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~ General introduction ~ 
 
 

1.1 Motivations 

Oxide materials, in particular of ABO3 perovskite structure, provide various fascinating 

aspects of the physics and chemistry because of their enormous variety of the unique properties 

simply by structural and compositional tuning, such as dielectric, ferroelectric, ferromagnetic, 

superconducting, photocatalytic activity, and colossal magneto-resistive behaviors. Among very wide 

class of ABO3 perovskites, this work is focused on strontium titanate (SrTiO3: STO). The STO has 

been extensively studied because of its variety of outstanding physical properties such as high 

chemical and thermal stability, ultraviolet wavelength response, high dielectric constant, good 

insulation, ease of tunable electrical properties, and free of toxic compounds. These have led it to be 

key components for many technological applications in current and near future. Despite there are a 

large numbers of theoretical and experimental research publications on the STO during the last decade, 

new intriguing physical effects are still discovered and their understanding remains an intentionally 

highly competitive area.  

In term of practical applications, control of their physical properties via the adjustment of 

crystal structure, morphology, impurity doping, and crystallographic orientation is very crucial for 

obtaining the devices with desirable properties. Recent researches have attempted to improve and 

explore a new property of the STO material systems by reducing the structure into nano- or atomic-

scale level. The nanostructured STO has been found to exhibit largely different behaviors from bulk 

STO due to their size effect. For the applications in the electronic devices, the STO is regularly 

fabricated by means of nanostructured thin films integrated on various kinds of substrates (e.g. Si, 

Al2O3, quartz, etc.). Moreover, the stacking periodicity between the STO and other perovskite oxide 

layers, named as superlattice (SL), is one of the efficient ways that has led us to discover and raise 

some properties such as an enhancement in remnant polarization, large dielectric constant, and giant 

Seebeck coefficient. More flexibility in material design is also allowed by tailoring the components 

and sublayer thicknesses. To reach the fabrication of such intriguing materials, growth method with 

an extremely controllable process is very necessary for controlling their physical properties. In this 

study, an ion beam sputter deposition (IBSD) system equipped with an electron-cyclotron resonance 
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ion gun has been self-constructed and developed for step toward mainstream acceptance because it 

provides several advantages over conventional radio-frequency (RF) magnetron sputtering. For 

example, the films can be grown with well controllable ion energy and isolated from the plasma, High 

density plasma can be also generated at a low pressure, leading to higher packing density and better 

film morphology. 

Although the thin films based STO are commonly used in a wide range of electronic 

applications as mentioned above, the nanosized STO particles are also of great scientific interest as a 

supporting material in anode for solid oxide fuel cells (SOFC), anode for lithium batteries, and 

especially photocatalysts for a variety of reactions (e.g. hydrogen production for water splitting, CO 

oxidation, organic compound degradation, etc.). As a result, a large number of researchers are 

currently active and a challenge still remains in this research area. One promising route to enhance the 

photocatalytic efficiency is the surface decoration by noble-metal nanoparticles (eg. Ag, Au, Pt, and 

Pd) in order to enhance a charge separated electron-hole pair. Solution plasma process (SPP) 

developed by our group has been purposed for preparation of metal nanoparticles deposited on STO in 

this study due to its various outstanding points over other methods including free of chemical reagent 

(e.g. reducing agent and stabilizer), purity, room temperature, one-step, simplicity, fast reaction, and 

ability to scale-up process. Although the SPP is still in a nascent stage, it is highly expected to be a 

candidate method not only for deposition of metal nanoparticles but also other fabrication of other 

nanostructures. 

 

1.2 Review of fundamentals 

In this section, the overview description of crystal structure and physical properties of 

perovskite STO are presented. We further go into the details of the deposition technique used in this 

study which is an ion beam sputter deposition (IBSD), including basic principle, ion source, and 

comparison with other deposition techniques. The electron-cyclotron-resonance ion source is then 

described. The sputtering mechanism and thin film growth mechanism are also briefly explained in 

the following sections. Finally, a brief review of solution plasma process is mentioned.  

1.2.1 Strontium titanate (SrTiO3) 

The STO belongs to the material class of the “perovskite”, ternary oxides of a structure ABO3. 

The perovskite-like structure, named after the discovery of CaTiO3 perovskite mineral in 1839, is a 
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ternary compound of formula ABO3 that A and B cations differ in size. Their basic crystal chemistry 

and properties can be extensively found in many references [15]. The structure of STO can be 

viewed and described in various ways (including as cubic close-packed layers of SrO3 with those 

octahedral sites only associated with O nearest neighbors filled by the Ti), but the most common view 

is as a corner-shared network of {TiO6} octahedral in which all interstitial 12-coordinate sites are 

filled by Sr metals, figure 1.1. As expected on simple packing and space-filling considerations, the 

radius of the Sr site metal cation is larger than the Ti site metal cation. The parent perovskite structure 

is versatile in terms of both its chemical composition and structural flexibility. Various substitutions 

of Sr and Ti metal cations, as well as the O anions can be obtained, but they must maintain charge 

balance in stoichiometric ABO3 oxide and keep sizes within the range for particular coordination 

number. 

 

Figure 1.1  The ABO3 perovskite structure showing (a) the cubic A unit cell, (b) the cubic B unit cell, 

(c) polyhedral view of corner-shared {BO6} octahedral units for the highest symmetry cubic form.  

 

At room temperature, the STO exhibits a cubic structure with a lattice constant of 3.9046 Å 

and a density of 5.18 g/cm3. The melting point of strontium titanate is as high as 2080 C.  If it is 

cooled to temperature below 105 K, it undergoes a phase transition from a cubic structure with Pm3m 

space group to a tetragonal structure with P4mm space group [7,8]. This phase transition is 

accompanied by changes in electrical properties. Such phase transition should give rise to 

ferroelectricity; however, the material does not display such transition up to until 0 K. This indicates a 

class of quantum paraelectric or incipient ferroelectrics, where polarization against electric field 

curves is linear with the absence of permanent polarization. The stability of paraelectric phase is 

(a) (b) (c) 

Ti Sr O 
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attributed to quantum fluctuations of the atomic positions which quench ferroelectric transition 

temperature [9,10]. Slight perturbations in the lattice structure can make the STO to be ferroelectric 

phase at room temperature. These perturbations can be produced from various sources including 

doping [1113], oxygen isotope substitution [14], and strain [1520]. Moreover, the STO can also 

exhibit the large dielectric permittivity and ferroelectric phase at desired temperature by doping Ba 

into Sr site. By adjusting the ratio of Ba and Sr, the TC of the BaxSr1xTiO3 can be adjusted from 0 to 

403 K [2123]. In addition, it is found to be the first discovered insulator that can exhibit 

superconductivity at temperature ≤ 0.35 K [24]. 

For the band structure, the STO is an insulator in nature with a direct and an indirect bandgap 

energies of ~3.75 and 3.2 eV, respectively. The electronic structure of the STO near the Fermi level is 

dominated by the hybridization of the Ti 3d and O 2p orbitals [25,26]. The top of the valence band 

(VB) is predominantly formed by the O 2p orbitals, whereas the bottom of the conduction band (CB) 

consists mainly of the Ti 3d orbital. The band gap energy is determined by the difference between the 

energy of the Ti 3d and O 2p orbitals. The band gap of the STO is responsive in the ultraviolet region. 

The electrons in VB can be excited to the VB, resulting in electron-hole pair generation when exposed 

to ultraviolet light. This makes it be used for a wide range of photocatlytic activities [2731]. 

Furthermore, the electronic and transport properties of the STO can be easily adjusted by chemical 

substitution or by deviation from oxygen stoichiometry. In the first case, the most common n-type 

substitutions are La2+, Y2+, Eu2+ on the Sr2+ site [3236] and Nb5+ on the Ti4+ site [3740]. In the 

second way, n-type doping of STO is obtained by creating oxygen vacancies. This can be obtained in 

an easier way when compared the chemical substitution, simply by annealing the STO compounds at 

high temperature in ultra high vacuum (about 950 °C in 10−9 Torr) or growth in the low oxygen 

pressure in case of films [4143]. 

Due to its wide extraordinary dielectric and transport properties as mentioned above, it is 

applicable for numerous industrial applications in different areas. The basic idea of such STO based 

devices is to utilize a semiconducting or metallic STO as a thermoelectric materials [44,45], and 

bottom electrodes [4648]. The stoichiometric insulating STO is commonly applied for an insulating 

layer in non-volatile memory devices [4951], electroluminescent displays [52], and barrier layers in 

multilayer quantum-well structures [5255]. It is also a candidate material for dynamic random access 

memories (DRAM) [56], multilayer capacitors [57], and tunable microwave devices [58,59]. 

Additionally, the STO is widely used as a substrate or a template layer in deposition of oxide thin 
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filsm because its lattice parameter is closely matched with lattices parameters of a wide class of 

perovskite oxide compounds [6064]. These are the reasons why the fabrication of nanostructures 

based STO are highly interesting in a vital field of research.  

1.2.2 Ion beam sputter deposition (IBSD) 

The IBSD is used to fabricate all nanostructured films in this work. In this section, we provide 

the information on how the IBSD system works and the understanding of the atomic level physics of 

the deposition process. The growths and characterizations of oxide materials have considerably 

progressed during the last decade. The depositions were carried out in a variety of systems, which 

may differ in the sputtering configuration, geometry, target type, substrate position, gas/type pressure, 

etc. The most widely used technique for fabrication of oxide thin films can be categorized into two 

types: chemical and physical methods. Chemical methods depend on the reaction of precursor 

components during the film deposition. The most typically used chemical deposition methods are: 

chemical solution deposition (CSD) and metal-organic chemical vapor deposition (MOCVD). For the 

physical deposition methods, the most commonly techniques employed are: pulse laser deposition 

(PLD) and molecular beam epitaxy (MBE) and magnetron sputtering. Among them, RF magnetron 

sputtering is mostly used for the fabrication of thin film because of its compatibility with standard 

semiconductor technology and manufacturing process [6567]. 

 

Figure 1.2  Types of thin films deposition processes. 
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The IBSD, one type of physical vapor deposition (PVD), is an extremely stable and 

reproducible process (figure 1.2). It shows several advantages over conventional RF magnetron 

sputtering. For example, it is more scalable and flexible with ease of maintenance because of an 

isolation of ion source from a chamber. In general, for other sputtering techniques, both the sputtering 

target and substrate are exposed in the plasma during film deposition. This causes to the inclusion of 

gas molecules in the sputtered films and difficulty in independent control of the fluxes incident upon 

the substrate (e.g. the deposition rate and the impact energy are coupled). Moreover, the operating 

pressure is usually high. Thus, the sputtered atoms have high possibility to collide with the gas 

molecules (low mean free path) and lose their kinetic energy before reaching the substrate. In addition, 

the discharge voltages are typically high, so that energetic positive ions, ionized sputtered atoms, and 

especially electrons may reach the substrate and cause unexpected effects during film deposition 

[6870]. In case of the IBSD technique, the working gas required for sputtering (typically used Ar) 

are generated in an isolated plasma source, while an additional reactive gas inlet provides an option 

for depositing oxide or nitride films. Therefore, there will be no plasma generated between the target 

and substrate resulting in high-quality thin films with minimum contamination and defects. The effect 

of secondary electrons, ions, and ionized sputtered atoms is also minimized. In some systems, a 

second ion source is also directed to the substrates, and allows for assistance of the growing layer 

(compare IAD) as well as pre-cleaning of the substrate. The deposition rate of IBSD is rather low 

when compared to conventional RF sputtering technique (typically 0.1 to 2 Å/sec) [71,72]. This 

makes it allow us to easily control the film thickness in nano or angstrom level for the fabrication of 

multilayer structures.  A schematic diagram of the IBSD system is presented in figure 1.3 [73]. Ion 

energy and current density can also be adjusted independently within a wide range. The ions are 

extracted from the ion source through the small hole and accelerated by a pair of grids with a high 

voltage. The principle of ion beam generation will be further discussed in next section. The IBSD can 

be operated at a low working pressure (reactive ~102 Pa, nonreactive ~103 Pa) [73]. Under low 

working pressure, the ion beam extracted from source travel in a straight line toward the target with a 

high energy which in turn, produce the sputtered atoms. The sputtered atoms can travel through the 

environment without significant scattering; therefore, they maintain most of the initial kinetic energy, 

leading to dense films and excellent adhesion. There is a curious relationship between the ion beams 

angle and the sputtering yield. When the ion beam impacts at a shallow angle to the substrate, the 

affected atoms tend to slide across the material surface, reducing the sputter yield. The maximum 
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sputter yield is obtained when the the beam is incident on the surface with an angle of 45° from 

normal incidence [68,69,74].  

 

 

Figure 1.3  Schematic illustration of the common IBSD system. [73]. 

 

Table 1.1  Comparison of some principle characteristic of the IBSD and other PVD techniques [72] 

 

Characteristics IBSD Other PVDs 

Target utilization        Low        High 

Beam containment        Difficult        Not applicable 

Relative target size        Largest        Medium 

Sputtered cross-contamination        < 0.1%        < 0.01% 

Low adatom energy process capability        Poor        Medium 

High adatom energy process capability        Excellent        Medium 

Adatom energy / depositon rate deoupling         Poor        Poor 

Target / substrate plasma decoupling        Good        Poor 

Sputtering ion voltage / current decoupling        Fair        Poor 

Target / substrate magnetic decoupling        Good        Poor 

Multi-target system size        Small        Large 

Deposition rate control         0.1 – 2 Å/sec        1-50 Å/sec 

Process pressures        104 – 105 Torr        102 – 103 Torr 

Source cost / robustness        High / Low        High / High 
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1.2.3 Electron cyclotron resonance (ECR) ion source  

Various kinds of ion sources have been applied for thin film deposition such as hollow 

cathode source, Kaufmann source, and End-hall source [7580]. However, use of reactive ion species 

(e.g. oxygen) in such ion source types cause to the formation of an insulating oxide layer on anode 

and the erosion of filament, resulting in significant reduction of filament lifetime and ion beam 

current. To extend the filament life time and improve system stability, the use of non-filament source, 

an electron cyclotron resonance (ECR) ion source, is the best solution,” [80, 81]. To generate the ions, 

gas molecules in ion source are ionized by electrons that are accelerated by “ECR phenomenon”. The 

ionization process of a typical Ar gas involves: 

e + Ar  →  Ar+  +  2e      (1.1) 

Not only Ar, but gases of most any species are also introduced into a chamber to ionize by the 

ECR phenomenon. Figure 1.4 is a schematic illustration of cross-sectional side view of a compact ring 

dipole microwave ion source [82,83]. It consists of a pair of spaced permanent magnet ring inside an 

ion source chamber. Permanent magnet ring are oriented in alignment so that the N pole of one ring 

faces the S pole of the other rings. As a result of opposed facing polarities, spaced magnet rings 

produce a dipole magnetic field within the chamber between rings. The dipole magnetic field is 

oriented substantially parallel to the axis of ion source. The output of a microwave generator is 

coupled by a microwave antenna or a wave guide, which passes through the central aperture of one of 

the permanent magnet rings to the central region inside the dipole magnetic field within chamber. 

Confinement of the electrons occurs due to the magnetic field and acceleration is due to the presence 

of electric field. Electron in uniform magnetic field will undergoes circular motion around the 

magnetic field direction (figure 1.4), with microwwve frequency (the cyclotron frequency, f) 

[69,74,83]: 

2
1 eBf

m



,           (1.2) 

where e and m denote the charge and mass of the electron, respectively. In case of microwave, f = 

2.45 GHz, the B become 874 G. Energy can be transferred from the field to the electron. The electrons 

are confined in a superposition of an axial magnetic field component (produced by solenoid or 

permanent magnets) and the radial magnetic field of a multipole magnet. This results in a so called 

“minimum-B-structure” because the magnetic field has minimum in the center region of the source 

center and from there increase in all directions. Therefore, a closed surface (a thin layer) is created, 
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called the “ECR resonance layer”, where the ECR frequency for the electrons equals the microwave 

frequency (2.45 GHz). Electrons passing through that surface can be accelerated resonantly. They can 

pass the resonance region very often, gaining energy every times that they pass the resonance layer, 

and subsequently heating the electron up to hundred of keV. The ions in the plasma are not 

accelerated due to their large mass and remain thermal. Therefore, they are not confined by the 

magnetic field but by the space charge potential of the electrons.  

 

 

Figure 1.4  Schematic illustration of microwave ECR ion source [83]. 

