (a)). In the Figure 7 (a), the blue line is the milling 

ball’s boundary; the black line is the particle’s boundary. In the ball’s collision C process, some 

particles go through process A fracture, while some particles go through the process B cold 

welding. In the fracture process A, the colliding force deforms the powder particles that result 

in the crack (grey line), which can lead to reduction of particle size. Particles have new surface 

(green line) created in the collision process, in order to reduce the surface energy the particles 

is more likely to welding together (shown in process B), which leads to an increase of particle 

size. 

      Whether the cold welding or fracture plays a key role in the process is decided by the 

particles’ hardness. If the powder particle is soft, they tend to weld together and form larger 

particles. But if the particle is harder, the fracture is predominant which leading to grain size 

decrease [61].  
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2.1.2.1 Cold Welding   

      Welding is used for so many centuries, cold welding was firstly reported by 

Bartholomaeus Anglicus in the 12th century [62]. Cold welding is a solid state welding process 

in which pressure and plastic deformation of two materials make them jointed together in room 

A B 

A- Fracturing process 

B- Cold welding process 

C- Colliding process 

Milling ball boundary 

Welding surface 

Particle boundary 
Cracks 

C 

C (a) 

(b) 

Figure 7 (a) mechanical milling process (b) mechanism of cold welding 
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temperature without melting the materials [62, 63]. There are a number of theories trying to 

explain the bond formation in the cold welding. Among them, the film theory is the most 

acceptable one, which proposed that bond would form if two ultra clean surfaces are brought 

together and have an intimate contact [63, 64]. The mechanisms behind the cold welding are 

the cover layer of the material, which protects the original material surface from contamination, 

will fracture by plastic deformation. The virgin material exposed in the cracks and is increased 

because of surface expansion. Then virgin material will extrude through cracks of the cover 

layer and establish contact, bonding will formed between the virgin material surfaces [63]. Also 

previous investigation already observed this mechanism governing bonding [65] . This 

mechanism is schematically shown in Figure 7 (b). 

     The properties of material cover layers determine the weld formation [66]. Compared 

with hard material, it is easier to extrude virgin material layer through cracks in the cover layer 

in the soft material [66]. Therefore cold welding easily occurs in soft material.   

2.1.2.2 Quantum Confinement   

      When the material is bulk material, the occupied and unoccupied electron states energy 

levels in the valence band and conductive band are overlaying to each other (shown in Figure 

8 (a)). However if the material is nano material, the energy levels are separated (shown in Figure 

8 (b)). Therefore the electron momentum of jumping from unoccupied states to the occupied 

states are confined. A band gap is the energy difference between the occupied electron states 

(valence band) and the unoccupied states (conduction band) (shown in the Figure 8 (c)). It is 

one of most important parameter to effect the material’s optical properties. It represents the 

minimum required energy to excite an electron from the valence band to the conductive band. 
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     Compared bulk and nano materials, the confined band gap have linear relationship with 

the reverse of size square, which is called quantum confinement, it can be expressed as  

𝐸 = CDED

FGHD
	.                         (3) 

 

(a) 	 	 	 Bulk	Material (b)	 	 	 	 Nano	Material 

Unoccupied states 

Occupied states 

<µm>	scale <nm>	scale 

Unbounded	 electrons	 have	 motion	

that	is	not	confined	  

Separation	

between	 the	

bands 

Electron	motion	becomes	confined 

Figure 8 Electron states of (a) bulk materials and (b) nano materials (c) band gap of 
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L is the particle diameter, h refers to Plank constant, n is quantum level and m is mass of the 

electron.      

2.1.3 Mechanical Milling Applications 

     The mechanical milling process has been a major component in the ceramic processing 

and metallurgy industries [67]. The objective of mechanical milling is to reduce the particle 

size, mix the particle, generate intimated contact within constituents and change the particle 

shape. Mechanical alloying has been carried out in milling equipment capable of higher energy 

compressive impact forces such as attrition mills, ball mills, vibrating ball mills, SPEX and 

shaker mills [67].  

     Mechanical milling has been widely used to produce non-equilibrium phases including 

nano crystalline metallic, ceramic materials, and amorphous alloys. An importance of 

mechanical milling is that it can trigger phase transformations in the solid state at much lower 

temperatures than normal and even at room temperature. For example, mechanical milling of 

TiO2 has been shown to result in the transformation of the anatase phase to the rutile phase [68]. 

It has been shown that materials processed mechanical milling have improved physical and 

mechanical characteristics, compared with conventional solidification processed materials [61]. 

2.2 Material Characterization Methods  

2.2.1 X-ray Powder Diffraction (XRD) 

      X-ray powder diffraction (XRD) is a nondestructive analytical technique used for 

identification of crystal structures, phase and atomic space. In the XRD instrument, there are 

three basic components: X-ray tube, sample holder and X-ray detector. The X-ray tube can 

produce X-rays, the filament in the tube is heated to produce electrons, and the electrons are 

accelerating toward the target by applying the voltage. When the electrons bombard the target 
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material, the electrons with sufficient energy can dislodge inner shell electrons of the target, 

thus characteristic X-rays are generated. These X-rays consist of more than one spectrum, the 

most common X-ray spectra are Kα and Kβ (different from the wavelength). The wavelength is 

depending on the target material, which produces X-rays spectra. Copper is a widely used target 

material for single-crystal diffraction, the radiation of Cu Kα is 1.5418A. These X-rays from 

the target material directed toward the sample, when the sample and the detector rotated, the 

reflected X-rays are recorded. The geometry of the XRD is that the sample rotates at the angle 

of θ, while the detector rotates at the angle of 2θ (showing in the Figure 9). When the reflected 

X-rays satisfied the Bragg’s law, they will interfere with each other. The detector will record 

the X-ray’s interference and shows the intensity peak. 

 

 

 

 

 

 

Figure 9 XRD scheme 

2.2.1.1 Grain Size Measured by XRD 

    In the XRD analysis, the grain size is one of the most important parameter to be calculated. 

In order to get grain size, Scherrer equation can be used, which is gotten by the derivative of 

Bragg law (shown in Figure 10). 

     𝑑 = CK
1LMCN	

.                                  (4) 
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Take Derivative in d and θ yields (holding the wavelength constant) get Scherrer equation as  

2Δd ∙ cosθ ∙ Δθ = λ.																																																																					(5) 

     The Scherrer equation predicts crystalline thickness if crystals are smaller than 1000Å. 

Since small angular differences in angle are associated with large spatial distances (inverse 

space), Broadening of a diffraction peak is expected to reflect some large-scale feature in the 

crystal. Since Δθ can be positive or negative the absolute value and reflect the half-width of the 

peak (really half-width at half-height), so 2Δθ is the peak full-width at half-maximum (β). Full-

width at half-maximum (FWHM) is the width of a spectrum curve at half of the maximum 

amplitude. Δd reflects the crystalline thickness, which approximately equals to particle size: 

particle	size = t = ∆d = ]∙K
^∙_`abc

	.																																													(6) 

Take the shape factor K=0.9, then the Scherer equation is given by 

particle	size = d.e∙K
^∙_`abc

.																																																									(7) 

2.2.2 Raman Spectroscopy 

    Raman spectroscopy is a vibrational spectroscopic technique that measures the molecular 

vibration and crystal structures. In the instrument configuration, a laser source irradiates the 

d
θ

nλ

Figure 10 Bragg law scheme 
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sample, produce Raman scattered light and a CCD camera is used to detect the amount of the 

scattered light.  

 
Figure 11 Light scattering by molecular 

     As shown in Figure 11, when the incident laser interacts with the molecular, it distorts 

the electron clouds to form a “virtual state” which is not stable then the photon will be radiated 

as scattered light. When the scattered light have the same energy as the incident laser light, it is 

Rayleigh scattering which means the electron in the ground level jumps to virtual level and falls 

to the original ground level. The frequency of the scattered light is the same as the incident light. 

Raman scattering (Stokes Raman scattering and anti-Stokes Raman scattering) is a process in 

which an electron is excited from vibration level or ground level to the ground level or vibration 

level.  

      In the Raman spectrum, the x axis is Raman shift which can be converted by Raman 

peak wavelength as  

Raman	shift = 0
Kjklmn

− 0
Klpkqqmn

	.																																														(8) 

Raman shift (wavenumber) is widely used because it is linearly related to energy. The peak 

position shows the specific vibration mold of each function group in the material molecular 
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“molecular fingerprint” of the material. The width of a peak shows the crystalline lattice, it can 

be used to measure the residual stress.   

2.2.3 Differential Scanning Calorimetry (DSC) 

     Differential Scanning Calorimetry (DSC) is a thermal analytic method to detect the 

material’s heat capacity changing with the temperature, which is associated with the phase 

transition and chemical reaction. Because of its speed and availability, DSC is an easier way to 

detect the material’s phase transition such as glass transition, phase change and melt [69].    

     In a DSC instrument (Figure 12), only a few gram of the sample are required, the heat is 

introduced into the sample and the reference (normally an empty pan without the sample). 