 

The ECR ion source is normally operated at very low gas pressure to prevent voltage 

breakdown. Thus, the plasma density and extractable current are low. It is also difficult to control 

charge state and output current independently. The ECR ion sources generally have higher ion beam 

emittance than other type of ion sources. The ions are extracted from the source by applying a positive 

potential to the extraction grids and accelerated into the chamber by a negative potential applied to the 

acceleration grid. The extractor is substantially parallel to the source axis. Once the ions are extracted 

from the source, they will travel a certain distance before the collision occurs. If this distance is 

shorter than the distance to the target, the collisions can occur with other particles in the plasma. The 

average distance that the ions travel before collision is called “mean free path”. The mean free path is 

related to the radii of the particles in the collision along with the temperature and pressure. In general, 

ions will have a higher probability of reaching the target without the collision if the temperature T is 

high and pressure is low. The mean-free path length is given by: 

2
kT

P



       (1.3)  
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where  is the collision cross-section related to the radii as  = (r1
2 + r2

2) (e.g. Ar: 71 pm1, N: 56 

pm1, O: 45 pm1).  

 

Figure 1.5  Circularly polarized electromagnetic wave propagating along magnetic lines [69]. 

 

1.2.4 Sputtering mechanisms 

In this section, basic concepts of the physical sputtering process are addressed. When 

energetic ions or atoms bombard onto the target surface, different phenomena can take place due to 

their interaction with the condensed matters. Sputtering process utilizes ion bombardment, either with 

inert gas ions such as Ar, or small molecular ions such as N2+, O2+, etc. The occurrence of energy 

dissipation may lead to atomic relocation, roughly within the ion’s range, creating temporary or 

permanent defects, and eventually, may give rise to the emission of atoms and molecules from the 

surface. In the case of physical sputtering, the incoming ions will collide with the atoms in the solid 

and then transfer energy to the nuclei. If the transferred energy is larger than the binding energy at the 

lattice site, a primary recoil atom is created. Once this happens, the primary recoil atoms will collide 

with other target atoms distributing the energy in a collision cascade. If the energy transferred to it has 

a component normal the surface larger than the surface binding energy, a surface atom are sputtered. 

There are three possible sputtering mechanisms that can occur when the ions strike onto the target. 

Physical sputtering relies on the transfer of physical momentum and kinetic energy from the incident 

ions to the surface atoms. Each mechanism is dependent on the energy of the incident ions and the 

collision cross-section of the incident ions with the target atoms [84,85]: 
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(i) Single knock-on: This mechanism is observed in the case of light incident ions or low-energy 

heavier ions. The first atom is hit by the incident ions and will absorb most of energy. In general, the 

energy transfer is insufficient to cause sputtering. Instead the collisions cause only minor adjustment 

or correction to the target. One way to utilize this is for smoothing out the target surface. 

(ii) Linear cascade: If the target is bombarded by medium or heavy ions with a few hundred of 

eV incident energy. In this case, most of the collisions involve only one moving and one stationary 

particle with very few numbers of recoils. 

(iii) Spike: This is occurred for very high energies where a large number of collisions occur 

between neighboring atoms. In this case, the density of recoil atoms is so high that the majority of 

atoms in a certain volume are set in motion. Second and third layer atoms are more likely to be 

sputtered off, and the sputtering yield is very high.  

It is concluded that sputtering occurs whenever any ion strikes a surface with enough energy 

to break bond and eject an atom from the surface (momentum transfer theory). During this process, 

one or more atoms are removed from the solid target, they are considered to be “sputtered atoms”. 

The sputter yield (Y) is defined as the mean number of atoms removed from the surface of a solid per 

incident ions [85]. 

Y = (Number of emitted particles / Number of incident ions)      (1.4) 

 

 

Figure 1.6  Type of physical sputtering mechanisms: (a) single-knock-on, (b) linear cascade, and (c) 

spike. The type of mechanism depends on the incoming ions and can lead to different structural 

properties of the materials. 
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1.2.5 Thin film growth mechanisms 

The growth modes are dependent on various parameters of which the most important are the 

thermodynamic driving force and the lattice mismatch between substrate and layer. There is a direct 

correspondence between the growth mode and the film morphology, which results in the structural 

properties such as perfection, flatness and interface abruptness of the layers. It is determined by the 

kinetics of the transport and diffusion processes on the surface [8689]. Different atomistic processes 

may occur on the surface during film growth, as depicted in figure 1.7 [90]. 

 

Figure 1.7  Atomistic illustration during the growth process, including different processes: (a) 

deposition, (b) diffusion on terraces, (c) nucleation on islands, (d) nucleation on second-layer island, 

(e) diffusion to a lower terrace, (f) attachment to an island, (g) diffusion along a step edge, (h) 

detachment from an island, and (i) diffusion of dimmer [90]. 

 

If the mobility is not too high, the adatoms do not find the most favorable sites. This lead to 

the growth mode is determined by the kinetics of the transport and diffusion processes on the surface. 

It is therefore necessary to consider their microscopic diffusion processes and the probabilities that 

they occur. From figure 1.7, the atomistic processes during the film growth are shown. After the atom 

deposited on the substrate surface (a), the atoms can diffuse on the surface (b). Some atoms may meet 

another one and form the small nucleus of an island, which locates either on a flat surface (c) or on the 

top of an island (d). In case of atom deposited on the top of existing island, it may move down to the 

lower terrace (e). An atom on the terrace can directly attach to an existing island (f). Once it is 
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attached, it may diffuse along the step edge (g) or again detach from the island (h). Finally, a dimer or 

larger islands can move as a whole (i).   

Next, we will give the description of growth modes, which are based on thermodynamic 

considerations. The structures are assumed to be in thermal equilibrium and determined by the 

minimum of the free energy. Three growth modes, including Frank-van der Merwe, Volmer-Weber, 

and Stranski-Krastonov mechanisms, can be classified for the thin film growth processes based on the 

consideration of the balance between the surface energies of the substrate (γS), the film (γF), and the 

interface energy (γI), which are based on the following relation [8991]:  

S F I             (1.5) 

(i) Frank-van der Merwe (FV) growth mode - In case of Δγ > 0, wetting of the substrate by the 

deposited material is expected. This leads to layer-by-layer growth mode (Frank-van der Merwe). In 

this growth mode, a new layer is nucleated only after the completion of below layer, this growth 

occurs over long distances in ideal case. However crystals are not perfect and contain defects like 

dislocation that acts as a ‘sink’ for growth species. Normally there are continues step source like 

screw dislocations or other defects, so FV growth mode works continuously and it can spread growth 

steps over macroscopic distances [92]. 

(ii)  Volmer-Weber (VW) growth mode - In the opposite case, Δγ < 0, the formation of three 

dimensional islands seems to favor. A VW growth mode consists of in first phase of large number of 

surface nuclei and in second phase of their spreading. Thus, the VW growth often results in a high 

mosaicity of the material inside the layer. The growth of the layer after initial VW growth usually 

exhibits columnar growth structure [93]. 

(iii)  Stranski-Krastonov (SK) growth mode - SK growth mode is the intermediate case, which 

transforms from the FV and VW growth modes. A crucial role is caused by significant lattice 

mismatch between film and substrate. The first stage of growing film is atomically smooth with FV 

growth mode. When the film thickness is greater than critical value, it creates a build-in strain as a 

consequence of the increasing elastic energy with increasing layer thickness. Such large strain energy 

can be reduced by formation of islands array [94]. 
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Figure 1.8  Schematic representations of three common growth mode mechanisms according to the 

classification of Bauer et al. [91].  

 

1.2.6 Solution plasma process   

Solution plasma process (SPP) is defined as non-equilibrium plasma in liquid solution, which 

can provide us a novel reaction with highly excited energy state. It can be recently applied for 

material science technologies as discussed later. SPP has been found to exhibit an unusual behavior 

and offers several advantages over low-pressure plasma processing (LPPP). However, a very limited 

number of studies have been reported when compared to those from LPPP. Therefore, it still remains 

a lot of challenges to develop the SPP parallel with the LPPP. Figure 1.9 shows the chronological 

development of both the LPPP and SPP [95]. 

1.2.6.1 Formation of solution plasma 

Figure 1.10 is the example of SPP system developed by our group. It consists of two electrode 

wires. The discharge will occur at electrode gap by applying high bipolar pulsed voltage. To gain 

more understanding, the formation mechanism of the SPP is described as follows. When a high 

voltage is supplied to both electrodes, the current is increased with increasing the voltage. This causes 

to the generation of heat at the electrode/solution interface due to Joule heating (Ohmic heating). The 

solution in the region near the electrode surface is heated to the boiling point. Finally, a gas-phase 
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(small bubbles) containing hydrogen gas and steam occurs at the electrode surface and then expanded 

along the gap region. Once increasing up to the breakdown voltage, Current does not increase 

anymore and decreases because the electrode and the solution do not touch each other (breakdown). 

This leads to the occurrence of both ionic and discharge currents between electrodes. The formation 

of small bubbles in system is influenced by the water electrolysis, which strongly depends on the ionic 

current. The various active species are produced by the discharge current of plasma discharge [96]. 

 

 

Figure 1.9  Chronological development of both LPPP and SPP [95]. 

 

 

 

Figure 1.10  The plasma in solution generated between two electrodes.  
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In the plasma region, the water molecules (H2O) are dissociated by hitting of high energy 

electrons generated during discharge, resulting in production of the hydrogen (H) and hydroxyl (OH) 

radicals. These species extensively attack the surrounding water molecules and stepwise excite to 

produce the enormous active species. The outcomes of discharge are formed in dependence of the 

energy distribution of electrons, and they diffuse and transfer into the liquid phase by passing the two 

boundaries between plasma/gas and gas/liquid interfaces. The competitive reactions can take place in 

this system to form the molecules of H2, H2O2 and the reform water molecules [97100]. The 

ultravilolet radiation is also observed during discharge in proportional to the solution conductivity and 

applied voltage [101]. The reactions can be summarized as follows:          

H2O + e      OH• + H• + e      (1.6) 

H2O + e      H2O+ + 2e      (1.7) 

H• + H•      H2        (1.8) 

OH• + OH•     H2O2       (1.9)  

H• + OH•     H2O       (1.10) 

Such generated species can act as the initiator for various reactions in liquid phase depending 

on the desired reactions and the component of chemical solutes. Due to the continuous generation of 

active species, the SPP is a high efficient process for various applications, which will be further given 

in details in next section. 
 

 

 

Figure 1.11  Schematic illustration of SPP and their chemical species. 
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1.2.6.2 Applications related solution plasma process  

(i) Metal and alloy nanoparticle synthesis - The formation of Au nanoparticles can be 

obtained after discharging in the mixture solution of hydrogen tetrachloroaurate (HAuCl4, AuCl4
), 

and sodium dodecul sulfonate as the stabilizing agent [102106]. The general reaction of the metallic 

particle formation and the occurrence of Au nanoparticles during discharge are described by the 

reduction of H+. The reduction rate directly depends on the applied voltage and the [AuCl4] 

concentration. The pH of discharge solution turns down in proportional to an increase in discharge 

time since a large number of H+ species are produced. Moreover, the controllable size of Au 

nanoparticles can be obtained by manipulating the pH, discharge time, [AuCl4] concentration, and 

stabilizing agent. Another route to prepare metal nanoparticles by solution plasma is use of metal 

electrodes (e.g. Au, Pt, Pd, etc.), namely solution plasma sputtering (SPS) [107,108]. By this way, the 

well-crystallized of metal and alloy nanoparticles can be synthesized.  

(ii) Metal-oxide synthesis - Various kinds of metal-oxide nanoparticles was recently 

synthesized by SPP, such as ZnO, CuO2, and TiO2 [109113]. The synthesis is very simple by using 

desirable metal electrode and discharge in water or electrolyte. The metal ejected from the electrodes 

is condensed when transferred to low-temperature region and then easily oxidized to form metal oxide. 

For example, the formation of ZnO nanoparticles can be briefly described as follows.  

(iii) Carbon nanoball synthesis – The SPP also show a potential to synthesis carbon nanoball 

(CNB) from the aromatic hydrocarbon solvent (e.g. toluene, benzene, etc.). The CNB synthesized by 

SPP offers several advantages over other synthesis methods such as simplicity, high surface area, and 

fast synthesis. Additionally, it does not require high purity graphite electrodes, gas feeding and liquid 

nitrogen environment. The morphology and graphitic structure of CNB are strongly dependent on the 

discharge parameters, such as applied voltage, pulse width, and frequency. However, this research is 

under conducted and developed in our laboratory [113]. 

(iv) Organic compound decomposition - It is well known that the oxidative species such as 

OH• are extensively applicable to the advance oxidation process for breaking the expected chemical 

bonding via oxidation [114117]. The SPP has been purposed as a promising method to decompose 

the organic compound in aqueous solution by the dominated active species as OH•. The organic dyes, 
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fluorescin-4-isothiocyanate (C21H11NO5S) can be fully decomposed in 300 s using solution plasma 

incorporated with small amount of potassium chloride (KCl) for simulating the solution conductivity 

as the real waste water [118]. The Azo dyes, acid dyes, direct red B, reactive brilliant read X-3B, and 

cationic red X-GRL can be also degraded under the discharge in liquid phase using pulsed high 

voltage. The presence of O2 and O3 play a key role to accelerate the degradation rate of these dyes.   

(v) Deposition of metal nanoparticles on support materials - Another interesting application 

is the deposition of metal nanoparticles on the support materials. Hu et al. reported the preparation of 

the AuPt alloy nanoparticles deposited on supporting carbons for improving electrocatalytic activity 

[108]. Therefore, it has shown good potential to be applied for other support systems in the field of 

catalyst technology. Noble metal supported on metal oxide is a promising photocatalyst system for a 

wide range of reaction. Several methods were developed to prepare such system, such as deposition-

precipitation (DP) [119124], photo-deposition (PD) [125128], wet-impregnation [129132], atomic 

layer deposition (ALD) [133], and chemical vapor deposition (CVD) [134]. Among them, the DP, PD 

and wet-impregnation are the most common methods for preparation [135]. However, there are some 

shortcomings and limitations. leading to a difficulty in scale-up process. Table 1.2 shows the 

comparison of processing conditions for three common methods and SPP. It can be seen that the SPP 

demonstrates several outstanding points over other common methods, such as no reducing agents, 

high purity, fast synthesis, single-step process, and low processing temperature.   
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Table 1.2  Comparative processing conditions for three common methods and SPP 

 

 PD DP Wet-
impregnation SPP 

Metal precursor Metal ions Metal ions Metal ions Metal ions or 
Metallic 
electrode 

Reducing agents 
- Chemical Chemical - 

Purity Low Low Low High 

Purification - Required Required - 

Process time Long Long Long Short 

Process step Single step Multi step Multi step Single step 

Sensitivity Light intensity - Precursor concentration 
- Size of support 

- Discharge 
conditions 

Calcinations - Required  
(300400 C) 

Required 
(300400 C) 

- 

Type of support Limited only 
semiconductor 

All supports All supports All supports 
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1.3 Scope and outline of thesis 

As mentioned earlier about the motivations and requirements of the devices based STO for 

step toward the practical use in the future, the aim of this thesis is to attain the following objectives: 

(i) To develop the ECR-IBSD system for the fabrication of nanostructured STO thin films 

with desirable properties 

(ii) To fabricate the metal nanoparticles supported on the nanosized STO using the solution 

plasma process 

(iii) To study and understand their structures, functional properties, and fundamental aspects. 

Extensive analysis was conducted by several characterizing tools in order to obtain 

insight on their relevant properties.  

The thesis is organized into eight chapters, describing the details of my scientific research and the 

experimental results as follows: 

Chapter 1 presents a brief introduction of nanostructures based perovskite STO and their recent 

technological applications. An overview on structure and physical properties of STO is then given. 

Next, a principle of an ion beam sputter deposition (IBSD) and an electron-cyclotron-resonance 

(ECR) ion source, fundamental physics of sputtering, and thin film growth mechanism are also 

provided. Finally, the fundamental and applications of solution plasma process is given in detail. 

Chapter 2 deals with the IBSD system used to fabricate nanostructured STO thin films and the 

solution plasma system used for study of nanoparticles. The system setups and the basic operation 

principles of various components are given in detail.  

Chapter 3 involves the integration of STO template on Si substrates. The evolution of STO film 

texture and surface morphology are investigated as a function of growth temperature. Their electrical 

properties are also demonstrated. After that, Au/BTO/STO/Si metal-ferroelectric-insulating-

semiconductor (MFIS) structures are fabricated. The influence of orientation behavior on electrical 

properties of Au/BTO/STO/Si MFIS structures is studied.  

Chapter 4 focuses on the fabrication of STO thin films on Pt(111)/Al2O3. The growth temperature is a 

key factor to adjust the film orientations. The orientation relationship between STO films and Pt(111) 
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is studied using the analysis of x-ray diffraction. The grain shape and grain orientation are also 

investigated. The growth mechanism of each oriented grain is described on the fundamental of 

thermodynamic and electrostatic.  

Chapter 5 studies on the fabrication of superlattices consisting of BTO and STO using a double ECR-

IBSD system. The Pt/Ti/Al2O3 with an appropriate Ti thickness is used as a substrate for growing 

(111)-oriented BTO/STO superlattices. The symmetric BTO/STO superlattices with (111) orientation 

are prepared with various modulation periods. The effect of modulation period and the role of 

interfaces on the dielectric characteristics are described.  

Chapter 6 involves the fabrication of asymmetric superlattices consisting of STO and Nb-doped STO 

by the double ECR-IBSD is provided. The thickness of STNO sublayer is varied to observe their 

structural and morphological properties.  

Chapter 7 presents a facile approach for preparing Au nanoparticles on the STO surface by SPP. The 

effect of Au loading on the photocatalytic activity is investigated and discussed. The formation and 

deposition mechanism are also described in detail.  

Chapter 8 summarizes all chapters in the thesis. 
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~ Experimental setups ~ 
 

2.1 Ion beam sputter deposition system 

We have given the basic principle of the IBSD and ECR ion source in previous chapter. In 

this chapter, the construction detail of IBSD system that self-constructed and used in this study is 

shown. Figures 2.1a and b reveal the IBSD system with two ECR ion guns and control system rack, 

respectively. The IBSD system mainly consists of sputtering chamber, vacuum pump system, ion 

source system, sputtering target, and substrate holder. They are then explained in the details in order 

to understand the role of each component and how the device work. 
 

 

Figure 2.1  (a) The self-constructed IBSD system with two ECR ion guns and (b) control rack for 

adjustment of the processing parameters.   

 

2.1.1 Vacuum system 

The sputtering chamber was constructed by stainless steel (SUS-304) with the dimensional 

size of ϕ 300 mm  300 mm (figure 2.2).  The vacuum system consists of 2 types of vacuum pumps, 

including a rotary pump (RP) and turbo molecular pump (TMP). The pirani gauge and ionization 

gauge were used for monitoring a pressure in the sputtering chamber. 
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- Rotary pump (Acatel: Adixen, Pascal 2021SD) is used to roughly evacuate the chamber to 

pressure around ~0.1 Pa (~103 Torr) before subsequently evacuating by a turbo molecular pump 

(figure 2.3a). 

- Turbo molecular pump (Osaka Vacuum: TG-450F) is high vacuum pump for the chamber. It 

can evacuate the chamber pressure reaching down to the order of ~105 Pa (~107 Torr) (figure 2.3b).  

- Pirani gauge (Anelva: 5  101103 Torr) and ionization gauge (Anelva: < 104 Torr) are 

used to monitor a pressure in the sputtering chamber during operation (figures 2.3c and d). 

 

 

Figure 2.2  Schematic illustration showing the construction detail inside the sputtering chamber of the 

IBSD system.  

 

 

Figure 2.3 Vacuum system consisting of (a) rotary pump, (b) turbo molecular pump, (c) pirani gauge, 

and (d) ionization gauge. 
 

(a) (b) (c) 

(d) 
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2.1.2 Sputtering target and substrate holder 

The substrate holder was placed in parallel above the target. The substrate-to- target distance 

can be adjusted between 35 and 70 mm. 

- Substrate holder was connected to the motor allowing the holder to be rotated in 360° 

(figure 2.4a). The heater used in this study was based on standard quartz halogen projector bulb 

(Osram, EHA, 500 W, 120 V) positioned in cavities inside a stainless steel block, to which substrates 

were attached on the stainless steel plate as a heating area (diameter of 36 mm) by screwed clamp or 

silver paste. A bulb holder consisted of two metal slots which are used to insert and clamp the pins of 

the bulbs for electrical contact. The substrate temperature was dependent on a power of the bulb 

radiation. To control the substrate temperature, the slider voltage was used to adjust an input voltage 

varying from 0 to 110 V. The temperature can reach to about 850 °C at an applied voltage of 110 V. 

The substrate temperature was measured by a thermocouple probe welded on the heating area and 

connected to the temperature monitor (Chino, KP1000C) (figure 2.4b). 

- Sputtering target holder was made to support a target with diameter size of 2 inches and it 

was placed at 45° to the incident ion beam. The water cooling system was also supplied to the target 

at the bottom side in order to dissipate heat generated during the deposition process (figure 2.4c). 

 

Figure 2.4  (a) Substrate holder, (b) temperature controller, (c) sputtering target holder, and (d) target 

shutter. 

(b) 

(c) 

Target Shutter 

(a) 

(d) 
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2.1.3 Ion beam system 

The function of the microwave (MW) ion source was to continuously supply an adequate 

number of positive ions for the ion beam. The ECR ion source was used to generate MW plasma and 

accelerate positive Ar ions to the sputtering target. To generate ion beam of this device, there are 

many required components, including MW power supply, accelerator power supply, and ECR ion 

sources.  

 

 

Figure 2.5  (a) Microwave plasma power supply, (b) accelerator power supply, (c) ECR ion source, 

and (d) three-step tuners. 

 

- Microwave power supply (ARIOS: MP-201) was used to provide an output power with a 

microwave frequency (f = 2.45 GHz) to the ion source via an antenna waveguide. Maximum power 

and anode current can be adjusted up to 200 W and 100 mA, respectively (figure 2.5a).   

- Accelerator power supply (ARIOS: 26ACCPS) was used to apply a high voltage to 

accelerate the ions through the grid and strike onto the target via a high voltage cable. The maximum 

applied voltage can be adjusted up to 2 kV (figure 2.5b). 

- Microwave ion source (ARIOS: EMIS-221C) was connected with both microwave power 

supply and accelerator power supply. The Ar supplied into the ionized chamber was used to generate 

(a) 

(b) 

(c) 

(d) 
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microwave plasma via ECR phenomenon. The ion source was set with an incident angle of 45° 

respect to the target surface (figure 2.5c) 

- Three-stub tuner (TSTB-201) was used to tune the microwave power coupled to the load. It 

was adjusted until obtaining the minimum reflection power (figure 2.5d). 

The ion beam was accelerated through the grid and slit in order to improve the beam 

confinement. It was found that profile of the ion current density from a gridded ion source were 

strongly peaked along the axis of the ion source with gradually decreasing intensity in direction 

further from the source axis. The ion beam was broad distribution with a diameter about 10 cm, which 

was larger than the diameter of target (50.8 mm). Therefore, a small aperture (25 mm in diameter) 

was inserted between the path of ion beam and target in order to confine all of the incident ions on the 

target and minimize the effect of beam overspill because if the incident beam misses the target, it will 

collide with the vacuum chamber and target holder resulting in contamination of growing film. After 

inserting such small aperture, we found the majority of ions were focused on the target resulting in 

purity film without contamination. The resulting details are shown in figure 2.6. 

 

 

Figure 2.6  (a) The extraction of ion source consisting of grid and aperture, and (b) the distribution of 

ion current. The profile A and B present the distribution of ion currents without and with 2nd aperture, 

respectively. The appearance of ion beam accelerated onto the target without (c) and with the 

insertion of 2nd aperture (d). The SEM-EDX spectra of the sample prepared without (e) and with the 

insertion of 2nd aperture (f). 



Chapter 2  Experimental setups 

 34  
 

 

2.2  Solution plasma system 

The principle of SPP and its advantages are already mentioned in previous chapter. Here, the 

experiment set-up is quite simple as displayed in figure 2.7. It consists of reactor, bipolar pulsed direct 

current power supply, wire electrode, insulating tube, insulating stopper, and cooling bath. The detail 

of each component is explained as follows: 

 

2.2.1 Reactor  

A reactor used for containing the solution should be good chemical and thermal resistance in 

order to avoid the chemical reaction and heat that may be generated during discharge.  Various types 

of materials are allowed to use such as glass, Pyrex, and plastic. Among these types, glass is the most 

suitable one for the experiment because it can meet the above requirement as well as easy to clean. 

The cylindrical glass beaker (DURAN, Germany) with a diameter of 50 mm and a height of 100 mm 

was used in this study. The circular hole was made on the both sides of the reactor at same height 

level in order to insert the electrode.  

 

 

Figure 2.7  Schematic illustration of the SPP system used in this study: (a) side view and (b) top view 

images.  

 

2.2.2 Electrode 

Several types of electrode can be used to produce the plasma in solution such as, tungsten (W), 

tantalum (Ta), copper (Cu), silver (Ag), and gold (Au). The selection of electrode depends on the 

purpose of the study. The electrode wire was covered by hollow-ceramic tube (Nilaco). The inner 

diameter of ceramic tube depends on the size of electrode wire. The electrode wires covered with 
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ceramic tubes were fixed at the center of the reactor by silicon stopper. The gap between electrode 

pairs can be adjusted at desirable position. 

 

2.2.3 Bipolar pulsed direct current power supply  

To generate the plasma in the solution, the bipolar pulsed power supply (Kurita Co., Japan) is 

used. The advantage of such power supply is to allow us to operate low temperature plasma steadily. 

Moreover, the electrode surface can be immediately cleaned up for many impurities that may be 

formed during discharge. There are many important parameters that must be considered for the 

plasma generation including applied voltage, pulse width, and frequency. To generate plasma in 

solution, high voltage greater than breakdown point is needed. Figure 2.8 shows the plot of voltage 

(right-axis) and current (left-axis) against time, which was measured by oscilloscope (RIGOL 

DS1202CA). At the initial step, the plasma cannot be occurred because the energy is not high enough 

to accelerate the excitation of electrons in the electrode. Until the continuously increased external 

energy to reach the breakdown voltage, the plasma can be occurred and stable as can be seen in the 

first maximum peak on voltage-time relation. 

 In order to obtain the stable discharge, not only the mentioned parameters, including electrode 

gap, applied voltage, pulse width, frequency, but solution conductivity is also very important for the 

plasma generation. The stable and non-fluctuate plasma can be formed in the solution depending on 

conductivity because it helps the transition of liquid to gas phases. Thus, the solution having non-

polar and low conductivity is quite difficult to generate the plasma with high stability.     

 

 

Figure 2.8  (a) Bipolar pulsed power supply used in this study and (b) bipolar waveform. 
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Figure 2.9  Voltage and current characteristics against time in an aqueous solution during discharge. 
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~ Integration of BaTiO3 thin films on SrTiO3/Si(001) for 
non-volatile memory devices ~ 

 

3.1  Introduction 

Recently, ferroelectric random access memory (FRAM) has been received much attention due 

to its considerable advantages such as non-destructive readout, high-speed operation, and high 

packing density [1–3]. However, the metal-ferroelectric-semiconductor (MFS) structure has some 

serious problems because of the formation of a SiO2 amorphous layer and inter-diffusion at the 

interface between the ferroelectric layer and the Si substrate, leading to deterioration of the device 

performance. To solve these problems, the metal-ferroelectric-insulator-semiconductor (MFIS) 

structure has been evolved. The insertion of an insulating buffer layer plays an important role in 

preventing reaction and inter-diffusion between the ferroelectric film and the Si substrate as well as 

improving the device performance due to the suppression of charge injection from the Si substrate to 

the ferroelectric film. Up to the present time, several insulating materials such as CeO2, HfO2, Al2O3, 

ZrO2, Y2O3, and SrTiO3 (STO), have been extensively studied as possible insulating layers for MFIS 

structures [4–9]. Among these materials, STO perovskite oxide is one of the best candidate materials 

for the insulating buffer layer because of its excellent barrier property, good thermal stability, and low 

leakage current and high dielectric constant. The important requirements for buffer-layer fabrication 

are high crystalline quality and flat surface because it provides better uniformity and higher reliability. 

Therefore, epitaxial or highly textured STO buffer layer are more highly preferable or necessary than 

amorphous and random oriented polycrystalline [811]. On the other hand, a wide class of 

ferroelectric materials such as SrBi2Ta2O9, YMnO3, BaTiO3 (BTO), PbZrTiO3, and Bi2VO5.5 has been 

studied concurrently with the insulating buffer layers [10–14]. When their properties are compared, 

the BTO perovskite oxide has many advantages over other ferroelectric materials, including low 

crystallization temperature, high fatigue endurance, good compatibility with integrated circuits, and 

low environmental load [15]. Therefore, STO and BTO were selected for use as the insulating buffer 

layer and the ferroelectric layer in the current study of the MFIS structure. 

To obtain wider memory window width, the high voltage applied to the ferroelectric layer 

should be maximized to increase the polarization effect, while the low voltage applied to the 
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unwanted SiO2 layer should be minimized to suppress charge injection. Therefore, a low dielectric 

constant ferroelectric film and a high dielectric constant insulating buffer layer are essential for 

further development of MFIS structures [16–18]. This has led us to pay particular attention to 

optimizing dielectric constants for both the ferroelectric BTO layer and the insulating STO buffer 

layer. Crystal orientation has been found to play a key role in the alteration of material dielectric 

constants, as reported in many previous studies [19–25].  It has been shown that larger dielectric 

constants can be obtained for highly c-axis-oriented STO film compared to that for random-oriented 

STO film [25, 26]. In case of the ferroelectric BTO, the dielectric constant of a ferroelectric BTO 

single crystal is 4100 along the a-axis (non-polar) and 160 along the tetragonal c-axis (polar) at room 

temperature [27]. Spontaneous polarizations which lie in an out-of-plane direction (c-axis) are 

essential for memory applications. Therefore, a highly c-axis oriented BTO ferroelectric layer with a 

low dielectric constant and a STO buffer layer with a large dielectric constant would be expected to 

enhance out-of-plane polarization and decrease the voltage applied to the SiO2 amorphous layer, 

leading to an improvement in memory window width.  

In this chapter, we fabricated the BTO ferroelectric films on Si(001) substrate using a highly 

c-axis-oriented and a random-oriented STO layer as an insulating buffer layer. The structural 

properties, surface morphology, and electrical properties of the two types of out-of-plane orientation 

were investigated and discussed in detail. 

 

3.2 Experimental details 

3.2.1 Preparation of STO template layer on Si(001)  

Twenty-five nm thick STO thin films were grown on B-doped Si(001) p-type single crystal 

substrates using the IBSD method. The target was a stoichiometric STO pellet (Furruchi Chemical 

Corporation, purity 99.9%). To minimize the native oxide layer, Si substrates were cleaned in acetone 

and ethanol using ultrasonic agitation. Subsequently, the oxide layer was removed by dipping in dilute 

HF solution, followed by rinsing with ultra pure water and drying with an N2 gun. The substrates were 

loaded into the sputtering chamber by attaching them onto a heater block using a mechanical clamp 

lock parallel to the target at a distance above the target about 45 mm. Several batches of STO/Si thin 

films were grown in order to optimize the conditions of the IBSD system. The incident angle for the 

Ar+ beam to the target was fixed at 45°. The microwave output power (f = 2.45 GHz) was set at 180 
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W. The ions were accelerated to incident the STO ceramic target with a high voltage of 1.8 kV. The 

chamber was initially evacuated to a background pressure (PB) of < 2  106 Torr. The growth 

temperatures varied from 600 to 850 °C. At the initial growth step, an ultra thin STO layer was grown 

under Ar pressure of 1.5  104 Torr without oxygen pressure in order to minimize oxidation on the Si 

substrate surface. Subsequently, oxygen at a partial pressure of 7.5  105 Torr was fed into the 

chamber near the substrate in order to avoid oxygen deficiency in the films during the growth. After 

finishing the growth process, the substrates were further annealed and freely cooled to room 

temperature under high oxygen pressure of 0.75 Torr in order to re-oxidize them and prevent oxygen 

deficiency. 

3.2.2 Preparation of BTO thin films on STO/Si(001) 

One hundred twenty nm-thick BTO ferroelectric films were grown on both the highly c-axis-

oriented and the random-oriented STO buffered Si(001) substrate at 700 °C. The sputtering target was 

a stoichiometric BTO ceramic pellet (Furuuchi Chemical Corporation, purity 99.9%). The growth 

conditions were kept similar to the preparation of STO buffer layer as mentioned above. After growth, 

the films were further annealed at 700 °C for 30 min and freely cooled to room temperature under a 

high oxygen pressure of 0.75 Torr in order to re-oxidize the grown films. 