When the sample has a phase transition, there will be more or less heat flowing to the sample 

than to the reference in order to keep the same temperature-changing rate. The absorbance or 

release of the heat depends on the exothermic or endothermic phase transition behavior of the 

material [70].  

      In the heat flux DSC, the total heat flow is dH/dt, it is the sum of the two terms (the heat 

capacity and the kinetic response of the sample) as 

rs
rt
= 𝐶v ∙

rw
rt
+ 𝑓 𝑇, 𝑡 .																																																										(9) 

• H is the enthalpy (unit is Jmol-1) 

• Cp is the specific heat capacity (unit is JK-1mol-1) 

• f(T,t) is the kinetic response of the sample (unit is J.mol-1) 
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Figure 12 DSC scheme  

2.2.3.1 Typical DSC Graph 

     The DSC graph (shown in Figure 13) is a curve of the heat flux vs. the temperature or 

the time. The enthalpy of the transition is calculated by integrating the peak. So the area under 

the peak is related to the heat absorbed or released from the transition. The height of the peak 

is proportional to the rate of the phase transition [70].  
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Figure 13 DSC data graph 

2.2.4 X-ray Photoelectron Spectroscopy (XPS)                    

     X-ray photoelectron spectroscopy (XPS) is a technique to measure the material chemical 

composition based on the photoelectric effect. As Figure 14 (a) shown the kinetic energy (K.E.) 

of the electron relates to the X-ray photon energy (hν), the binding energy (B.E.) of the electron 

and the energy (ϕ spec) that is the spectrometer work function (the minimum energy required for 

the photoejected electron jump from the Valent band to the vacuum level). Then X-ray 

photoelectron spectroscopy (XPS) measures the kinetic energy and number of the photoejected 

electrons [71]. 

     In general, the solid sample is introduced in the XPS chamber under ultra-high vacuum 

(below 10-8 mbar) and irradiated by the X-ray generated by Mg Kα (1253.6 eV) or Al Kα 

(1486.6 eV) [72]. When the sample atom absorbs the X-ray photons, the electron in the core 

level can be knocked out of the atoms (as shown in Figure 14 (b)). Ultra-high vacuum is 

necessary firstly because the gaseous contaminants absorbed on the sample surface may 
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contribute to the XPS spectra; secondly it enables the ejected electrons escape from the sample 

and reach the spectrometer analyzer.  

 

 

 

 

 

 

 

 

Figure 14 Electron excitement in XPS (a) and photoemission of O1s (b) 

2.2.4.1 XPS Spectrum 

     XPS counts the electrons leasing from the sample surface when the X-ray irradiates the 

material. XPS spectrum shows the number of the electrons at a sequence of energies including 

both a contribution from the background signal and peaks of the bound states of the electrons 

in the surface atoms. In XPS, there are two kinds of spectra, survey and high-resolution 

spectrum. The survey spectrum is lower resolution spectrum on scale of binding energies 

between 1-1000eV. In this energy range, the characteristic peaks for each element are found. 

The peak intensities measure the amount of the element on the material surface, while the peak 

position decides the elemental composition of the material. The high resolution is measured in 

a narrow scale of the energy region, which related to the chemical bonds and electronic state of 

the element (shown in Figure 15). 
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Figure 15 XPS spectra for the O 1s peak in Al2O3 

2.2.4.2 Band Gap Measured by XPS 

      Normally the material band gap can be measured by UV-VIS spectrum, but for insulator 

the band gap from XPS is more accurate. The reason is listed on the below: The photo-emitted 

electron undergoes three different transitions before entering in the XPS spectrometer analyzer 

(1) the electron is excited by the X-ray photon (with energy hν); (2) the electron transport to 

the sample surface; (3) the electron escape from the sample surface into the vacuum. During 

the step 2, the electron may transfer energy to the high frequency plasma oscillations of the 

valence band electron, thus it will lose energy. Additionally in the step (3), the escaping electron 

inelastically scatters from the sample surface that causes the surface plasmon. However during 

step (2) and (3), the photoejected electron can excite another electron in balance band into the 

conduction band. It involves the excitation of an electron from a filled state to an empty state, 

which means that it excites an electron from below the Fermi energy level to above it. 
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      For insulators that has wide-band gap (shown in Figure 16), this equivalents to an 

electron being excited from the valence band into the conduction band. Hence, the lower limit 

of inelastic loss is equal to the band gap of the insulator. 

  

 

 

 

 

 

2.2.5 Electron Energy-Loss Spectroscopy (EELS) 

     EELS is an analytical technique measuring the kinetic energy loss of inelastically 

scattered electrons series after interaction with the target specimen. Based on the incident 

electrons’ kinetic energy scale, it can divide to two type-high resolution EELS (a few hundred 

electron volts) and normal EELS (a few millielectron volts).  EELS is achieved by connecting 

electron monochromators to transmission electron microscopes (TEM) [73]. EELS is based on 

a magnetic prism which generate a uniform magnetic field B (shown in the figure 17). In this 

field, electrons follow circular path with a bending radius of R, which depends on 

𝑅 = G
~
∙ 0

�
∙ 𝑣.																																																								(10) 

En
er
gy

Fermi
Energy

InsulatorSemiconductorMetal

Thermoly excited 
electron

Empty
States
holes

Band gap

Figure 16 Energy bands in metals, semiconductors, and insulators  



29 

 

It means electrons with different kinetic energies will have different bending radius, in this way 

the electrons can be separated in the magnetic prism.  

 

 

 

 

 

 

 

 

Figure 17 Configuration of EELS 

    The first peak (zero loss peak) appears at 0eV, represents electrons do not have inelastic 

energy loss, the electron scattered elastically. The FWHM of the zero peak is normally 0.2- 

2eV, represents mainly the energy distribution of the electron source. During the inelastic 

interaction of electron with the sample, the electrons can generate the plasmon oscillations 

frequently. This low loss region (<50eV) provides much information of the valence electron 

excitation. Through this, we can get the band gap of the material (shown in Figure 18).  
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Figure 18 EELS spectrum 

2.3 Deposition Techniques of Thin Films  

      In term of the deposition mechanism in vacuum system, thin film deposition can be 

divided into two categories: physical and chemical deposition process. The deposition goes 

through three main steps: firstly the atomic, molecular or ionic deposition species are created; 

secondly the species transport from the source to the substrate; then the depositing species 

condensed on the surface of the substrate directly or through the chemical reaction with an 

reactive molecule [74]. In the physical vapor deposition (PVD) process, the solid film is 

deposited via the condensation of the vapor phase atoms on a substrate and migration to the 

growth sites. The classic PVD included the evaporation, sputtering and ion plating [75]. In the 

chemical vapor deposition (CVD) process the film is formed by a vapor chemically reaction on 

the heated substrate surface.  

      There exists many ways to prepare corundum (α-Al2O3) thin film including atomic layer 

deposition (ALD), chemical vapor deposition (CVD) and plasma enhanced chemical vapor 
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deposition (PECVD). The optical thin film can be prepared by physical methods such as 

evaporation and sputtering [38]. Among these, ALD is employed to adjust the film thickness 

and composition of the film [76]. In industry, crystallized Alumina coating is prepared by CVD 

process [77]. Unfortunately, the CVD have a higher requirement for the substrate temperature 

(above 1000oC) [39]. Even though physical vapor deposition can be operated at lower 

temperature, it is just for amorphous Al2O3 coatings [77]. 

       Ion beam sputtering (milling) deposition (Figure 19) is a PVD process, which positive 

gas ions bombard the target to produce dislodging atoms that pass through the gas phase and 

deposit on the surface of the substrate. Compared with other vapor-phase deposition, in the 

sputtering deposition the sputtered atoms can have very high kinetic energies. This high kinetic 

energy can improve the films’ properties and increase the film-substrate adhesion [75]. Based 

on the ion beam sources, there are two different categories: focused ion beam (FIB) and broad 

ion beam (BIB). They are different from the beam size, the current density of the beam, the 

incident angle and the beam scanning [78]. In FIB milling process, gallium ion was used and 

the accelerating voltage is 30kV [79]. Focused ion beam milling is commonly used in TEM 

sample preparation, the most important advantages of the FIB is that it can cut the sample at 

desired location and eliminated the damages. BIB milling is a process using lower-energy gas 

ion beam (such as argon Ar+ or helium He+). Compared with FIB, BIB milling process can mill 

a larger surface area of the target and it is widely used in the nano fabrication field [80].   
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Figure 19 Ion beam sputtering process 

2.3.1 Ion Beam Sputtering  

2.3.1.1 Mechanism of the Ion Beam Sputtering  

    The broad ion beam sources were firstly used in electric space propulsion in some 

countries in the period of late 1950s and early 1960s. Later the application of ion beam greatly 

exceeded its initial application, at present it is widely used in thin film deposition [81].  

    The ion source in the BIB process applied in thin film preparation is gridded; it means 

there is an ion-optics grid in the system where ions are accelerated by the electric field (shown 

in Figure 20). The gas flows into the discharging chamber, the electrons from the cathode strike 

than ionize the gas atoms or molecule, then the gas ions reach the ion optics (the screen and 

accelerator grids) and are accelerated to form ion beam. The neutralizer’s electron can charge 

and neutralize the ion beam.  
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Figure 20 Schematic diagram of gridded ion source 

    The discharging chamber can produce ions efficiently; also it is easily controlled and 

maintained. Nearly all of discharging chamber configures use a magnetic field to contain the 

cathode’s emitting electrons, therefore improve the ion production efficiency at low operating 

pressures. This magnetic field is provided by the permanent magnets and electromagnets [81].     

     The ion beam accelerated by the ion optics, its maximum current can be given by  

𝐼 ≈
��
� ∙�∙ �

�

�
D∙��

�
D

��D
	.																																																															(11) 

• 𝜀d is the permittivity of space. 

• A is the beam area. 

• ~
G

 is the charge to mass ratio of the accelerated ions. 

• Vt is the total voltage (Vb +Va). 

• lg is the gap between the screen and accelerator grids.  
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This equation is derived from the Child’s law, this equation just give an approximate ion beam 

current, but the actual beam current is only 20%-50% of the equation.  

2.3.1.2 The Application of Ion Beam Sputtered Thin Films 

      Broad ion beam applied in thin film deposition started in 1970s, and then is widely used 

in this area. The broad ion beam milling can be used as etching: the broad ion beam source 

accomplished by the physical sputtering can remove the target material. As with etching, 

deposition can be achieved by physical or reactive sputtering. Recently the application of broad-

beam ion sources sputtering focused more on the thin film property-modification. The 

properties include adhesion, corrosion resistance, crystal orientation, magnetic anisotropy, 

refractive index and hardness [81]. Among them, the refractive index is one of the most 

important parameter to characterize the thin film’s optical property [82, 83]. 

2.4 Sapphire or Ruby Thin Film Application I – Modifying the Refractive Index 

of Substrate 

2.4.1 Refractive Index    

     When the incident light passed through the thin film, the possible phenomena are 

reflection, transmission, and absorption of the incident light. The intensity of the incident beam 

equals the sum of the intensities of the reflected, transmitted and absorbed beam: 

𝐼� = 𝐼� + 𝐼w + 𝐼�				𝑎𝑛𝑑																																																			(12) 

𝑅 + 𝑇 + 𝐴 = 1.																																																																	(13) 

Reflectivity R = ��
��

, Transmissivity T = ��
��

, Absorptivity A = ��
��

, these three represent the 

optical properties of the thin film. 
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      Light is a propagating electromagnetic wave, which has both magnetic and electric field 

components oscillating perpendicular to each other. In the vacuum, light propagates at the speed 

of c. In different mediums, the light will propagate at different speed ν. The refractive index n 

is the ratio of c to ν that determine physicochemical properties of the optical medium. It is given 

in the following equation:  

𝑛 = �
�
	.																																																																									(14) 

      c is the velocity of the light in vacuum, v is the light velocity in medium. The refractive 

index is one the most important parameters for the optical medium[84, 85]. When light 

propagates through different mediums, it obeys Snell’s law (shown in Figure 21) that can be 

expressed as 

n0sinθ0 = n1sinθ1.																																																												(15) 

• 𝜃0	𝑎𝑛𝑑	𝜃1 are the angle of the incidence light and refraction light. 

• 𝑛0	𝑎𝑛𝑑	𝑛1 are two medium’s refractive index 

 

 

 

 

 

 

 

Figure 21 Snell’s law 

     The refractive index decides how much the light is bent when light transfer from one 

medium to another. When light go through the high refractive index medium, the light rays will 
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be bent greater than the lower refractive index medium. Therefore less high refractive index 

material is needed for bend the same degree as a lower refractive index medium.  

     The refractive index can also determine the amount of reflected light, Brewster’s angle 

and the critical angle for total internal reflection. At Brewster’s angle (shown in Figure 24), p-

polarized light will be totally transmitted. The Brewster’s angle is given by 

θ� = arctan aD
a�

.																																																													(16) 

      Brewster’s angle is an angle at which the reflection losses are minimized. For example 

Brewster’s Angle Laser Crystals are small Ti:Sapphire (n=1.76) crystals polished with 

Brewster’s angle (around 60.4°) which can avoid laser modulation.  

      The critical angle for total internal reflection can be calculated by  

𝜃� = arcsin C�
CD

.																																																								(17) 

When the angle of incident light is higher than θc , the Snell’s law cannot be applied. The light 

cannot be transmitted and will go through total internal reflection. For example light emitting 

diodes (LEDs) encapsulating resin prefer to use high refractive index material to increase the 

light extraction efficiency due to the internal reflection phenomena [86]. In addition, anti-

reflective coating on the lens can eliminate the reflections in lenses and thus increase contrast 

and clarity of the lenses.  

     High refractive index thin film materials (typically n >1.65) are used to improve the 

optical devices’ optical behavior such as Brag gratings and photonic crystals. The high 

refractive index thin film improves the materials’ optical quality and transparency in the visible 

light range [82]. In optical devices, high refractive index thin films are widely used for 

producing the optical interference filters and mirrors [87]. 
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2.4.2 Methods for Determining the Refractive Index of Thin Films  

     There exists various methods for determining the refractive index such as goniometric, 

refractometric and ellipsometric [85]. Goniometers are used for measuring angles, also it can 

be used for measuring the refractive index of the material by prism methods: least deviation, 

constant deviation and auto collimation [88]. The least-deviations method (LDM) is used to 

achieve highest accuracy. The method LDM contains getting the smallest angle of deviation for 

the rays transmitted the prism. Figure 22 shows a light path through the prism. The following 

equations can be written by using the refraction law and geometrical relationships  

𝑠𝑖𝑛𝛽0 = 𝑛 ∙ 𝑠𝑖𝑛𝜃0,																																																															(18) 

𝑠𝑖𝑛𝛽1 = 𝑛 ∙ 𝑠𝑖𝑛𝜃1,																																																															(19) 

𝜃0 + 	𝜃1 = 𝛼, 𝑎𝑛𝑑																																																															(20) 

𝛽0 +	𝛽1 = 𝜀 + 𝛼	.																																																																(21) 

 

 

 

 

 

 

 

 

 

Figure 22 Refraction of a light through a prism 
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n is the relative refractive index of the prism, α is the prism’s refractive angle, 𝛽0	𝑎𝑛𝑑	𝜃0 are 

the incidence and refraction angles at the first face of the prism. 𝛽1	𝑎𝑛𝑑	𝜃1 are the incidence 

and refraction angles at the second face of the prism, and ε is the desired deviation angle of the 

incident light from its initial direction. Eliminating the 𝜃0	𝑎𝑛𝑑	𝜃1		from the equations, we get 

a formula as 

ε β0 = β0 − α + arcsin nsin α − arcsin 8¦a^�
a

.																												(22) 

Deviate the above function to get the angle of least deviations with relationship to incidence β1 

ε>¦a = 2 arcsin nsin §
1

− α		and																																									(23) 

 n =
8¦a ¨©ª«¬­

D

8¦a ¨
D

.																																																												(24) 

      Figure 23 shows the relationship between the incident angle β and ε. It can be seen that 

as the incident angle increases, the angle of deviation ε decreases, but after passing the 

minimum εmin, it increases. Such phenomenon forms the basis of the LDM with visual 

goniometer [88].   

 

 

 

 

 

 

 

 

 

 

 

Figure 23 The angle of deviation changing with the incident angle 
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      For the refractomenty, the Brewster’s angle was measured to get the refractive index. 

When the ray goes through the boundary between two transparent media, generally its optical 

power partially is reflected. However at Brewster’s angle the reflection does not occur, it means 

the light is p-polarized. The magnitude of the Brewster’s angle related to the refractive index 

of the optical media, it is given by 

θ� = arctan aD
a�
	.																																																																(25) 

n1 and n2 are the refractive indexes of the medium of the incident beam and the second medium. 

So if the refractive index of the medium of the incident beam is known, we can get the other 

medium’s refractive index by the Brewster’s angle (shown in Figure 24).   

 

 

 

 

 

 

Figure 24 Brewster’s angle 

       Among them, ellipsomentry is a convenient and accurate way to measure the thickness 

and refractive index of the thin film on the substrate surface. The thickness limit measured by 

ellipsomentry is one order of magnitude smaller than other means such as interferometry [89]. 

The mechanism of ellipsomentry is to measure the changes in the state of polarization of light 

after reflection from the surface. A thin transparent film on the substrate leads to changes of the 
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light polarization states from which the refractive index and thickness of the film can be 

determined.  

 

 

Figure 25 The principle of the ellipsomentry [90] 

     When the plane light wave passes through the transparent surface, the incident plane is 

defined as a plane perpendicular to the surface. The propagating direction vector is the wave 

vector kin. The vectors for the electric filed E and The magnetic field B of the light wave are 

perpendicular to kin. The chosen E-vector is defined the polarization of the light wave (shown 

in Figure 25). The two components of vector E (σ and π) are parallel and perpendicular to the 

incident plane.  