3.2.3 Characterizations 

The structural properties of the films were examined using an X-ray diffractrometer (Rigaku 

SmartLab) operating at 9 kW (45 mA, 200 V) with Cu Kα radiation (λ = 0.15418 nm). The out-of-

plane orientation was investigated using a high-resolution X-ray diffraction (HRXRD) technique 

(ω2θ and ω scans), whereas the in-plane orientation was examined by in-plane pole figure 

measurement. The interface structures between the STO films and Si substrates were observed by 

transmission electron microscopy (TEM, JEOL-2500SE) with an acceleration voltage of 200 kV.  The 

morphology of the film surface was observed using an atomic force microscope (AFM Seiko 

Instrument Inc., SPA-300HV+SPI-3800N) in contact mode. For fabrication of MFIS structure, Au top 

electrode area 2.5  103 cm2 was deposited on the top film surface using direct current (dc) sputtering 

through a metallic mask at room temperature without thermal treatment. The leakage current 

densityvoltage (JV) and capacitancevoltage (CV) characteristics were measured using a source-

measure instrument (Keithley 2636) coupled with a LCR meter (HIOKI 3532-50) at room temperature. 
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3.3 Results and discussion 

3.3.1 STO template layer on Si(001) substrate 

Thickness of the grown films was estimated using grazing incident X-ray reflection (GIXRR) 

technique, as shown in figure 3.1. From the spectra, the oscillations are apparent when the incident 

angle is greater than a critical angle (αc ~ 0.3°). It is found that all film thicknesses are approximately 

25 nm (growth rate ~0.4 nm/min). However, a clear oscillation cannot be observed at high growth 

temperatures due to diffusion at interface. Figure 3.2 demonstrates the HRXRD ω2θ scans of the 

STO films grown at different growth temperatures. The detected HRXRD reflection peaks correspond 

to the characteristic peaks of perovskite STO without any undesirable phases. The STO films exhibit 

the co-existence of 001STO and 011STO reflections with low intensities at a growth temperature of 

600 °C. The STO films are predominately oriented along the normal direction to the substrate surface 

within range of growth temperature from 650 to 750 °C, as clearly seen by the increase of 001STO and 

002STO intensities. However, a small intensity at the 011STO reflection is partially detected. 

Pendellösung fringes are also visible around 002STO reflection in this growth temperature range, 

indicating a high degree of orientation and a good flatness of STO layers. At growth temperatures 

greater than 750 °C, a significant decrease of 002STO intensity is apparently investigated, and the 

Pendellösung fringes are no longer detected. This is due to an undesirable interfacial reaction between 

the STO films and the Si substrates, leading to degradation of STO crystallinity. 

For further analyze a degree of orientation for the STO thin films, two parameters are 

commonly considered; the fraction of (011)-orientation (F011), and full width at half maximum 

(FWHM) of the 002STO rocking curve. Both values should be as low as possible for the high quality of 

c-axis oriented films. The F011 can be calculated with the following equation: 

011
011

001 002

/100
( /100) ( / 50)

IF
I I




,     (3.1) 

where I011, I001, and I002 are the intensities of the 011STO, 001STO, and 002STO reflections, respectively. 

Figure 3.3a displays the F011 plotted as a function of the growth temperature. The minimum value is 

found to be about 1% at 700 °C. The F011 abruptly increases with increasing growth temperatures 

greater than 750 °C, indicating that a (001) orientation is suppressed at higher growth temperatures. 

To confirm a degree of orientation of the STO films along [001], the rocking curve measurement (ω 
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scan) was examined on the 002STO reflection for all films. From figure 3.3b, the result also shows a 

minimum FWHM value of ~2° at 700 °C, which is in agreement with the calculated F011 value. 
 
 

 

Figure 3.1  GIXRR spectra of the STO thin films at different growth temperatures. 

 

 

Figure 3.2  HRXRD ω2θ scans of the STO thin films at different growth temperatures and standard 

ICSD card No. 01-079-0174 of cubic-perovskite STO. 
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Figure 3.3  Two figure of merits to determine a degree of (001)-orientation for the STO films at 

different growth temperatures: (a) fraction of (011) orientation and (b) rocking curve measurement on 

002STO (ω scan). 

 

To investigate the texture evolution of the STO films at different substrate temperatures, in-

plane pole figure analysis was measured on the {011}STO and {002}STO planes by fixing the 2θ at 

32.2° and 46.4°, respectively. Then, the samples were rotated relative to the scattering vector by 

varying the azimuthal angle (0 < β < 360°) and the tilt angle (0 < α <90°). Figure 3.4 reveals the 

evolution of texture behavior on the {002}STO and {011}STO pole figures at different growth 

temperatures. Defined patterns on both pole figures for the films grown at 600 °C are not observed; 

except for the four sharp spots equally spaced at 90° from the Si substrate. Within the growth 

temperatures of 650750 °C, a central maximum in {002}STO pole figure (α = 90°) and a circular ring 

pattern is the {011}STO pole figure (α = 45°) are clearly seen. These patterns indicate that the films 
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exhibit texture behavior along [001] direction (c-axis) perpendicular to the substrate surface and there 

is no preferred in-plane orientation. The 45° difference between the ring shape, displayed in the 

{011}STO pole figure, and the central maximum, displayed in the {002}STO pole figure, refers to an 

angle between (011) and (002) planes of the STO. The strong intensities of these two defined patterns 

are investigated on the STO film grown at 700 C. At growth temperature greater than 750 C, these 

patterns become disappeared on both pole figures, indicating non-preferred orientation. According to 

the results of HRXRD and pole figure measurements, it can be suggested that the growth temperature 

of 700 °C is an optimum condition to achieve high quality of c-axis textured STO films. 

 

Figure 3.4  In-plane pole figures measured on {011}STO and {002}STO planes of the STO films grown 

at temperatures of (a) 600, (b) 650, (d) 700, (d) 750, (e) 800, and (f) 850 °C. 

 

Cross-sectional TEM investigation was examined to confirm aforementioned HRXRD and in-

plane pole figure results as well as understand the structure at interface between the STO films and the 

Si substrates. The c-axis textured STO film grown at 700 °C was chosen for this observation. Figure 

3.5a is a dark-field STEM image, which shows the difference in contrast for each region. The surface 
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of STO is relatively flat with thickness about 25 nm. A high resolution TEM image is shown in figure 

3.5b. The presence of an amorphous SiO2 layer with a thickness of ~2 nm can be seen at interface 

between the STO film and the Si substrate. At the initial growth state of the STO layer, it is observed 

an intermediate layer which consists of polycrystalline and amorphous regions. Above this layer, the 

film presents good crystalline with a defined orientation. The c-axis lattice fringes are evident over the 

entire STO region. Figure 3.5d illustrates a selected area electron diffraction (SAED) pattern covering 

the STO film and Si substrate. From this pattern, two sets of diffraction spots can be seen which 

consist of strong and weak intensities corresponding to the Si substrate and STO film, respectively. 

Along the growth direction, a 002STO diffraction spot is observed; however, a diffraction spot from the 

STO film in the in-plane direction is not visible. A cross-sectional HRTEM image and SAED pattern 

are evidence that the STO film grew on the Si(001) substrate with a high c-axis orientation, which is 

in agreement with the results of HRXRD and in-plane pole figure analysis. The STO thin film is 

highly out-of-plane oriented with the orientation relationship of (001)STO ǀǀ (001)Si. Although the SiO2 

layer should be completely removed by HF solution in cleaning step (figure 3.6), the presence of SiO2 

at interface is observed after growth process. Such layer yields a polycrystalline growth and also 

prevents the epitaxial growth of STO. Formation of the SiO2 layer can be explained by two possible 

causes. First, it can be formed in the chamber during heating of the substrate. Second, the oxygen can 

diffuse through the film and oxidize at the STO/Si interface when annealed the film at high oxygen 

pressure [28].  

AFM topography images of STO films grown at different growth temperatures are illustrated 

in figure 3.7af. All STO films show a crack-free and pinhole-free surface. The film grown at 600 °C 

is mostly composed of small round-shaped grains (~18 nm) and plate-like grains (~300500 nm). 

With an increase of growth temperature, the round-shaped grains became larger, while plate-like 

grains still remain on the film surface. Above 750 °C, the surfaces are governed by irregular-shaped 

grains, while the plate-like grains are rarely observed. This finding suggests that flat plate-like regions 

mainly observed in the films grown at 650750 °C correspond to the (001)-oriented grains [2931]. 

Average root-mean-square (rms) roughness of all films was plotted as a function of growth 

temperature in figure 3.8. The rms roughness of the STO films is approximately 1 nm at growth 

temperatures below 700 °C and dramatically increased to 4 nm at growth temperatures higher than 

750 °C. 
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Figure 3.5  Cross-sectional TEM investigations of the c-axis textured STO film grown at 700 °C: (a) 

dark field STEM image, (b) HRTEM image, (c) high-angle annular dark-field imaging  (HAADF) 

image, and (d) SAED at the interface region. 

 

 

Figure 3.6  XPS spectra of Si substrate (a) before and (b) after HF etching. 
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Figure 3.7  AFM topography images (1  1 um2 scan area) of the STO films grown on Si substrates at 

different temperatures: (a) 600, (b) 650, (c) 700, (d) 750, (e) 800, and (f) 850 °C. 

 
Figure 3.8  Average rms roughness of the STO films at different growth temperatures. 

 

The growth of highly c-axis textured STO films on Si(001) substrates can be described with 

thermodynamic theory. According to HRTEM and AFM images, the STO films were grown on the 

amorphous SiO2 interfacial layer with Volmer-Weber growth mode. In this case, interface free energy 

caused by a lattice mismatch between the STO films and Si substrates is minimized, while the surface 

free energy of the films is more dominant. Under optimum growth conditions, three-dimensional 

islands of the STO can be formed with a lattice surface having the lowest surface free energy in the 
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growth state and then grow in particular direction. The (001) lattice plane perpendicular to c-axis is 

the plane having the largest atomic density and the lowest surface free energy [32]. Thus, the STO 

films can be grown with high (001) orientation along c-axis in spite of an existence of SiO2 

amorphous layer.  

The electrical measurements were examined on Au/STO/p-Si metal-insulator-semiconductor 

(MIS) capacitors by investigating JV and CV characteristics. The schematic of MIS capacitor 

structure is revealed in figure 3.9. Figure 3.10 shows the JV characteristic of the STO films grown at 

different temperatures. The leakage current densities were measured by sweeping an applied bias 

across the MIS capacitors, while measuring the associated current. All curves demonstrate a 

rectification behavior. The leakage current density decreases with an increase of growth temperature 

and reaches the lowest value for the film grown at 700 °C. Such value is 5.8 μA/cm2 at an applied 

voltage of 2 V, which is about two orders of magnitude smaller than that of the film grown at 600 °C. 

At growth temperatures higher than 700 °C, the leakage current densities are increased. These results 

show a similar tendency with the change in texture behavior as discussed above. In addition, it can be 

described in term of grain size. At low growth temperatures, the crystal grain of perovskite phase is 

incompletely developed. This may result in the formation of structural disorders or defects for charge 

carrier trap, causing an increase in leakage current density. When the growth temperature is increased 

greater than 700 °C, the grains size become larger and grain columns extend along the entire film 

thickness. These can act as leakage current path through the films and cause a deterioration of 

electrical properties. The inset of figure 3.11 demonstrates CV characteristics of the Au/STO/p-Si 

MIS capacitors at a high frequency of 2 MHz. It exhibits a typical MIS characteristic with three 

regions, including accumulation, depletion and inversion. The dielectric constants were calculated 

from the maximum capacitance in the accumulation region. In this region, the value consists of the 

series capacitance of STO and SiO2 layer. Therefore, the SiO2 layer must take into account the 

calculation of STO dielectric constant, as following equation: 

2
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0

STO
STO

SiO

SiO

d
dA

C

 
 

   

,     

 (3.2) 

where εSTO  is the dielectric constant of STO film, C is the maximum capacitance value at negative 

bias voltage, STOd  (~25 nm) and 
2SiOd  are the thickness of STO and SiO2 layers, respectively, A is 

the area of top electrode and ε0 is the permittivity of free space (8.854  1012 Fm1). The dielectric 
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constant of SiO2 (
2SiOd ) is 3.9 [33]. The SiO2 layer thicknesses of all samples are assumed to be 2 nm 

for the calculations of all samples. The evaluated dielectric constants of STO film grown at different 

temperatures are summarized in figure 3.11. The dielectric constant of STO at 2 MHz increases with 

an increase of growth temperature and rises to the highest value of about 98 for the STO film grown at 

700 °C. This is due to the enhancement of film orientation during 600700 °C, as discussed above. A 

decrease in dielectric constant is observed above 700 °C, which is possibly due to the degradation of 

crystallinity and formation of a thicker SiO2 layer. The SiO2 layer would act as a small capacitance, 

causing a decrease of the equivalent capacitance of the MIS capacitor structures and dielectric 

constant of STO films. This finding indicates that the dielectric constant of the STO film is strongly 

dependent on a degree of film orientation and structural morphology. 

 

 

Figure 3.9  Schematic illustration of Au/SiO2/p-Si MIS capacitor structure. 

 

 

Figure 3.10  JV characteristic curves of the Au/SiO2/p-Si MIS capacitor structures. 
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Figure 3.11  Dielectric constant at different growth temperatures for the Au/STO/p-Si MIS capacitors 

at 2 MHz. The inset shows CV characteristic curve of the Au/STO/p-Si MIS capacitors at 2 MHz. 

 

3.3.2 BTO thin films on STO/Si(001)  

To study the effect of buffer orientation on the BTO film, the STO buffer layer with high c-

axis-orientation (700 °C) and random orientation (800 °C) were selected to grow the BTO 

ferroelectric films in this section. The HRXRD ω2θ scans of the BTO films grown on the highly c-

axis-oriented and the random-oriented STO buffer layers are shown in figure 3.12a and b, respectively. 

It can be clearly seen that the orientations of the BTO films are almost identical to those of the STO 

buffer layers. This suggests that the orientation of the buffer layers has a strong influence on the 

orientation of the BTO films. The BTO film grown on the highly c-axis-oriented STO buffer layer is 

preferentially oriented in the [001] direction and only a c-axis 002BTO reflection is observed at 2θ = 

44.9°. In contrast, the BTO film grown on the random-oriented STO buffer layer exhibits random 

orientation with a mixture of a-axis and c-axis-oriented grains, as indicated by the splitting of 200BTO 

(2θ = 45.3°) and 002BTO (2θ = 44.4°) reflections. The out-of-plane lattice constant determined from 

the 002BTO reflection of the highly c-axis-oriented BTO film is 0.4024 nm, which is closer to the c-

axis lattice constant (c = 0.4038 nm) than to the a-axis lattice constant (a = 0.3992 nm) of a bulk 

tetragonal BTO single crystal. The FWHM for the rocking curve measured on the 002BTO reflection of 
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the c-axis-oriented BTO film is approximately 2.1°, which corresponds well to the value measured on 

the 002STO reflection of the STO buffer layer. The HRXRD ω2θ scans only provide the data on an 

orientation perpendicular to the substrate surface. It is also necessary to investigate in-plane 

orientation of the films using in-plane pole figure measurement. The in-plane pole figure was 

determined for the {011}BTO and {002}BTO planes of the highly c-axis-oriented BTO film, as depicted 

in figures 3.13a and b, respectively. The central maximum of the {002}BTO pole figure and the 

concentric ring at α = 45° for the {011}STO pole figure are apparent, which correspond to the 

diffraction from (001)-oriented grains parallel to the substrate.  However, intense spots in the pole 

figure measured on both planes are not visible, except for the intense spots from the Si substrate in the 

{002}BTO pole figure. These patterns are evidence that the films grew uni-axially along the c-axis 

perpendicular to the substrate surface and are randomly oriented in the in-plane direction. On the 

other hand, there are no defined patterns observed for the {011}BTO and {002}BTO pole figures of the 

random-oriented BTO film (not shown here), thus indicating that it is a random polycrystalline film. 

These obtained patterns of BTO film are in good agreement with those of STO layer in figure 3.4. 

 

 
Figure 3.12  HRXRD ω2θ scans of the BTO films grown on: (a) the highly c-axis-oriented STO 

buffer layer and (b) the random-oriented STO buffer layer. 
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Figure 3.13  In-plane pole figures measured on: (a) {002}BTO and (b) {011}BTO. 

 

 
Figure 3.14 AFM topography images (2  2 μm2 scan area) of: (a) the highly c-axis-oriented BTO 

film and (b) the random-oriented BTO film. 

 

Figures 3.14a and b depict the surface morphology of the highly c-axis-oriented and the 

random-oriented BTO films, respectively. Both BTO films are well crystallized and dense. The highly 

c-axis-oriented film is composed of small rounded grains (~80 nm) and flat plate- shaped grains (~500 

nm). The flat plate regions correspond to the (001)-oriented grains, which is in good agreement with 

previous reports [25,26,34]. This is attributed to the inhomogeneity of grain growth nucleation driven 

by the minimization of surface and grain boundary energies [35,36]. In contrast, the randomly 

oriented BTO film has only small rounded grains (~100 nm) without any flat plate-shaped grains. 
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Average rms roughness of the highly c-axis-oriented and random-oriented BTO films deduced from 

five scan areas (2  2 μm2) were found to be 1.8 ± 0.1 nm and 2.5 ± 0.1 nm, respectively. 