     The incident light is linearly polarized; it means the amplitude and mutual phase make 

the endpoint of E moves in a straight line in the σ- and π- components. However when the light 

reflects from the surface, the amplitude mutual phases of the σ- and π- components cause the 

endpoint of E to move in an ellipse. The light wave changes to elliptical polarized. 

     In the ellipsomentry, the detector and data processing can measure the ellipsometric 

parameters Ψ and Δ. Ψ is primarily a function of n (the refractive index of film) and ϕ (the angle 
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of the light refract through this film). Δ is a function of the film’s thickness. The ellipsometric 

parameter is related to the reflection coefficients of the polarized light parallel and 

perpendicular to the incident light plane ρσ and ρπ, respectively. The relation shown in the 

following equation 

𝜌 = ¯°
¯±
= tan 𝜓 ∙ 𝑒´µ	.																																																											(26) 

     The two reflection coefficients (ρσ and ρπ ) are functions of the material’s refractive index. 

Ellipsomentry is used to measure the thickness or refractive index of the thin film on top of the 

substrate. If the refractive index of the film is known, ellipsomentry can measure the thickness 

of the thin film; while if the thickness is known, ellipsomentry can calculate the refractive index 

of the thin film.  

2.5 Sapphire or Ruby Thin Film Application II – Measuring the Residual Stress 

of Superconductor YBCO Thin Film 

2.5.1 Residual Stress in YBCO Thin Film  

     It is unavoidable for thin film to have residual stresses because of the thermal misfit and 

structural variation between the substrate and the actual deposit. The residual stress plays a key 

role on determining the film’s service life [91]. The critical point in this technological process 

is that residual compressive stress can cause the delamination of the film. While residual tensile 

stress may induce micro cracks in the film. The residual stress cannot be eliminated by heat 

treat, therefore it is necessary to find a cost effective way to measure the residual stress in the 

thin film. It is well known that Ruby has two luminescence bands R1 and R2 in the range of 

4300cm-1 to 4500cm-1, which is highly sensitive to temperature and pressure [54]. Therefore, 

Raman shift of R1 and R2 bands is proposed herein to accomplish this degree measure the 

residual stress of superconductor thin film. In this case we used YBa2Cu3O7-δ (YBCO) thin film 
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that is known for its superconducting properties as well as producing microwave and high 

power electrical devices application [92].  

2.5.2 Residual Stress Measured by Raman Spectrum  

     If there is tensile stress in a crystalline structure, the crystalline lattice will increases and 

the number of layers are reduced. Because the surface atoms of the crystalline will bond to less 

neighbors, the interlayer Van der Waals will decrease which results in weaker restoring forces 

in the vibration. Thus there is red shift of Raman peak when there is tensile stress in the 

crystalline structure. By contrast, if there is a compressive stress exists in the crystalline the 

atom will pack closely, it will increase the Coulomb interaction and in turn the restore force in 

the vibration and lead to blue shift of Raman peak [93]. The value of the stress is given by [94-

96] 

∆𝜀 = 𝑏∆𝜔		.																																																																						(27) 

	∆𝜔 is the Raman frequency shift, ∆𝜀  is the amount of stress in strained material, b is the 

coefficient of strained material. 
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CHAPTER 3 

EXPERIMENTAL SET-UP AND TECHNOLOGY 

      An overview of the synthetic procedures (Figure 26) applied in the project is presented 

below. Firstly the mechanical milling process was used to generate core material powder for 

the next experimental step (French Press, heat treatment and ion beam sputtering process).  

 

Figure 26 The synthesis procedure 

      It is important to show the mechanical milling effects on the alumina phase 

transformations, so various characterization methods are applied to evaluate results of the 

experiment. Also sapphire or ruby thin film was generated through the ion beam sputtering. 

Then Ellipsomentry instrument was used to measure the optical property of the thin film.  
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3.1 Synthesis Process 

      In this work, we present a unique method to transform pseudobohemite to other phase 

(shown in Figure 27). Table.1 shows all of the chemicals used in this synthesis process. 

Conventionally pseudobohemite is transformed into χ or α-alumina phase by heat treatment. 

Here we explore mechanical milling as an alternative way to reduce the phase transformation 

temperature (around room temperature). The partially transformed phase is the key for a low 

temperature transformation into other phases.  

 

 

 

Figure 27 Synthesis process from PB to sapphire or ruby 

      The pseudoboehmite was synthesized from 0.2M water based aluminum sulfate. The 

solution was heated to 60°C with vigorous stirring. Once the temperature is reached commercial 

ammonia (NH3) gas is pumped into the solution to reach a pH between 9-10 [97]. Temperature 

and pH were maintained constant during the synthesis. During the synthesis there are two 

reactions, equations (28) and (29) represent the two reactions in the precipitation process. At 

the end of the reaction, the products obtained are filtered and washed with distilled water for a 

number of times. The washing process is ended when the washing solution has a constant pH 

of 7. The resulting product is dried at 100oC for 24 hr. The product is our raw material known 

as pseudoboehmite (PB) (shown in the following Figure 28).  

NH¹ + H1O → NH¼½ + OH¾				and																			           (28) 

Al¹½ + SO¼1¾ + NH¼½ + OH¾ → AlO OH + H1O + (NH¼)1SO¼	.																					(29) 
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Table 1 Chemicals for the experiment 

Names Chemicals Purity Company 

Aluminum Sulfate Al2(SO4)3. XH2O ≥98% Sigma Aldrich 

Chromiusulfate Hydrate Cr2(SO4)3•XH2O ≥98% Sigma Aldrich 

Ammonia  NH3 99% MATHESON 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28 PB powder synthesis and drying 

3.2 Mechanical Milling 

     There are two precursors: pseudoboehmite powder (PB) and chromium doped 

pseudoboehmite powders (PBCr). The milling is carried out from 0 to 50hr in a high energy 
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Spex mill (shown in Figure 29) with sets of five steels balls, two of 12.5mm and three of 6 mm. 

The milling load was of 10grams every batch.  

 

 

 

 

 

 

 

 

 

 

Figure 29 Spex milling machine 

3.3 Characterization Methods 

3.3.1 Thermal Analysis 

     The thermal analysis was performed in a SETARAM Differential Scanning Calorimeter 

Analyzer (DSC) (shown in Figure 30) equipment. The raw and 30 h milled powders were 

analyzed at a heating rate of 15 ºC/min up to a maximum temperature of 1200 ºC in argon 

atmosphere.  
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Figure 30 DSC 

3.3.2 X-ray photoelectron spectroscopy (XPS) 

     X-ray photoelectron spectroscopy (XPS) data were collected on a Physical Electronics 

Model 5700 instrument (Figure 31 (d)). Photoemission spectra were produced using a 

monochromatic Al Kα X-ray source (1486.6 eV) operated at 350 W. The XPS samples for 

analysis were prepared by placing powder on the sample holder surface by carbon double tape.  

3.3.3 X-Ray Diffraction (XRD) 

      X-Ray diffraction measurements of these samples were conducted in a Rigaku Smart 

Lab SE Multipurpose X-ray diffraction system (Figure 31 (a)) with a Bragg-Brentano geometry 

and Cu-Kα radiation (λ = 1.5418 Å).  
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3.3.4 Fourier Transform Infrared Spectroscopy (FTIR) 

     For measurement of sample powder, approximately 10mg of each sample was 

investigated on a Thermo Scientific Nicolet iS50 FT-IR Spectrometer (Thermo Fisher, USA) 

(Figure 31 (b)) using a diamond single reflection attenuated total reflectance (ATR) accessory 

equipped by a zinc selenide crystal. The software OMNIC version 8 was used for spectral 

acquisition. Infrared spectra were obtained in the range of 4000–600cm−1 with a spectral 

resolution of 4cm−1. The averaged spectra were obtained using 32 scans including subtraction 

Figure 31 The characterization instruments (a) XRD (b) FTIR (c) Raman (d) XPS 

(a) (b) 

(d) (c) 
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of a background scan of the clean diamond crystal. The diamond was cleaned between samples 

using alcohol. 

3.3.5 Raman Spectroscopy 

     The Raman spectroscopy was conducted on a confocal micro-Raman microscope 

XploraTM Horiba JY (Figure 31 (c)). A 785 nm diode laser was used for excitation. Grating is 

1800T, Filter is 100%, and acquisition time is 10s. 

3.3.5 High resolution transmission electron microscopy (HRTEM) 

     High resolution transmission electron microscopy (HRTEM) was performed using a 

transmission electron microscope JEM-2200FS JEOL operated at 200kV. The image analysis 

for the HRTEM micrographs is conducted using Digital Micrograph that is capable of 

reproducing the Fast Fourier Transformations (FFT) and their Inverse (IFFT) images for a more 

in depth analysis.    