To confirm the insulating properties of the STO buffer layers, the JV characteristic was 

measured for the Au/STO/p-Si metal-insulator-semiconductor (MIS) structures at room temperature, 

as shown in figure 3.16. Their curves exhibit non-linear resistance with rectifying behavior that 

gradually increases with increasing applied voltage. The leakage current densities of the highly c-axis-

oriented and the random-oriented STO buffer layers are about 3.2  105 A/cm2 and 4.5  104 A/cm2 

at 5 V, respectively. This demonstrates that the STO buffer layer with a high c-axis orientation is 

more effective in preventing leakage and charge injection. The Au/BTO/STO/p-Si MFIS structures 

were also fabricated to study their electrical properties, including leakage current and memory 

window behavior. The leakage current density of the MFIS structure with high c-axis orientation was 

found to be less than 107 A/cm2 when the applied voltages was lower than 5 V, which is smaller in 

magnitude than that of the MFIS structure with random orientation, as can be seen in figure 3.16. The 

leakage current behavior can be described in terms of grain boundaries according to the report of 

Guillain et al. [37]. They found that the leakage current almost vanished in the grain regions and was 

high at the grain boundaries. Thus, a large number of grain boundaries in the random-oriented BTO 

film lead to higher current flow along grain boundary paths. 

 

 

 

Figure 3.15  Schematic illustration of Au/BTO/STO/p-Si MFIS structure.  
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Figure 3.16  JV characteristics of the Au/STO/p-Si MIS structures and the Au/BTO/STO/p-Si MFIS 

structures. 

 

The CV characteristics were measured by varying applied voltage from ±2 V to ±6 V with a 

sweeping rate of 0.1 V/s at a high frequency of 1 MHz. Figures 3.17a and b demonstrate the CV 

characteristic curves for the MFIS structures with the high c-axis orientation and random orientation 

at different applied voltages (±2, ±4, and ±6 V), respectively. All CV curves clearly show a 

symmetrical hysteresis loop in a clockwise direction due to ferroelectric polarization effect and 

consist of three main regions, including accumulation, depletion, and inversion. The memory window 

width is defined by the difference in flat-band voltages between the forward (Vfbf) and the reverse C–V 

curves (Vfbr). To investigate the effect of film orientation, the variation in evaluated memory window 

widths of the MFIS structures with high c-axis orientation and random orientation as a function of 

applied voltage was determined as shown in figure 3.18. The memory window width is strongly 

dependent on the magnitude of the applied voltage and initially increases with an increase in the 

applied voltage due to polarization enhancement. However, it starts to saturate and drop at an applied 

voltage higher than 4 V for both the MFIS structures with a high c-axis orientation and a random 

orientation. The maximum values for the memory window width are about 1.17 V and 0.76 V for the 

MFIS structures with a high c-axis orientation and a random orientation, respectively. This suggests 

that the BTO film which crystallized along the c-axis has better ferroelectric switching properties 

because of single out-of-plane polarization along the c-axis, whereas the random-oriented BTO film 

has polarization in many directions, resulting in the suppression of net polarization along the c-axis. A 
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decrease of memory window width at higher applied voltage occurs because the polarization effect is 

dominated by other effects, including trapped charge and charge injection. Under high applied 

negative voltage, holes in the Si substrate start to be injected and are trapped in the oxide and the 

ferroelectric layer. This causes a reverse polarity in the field effect and subsequently reduces the 

charge contributed by the ferroelectric polarization of the BTO films. When the applied voltage is 

increased to greater than ±4V, a decrease in the Vfbf (shift to left) and an increase of Vfbr (shift to right) 

can be observed. This eventually results in a decrease in the memory window width. It is therefore 

suggested that large ferroelectric polarization and small charge injection are required for a small 

reduction in the memory window width, which can be obtained by minimizing the voltage applied to 

the SiO2 layer and maximizing the voltage applied to the ferroelectric layer. The voltage applied to 

each layer of the MFIS structures will now be discussed in more detail.  

The capacitance in the accumulation region of the CV curves consists of the series 

capacitance of the BTO (~120 nm), STO (~25 nm), and SiO2 (~2 nm) capacitors, according to the 

ratio of the dielectric constant and the thickness of each layer. Therefore, the dielectric constant of the 

BTO films can be determined using the following equation: 
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,      (3.3) 

where ε, A, and d are the dielectric constant, the area of the Au top electrode (2.5  103 cm2), and the 

layer thickness, respectively. ε0 is the permittivity of free space (8.85  1012 F/m). The subscripts f, i, 

and no refer to ferroelectric, insulator and native oxide, respectively. The dielectric constants of the 

highly c-axis-oriented and random-oriented STO films are 102 and 67, respectively. The dielectric 

constant of SiO2 is assumed to be about 3.9 [33]. Therefore, the dielectric constants of the highly c-

axis-oriented and the random-oriented BTO films can be determined to be about 93 and 201, 

respectively. By knowing the dielectric constant and the thickness of each layer, the effective voltage 

applied to each layer of the MFIS structures can be extracted using the following equations: 
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where V is the effective applied voltage to a layer and Vg is the gate voltage applied to the MFIS 

structure. The effective voltages applied to the highly c-axis-oriented and the random-oriented BTO 

films are 0.59Vg and 0.33Vg, respectively. As a result, the polarization in the c-axis-oriented BTO film 

can be saturated more easily at a lower applied voltage because of the low dielectric constant and the 

higher applied voltage. Moreover, the effective voltage applied to the SiO2 layer was found to be 

about 0.28Vg and 0.43Vg for the MFIS structures with a high c-axis orientation and a random 

orientation, respectively. Smaller voltages applied to the SiO2 layer and higher voltages applied to the 

BTO layer result in the suppression of charge injection and a small reduction in the memory window 

width for the MFIS structures with a high c-axis orientation. This suggests that an enhancement of 

memory window width can be achieved by using a highly c-axis-oriented BTO ferroelectric layer 

(low dielectric constant) and a highly c-axis-oriented STO buffer layer (high dielectric constant), 

which is in good agreement with our prediction. These obtained results are clear evidence that the 

crystal orientation has a strong influence on the electrical properties and the memory window 

behavior of the MFIS structures. 

Figure 3.17  High-frequency CV characteristics of the Au/BTO/STO/p-Si MFIS structures with high 

c-axis orientation (a) and random orientation (b) at different applied voltages. 
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Figure 3.18  The memory window width of the Au/BTO/STO/p-Si MFIS structures with high c-axis 

orientation (a) and random orientation (b) as a function of the applied voltage. 

 

3.4 Conclusion 

From HRXRD results, in-plane pole figure analysis and cross-sectional HRTEM images, 

these indicate that highly c-axis textured STO buffer layer have been successfully grown on Si 

substrates without any buffer layer. It was found that the growth temperature plays a key role in 

controlling the orientation of the STO buffer layer on Si substrates. The suitable condition to achieve 

highly c-axis textured STO buffer layer is at 700 °C, while a small surface roughness is preserved at 

~1 nm. In addition, the lowest leakage current density and highest dielectric constant are obtained for 

the highly textured film grown at this temperature in comparison with the non-textured or random 

oriented films. The results suggest that the c-axis textured STO film has good potential to be used as a 

buffer layer for subsequent growth of various kinds of perovskite oxide integrated on Si substrate. 

For the BTO film grown on STO-buffered Si(001), the orientations of BTO films correspond 

to those of the STO buffer layers. The AFM results reveal a smaller surface roughness and flatter 

surface for the highly c-axis-oriented BTO film. The leakage current density of the MFIS structure 

with high c-axis orientation is 1.05  107 A/cm2 at a positive applied voltage of 4 V, which is about 

one magnitude lower than that of the MFIS structure with random orientation. The maximum values 

for memory window widths are 1.17 V and 0.76 V for MFIS structures with a high c-axis orientation 

and a random orientation, respectively. The electrical properties and memory window width of the 
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MFIS structure with a high c-axis orientation can be significantly improved by insertion of a STO 

buffer layer with a high dielectric constant and high polarization of the BTO along the c-axis with a 

low dielectric constant. This leads to the enhancement of polarization and the suppression of charge 

injection from the Si substrate. The Au/BTO/STO/p-Si MFIS structure with a high c-axis orientation 

has potential for non-volatile memory applications as well as for use in developing ferroelectric-based 

devices under the role of orientation. 
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~ Control of crystalline orientation in SrTiO3 thin films 
grown on platinized sapphires ~ 

 

4.1  Introduction 

SrTiO3 (STO) thin films are used extensively in numerous electronic applications such as 

non-volatile memories, dynamic random access memories, and flat panel displays due to their high 

dielectric constant, low loss tangent and non-toxic compound [1–4]. Another interesting aspect of the 

STO is its non-linear electrical field tunable dielectric constant, making it applicable for tunable 

microwave devices at cryogenic temperature [5,6]. It is well known that the dielectric properties of 

STO thin films are significantly different from those of the bulk STO single crystal and also strongly 

dependent on the crystallographic orientation [7–10]. Therefore, the ability to control the film 

orientation is very important for the study and optimization of their dielectric properties. Epitaxial 

STO thin films have been successfully prepared on several single crystal substrates such as LaAlO3, 

DyScO3, KTaO3, MgO, and Al2O3 [11–17]. Among these substrates, Al2O3 offers significant 

advantages in the microwave application including low dielectric loss and low cost. For the metal 

electrodes in practical parallel plate capacitors, Pt is generally used because it has excellent electrical 

conductivity and chemical stability as well as high thermal stability, which are well suited for the 

crystallization temperature of STO (500–700 °C). Moreover, the epitaxial Pt(111) film can be grown 

directly on the α-Al2O3(0001) substrate [18–21]. The epitaxial STO(111) films are expected to form 

on Pt(111)  because the lattice constant of Pt (aPt = 3.920 Å) and STO (aSTO = 3.905 Å) are closely 

matched at room temperature (~0.4%). Epitaxial STO(111) films under a biaxial tensile strain have 

attracted considerable interest recently for the practical capacitor applications because they provide 

the prospect of enhancing dielectric constant and dielectric tunability compared with other 

orientations [22,23]. Over last few years, a number of studies have attempted the preparation of (111)-

epitaxial STO films on the Pt/Al2O3 substrates. However, they found that it is very difficult to prepare 

a highly (111)-textured STO film on Pt(111) by a direct growth process. The grown films generally 

exhibit either random orientation or preferable (100)/(110) orientation due to the effect of surface 

energy and electrostatic force [22–27]. The growth mechanism is also more complex in comparison 

with the growth of epitaxial perovksite films on single oxide substrates. One effective way to grow 

highly (111)-textured STO films is the insertion of a Ti adhesion layer underneath the Pt(111) layer 
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prior to the growth of STO films. The Ti atom, which penetrates through the Pt layer surface at high 

temperatures, plays the key role for promoting the nucleation sites for (111)-plane formation. Without 

the Ti adhesion layer, the grown films often exhibit co-orientation of (110) and (111) [22,24–26,27–

29].  Until now, (111)-textured STO films on a Pt surface without a Ti adhesion layer have not been 

successfully fabricated and their growth mechanism is not yet well understood. 

 In this chapter, we fabricated the STO films on platinized αAl2O3 (0001) substrates at 

different growth temperatures without a Ti adhesion layer using an ion beam sputter deposition 

(IBSD) method. The evolution of crystallographic orientation and surface morphology was studied 

and discussed in great detail. 

 

4.2 Experimental details 

4.2.1 Preparation of STO thin films   

Pt electrodes (~75 nm thick) were grown on cleaned sapphire αAl2O3 (0001) substrates at 

700 °C using the IBSD method in an Ar atmosphere. The incident angle of ion beams to the targets 

was fixed at 45°. The plasma was generated by an ECR ion source (ARIOS, f = 2.45 GHz) with an Ar 

pressure of 6  10–4 Torr at a power of 150 W. Then, they were accelerated through the slit to sputter 

the target with a high voltage of 1.5 kV. The cleaned Al2O3 substrates were mounted on a heater 

holder that placed parallel to the target at a distance of 50 mm. Then, 80 nm thick STO films were 

directly grown on the Pt/Al2O3 substrates using a stoichiometric STO pellet as a target (Furuuchi 

Chemical Corporation, purity 99.9%) without breaking vacuum. The Ar pressure was reduced to 3  

10–4 Torr, while an oxygen partial pressure of 3  10–4 Torr was simultaneously fed near the Pt/Al2O3 

substrates during the growth of STO layer. The growth temperature was varied between 600 and 

750 °C. After growth, the films were further annealed by keeping the same growth temperature at the 

growth step for 30 min and then slightly cooled to room temperature. 

4.2.2 Characterizations 

Crystallographic orientation and crystalline quality were characterized by a high-resolution 

X-ray diffractometer (HRXRD, Rigaku, SmartLab) equipped with a Ge(220)  2 channel 

monochromator and Cu Kα radiation (λ = 1.5418 Å). The X-ray tube power was operated at 45 kV and 

200 mA (9 kW). The film surface morphology was observed using an atomic force microscope (AFM, 
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Seiko Instrument Inc., SPA-300HV + SPI-3800N) in contact mode. The metal-insulator-metal (MIM) 

structures were prepared by depositing a circle Pt top electrode (5  10–3 cm2) through a metallic mask 

at room temperature.  The electrical and dielectric properties were measured using a source-measure 

instrument (Keithley 2612) and a LCR meter (Hikoki 3532-50) at room temperature, respectively. 

 

4.3 Results and discussion 

Figure 4.1 shows the high-resolution X-ray diffraction (HRXRD) ω2θ scan of the Pt film 

grown on Al2O3 substrate. The strong 111Pt and 222Pt reflections together with Al2O3 substrate 

reflections are clearly detected without other phases, indicating a high (111) orientation. The inset of 

figure 4.1 reveals the enlargement around the 111Pt reflection. The Pendellusöng fringes are 

apparently observed on both sides of the main reflection peak (marked as arrows). The period of this 

oscillation in real space corresponds to a thickness of 75 nm. The full-width at half-maximum 

(FWHM) of the rocking curve measured on the 111Pt reflection is as low as 0.06°, suggesting good 

crystalline quality and a high degree of orientation. To confirm the epitaxial relationship of the Pt film, 

an in-plane pole figure measurement was performed on Al O2 3
{0112} and {220}Pt, as revealed in figures 

4.2a and b, respectively. A three-fold symmetry is observed at α = 32.4° for the Al O2 3
{0112}  pole 

figure, while a six-fold symmetry is observed at α = 54.7° for the {220}Pt pole figure due to two 

different orientation variants, which are rotated by 180° on the [111]Pt axis (marked as A and B). It is 

also seen that the {220}Pt reflection of both variants is rotated by 30° with respect to the Al O2 3
{0112}

reflections. To better understand the orientation mechanism, figure 4.3 illustrates the schematic 

diagram of the Pt film on an Al2O3 substrate at the interface along Al O2 3
[1 100] direction. The atomic 

arrangements of Al and O layers are rotated around the Al O2 3
[0001] axis by 30° to each other and the Pt 

atom fits with the O atom of Al2O3. The two orientation variants of Pt(111) differ in the stacking 

sequence of the atomic plane along [111]Pt (ABCAB… and ACBAB…). The orientation relationship 

of the Pt film on the αAl2O3 (0001) substrate can be summarized as follows: 

     Pt(111)  ||
2 3Al O(0001)   and   Pt[01 1 ] ||  

2 3Al O[01 10]       Type A (ABCAB…) 

  Pt(111)  || 
2 3Al O(0001)   and   Pt[112]   ||  2 3Al O[1 120]   Type B (ACBAC…) 
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Figure 4.1  HRXRD ω2θ scan of the Pt film grown on Al2O3 substrate (subscript S refers to Al2O3 

substrate). The inset shows Pendellusöng fringes around the 111Pt reflection (marked as arrows).  

 

 

 
 

Figure 4.2  (a) The 
2 3Al O{0112}  pole figure (α = 32.4°), (b) the {220}Pt pole figure (α = 54.7°),  
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Figure 4.3  Schematic diagram of Pt on Al2O3 with two different variants in cross-sectional 

view along 
2 3Al O[1 100] . 

 

Out-of-plane HRXRD ω2θ scans of the STO films at different growth temperatures are 

demonstrated in figure 4.4a. The STO film grown at 600 °C is preferentially (110)-oriented. With an 

increase in the growth temperature to 700 °C, the intensities of hh0STO reflections decrease, whereas 

the intensities of h00STO reflections become more apparent, suggesting a predominant (100) 

orientation at this growth temperature. At 750 °C, both the hh0STO and h00STO reflection peaks are 

almost disappeared, while the hhhSTO reflections are observed beside the hhhPt reflections, as indicated 

by an arrow in figure 4.4a. This finding indicates that the STO film has transformed to a preferential 

(111) orientation at this evaluated temperature. The FWHM of rocking curve measured (ω scan) on 

110STO reflection of the STO film grown at 600 °C and 222STO reflection of the STO film grown at 

750 °C were about 0.12° and 0.13°, respectively, indicating a high degree of (110) and (111) 

orientations (figure 4.4b and c). Only the HRXRD result is not sufficient to clarify the formation of 

(111)-textured STO films. Thus, the STO films were further investigated using in-plane pole figure 

measurements and in-plane grazing incidence X-ray diffraction (GIXRD).  

The in-plane pole figure measurement was carried out on {100}STO and {111}STO planes of 

the STO film grown at 600 °C. There can be seen three sets of two-fold symmetry located at α = 45° 

and 54.7° from the {100}STO and {111}STO pole figures, respectively, as displayed in figures 4.5a and 

b, respectively. This suggests that the (110)-oriented film has three in-plane orientation variants 

(denoted as V1, V2, and V3), which are rotated by 120° along the [110]STO axis. On the other hand, two 

sets of three-fold symmetry are apparently observed from the {100}STO and {110}STO pole figures at α 
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= 35.3° and 54.7°, respectively, for the film grown at 750 °C, which are depicted in figures 4.5c and d, 

respectively. This pattern refer to two-orientation variants rotated by 180° along the [111]STO axis 

(denoted as VA and VB ) matching with the orientation of the Pt(111) surface as discussed above.  
 

 
Figure 4.4  (a) HRXRD ω2θ scans of the STO films on Pt(111)/Al2O3 at different growth 

temperatures. Rocking curve ( scan) measurements on (b) 110STO reflection of the STO film grown 

at 600 °C and (c) 222STO reflection of the STO film grown at 750 °C  

 

The in-plane ϕ scans were also measured on all films along 110 STO direction as shown in 

figure 4.6a. Two sets of six-fold symmetry occurring from (111)-oriented grains (○ open circle) and 

(110)-oriented grains (□ open square) are observed. The six-fold symmetry of (110)-oriented grains 

consists of three variants (marked V1, V2, and V3), whereas that of the (111)-oriented grains only 

consists of two variants corresponding to the aforementioned pole figure measurements on {220}Pt 

(marked VA and VB). The reflection peaks of (111)-oriented grains are shifted by 30° with respect to 

those of (110)-oriented grains. At a growth temperature of 600 °C, the main reflection peaks rise from 

the (110)-oriented grains, whereas the weak intensities correspond to the (111)-oriented grains. The 

peak intensity of the (111)-oriented grains increases with an increase in the growth temperature and 

(a) (b) 

(c) 
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eventually turns to major peaks at 750 °C. The three orientation variants of the (110)-oriented grains 

suggest that the films are in-plane rotated by 120°. The schematic diagrams of the (110)- and (111)-

oriented grains on Pt(111) are illustrated in figures 4.7a and b, respectively. 

 

  

Figure 4.5  In-plane pole figures measurements: (a) {100}STO and (b) {111}STO of the STO film 

grown at 600 °C. (c) {100}STO and (d) {110}STO of the STO film grown at 750 °C.  

 

GIXRD with 2θχ scans were also examined on the STO films to observe the evolution of in-

plane orientation. The grazing incident angle was fixed at 0.3° and the measurement was taken on 

STO110  reflection for both (110)-oriented and (111)-oriented grains, as shown in figures 4.7b and 4.7c, 

respectively. The results demonstrate the alteration of peak intensities with changing growth 

temperature. The STO110  reflection intensity measured on the (111)-oriented grains increases with an 

increase in growth temperature. The STO110 reflection intensity belonging to the (110)-oriented grains 

also increases when the growth temperature increases, but its intensity significantly decreases at 
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750 °C. From the above results, the orientation relationships of the (111)- and (110)-oriented grains 

on Pt(111) can be given as: 

  
STO110  ||  

Pt111   and    
STO

110  ||   
Pt

112    (110)-oriented grains 

  
STO111  ||  Pt111    and   

STO
110  ||   

Pt
110    (111)-oriented grains. 

The obtained results imply that both out-of-plane and in-plane orientation are highly dependent on the 

growth temperature and a (111)-textured film is achieved at the growth temperature of 750 °C without 

a Ti adhesion layer. Only a small number of (110)-oriented grains are still observed in the (111)-

textured STO film.  

 

 

Figure 4.6  (a) In-plane ϕ scans along 
STO

110 direction of the STO films at different growth 

temperatures. GIXRD 2θχ scans of (b) the (110)-oriented grains and (c) the (111)-oriented grains. 

 

From the HRXRD and GIXRD data, the out-of-plane and in-plane lattice constants of the 

STO films can be calculated by assuming cubic crystal symmetry of the STO. The calculated out-of-

plane and in-plane lattice constants for the (110)-oriented STO film (600 °C) are about 3.9099 and 

3.9079 Å, respectively. These values are close to those of a bulk single STO crystal (3.9046 Å). This 

suggests that (110)-oriented film exhibits a cubic structure with almost full relaxation due to a large 

lattice mismatch. A little larger than that of the bulk value may occur from the oxygen vacancies 
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generated in the films, resulting in a lattice unit-cell expansion. For the (111)-oriented STO film 

(750 °C), the in-plane lattice constant is elongated to be 3.9185 Å, corresponding to 0.36% tensile in-

plane strain in the film (σx = 0.68 GPa). In contrast, the contracted out-of-plane lattice constant is 

found to be about 3.8720 Å, referring to a compressive strain (–0.84%) due to Poisson’s ratio. This 

result indicates that the (111)-oriented STO film grew on Pt(111) under a biaxial tensile stress. 

Almost biaxial tensile stress may occur after growth or the cooling process due to the difference in the 

thermal expansion coefficients of STO film (αf = 10  10–6 K–1) [31] and the Al2O3 substrate (αs = 7  

10–6 K–1) [32]. The larger in-plane tensile stress in the (111)-oriented STO film is believed to enhance 

the dielectric constant and tunability when compared to other orientations or even bulk STO. Growth 

stress also relates to many factors such as a non-stoichiometry and sputtered ion energy during the 

film growth. These cause a stress in the film to be very sensitive to the growth method and conditions 

[26,28,32–34]. 

 

 
Figure 4.7  Schematic diagrams of (a) the (110)-oriented STO grains on Pt(111) and (b) the (111)-

oriented STO grains on Pt(111). The different shade colors of Ti and O atoms represent the difference 

in atom plane arrangements. 

 

 Our finding is inconsistent with the prior reports that a Ti adhesion layer underneath the Pt 

electrode is needed to promote the growth of (111)-oriented STO films. We will describe here the 

possible reasons for the formation of (110)- and (111)-oriented films. In case of the highly (110)-

oriented film grown at 600 °C, it can be explained by considering atomic planes of STO along the 

[110] direction. They consist of a positive SrTiO4+ plane and a negative O2– plane. The electron clouds 
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that are normally found on the Pt surface result in the ease of positive SrTiO4+ plane formation. In 

contrast, the atomic planes of the (111)-oriented film consist of a negative (111)-SrO3
4– plane and a 

positive (222)-Ti4+ plane. Electrons on the Pt surface repel the negative SrO3
4– plane and attract the 

positive Ti4+ plane at the initial growth state. However, the formation of Ti plane on the Pt (111) 

surface is rather difficult when the film are grown at high oxygen pressure due to the ease of TiO 

formation, leading to the formation of the (100)- and (110)-oriented grains [22,24,25]. In addition, the 

orientation behavior also depends on the free surface energy based on thermodynamic fundamental. 

For most of perovskite-type oxides, the (111) plane has the highest surface energy in comparison with 

the (100) and (110) planes [28,36–38], implying that (111)-oriented films are difficult to grow, even 

though (111)-oriented STO has an excellent lattice match with Pt(111). The occurrence of (111)-

oriented film in this study may be caused by two possible facts. First, the films grew under a low level 

of oxygen pressure (~10–4 Torr), resulting in the prevention or minimization of TiO bond formation 

at the initial growth state. Second, the (111)-oriented film can be achieved at a high growth 

temperature of 750 °C. This condition provides a sufficient surface energy for nucleating (111) 

orientation. 

 Figures 4.8af illustrates the AFM topography images of the STO film surface grown at 

different temperatures. All STO film surfaces show three-dimensional island growth mode (Volmer-

Weber). The evolutions of grain shape and size at different growth temperatures are clearly 

investigated, which are directly related to their crystallographic orientation. For the film grown at 

600 °C, several elongated-shaped grains, having length ranged from 40 to 50 nm and the width ranged 

from 20 to 30 nm can be seen, referring to the (110)-oriented grains. The (110) grains are elongated 

along the 
STO

110 direction and facetted parallel to the {110}STO planes, as illustrated in figure 4.8e. 

The elongated-shaped grains are still preserved on the surface, but the size is increased when the 

growth temperature increases to 650 °C. With a further increase in growth temperature to 700 °C, a 

significant change is apparently seen. Flat grains, referring to (100)-oriented grains, mainly appear on 

the film surface together with a small fraction of elongated grains. Another observation is the 

appearance of a small fraction of triangle-shaped grains, indicating the formation of (111)-oriented 

grains. At a growth temperature of 750 °C, the elongated and flat grains almost disappear, while the 

triangle-shaped grains with a larger size are dominant, indicating a high (111)-orientation at this 

evaluated temperature. Their grain boundaries are facetted parallel to  112 STO plane. Figure 4.8f 

shows the presence of two (111) orientation variants that has mirror related symmetry in the grain 
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shapes. From these results, it can be suggested that the grain shape of each oriented STO grains are 

consistent with the orientation relationship that already observed from the XRD analysis. Figure 4.9 

shows the root-mean-square (rms) roughness of the STO films as a function of growth temperature. 

The small rms roughness of 1.4 ± 0.2 nm for the film grown at 600 °C should be due to the high 

uniformity and small grain size. The RMS roughness gradually rises to 2.3 ± 0.3 nm for the film 

grown at 650 °C. A remarkable increase in RMS roughness is observed as high as 3.9 ± 0.2 nm for the 

film grown at 750 °C due to the surface faceting of (111)-oriented grains and large grain size. 

 

 

Figure 4.8  AFM topography images (1  1 μm2) of the STO films on Pt(111)/Al2O3 substrates at 

growth temperatures of (a) 600, (b) 650, (c) 700, and (d) 750 °C. The schematic illustrations of the 

orientation relationship with the grain shapes: (e) (110)-oriented STO grains and (f) (111)-oriented 

STO grains. 
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Figure 4.9  Average rms surface roughness deduced from five 1  1 μm2 scan areas of the STO films 

as a function of growth temperature. 

 

To investigate and compare the electric properties of (110)- and (111)-textured film STO film, 

the Pt/STO/Pt MIM structures were fabricated (figure 4.10). Figure 4.11 shows the J-E characteristics 

of Pt/STO/Pt MIM capacitors measured in a positive electric field region between 0 and 600 kV/cm at 

room temperature. The J-E characteristics are governed by two types of conduction mechanism 

models, those being Schottky emission (SE) and Poole-Frenkel (PF) conduction, which are in 

agreement with the previous report by Mojarad et al. [38]. At low applied electric fields, the leakage 

current densities of both samples are almost the same and slightly increase within a magnitude order 

of 10–7 A/cm2. This suggests that the injection of electrons into the bulk is blocked at the metal-

insulator interface, implying a dominant by the interface (SE mechanism) [39,40]. With an increase in 

the electric field, the electrons are injected to the state near the interface due to the higher potential 

across the insulator layer. This causes to an abrupt increase in the leakage current density at 250 and 

405 kV/cm for the highly (110)-and (111)-textured STO films, respectively. Beyond this point, the 

leakage currents of both films show the best fit to the PF conduction model (ln(J/E) versus E1/2), as 

shown in the inset of figure 4.11. This implies that the electrons move through the bulk insulator by 

hopping between localized states, which arises from the oxygen vacancies within the film [38,41]. 

The larger leakage current density of the highly (111)-textured STO films can be explained by the role 

of grain size and grain boundary according to the report of Rozier et al. which states that the grain 
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boundaries can suppress the leakage current of the films [42]. Thus, a decrease in the volume fraction 

of grain boundaries and an increase in grain size observed on the highly (111)-textured STO film 

cause a larger leakage current density at a high electric field and a lower on-set PF conduction 

mechanism in comparison to those of (110)-textured film. 

 

 

Figure 4.10  Schematic illustration of the Pt/STO/Pt MIM capacitor configuration. 

 

Figure 4.11  J-E characteristics of the (110)- and (111)-textured STO films at room temperature. The 

inset shows a PF plot with the ln(J/E) versus E1/2. 

 

The dielectric constant and loss tangent of the STO films as a function of frequencies in the 

range from 1 kHz to 1 MHz measured at room temperature are shown in figure 4.12. The dielectric 

constant of the highly (111)-textured film (320 at 100 kHz) is greater than that of the highly (110)-

textured STO films (238 at 100 kHz). A significant dielectric enhancement of the (111)-textured STO 

film is believed to be due to the effect of a biaxial-tensile strain and the presence of enlarged grains 

with a densely packed structure. A slight decrease of the dielectric constant at a higher measured 
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frequency is also observed. This behavior may be contributed by charge hopping between localized 

sites in the dielectric film that originated from impurities or charge defects (e.g. 2
OV   vacancy). The 

loss tangents are found to be 0.036 and 0.052 at 100 kHz for the (110)-and (111)-textured films, 

respectively. An increase of loss tangent in high frequencies between 105 and 106 Hz may be due to 

dipolar oscillations of the dielectric films. 

 

 

Figure 4.12  Frequency dependence of the dielectric constant and loss tangent for the (110)- 

and (111)-textured STO films at room temperature.. 

 

4.4 Conclusion 

The growth temperature plays an important role in controlling the crystallographic 

orientations and surface morphology of the STO films on Pt/Al2O3 substrates. The film exhibits 

predominant (110) orientation with three orientation variants rotating in-plane by 120° at the growth 

temperature of 600 °C. With an increase in growth temperature to 750 °C, the highly (111)-textured 

film can be achieved with two orientation variants that are rotated by 180° along the [111]Pt direction. 

A (110)-textured film with an almost full strain relaxation is found, whereas the (111)-textured film is 

strained due to the in-plane biaxial tensile strain from the Pt(111) layer. The evolution of grain shapes 

(rod-, flat- and triangle-shaped grains) significantly depends on their crystallographic orientation. An 

increase in rms surface roughness is investigated with increasing growth temperature due to the larger 

grain size and the presence of surface faceting from the (111)-oriented grains. The leakage current in 
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Pt/STO/Pt capacitors is found to follow the SE and PF mechanism at a low and high applied electric 

field, respectively. The (111)-textured film presents a larger dielectric constant when compared to the 

(110)-textured film due to the effect of biaxial stress and larger grain size. This indicates that the 

(111)-textured film has good potential and is more favorable for practical applications.  
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~ Fabrication of (111)-oriented BaTiO3/SrTiO3 superlattices 
on platinized sapphires with enhanced dielectric constant ~ 

  

5.1 Introduction 

ABO3 perovskite oxide superlattices (SLs) are of great attention in the forefront of the various 

electronic devices because they allow more flexibility for material design and by tailoring the 

components and their thicknesses. This has led us to explore a new functional property and new 

combinations of desired properties that cannot be found in single layer thin films, such as a 

polarization enhancement [13], a large dielectric constant [4,5], and a large tunability [6,7], as well 

as a giant Seebeck coeeficient [8]. In recent years, the BTO/STO SLs have attracted the most attention 

in the field of ferroelectric and dielectric research. Most of previous works have done on the growth 

of (001)-oriented BTO/STO SLs [9–15]. The strain induced by lattice mismatch at the interface 

between each layer of the SLs is a key factor for enhancing the dielectric constant and dielectric 

tunability behaviors. However, there has been very limited success on the growth of (111)-oriented 

BTO/STO SLs [16]. By rotating the crystalline orientation to (111) lattice plane, the atomic 

arrangements are more complicated and different from the conventional (001) lattice plane. Therefore, 

the properties of epitaxial films grown along the (111) direction should be different from those of 

(001)-oriented films or even bulk.  

In this chapter, we report the first attempt to grow highly (111)-oriented BTO/STO SLs on 

Pt(111)/Ti/α-Al2O3(0001) substrates by the IBSD having two electron-cyclotron resonance (ECR) ion 

guns. In the best of our knowledge, there are no reports succeed on the fabrication of (111)-oriented 

STO/BTO SLs on Pt(111) surface. The influence of modulation periodicity on the structural, 

morphological, and dielectric properties were studied and discussed.  
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5.2 Experimental details 

5.2.1 Preparation of Pt(111)/Ti/Al2O3  

The Pt/Ti bilayer was prepared on Al2O3 substrates by a double IBSD using two targets (Pt 

and Ti, purity: 99.99%, Furuuchi Chemical Corporation). The chamber was evacuated to a base 

pressure of below 2  10–6 Torr. The MW power output of 150 W was applied for Ar plasma 

generation (6  104 Torr). The ions were then extracted through the grid with a high voltage of 1.5 

kV. The 3-nm-thick Ti layer was firstly grown on Al2O3 substrate at a growth temperature of 700 C 

without the addition of an oxygen partial pressure. The 80 nm-thick Pt layer was then grown on 

Ti/Al2O3 substrate by keeping same growth conditions without breaking vacuum. The Pt/Ti bilayers 

were cooled to room temperature in the presence of an oxygen pressure of ~105 Torr.  