3.4 Preparation of Sapphire or Ruby Pellet as the Target for Ion Beam 

Sputtering 

     The sapphire or ruby target sample was prepared as a compacted pellet from the powder, 

by pouring approximately 10g of 30hr milled PB or PBCr (PB mixture with 2% Cr2O3) powder 

in a 2cm diameter cell. The cell is positioned in the French press instrument (shown in Figure 

32 (a)), then the cell (Figure 32 (b)) is pressed using 13.8MPa for 30min. In order to get pure 

sapphire or ruby pellet, the PB 30hr or PBCr 30hr pellet were heated at 1000oC in the furnace 

for 3hr (shown in Figure 32 (c)). Through this process, we synthesized (Figure 33 (b)) or ruby 

(Figure 33 (c)) target that is 2cm radius with 1mm thickness. The samples were used for various 

characterization methods as well as sputtering. 
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Figure 32 Instruments for producing target (a) the French press (b) the cell (c) the furnace 

 

 

 

 

 

 

 

Figure 33 (a) Synthesized pseudoboehmite (b) sapphire pellet (c) ruby pellet 

3.5 Ion Beam Sputtering Process 

      Figure 34 shows the ion beam-milling instrument, there are seven components: 

cryopump, roughing valve, ion source, cryo valve controller, ion source controller, Ar gas 

controller and pressure indicator. The procedure shows in the below: 

       Load a sample. Close the crypump valve, vent the chamber and open the chamber lid. 

The sample is placed on the holder plate, then put it back into the chamber. Open the rough 

(a) 

(c) 

(b) 

(a) (b) 

(c) 
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pump, wait for the chamber pressure to reach below 5.0-2Torre. Close the rough pump valve 

and open the cryopump valve. Wait for the cryopump LED turn to green, turn on the ion gauge. 

Wait for the IG pressure to reach below 5.0-6 Torre.  

      Running a preprogrammed process. Turn on the Ar gas controller, wait for the IG 

pressure to be stable. Press the Discharge Enable button and Beam Enable button to start milling. 

After a certain time milling, press the Discharge Enable button and Beam Enable button to stop 

milling. Wait for 15min for the source to cool down. Turn off the Ar gas controller and ion 

gauge. 

 

 

 

 

 

 

 

 

 

Figure 34 Ion beam milling instrument 

     Unload the sample. Close the cryopump valve and vent the chamber, then take the sample 

out from the chamber. 
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      During the milling process, the sample stage is stable. The milling beam voltage is 600 

V and the milling beam current is 120mA. The ruby or thin film sample (thickness is around 

150nm) is prepared during 120min ion beam milling. 

3.7 The Ellipsomentry Measurement for the Refractive Index of the Ruby Thin 

Film  

      Approximately 150nm thick ruby film is grown on the silicon wafer by the ion beam 

sputtering process (shown in Figure 35). The refractive indices were measured by the Gaertner 

Ellipsometer (Gaertner Scientific Corporation) and analyzed using the Caertner Ellipsometer 

Measurement program (Gaertner Scientific Corporation). Ellipsometric Ψ and Δ data was got 

at the wavelength of 632.8nm and incident angle 70°. The data was fitted by the thin oxide 

model to obtain the thin film thickness and refractive index. Since ruby thin film is transparent 

and has minimum absorption at this wavelength.  

 

 

 

 

 

 

 

Figure 35 Gaertner Ellipsometer 
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3.8 The Stress Measurement for the Superconductor YBCO Thin Film  

     In this application study, Ni tape was chosen because it is a common substrate for YBCO 

thin film deposition. Firstly, ruby film (approximately 150nm thick) is coated on the bottom of 

Ni tape by ion beam sputtering process. Figure 36 (a) and (b) show the Ni tape’s surface looking 

before and after ion beam sputtering ruby.  

 

 

 

 

 

      Then the top of the tape is deposited YBCO by MOCVD, the whole Ni tape structure is 

shown in Figure 36 (c). Before and after the MOCVD, Raman spectroscopy was used to 

measure the tap’s bottom ruby layer’s R1 and R2 band peak; The Raman spectroscopy was 

conducted on a confocal micro-Raman microscope XploraTM Horiba JY (Figure 31 (c)). For 

excitation the used laser wavelength is 532nm, the residual stress of the YBCO was calculated 

by the Raman peak shift.  

 

 

 

 

YBCO 

Ni 

Ruby 
(b) 

(

(a) (c) 

Figure 36 (a) Ni tape surface looking before ion beam sputtering ruby (b) Ni tape 

surface looking after ion beam sputtering ruby (c) structure of the Ni tape 



54 

 

CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Mechanical Milling 

4.1.1 Phase Transformation 

4.1.1.1 PB Phase Disappearance and α-Al2O3 Phase Appearance 

        In order to study the phase transformation of PB during mechanical milling process, 

the XRD was used. Figure 37 shows the XRD patterns of the pseudoboehmite powders with 

different ball milling times. According to the XRD reference pattern (21-1307 JCPDS), the 

pseudoboehmite shows the following seven diffracting planes: (020), (120), (031), (200), (151), 

(002) and (251). Compared with the crystalline boehmite, (020) is slightly shifted toward lower 

angles due to the presence of interlayers of water [98-101]. During the whole milling process, 

there is no reflection from the milling medium’s ingredients (the steel balls and steel vial). From 

raw pseudoboehmite to the 30hr milled sample, there is no significant change in the XRD 

pattern, just continuous peak broadening and a small peak position shift. It is obvious that 20hr 

and 30hr milled sample, (020) plane disappeared, (120), (031), (200), (151), (002) and (251) 

peaks clearly broaden. In the 50hr milled sample, the pseudoboehmite no longer exists, the χ-

Al2O3 phase is the only phase observed (13-0373 JCPDS). Also after 10hr of ball milling, the 

planes (151) and (251) which belong to the typical pseudoboehmite reflections no longer 

present because of the transformation to χ-Al2O3. In previous studies, the χ-Al2O3 has been 

synthesized at temperatures between 300 and 500°C [102-104]. Mechanical milling is so unique 

phase transformation path that it can produce χ-Al2O3 phase at room temperature without other 

phases	𝜃, 𝛾, 𝜅, 𝑎𝑛𝑑 𝛿 [105].  
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Figure 37 Diffraction patterns of the raw and milled PB. PB and 𝜒-Al2O3 stand for 
pseudoboehmite and chi-alumina respectively. 

      Raman spectra are another way to show the crystalline change of PB with different 

milling time. Figure 38 shows the Raman spectroscopy data of PB with a 785nm laser excitation 

in the range of 200cm−1 to 1100cm−1.  

       It is observed that PB 0hr, 2hr, 5hr, and 10hr showed two significant active modes 

∼355cm−1and 983cm-1. As the milling time increased, the vibrational modes became broader 

and its intensity decreased. It is because the mechanical milling affects the structure of 

pseudoboehmite, its crystal quality and grain size during the process. After 10hr milling, the 

PB 20hr, 30hr and 50hr lose the vibrational modes in this range. It indicates that after 10hr 

milling PB’s crystalline starts to transform to other phases, which is consistent with Figure 37 

XRD data. 
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Figure 38 Raman spectra of raw and milled PB with an excitation line of 785 nm. 

 

 

Figure 39 (a, b) HRTEM images and interplanar measurements for the PB 20hr and 30hr 
samples. 

      Since phase existing in PB 20hr and 30hr is not traceable by XRD and Raman 
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The analysis of interplanar measurements shows the existence of the crystalline α-Al2O3 in both 

samples. 

4.1.1.2 Mechanism of the Phase Transformation 

     XRD and Raman data together show the phase transformation during mechanical milling 

process; additionally HRTEM shows the sapphire phase was successfully synthesized in the 

room temperature during 20hr or 30hr mechanical milling process. In order to find the 

mechanism of the phase change, Fourier Transform Infrared Spectroscopy (FTIR) over the 

range 4000-600cm-1 was employed to study the chemical bond changing during the milling 

process. Figure 38 shows the FTIR spectrum of pure pseudoboehmite with different milling 

time 0hr, 1hr, 2hr, 10hr, 20hr, and 30hr. In Figure 40 (a) from 0hr to 20hr the band belonging 

to bending vibration of Al-O-H was shifted from 1065 cm-1 to 1124cm-1, the 744cm-1 OH 

torsional mode shown in PB 0hr disappeared after 2hr mechanical milling and the band at 

855cm-1which repents the [AlO4] stretching mode started to appears from 2hr milling [9]. The 

reason for this is PB exists as the type of  [AlO6], mechanical milling destroys the PB’s water 

layer, [AlO4] which has a shorter Al-O bond begins to appear after 2hr milling [99]. As the 

milling time increase, the amount of [AlO4] in milled samples is increased. Figure 40 (b) shows 

the broad band at around 3310cm−1 belonging to OH bonding stretching vibrations (the 

υas(Al)O-H and υs(Al)O-H stretching vibrations or OH stretching mode in PB H2O structure) 

began shift to 3400cm−1, also the shoulder peak (2939cm−1) appears in sample PB 20hr and PB 

30hr [106]. This is another proof that the water structure in PB is eliminated during millling. 

The band at 1638cm−1 assigned to the bending vibration of the hydroxyl bands in adsorbed 

water molecules is so weak (shown in Figure 40 (c)), it means that the water absorbed on the 
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PB’s surface can be neglected [25, 107, 108]. On the other hand, it indicates the damaged water 

molecule is in PB’s structure and not from the surface absorption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40 FTIR spectrum of pure pseudoboehmite with different milling time (a) OH 
stretching vibrations; (b) Al-O-H bending vibration; (c) the lack of bending vibration of the 

hydroxyl bands 

     FTIR data indicates that OH bonds between the PB layers structure (shown in Figure 

41(a)) is firstly broken, because the hydrogen bonding in the PB layer is weaker than the ionic 

bond in the structure. The hydroxyl group diffused from the PB’s structure, then formed water 

to finish the phase transformation (shown in Figure 41 (b)). 
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4.1.1.3 Novelty of Mechanical Milling on the Phase Transformation  

    In order to explore the critical point of mechanical milling for phase transformation from 

PB to α-Al2O3, raw (PB 0hr) and milled 30hr sample (PB 30hr) were analyzed by DSC. Figure 

42 shows the heat flow profile of the PB 0hr and 30hr. We can observe that PB 0hr has two 

endothermic reactions; one around 100ºC is water removing and the one around 400ºC 

associated to dehydroxylation. However for PB 30hr, there is only one endothermic reaction 

attributed to combination of dehydration and dehydroxylation. Base on the energy balance, the 

reduction in the energy requirements of 58% for the milled sample to transform into χ-Al2O3. 

According to previous transformation research, we identified at higher temperatures the PB 0hr 

and PB 30hr have the presence of the following intermediate phases δ-Al2O3 and κ-Al2O3 [109, 

110]. In both cases the intermediate phases transform into α-Al2O3 as the temperature increases. 

 

Al2O3.H2O Al2O3+	H2O 

AlO
6
 

OAl OH

hydrogen bond

(a) (b) 

Figure 41 (a) PB crystalline structure and (b) mechanism of phase transformation 
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Figure 42 DSC analysis of raw and milled 30hr PB.    

      For the milled 30hr PB sample the phase transformation to α-Al2O3 initiates at around 

867ºC and ends at 1163ºC. In the case of the raw sample the same reaction initiates at 1060ºC 

and concludes at 1190ºC. This represents a reduction in phase transformation temperature for 

the initial α-Al2O3 phase approximately 193ºC, which is attributed to presence of α-Al2O3 

“seeds” in the PB 30hr that are synthesized at room temperature by milling. The α-Al2O3 seeds 

are nano scale and serves as hetero-nuclei for the high temperature α-Al2O3. Another evidence 

for the effects of α-Al2O3 “seeds” is the increase in the heat released during the PB 30hr 

transformation to α-Al2O3 is 285 % larger than the PB 0hr transformation, which allowing a 

less demanding phase transformation process. 

4.1.2 Grain Size Change  

      The XRD patterns of the samples at different milling times are shown in the Figure 40 

(a). In order to evaluate the microstructure of the ball-milled powder, which is related to its 
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physical properties, the average particle sizes of PB particles was determined from the FWHM 

of the (120) reflection plane using the well-known Scherrer equation 

d = d.e∙K
�∙_`8b

	.																																																																	(30) 

	λ is the X-ray wavelength, θ is the angle of Bragg diffraction, B is the full width at half 

maximum of the XRD peak.  

 

 

 

 

 

 

 

 

 

 

 

 

  

     

Figure 43 (a) XRD of PB at different milling time (b) variations in grain 
size of PB with increasing milling time (0-50hr) 

0 10 20 30 40 50

2.0

2.5

3.0

3.5

4.0

 

 

G
ra

in
 s

iz
e 

(n
m

)

Milling Time (hr)

(a) 

(b) 

21.0 25.2 29.4 33.6 37.8 42.0
0

2k

4k

6k

(2
02

) c

(2
00

) c(1
00

) c

50hr

30hr
20hr
10hr

5hr
(0

31
) P

B(1
20

) P
B

 

 

In
te

ns
ity

 (a
.u

.)

2q (degree)

0hr
2hr



62 

 

    The results are shown in the Figure 43 (b), the grain size values are between 2 and 4nm 

for the investigated samples (PB 0hr, 2hr, 5hr, 10hr, 20hr and 30hr), which is in a agreement 

with true atomic resolution TEM (Figure 39).  And it is distinct that the average grain size 

increased with milling time from PB 0hr 2.72nm to PB 10hr 3.18 nm, however 20hr, 30hr and 

50hr did not have same trend contributing to the phase transformation to χ-Al2O3. Even though 

the grain size calculated from Scherrer formula just provides a bulk assessment and Scherrer 

calculation does not account for residual stresses in the particles, the consistency of grain size 

got from XRD and TEM shows the validity of grain size got from XRD analysis. 

    The SEM (Figure 44) shows the morphology change of PB with various milling time. All 

milled samples have nano particle agglomerate as demonstrated by XRD and TEM [111]. The 

large particles are >5µm and smaller particles usually below 5µm to sub-micrometric. The 

subnanometric particles are most-likely debris due to the milling process.  

      

 

 

 

 

 

Figure 44 SEM microstructures of the raw and milled samples for up to 50hr.  
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4.1.3 Band Gap Change  

      Band gap plays a key role in determining the materials’ optical property and application.  

Because pseudoboehmite is insulator, whose band gap equivalent to the energy exciting an 

electron from below the Fermi level to above it [112]. X-ray photoelectron spectroscopy (XPS) 

was used to measure the band gap of pseudoboehmite. Because oxygen 1s core level electron 

in pseudoboehmite has the largest primary photoelectron peak, O1s peak was chosen to 

calculate PB’s band gap [113].  

 

 

 

 

 

 

 

 

 

 

 

      
Figure 45 (a) High resolution scans of the O 1s peak the PB 0hr. (b) Band gap trend 

with the milling times 
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     In Figure 45 (a) is presented an example of how the band gap is measured by means of 

XPS. The band gap results are given in Figure 45 (b). In order to get the band gap of PB, a 

linear fit is made to measure the energy difference between the core level peak and the onset of 

the inelastic loss (shown in the Figure 45 (a)). The results presented in Figure 45 (b) correspond 

to the band gaps of pseudoboehmite with different milling time. 

      The band gap determination by means of XPS is well known and demonstrated before 

[113, 114]. We used another technique that is capable of providing more discrete results. This 

method is EELS and is carried by the Losses of the electrons in the TEM while interacting with 

the sample. Figure 46 shows the measured energy loss of PB 10hr and PB 30hr with the zero 

loss peaks. Contrary to the XPS results, in EELS the band gap is determined by the rise-up 

position [115]. The EELS results show that the gap energy of 6.2eV for PB milled 10hr and 

5.8eV for PB 30hr of milling. Comparing these results to the XPS ones, we conclude that both 

methods are in close agreement. This is general confirms the validity of our measurements.   

 

 

 

 

 

 

Figure 46 (a) EELS data of PB 10hr (b) EELS data of PB 30hr 
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4.1.3.1 Quantum Confinement  

     Since after 10hr mechanical milling the PB started the phase transformation process, it is 

hard to build the relationship between the grain size and band gap. Here we choose to narrow 

our analysis to PB sample between 0hr and 10hr to compare the grain size and the band gap 

trend, the result is shown in Figure 47 (a). It is observed that the band gap decreases with the 

increasing grain size, which suggests quantum confinement mechanism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47 (a) Variation in grain size and the corresponding band gap with respect to 
different milling time. (b) The relationship between the band gap and 1/D2 
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      So quantum confinement modeling is adopted to fit the data, then it is found that the 

band gap has linear relationship with the reverse of grain size square from 0 to 10hr milling 

(shown in the Figure 47 (b)). It means that particle size plays a key role in quantum effects of 

PB. 

      In order to confirm the increasing grain size trend during 0-10hr milling, a second batch 

samples were prepared. In this batch, we got one sample every one-hour of milling up to 10hr. 

Then XRD is used to measure the crystalline and grain size change. As the same way used for 

the grain size calculation of PB 0-50hr, the samples ‘grain sizes were calculated by Scherrer 

equation (shown in Figure 48).  

 

 

 

 

 

 

 

     Overall the grain size increased, the increasing grain size is due to the cold welding 

process which is the dominating mechanism in the milled process used for up to 10hr [116]. 

Because pseudoboehmite is a poorly crystallized with “water layer” locates between the 

boehmite like layers, making pseudoboehmite mechanically soft [99]. As FTIR data (Figure 40) 

Figure 48 (a) XRD data for the samples milled 0-10hr (b) Grain size trend with the milling 
time 
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mentioned during the mechanical milling process (0-10hr), the water layer is destroyed firstly, 

then the boehmite layers overlaps and form cold welds [117]. 