5.2.2 Preparation of (111)-oriented BTO/STO superlattices 

Symmetric STOΛ/2/BTOΛ/2 SLs were grown on Pt/Ti/Al2O3 single crystal substrate with 

different modulation periods (Λ = 96, 48, 24, 9.6, and 4.8 nm) using the IBSD with two ECR ion guns. 

The total thickness of the SLs was kept approximately 96 nm. Figure 5.1 presents the schematic 

representation of the BTO/STO SLs in this study. The individual layer was grown with a constant rate 

of ~0.07 Å s–1. The stoichiometric STO and BTO pellets were used as targets (purity: 99.99%, 

Furruchi Chemical Corporation). The chamber was firstly evacuated to a background pressure of 

below 2  10–6 Torr. The Ar gas with a constant pressure of 3  10–4 Torr was fed into each ECR ion 

source and maintained in the chamber during the growth process. Oxygen pressure of 3  10–4 Torr 

was simultaneously supplied close to the substrate during film growth. The MW power supply with a 

power output of 180 W was used. The applied accelerating voltage was 1.8 kV. The SLs were grown 

at temperature of 700 °C. After film growth, the SLs were further annealed at 700 °C for 60 min and 

subsequently cooled to room temperature under an oxygen pressure of 0.75 Torr. 

5.2.3 Characterizations 

Structural properties were characterized by X-ray diffraction (XRD, Rigaku, SmartLab) 

equipped with a Ge(220)  2 channel monochromator and Cu Kα radiation (λ = 1.5418 Å). The X-ray 

tube power was operated at 45 kV and 200 mA (9 kW). The film surface morphology was observed 



Chapter 5  Fabrication of (111)-oriented BaTiO3/SrTiO3 superlattices on platinized sapphires with 
enhanced dielectric constant 

 78  
 

using an atomic force microscope (AFM, Seiko Instrument Inc., SPA-300HV + SPI-3800N) in 

contact mode. X-ray photoelectron spectroscopy (XPS) measurement was performed with an Omicron 

ESCA Probe (Omicron, Nanotechnology) for surface analysis. Monochromatic Mg Kα radiation 

(photon energy of 1256.6 eV) was used as an excitation source. The metal-insulator-metal (MIM) 

structures were prepared by depositing a circle Pt top electrode (5  10–3 cm2) through a metallic mask 

at room temperature.  The electrical and dielectric properties were measured using a source-measure 

instrument (Keithley 2612) and a LCR meter (Hikoki 3532-50) at room temperature, respectively. 

 
Figure 5.1  Schematic representation of the (111)-oriented STO/BTO SLs in this study. 

 

5.3 Results and discussion 

Figures 5.2a and b show the HRXRD ω2θ scan of the Pt and Pt/Ti layers grown on Al2O3 

substrate, respectively. The strong hhhPt reflections are evident without other phases, indicating a high 

(111) orientation. The full-width at half-maximum (FWHM) of the 111Pt rocking curve is as low as 

0.06°, which is comparable to that of Pt/Al2O3 (Chapter 4). The Pt(111) layer has two different 

orientation variants that are rotated by 180° along the [111]Pt axis. The detail of the orientation 

relationship can be found in our previous chapter.  

Figures 5.3a and b reveal the AFM topographic images of Pt(111) surface without and with 

Ti layer, respectively. The Pt(111) surface demonstrates a relatively flat surface with step-and-terrace 

structure. On the other hand, for the Pt/Ti surface, a number of nanosized islands are clearly seen on 

the Pt surface, especially at the edge of grain boundaries. It is believed that these nanosized islands are 

Al2O3 (0001) 
Ti ~ 3 nm 

Pt(111) ~ 80 nm  

BTO/SL SL 

96 nm 
STO 

BTO 

Modulation period 

 = 96, 48, 24, 12, and 4.8 nm 
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the Ti atoms that migrate from Ti layer through the Pt surface via grain boundaries where the 

diffusivity is much higher than in the Pt bulk [19,20]. The root-mean-square (rms) roughness of the Pt 

and Pt/Ti surfaces are estimated about ~0.6 and ~0.7 nm, respectively. To confirm the composition of 

the nanosized islands on Pt surface, surface analysis was carried out using XPS measurement.  

 

 
Figure 5.2  HRXRD ω2θ scan of the Pt/Ti bilayer on Al2O3 substrate (subscript S refers to Al2O3 

substrate). The insert show 111Pt rocking curve measurement with FWHM of 0.06.  

 

 

Figure 5.3  AFM topography image of (a) Pt(111)/Al2O3 and (b) Pt(111)/Ti/Al2O3. (c) Schematic 

representation of out-diffusion of Ti atoms onto the Pt surface. 
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Figure 5.4ac show the XPS spectra near Ti 2p, O 1s, and Pt 4f core levels examined on the 

Pt and Pt/Ti surfaces, respectively. For the Pt with no Ti layer, it cannot be detected the peaks 

corresponding to Ti 2p and O 1s. On the contrary, the peaks corresponding to Ti 2p and O 1s are 

observed for the Pt/Ti surface. This is evidence that the Ti atoms migrating onto the Pt surface are 

oxidized to form TiOx. The interdiffusion mechanism and formation of TiOx can be described as 

follows. The Ti atoms can migrate through the Pt grain boundaries to the Pt surface under high growth 

temperature and Ar environment. This causes to the generation of the compressive stress in the Pt 

layer. Such compressive stresses are immediately relieved via the migration of Pt atoms to the Ti layer 

and out diffusion of Ti atoms onto the Pt surface. On subsequent cooling in oxygen environment, the 

out-diffused Ti atoms on the Pt surface are oxidized to form TiOx. The Pt-Ti intermetallic may also 

occur on the Pt surface; however, it is unlikely since the Ti has a higher affinity for oxygen than Pt 

does. The TiOx formed on Pt(111) layer would act as a template layer for promoting nucleation 

growth of (111) orientation for perovskite films, as reported elsewhere [2123]. 
 

 

Figure 5.4  XPS spectra recorded on the Pt and Pt/Ti electrode surface near (a) O 1s, (b) Ti 2p, and 

(c) Pt 4f core levels.  
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HRXRD ω2θ scans of the symmetric BTOΛ/2/STOΛ/2 SLs with different modulation periods 

(Λ = 96, 48, 24, 12, and 4.8) are shown in figure 5.5. Only the hhh reflections corresponding to the 

BTO and STO are observed without the reflections from other planes. This result suggests that all SLs 

are highly (111)-oriented. The SLs with Λ = 96, 48, and 24 nm show two distinct reflection peaks 

originated from BTO and STO layers. However, the hhhSTO reflections cannot be clearly seen due to 

overlap with a strong intensity of hhhPt reflections. When the Λ = 12 and 4.8 nm, the BTO/STO SLs 

exhibit a main reflection peak (denoted as 0) located between respective BTO and STO reflections. 

Meanwhile, broad satellite peaks (denoted as 1, 2,…) can be observed, which is a characteristic of 

the SL structure. The modulation period of the SLs can be determined from the position of satellite 

peaks in the HRXRD spectra using the following equation [24]: 

 12 sin sinn n





 
,            (5.1) 

where λ is the X-ray wavelength. θn and θn+1 are the angular positions of two consecutive satellite 

peak pairs. The modulation periods were calculated to be about 12.5 and 5.1 nm corresponding to the 

SLs with modulation period of 12 and 4.8 nm, respectively. This indicates that the fabricated 

STO/BTO SLs are in agreement with the designed structure.  In the SLs with the large modulation 

periods (Ʌ = 96 nm), d111 value of BTO and STO layers are very close to those in the bulk BTO and 

STO, respectively (dash line). This suggests that strain is partially relaxed for the large modulation 

periods. The d111 value of the SL with Ʌ = 4.8 (0.2304 nm) is larger than that of Ba0.5Sr0.5TiO3 solid 

solution in the bulk (0.2260 nm). An increase of d111 is attributed to the effect of in-plane lattice strain 

in the interface region of each sublayer due to mismatch between BTO and STO, which will be 

further discussed. 

To confirm an in-plane epitaxial orientation, the STO/BTO SLs were investigated by an in-

plane pole figure analysis. In-plane pole figures measured on the {100}SL and {110}SL planes are 

displayed in figure 5.6a and b, respectively. Two sets of three-fold symmetry are manifestly seen at α 

= 35.3° and 54.7° for the {100}STO and {110}STO pole figures, respectively. This is proved that the 

(111)-oriented grain has an epitaxial relationship on the Pt(111) layer with two in-plane orientation 

variants (denoted as A and B), which are rotated by 180° along the [111]Pt axis. The orientation 

relationships of the (111)-oriented grains on Pt(111) layer can be given as: 

BTO
111  || STO

111 || 
Pt

111  and   BTO
110 ||   STO

110  ||  Pt
110  
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Figure 5.5  (a) HRXRD ω2θ scans of the (111)-oriented STO/BTO SLs with various modulation 

periods. (b) HRXRD ω2θ scans around 222 reflection of the BTO/STO SLs with various modulation 

periods. The red and green dash lines indicate the angle position of 222 reflections for bulk BTO 

(83.22) and bulk STO (86.27), respectively. 

 

 
Figure 5.6  In-plane pole figures measured on (a) {100} and (b) {111} planes of the BTO/STO SL 

with Ʌ = 4.8 nm.  

(a) (b) 
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Figure 5.7  GIXRD 2 scans along 110 direction of the BTO/STO SLs with various modulation 

periods. The red and green dash lines indicate the angle position of 110 reflections for bulk BTO 

(31.57) and bulk STO (32.40), respectively. 

 

GIXRD 2 scans were also carried out on all STO/BTO SLs along 110 direction to 

determine the evolution of in-plane lattice structure. The incident angle was fixed at 0.3 for all 

samples. The GIXRD spectra around of all samples are shown in figure 5.7. For the STO/BTO SL 

with Ʌ = 96, two peaks are observed at 31.32 and 32.14 associated to the BTO and STO, 

respectively. The stronger intensity in BTO reflection peak compared with the STO reflection peak is 

due to the later deposition of BTO layer and a small penetration depth of incident X-ray. It is noticed 

that the reflections of both BTO and STO for all SLs are quite different from their bulk values 

(denoted as dash line). This implies that both BTO and STO unit cells in the SLs are distorted or grew 

under strain effect from each layer interface. With decreasing the modulation period, a gradual shift of 

the BTO refection peak toward higher 2  is observed. On the other hand, the STO refection peak 

shifts to lower 2  and becomes overlapping with the BTO reflection peak. This indicates that the 
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d110 of the BTO layer slightly decreases to adjust to the smaller d110 value of the STO layer (biaxial 

compressive state), while that of STO layer increases to adjust to the larger cell of BTO (biaxial 

tensile strain). When compared to the (001)-oriented BTO/STO SLs, an in-plane lattice mismatches 

along both [100] and [010] directions are equal to about 2.2%. In contrast, in case of the (111)-

oriented BTO/STO SLs, an in-plane lattice mismatch along 110  directions are found to be about 

2.7%, leading to a large lattice strain when compared to that of (001)-oriented SLs. Therefore, higher 

relative dielectric constant induced by the lattice strain distribution would be expected to obtain for 

the (111)-oriented SL with a small modulation period. 

 

 

Figure 5.8  AFM topography images (2  2 μm2) of the BTO/STO SLs with the modulation periods 

of (a) 96, (b) 48, (c) 24, (d) 12, and (e) 4.8nm. 

 

Figures 5.8af illustrates the AFM topography images of the BTO/STO SLs with various 

modulation periods. All samples show a dense microstructure with three-dimensional island growth 

mode (Volmer-Weber) and crack-free. The grain size of the BTO/STO SLs is found to change with 

the alteration of modulation period. A small rms roughness of 3.7 ± 0.2 nm was observed for the 

BTO/STO SLs with Ʌ = 96 nm since it has high uniformity and small grain size. With a decrease of 

modulation period, the grain size and rms roughness became larger. At Ʌ = 4.8 nm, the rms roughness 

reaches to 4.5 ± 0.2 nm.  A larger grain size is formed due to the coalescence of several small grains 
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once the grains grew together, as can be seen in figure 5.8e. This can be explained by the difference in 

growth mechanisms between BTO and STO and the difference in the morphological stability on their 

growth surfaces caused by the different surface energies and different motilities of Ba and Sr atoms 

reaching STO and BTO sublayers [25]. Figure 5.9 depicts the plot of rms roughness against the 

modulation period. 

 

 
Figure 5.9  Average rms surface roughness deduced from five 2  2 μm2 scan areas of the BTO/STO 

SLs as a function of modulation period. 

 

To investigate the effect of modulation period on the electrical properties, the Pt/[STO/BTO 

SLs]/Pt MIM structures were fabricated. Current density-voltage (J-V) curves of the BTO/STO SLs 

measured at room temperature are shown in figure 5.11. The current density is found to decrease with 

an increase of modulation period. An increase in the leakage current density can be reasonably 

explained by the role of grain size and grain boundary according to the report of Rozier et al. which 

states that the grain boundaries play a key role to suppress the leakage current of the films [26]. Thus, 

a decrease in the volume fraction of grain boundaries and an increase in grain size observed at small 

modulation periods can cause a larger leakage current. In addition, it may be because the SL at small 

modulation period is composed of the interdiffusion between BTO and STO sublayers, leading to an 

enhancement of tunneling current through the films. Another important investigation is a difference in 

conduction mechanism. The J-V curves of the SLs with Ʌ = 96 and 48 nm consist of two types of 

conduction mechanism models, those being Schottky emission (SE) and Poole-Frenkel (PF) 
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conduction. However, the J-V curves can fit well with only Schottky type of conduction when the Ʌ is 

smaller than 48 nm. The relative dielectric constant of the SLs at room temperature and 100 kHz was 

plotted against modulation periods in figure 5.12. It demonstrates that a relative dielectric constant 

increases as the modulation period decreases from 496 for Ʌ = 96 nm to 927 for Ʌ = 4.8 nm. A 

significant enhancement of dielectric constant at small modulation period is believed to be due to the 

effect of stress occurred at the interface region between BTO and STO layer, and the presence of 

enlarged grains with a densely packed structure. 

 

Figure 5.11  J-V curves of the (111)-oriented BTO/STO SLs with various modulation periods. 

 
Figure 5.12  Dielectric constant of the (111)-oriented BTO/STO SLs with various modulation periods 

at 100 kHz. 
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5.4 Conclusion 

Highly (111)-oriented BTO/STO SLs were successfully fabricated on Pt(111)/Ti/Al2O3 

substrates by double ECR-IBSD with various modulation periods. HRXRD and GIXRD 

measurements show that the BTO and STO layers in the SLs are subject to an in-plane compressive 

and tensile stress, respectively, when the modulation period decreases. The BTO/STO SLs has an in-

plane epitaxial orientation with two in-plane orientation variants, as evidenced by in-pole figure 

measurements. The AFM images demonstrate that the all BTO/STO SLs exhibit the VM growth 

mechanism. Their grain size and surface roughness increase with decreasing modulation period. The 

relative dielectric constant can enhance to 972 at a small modulation period of 4.8 nm, which is 

attributed to lattice distortion induced by strain at interface in the SLs.  

 

References 

[1]  T. Shimuta, O. Nakagawara, T. Makino, S. Arai, H. Tabata, and T. Kawai, J. Appl. Phys. 91, 

2290 (2002).  

[2] H. N. Lee, H. M. Christen, M. F. Chrishom, C. M. Rouleau, and D. H. Lowndes, Nature 433, 

395 (2005). 

[3]  S. M. Nakhmanson, K. M. Rabe, and D. Vanderbilt, Appl. Phys. Lett. 87, 102906 (2005).  

[4]  T. Hitoshi, T. Hidekazu, and K. Tomoji, Appl. Phys. Lett. 65, 1970 (1994).  

[5]  N. A. Pertsev, G. Arlt, and A. G. Zembilgotov, Phys. Rev. Lett. 76, 1364 (1996). 

[6]  S. Zhong, S. P. Alpay, and J. V. Mantese, Appl. Phys. Lett. 88, 132904 (2006).  