     To further investigate the correlation between the grain size and band gap in this time 

range (0-10hr), second batch PB’s band gap and grain size were fit in the Figure 49. For 

nanoparticles, if its particle size is comparable the Bohr excision radius, it shows the quantum 

confinement. Under this condition continue energy levels in bulk material are broken down to 

several separated energy states and thus increases the band gap. The resulting confined band 

gap can be expressed as [118, 119] 

E3Å
aÆa`_ÇÈ8<ÆÉ = E3Å

3ÊÉË + Ì
ÍD
	.																																																										(31) 

E3Å
aÆa`_ÇÈ8<ÆÉ is the confined bang gap of a nano crystal with radius R, E3Å

3ÊÉË is the band gap 

of the bulk semiconductor, A is constant. After fitting Figure 46, we got E3Å
3ÊÉË = 5.53eV 

which is consistent with the previous research (E3Å
3ÊÉË = 5.1eV	) [114].  

 

 

 

 

 

 

 

 

 

 

Figure 49 The relationship between the band gap and 1/D2 
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      Also during 0-10hr milling process, the particle size range is between 2-4nm which is 

lower than the Bohr excision radius of Al2O3 (Re=20nm) [120], the quantum size confinement 

should be observed. 

4.1.4 Mechanical Milling Application  

4.1.4.1 Preparing Sapphire Phase 

      Based on the study of mechanical milling effects on phase transformation, grain size 

and band gap change, we can find that 30hr mechanical milling can produce sapphire phase 

seeds in the PB sample in room temperature.  

4.1.4.2 Preparing Ruby Phase 

      We already produce the sapphire phase by 30hr mechanical milling PB. Compared with 

sapphire, ruby is also α-Al2O3 crystalline but partially doped with Cr3+; therefore we proposed 

to mechanical mill the mixture of PB and 0.2% wt Cr2O3 (PBCr). The XRD pattern of PBCr 

with various milling time is similar to the PB, there is untraceable XRD pattern of Cr2O3 due 

to the relatively low concentration of Cr2O3. In order to understand if the mechanical milling is 

a useful method to generate Cr3+ (from Cr2O3) and substitute Al3+ in the host lattice of PB, 

Raman spectra was studied to see the luminescence change of α-Cr:Al2O3 in the range of 4300 

cm−1 to 4500 cm−1. 

      Luminescence bands of ruby (the emitted R1 and R2) come from the optical emission 

that involves electron transitions between the states 4A2 (ground state), 4T2 (short lived state) 

and 2E (metastable state). This can be explained by the crystal field theory, which indicates that 

Cr3+ substituting octahedral Al3+ can produce the maximum crystal field stabilization energy.  

Figure 50 shows that the intensity of the ruby phase bands increases with milling time up to 50 
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hours. This is associated to the increasing amount of transformed ruby. It is obvious that PB 

5hr already has traceable ruby phase.  

 

 

 

 

 

 

 

 

 

 

 

Figure 50 Raman spectra of raw and milled PBCr with an excitation line of 532 nm. 

    HRTEM is conducted to confirm the presence of α-Cr:Al2O3 in the PBCr 30hr.      

Figure 51 presents a by-crystal framework of α-Cr:Al2O3 phases in the investigated sample.  

 

 

 

 

 

 

Figure 51 HRTEM images and interplanar measurements for α-Cr:Al2O3 showing the 
presence of ruby phase. 

(i) (ii)

5  n m

5  n m

(i)
(ii)

(i) (ii)(i) (ii)
4320 4340 4360 4380 4400 4420 4440
0

500

10k

15k

20k

0hr

2hr

5hr

10hr
20hr

50hr

30hr

 

 
In

te
ns

ity
 (a

.u
.)

Raman Shift (cm-1)



70 

 

       In addition, in HRTEM we did not observe pseudoboehmite, which is consistent with 

the XRD results. This result further confirms the successful synthesis of ruby seeds by room 

temperature milling. The HRTEM micrographs also shows the sample is nanostructured. The 

HRTEM image shows the particle that is analyzed by means of FFT to produce its respective 

diffraction patters. The FFT image (left one) is then converted into the IFFT (right one) to 

generate filtered and hence clearer images from the areas labeled (i). The analysis of area (i) 

matches with the characteristics of α-Cr:Al2O3. The inset in the IFFT image for (i) has a clear 

match with the simulated structure that is presented over the HRTEM image. We successfully 

produced ruby phase by mechanical milling the constituent of PB and Cr2O3 for 30hr in room 

temperature.  

4.2 Thin Film Deposition  

4.2.1 Preparation of Sapphire and Ruby Target Pellet 

      As discussed in section 4.1.4, we found 30hr mechanical milling PB or PBCr can 

produce sapphire or ruby phase in the structure. Therefore we plan to use PB 30hr or PBCr 30hr 

as the initial sample to continue the next step-ion beam milling. However the ion beam milling 

process has higher requirement for the chamber’s pressure, it is necessary to transform the 

powder to the pellet. Then the furnace was used to transform PB 30hr pellet to α-Al2O3 pellet 

(the sapphire and ruby target). It is important to find the lowest temperature for the phase 

transform from PB 30hr to α-Al2O3. Therefore different transformation temperatures (900oC, 

1000oC, 1100oC, 1200oC) were used, and then the pellets’ XRD spectra were compared. As 

Figure 52 shows that the pellet successfully transformed to sapphire and ruby pellet after 3hr 

1000oC heating. The sapphire and ruby pellets show the diffracting planes: (012), (104), (110), 

(113), (024), (116), (122), (214), (300) and (119) as shown in the XRD reference pattern 
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(X080007.9). Then the heating temperature was chosen to be 1000oC to get the sapphire or ruby 

pellet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2 Ion Beam Sputtering 

     In order to optimize the sputtering process, we firstly chose Ruby target to get ruby thin 

film. In the original chamber, ruby pellet serves as a target attached on the sample plate. Top 

cap made by aluminum foil to hold the substrate, then put the plate in the big chamber shown 

Figure 52 Diffraction patterns of the target pellet: (a) the sapphire (b) the ruby 
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in Figure 53 (a). We choose two different substrates: Au/Mica and silicon wafer, use 5min and 

30min sputtering periods separately to show the sputtering time and substrate effects on the 

sputtering results.  

 

 

         

 

      

 

 

 

 

 

 

 

 

  

      The XRD spectra of the sputtered samples are displayed in Figure 53 (c) and (d). It 

indicates that there is no ruby deposition on both of the substrates and deposition time. The 

Figure 53 Original chamber: (a) photo of the chamber (b) configure of the chamber (c) 
sputtering ruby on Au/Mica substrate (d) sputtering ruby on Silicon wafer 
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reason can be seen from Figure 53 (b), the plasma go through the hole, which is on top of the 

cap. In this way, the bombarded ruby particles can be scattered in various direction that lower 

the sputtering efficiency. 

      We designed a smaller stainless steel chamber to fix the angle problem. Its photo and 

configure are shown in the Figure 54 (a) and (b), it is made from stainless steel and wrapped 

with aluminum foil. There is one hole in front of the triangle to allow the plasma go through it. 

And the sapphire or ruby pellet was placed in the chamber having a certain angle with the 

plasma beam; the substrate was on the bottom of the triangle. Then the camber was attached on 

the ion-milling machine’s plate. In order to test the sputtering efficiency of the new chamber, 

we choose Au/Mica as the substrate and fix the sputtering time to 30min. The sputtered 

sample’s XRD and Raman spectra were shown in Figure 54 (c) and (d). As shown in Figure 54 

(c) and (d), compared with the raw Au/Mica substrate the 30min sputtered sample has ruby 

(113) phase and ruby’s Raman bands R1 and R2. 

      In conclusion, the sputtering chamber has optimized for Al2O3 in the form of ruby and 

sapphire with a time of 30min as ideal of the films over a wide range of substrate. The thickness 

is sufficient to generate the R1 and R2 bands. However, it is necessary to get sputtering rate to 

calculate the accurate thickness of film. So Profilometer was used to get the thickness of the 

thin film. The Profilometer result indicates the film thickness is 40nm after 30min sputtering 

process and the sputtering rate is 1.3nm/min.   
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Figure 54 Designed new chamber: (a) photo of the chamber (b) configure of the chamber 
(c) XRD of raw and 30min sputtered Au/Mica sample (d) Raman spectra of raw and 30min 

sample. 

 

30cm 

Target 

Substrate 

Ar
+
 beam 

Hole 

(a) 

40 42 44 46 48 50

2k

4k

6k

8k

10k

12k

14k

30min

 
 

In
te

ns
ity

 (a
.u

.)

2q (degree)

(113)

Corundum   
Hexagnol

Au/Mica

4300 4350 4400 4450

0

5k

10k

15k

20k

25k

Raman Shift (cm-1)
 

 

I=532nm
Aquisition time:1s
Filter:1%

R2

R1

In
te

ns
ity

 (a
.u

.)

Au/Mica

30min

(c) (d) 

(b) 



75 

 

4.3 Prepared Thin Films Application  

4.3.1 The Sapphire Thin Film Application- High Refractive Index 

     Figure 55 shows sapphire phase (113) appears in the sample’s structure after 120min ion 

beam milling of the sapphire pellet. It indicates that the sapphire thin film was successfully 

coated on the surface of the silicon wafer. 

       

 

 

 

 

 

  

       

      The Table 2 shows the refractive index of ruby thin films from ellipsomentry 

measurement. The result 1.73 is closer to the single crystal Sapphire’s refractive index 1.76 

[121, 122]. Compared with the silicon substrate refractive index 1.4, it does increase the 

substrate’s refractive index. It is noticeable that sapphire thin film can be successfully coated 

on the substrate through French press, 1000°C annealing of the pellets and ion beam milling 

the sapphire or ruby pellet. Compared with traditional SPS sintering process, it is inexpensive 

and efficient to get high refractive index sapphire thin film. 

 

Figure 55 XRD of the 150nm sapphire thin film 
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Table 2 Ellipsomentry results 

Sample RF 

Sapphire coating spot 1 1.73 

Sapphire coating spot 2 1.70 

Sapphire (single crystal) [122] 1.76 

4.3.2 The Ruby Thin Film Application-Pressure Sensing 

     The change of Ruby’s Raman spectra peak is used as an indirect measurement of the 

superconductor thin film’s stress. Firstly Ni tape was used as a substrate to coat ruby thin film 

on its bottom, then XRD was used to confirm if the ruby thin film appearance. Figure 56 (a) 

shows that after 120min ion beam sputtering process the Ni tape was successfully coated with 

ruby thin film and its crystalline phase is ruby (113). Then superconductor YBCO was 

deposited on the top of the Ni tape by MOCVD. After sputtering the YBCO, the tape is bent. 

The stresses attributed to the residual stress of the YBCO, therefore by measuring the ruby’s 

Raman peak shift, we can get residual stress induced by YBCO. Before sputtering YBCO, the 

R2 and R1 bands of Ruby thin film were identified at 4360.71cm-1 and 4390.57cm-1, respectively 

(shown in Figure 56 (b)). After sputtering YBCO, the YBCO’s compressive stress leads to the 

blue shift of the Ruby’s Raman spectra. For the R1 band (higher intensity) [123] the blue shift 

(ΔR1) for the sample is = 4.83cm-1. Using equation (32) we calculated the respective 

compressive stresses 

	∆n = −2.46 ∙ P.																																																										 (32) 

Where P is the residual stress in GPa, ∆n is the change of frequency in cm-1, and -2.46 is the 

piezo-spectroscopic constant [124]. The calculated values are -2.0GPa, it means the residual 

compressive stress for the YBCO is 2.0GPa. It is well known that oxygen is crucial for 
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developing compressive stress in thin films. Excessive oxygen vacancies in the YBCO thin film 

lattice make the film under tensile stress [91].  

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

Figure 56 (a) XRD of raw Ni tape and Ni tape after 120min sputtering (b) Raman spectra of 
ruby thin film before and after sputtering the YBCO 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS  

      Mechanical milling is a high energy ball milling technique which can transfer energy to 

milled sample by collision between the trapped samples and the balls. PB consists of layers of 

AlOOH with hydrogen bond connecting the layers together. In the collision process, the trapped 

PB’s weaker hydrogen bond were broken, hydroxyl bond diffused out from the structure and 

formed water. This leads to the phase transformation of PB during the mechanical milling 

process. FTIR data of PB 0hr to 30hr shows the stretching and bending OH vibration peak is 

shifting, also [AlO4] began to show up in the PB 2hr. It helped to explain the mechanism of 

mechanical milling effects on the phase transformation. Also the collision can change the 

particle size, produce defects and strain in the particle, and increase the local temperature, which 

restore energy in the particles. When the stored energy pass the Gibbs free energy of forming a 

new phase, phase transformation occurs. XRD shows PB starts to transform to χ-Al2O3 at times 

as short as 20hr of milling, also HRTEM confirms the PB 30hr already has sapphire (α-Al2O3) 

“seed” in the structure and lose the PB structure. Consequently 30hr mechanical milling reduces 

the transformation temperature (around 193oC) from the PB to the initial transformation 

temperature of sapphire, which is suggested by Thermal analysis. 

      During the mechanical milling process, there are two main process (fracture and cold 

welding) deciding the particles size change. Because of the collision some particles form cracks 

and break into smaller particles. While cold welding which is attributed to the plastic 

deformation of the particles can increase the grain size. PB is soft material with “water” layer 

in the structure, so cold welding is more likely to lead to the grain size change. The grain size 
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is calculated by XRD, the PB’s grain size range is 2-4nm in diameter and has an increasing 

grain size trend during 0-10hr mechanical milling.  

      The mechanical milling effects on the band gap was studies, the band gaps of the PB 

10hr and PB 30hr were measured by XPS and EELS, for these two samples band gap got from 

XPS consists with the one from EELS. It suggests the reliability of band gap measurement by 

XPS and EELS. The band gap dependence on the grain size was investigated. The linear 

relationship between the band gap and reverse of the grain size square indicates the application 

of quantum size effects on band gap. We build a scientific way to study the mechanism of 

quantum confinement during the mechanical milling.  

     By employing mechanical milling 30hr, sapphire and ruby phase can be successfully 

produced in room temperature. In order to synthesize high quality, flexible size and real-

industrial use of the prepared sapphire and ruby, we decide to coat the sapphire and ruby thin 

film on the substrate by ion beam sputtering. However the ion beam sputtering chamber has 

requirement for the vacuum, the milled powder has to be pressed to form a pellet. Also low 

temperature (1000oC) was used to anneal the pellet to get more sapphire or ruby phase. The 

XRD and Raman spectroscopy results showed sapphire and ruby thin film was successfully 

deposited on the substrate by ion beam sputtering technique.  

      This research invested these thin film’s applications:  

1) Application of sapphire thin film. In Ellipsomentry, a model has already been built to 

measure the thin film’s refractive index by coating it on silicon substrate. In order to measure 

sapphire thin film’s refractive index, 150nm sapphire was coated on the silicon substrate. The 

result shows the refractive index of the sapphire thin film is 1.73, which is close to the single 
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crystal sapphire’s refractive index 1.76. It implies that the synthesized sapphire film has high 

quality and densely packed on the substrate. This is because in the sputtering process the ion 

momentum were transferred to the bombarded sapphire atoms, which helps the atoms grow 

preferred orientation on the substrate with low void density. 

2) Application of ruby thin film. In the range of 4300cm-1 to 4500cm-1 ruby luminescence bands 

R1 and R2 can have red or blue Raman shift due to their highly sensitivity to temperature and 

pressure. So in this research we proposed to use ruby thin film as a pressure sensor, to indicate 

the amount of pressure existing in the film. Here three layers film structure is designed, Ni tape 

is used as the original substrate, its bottom is coated with ruby by ion beam sputtering process, 

and then its top is deposited with YBCO by MOCVD. Raman spectroscopy is used to measure 

the R1 and R2 bands of ruby thin film before and after depositing YBCO, the Raman peak shift 

of R1 band (high intensity) is used to calculate the ruby’s compressive stress (2.0GPa).  
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CHAPTER 6  

FUTURE WORK  

      Further studies on improving the uniformity of the thin film is desirable, it requires more 

understanding of the mechanism involved in the sapphire or ruby thin film formation, the target 

consumption and the modeling of the interaction between plasma and target. In order to 

understand the thin film formation, thin film growth modeling should be built to show the 

effects from the growth parameters like diffusion, absorption, and kinetic reaction. For the 

sapphire or ruby target consumption, a molecular dynamic model can be applied to model the 

shape changes and gas absorption of the Argon gases during the deposition. The interaction 

between the plasma and the target can be modeled for the energy transfer from the plasma to 

the target while moving across its surface.  

      For the optical application of sapphire or ruby thin film, it can also be applied as an anti-

reflection thin film in solar cell device. A photovoltaic device is a device converting the incident 

photons to charging carriers to produce solar energy. So it is important to capture the incident 

photons with less reflectance loss of light. High refractive index material like sapphire or ruby 

thin film can be coated on top of the photovoltaic device to improve the solar cells’ efficiency 

by reducing the reflectance lass of light. Also sapphire and ruby thin film is scratch resistant, 

thus it can protect the device from scratching. Different experiments can be designed to find 

the optimistic method to get sapphire and ruby thin film.   

      As its application as a stress sensor, we just show the tensile stress of YBCO film can 

be characterized by the ruby’s Raman peak shift. Later we can investigate the stress 
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measurement with various thicknesses of YBCO films. Through the residual stress comparison, 

we can find the optimistic thickness of YBCO.   

      Besides the optical and stress measurement application of sapphire or ruby thin film, it 

can also be applied to increase the hardness of the substrate. Different type of substrate could 

be used to coat sapphire or ruby thin film. Then the samples’ hardness can be measured. By 

comparing the hardness difference between before and after deposition, we can display if the 

hardness is increase or not. 
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