[7]  D. Fuch, M. Adam, P. Schweiss, and R. Schneider, J. Appl. Phys. 91, 5288 (2002). 

[8]  H. Ohta, S. Kim, Y. Mune, T. Mizoguchi, K. Nomura, S. Ohta, T. Nomura, Y. Nakanishi, Y. 

Ikuhara, M. Hirano, H. Hosono, and  K. Koumoto, Nat. Mater. 6, 129 (2007). 

[9] H. Tabata, H. Tanaka, and T. Kawai, Appl. Phys. Lett. 65, 1970 (1994). 

[10]  N. Wang, H. B. Lu, W. Z. Chen, T. Zhao, F. Chen, H. Y. Peng, S. T. Lee, and G. Z. Yang, Appl. 

Phys. Lett. 75, 3464 (1999). 

[11]  F. Q. Tong, W. X. Yu, F. Liu, Y. Zuo, and X. Ge, Mater. Sci. Eng. B 98, 6 (2003). 

[12] W. Tian, J. C. jiang, X. Q. Pan, J. H. Haeni, Y. L. Li, L. Q. Chen, F. G. Schlom, J. B. Neaton, K. 

M. Rabe, nad Q. X. Jia, Appl. Phys. Lett. 89, 092905 (2006). 



Chapter 5  Fabrication of (111)-oriented BaTiO3/SrTiO3 superlattices on platinized sapphires with 
enhanced dielectric constant 

 88  
 

[13]  A. Soukiassian, W. Tian, J. H. Haeni, L. Q. Chen, X. X. Xi, D. G. Schlom, D. A. Tenne, H. P. 

Sun, X. Q. Pan, K. J. Choi, C. B. Eom, Y. L. Li, Q. X. Jia, C. Constantin, R. M. Freensta, M. 

Bernhagen, P. Reiche, and R. Uecker, J. Mater. Res. 23, 1417 (2008). 

[14]  Z. Y. Zhu, H. Y. Zhang, M. Tan, X. H. Zhang, and J. C. Han, J. Phys. D: Appl. Phys. 41, 

215408 (2008). 

[15]  N. Ortega, A. Kumar, O. A. Maslova, Y. I. Yuzyuk, J. F. Scott, and R. S. Katiyar, Phys. Rev. B 

83, 144108 (2011). 

[16] O. Nakagawara, T. Shimuta, T. Makino, S. Arai, H. Tabata, and T. Kawai, Appl. Phys. Lett. 77, 

3257 (2000). 

[17]  S. Schmidt, D. O. Klenov, S. P. Keane, J. Lu, T. E. Mates, and S. Stemmer, Appl. Phys. Lett. 88, 

131914 (2006).  

[18]  W. W. Jung, S.K. Choi, S.Y. Kweon, and S. J. Yeom, Appl. Phys. Lett. 83, 2160 (2003). 

[19]  P. Chaudhari, IBM J. Res. Dev. 13, 197 (1969). 

[20]  E. Iwamura, T. Ohnishi, and K. Yoshikawa, Thin Solid Films 270, 450 (1995). 

[21]  H.-J. Nam, D.-K. Choi, and W.-J. Lee, Thin Solid Films 37, 264 (2000). 

[22]  D. Rémiens, L. Yang, F. Ponchel, J. F. Légier, D. Chateigner, G. Wang, and X. Dong, J. Appl. 

Phys. 109, 114106 (2011). 

[23]  L. Yang, G. Wang, X. Dong, and D. Rémiens, J. Am. Ceram. Soc. 93, 2136 (2010).  

[24]  F. Le Marrec, R. Farhi, M. El Marssi, J. L. Dellis, M. G. Karkut, D. Arisosa, Phys. Rev. B 61, 

R6447 (2000).  

[25]  A. Visinoiu, R. Scholz, S. Chattopadhyay, M. Alexe, and D. Hesse, Jpn. J. Appl. Phys. 41, 

6633 (2002). 

 [26]  Y. Rozier, B. Gautier, G. Hyvert, A. Descamps, C. Plossu, C. Dubourdieu, and F. Ducroquet, 

Thin solid Films 517, 1868 (2009). 

 



 

 

Chapter 6 

~ Fabriaction and Characterization of 
Epitaxial SrTiO3/Nb-doped SrTiO3 

Superlattices ~ 

 

 

 

 

 

 



Chapter 6  Fabrication and characterization of epitaxial SrTiO3/Nb-doped SrTiO3 superlatices 

 89  
 

 

~ Fabrication and characterization of epitaxial SrTiO3/Nb-
doped SrTiO3 superlattices ~ 

 

6.1 Introduction 

Epitaxial ABO3 perovskite oxide superlattices (SLs) have become an attractive topic in 

advance material research because they provide new functionality and raise some physical properties 

over single oxide films [1–3]. SrTiO3 (STO) is a prototype of the ABO3 perovskite oxides and 

extensively used in numerous electronic applications because of its excellent dielectric properties, 

high thermal stability, and free of toxic compounds [4–6]. In addition, the electrical conductivity of 

STO can be easily tuned by doping of Nb (STNO) and La (SLTO) into Ti and Sr sites, respectively 

[7,8]. The fabrication of epitaxial SLs with high crystalline quality, good interfacial structure, flat 

surface, and suitable sublayer thickness are highly desirable because they greatly influence on their 

applications [9–12]. In general, the epitaxial oxide SLs have been grown by either pulsed laser 

deposition (PLD) [2,9] or molecular beam epitaxy (MBE) [10,13], but their limitation is a small area 

deposition. Therefore, a suitable method with regard to practically industrial processes for SL 

fabrication is necessary for the development. Electron cyclotron resonance ion beam sputter 

deposition (ECR-IBSD) is one of the most promising methods for growing the high-quality thin films, 

which provides several advantages over a conventional radio-frequency (RF) magnetron sputtering. 

For instance, the films can be grown with well controllable ion energy and isolated from the plasma, 

resulting in minimizing the effects of plasma and the secondary electron, as well as the contamination 

on films. High density plasma can be also generated at lower pressure (~5  10–4–5  10–3 Torr), 

which is one order of magnitude lower than that in the radio frequency (RF) magnetron sputtering, 

leading to higher packing density and better morphology [14,15]. However, the growth of epitaxial 

oxide SL through ECR-IBSD has not yet been well established.  

In this chapter, the IBSD system with double ECR ion guns has been self-constructed and 

developed in our laboratory to fabricate the STO/20% Nb-doped STNO SLs. The SLs were fabricated 

at different stacking sequences by varying the thickness of STNO sublayer. The influence of the 

STNO sublayer thickness on structural properties and surface morphology of the SLs are investigated 

and discussed. 
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6.2 Experimental details 

6.2.1 Preparation of LaAlO3 substrates 

It is well-known that the substrate surface is very important factor that strongly affect on the 

early stage of film growth, interfacial structure and crystallinity [15]. Therefore, a well-defined 

substrate surface morphology is required. Prior to growing the films, the LAO (001) single crystal 

substrates (MIT Corporation) were chemically cleaned in order to remove the surface contamination 

and the damaged surface layers by mechanical polishing. First, the substrates were cleaned with 

acetone and ethanol under ultrasonic agitation. They were then etched in HCl solution for 10 min 

followed by a rinsing with deionized water, and finally dried by blowing N2 [16]. To eliminate carbon 

contamination on the substrate surface, the cleaned LAO substrate with atomically flat surface was 

further annealed at 850 C in oxygen pressure of 105 Torr, following method of Yoshimoto et al. [17].  

The surface morphology of as-received substrate consists of dead layer from the polishing 

process, yielding roughs surface with root mean square (rms) roughness of 0.24 nm (figure 6.1a). 

After chemical and thermal cleaning, the LAO substrate surface becomes flatter and reveals a periodic 

step-and-terrace structure, as shown in figure 6.1b. The terrace width is in the range between 150 and 

400 nm, depending on substrate area. The step height is approximately 0.4 nm, corresponding to one 

unit cell of LAO (aLAO = 0.3791 nm). The average rms roughness is found to be about 0.10 nm. There 

are two possibilities for a single step terminal substrate (La-O and Al-O). Ohnishi et al. reported that 

LAO etched by HCl provides 98% of La-O termination [17]. The nano-porosity observed on the 

surface is occurred from the etching process. Figure 6.1c and d display the STO film surfaces grown 

on as-received and atomically flat LAO substrates, respectively. It can be apparently seen that 

atomically flat and smooth film surface is obtained in case of growth on cleaned substrates. The 

height of islands on the terrace is about 0.4 nm corresponding to one unit cell of the STO. We found 

that the growth temperature should be at least 750 C in order to obtain two-dimensional growth mode 

(layer-by-layer). The growth mechanism can be explained as follows. At an initial growth stage on as-

received substrate, the sputtered atoms tend to be trapped at the crystal defects because of the 

existence of the damaged layer on the surface. In contrast, the growth mechanism on the cleaned 

substrate is significantly different from that of the as-received substrate. The islands are formed under 
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the influence of steps and terraces. Steps are arranged according to an increase in film thickness 

(figure 6.2).     

  

 

Figure 6.1  Topographic AFM images of (a) as-received LAO substrate (rms  = 0.23 nm), (b) LAO 

substrate after cleaning process (rms = 0.10 nm), (c) STO film grown on as-received substrate (rms = 

0.51 nm), and (d) STO film grown on atomically flat substrate (rms = 0.12 nm).   

 

Figure 6.2  Schematic illustrations of the atomic growth mechanism on (a) as-received substrate and 

(b) atomically flat substrate [16]. 



Chapter 6  Fabrication and characterization of epitaxial SrTiO3/Nb-doped SrTiO3 superlatices 

 92  
 

 

6.2.2 Preparation of epitaxial STO/STNO superlattices 

The [STOx/STNOy]z SLs were grown on cleaned LAO (001) substrates with different stacking 

sequences, where x and y refer to the thickness of STO and STNO sublayers in nm, respectively. The 

thicknesses of the STO sublayer was fixed at 6 nm, while that of the STNO sublayer was varied from 

1 to 6 nm. The number of periodicity (z) was maintained at 10. The schematic representation of the 

SLs is illustrated in figure 6.3. The individual layer was grown at a constant growth rate of ~0.07 Å s–

1. The chamber was firstly evacuated to a background pressure of below 2  106 Torr. High purity Ar 

gas with a constant pressure of 3  104 Torr was fed into both ECR ion sources (ARIOS, EMIS-

221C) and maintained in the chamber during the growth process. Oxygen pressure of 1.5  104 Torr 

was simultaneously supplied near the substrate surface during film growth to avoid oxygen deficiency 

in the films. A microwave power supply (ARIOS, MP-201, f = 2.45 GHz) with the power output of 

180 W was applied via an antenna cable for the generation of Ar plasma within the ion sources. The 

ions were then extracted through the grid with a high voltage of 1.8 kV (ARIOS, 26ACCPS) to sputter 

the targets at incident angle of 45°. The SLs were grown at high temperature of 800 °C as mentioned 

above. After finishing growth, the SLs were further annealed at 800 °C for 30 min and subsequently 

cooled to room temperature in the presence of high oxygen pressure of 0.75 Torr.  

 

 

Figure 6.3  Schematic representation of the [STO6/STNOy]10 SLs with different stacking sequences (y 

= 1, 2, 4, and 6 nm). 
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6.2.3 Characterizations 

Structural properties of the SLs were characterized using a high resolution X-ray 

diffractometer (HRXRD, Rigaku, SmartLab) with a Ge(220)  2 channel monochromator and 

Cu Kα radiation (λ = 1.5418 Å) operated at 45 kV and 200 mA. The surface morphology was 

observed by an atomic force microscopy (AFM, Seiko Instrument Inc.). Interfacial structure 

was analyzed on a cross-sectional sample by a transmission electron microscopy (TEM, 

JEOL-2500SE) with an acceleration voltage of 200 kV. 

 

6.3 Results and discussion 

Figure 6.4a presents the grazing incidence X-ray reflectivity (GIXRR) spectra of the 

[STO6/STNOy]10 SLs (y = 1–6 nm). For all spectra, total external reflection occurs for i ≤ c, in 

which i is the critical angle of the total reflection and c is the incident angle of the X-ray beam. The 

presence of clear oscillations is clearly observed when i > c, which means that both the surface and 

interface correlate well with each other and are smooth enough to produce oscillations. The Bragg-

reflection peaks (high intensity) and Kiessig oscillations (low intensity) provide a value of periodicity 

and total multilayer thickness. Their values were extracted from the GIXRR curves using a GXRR3 

software package from Rigaku, as demonstrated in figure 6.4b. Their values are in agreement with our 

designed periodicity in fabrication process. 

HRXRD with ω–2θ scans of the [STO6/STNOy]10 SLs (y = 1–6 nm) are presented in figure 

6.5. Only 00lSL reflection peaks together with the reflections from the LAO substrate are clearly 

observed for all SLs without any undesirable reflections, indicating a predominant (001) orientation. 

The pair of satellite peaks (marked as ±1, ±2, ±3) located on both sides of main 00lSL reflections 

(marked as 0) can also be seen. This is evidence that the SL with periodic structure is successfully 

fabricated. The shift of satellite peaks is observed with varying y due to difference in periodicities. 

The periodicity of SLs (Λ) can be determined from the position of their satellite peaks in the HRXRD 

patterns as the following equation: 

 12 sin sinn n





 
,            (6.1) 

where θn+1 and θn are the two consecutive peak pairs, λ is the X-ray wavelength. The periodicities 

were calculated to be about 6.9, 7.8, 10.1, and 12.2 nm for the [STO6/STNOy]10 SLs with y = 1, 2, 4, 
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and 6 nm, respectively. These are consistent with the data extracted from GIXRR, as discussed above. 

Another investigation is the Pendellösung fringes observed around the main and satellite peaks, as 

shown in the inset of figure 6.5. The appearance of Pendellösung fringes indicates a perfect crystal 

lattice in the SLs. However, such patterns are suppressed at higher y value, which is attributed to a 

decrease in crystalline quality.  

 

 
Figure 6.4  (a) GIXRR patterns of the [STO6/STNOy]10 SLs with different stacking sequences (y = 1, 

2, 4, and 6 nm). (b) The thickness profiles extracted from GIXRR curved by FFT transformation. 

 
To confirm the crystalline quality of the SLs, the rocking curve measurement (ω scan) was 

examined on the most intense 002SL reflection, as revealed in figure 6.6. It can be seen that the full 

width at half maximum (FWHM) of the 002SL rocking curves is about ~0.08° for the y = 1, and 

becomes much broader when y increases. This suggests a decrease in crystalline quality and lattice 

coherent of the SLs at higher y, corresponding to the suppression of Pendellösung fringes in HRXRD 

patterns. This may be attributed to the crystal imperfection generated in STNO sublayer because a 

higher growth temperature is required for STNO crystallization in comparison to the STO. In addition, 

the dislocation density became higher at larger SL thickness. 
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Figure 6.5  HRXRD with ω–2θ scans of the [STO6/STNOy]10 SLs with different stacking sequences 

(y = 1, 2, 4, and 6 nm). 

 

 
Figure 6.6  Rocking curve measured on 002SL reflection of the [STO6/STNOy]10 SLs with different 

stacking sequences (y = 1, 2, 4, and 6 nm). 
 

 

Figures 6.7a and b show the plot of in-plane pole figures measured on {011}LAO and {011}SL, 

respectively. The {011}LAO and {011}SL pole figures show four intense spots with equally spaced by 

90° (four-fold symmetry) at α = 45°, indicating a cube-on-cube orientation. Similar pattern of pole 
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figures are found for all SLs, but difference in peak intensities. The orientation relationship between 

the SLs and the LAO substrate can be given as (001)SL∣∣(001)LAO and [101]SL∣∣[101]LAO. Grazing 

incident X-ray diffraction (GIXRD) was also examined to investigate the plane perpendicular to the 

substrate surface. The GIXRD with 2θχ scans of the [STO6/STNOy]10 SLs (y = 1–6 nm) in figure 6.8 

demonstrate 200SL reflection accompanied with the 200LAO substrate peak. From HRXRD and GIXRD 

data, a shift of the 002SL and 200SL reflections with an increase of y value can be examined, implying 

the alteration of crystal unit-cell structure. In-plane (a) and out-of-plane lattice constants (c) of the 

SLs were estimated from the position of SL reflection peaks using Bragg’s law. The calculated out-of-

plane and in-plane lattice constants are plotted against the y value in figure 6.9. At  y = 1 nm, the in-

plane lattice constant is contracted, while the out-of-plane lattice constant is elongated due to the 

Poisson effect. This implies a tetragonal distortion due to in-plane compressive stress (c/a =1.0114). 

With increasing y to 2 nm, a sudden increase in in-plane lattice constant and an abrupt decrease in 

out-of-plane lattice constant are observed. This finding suggests more lattice relaxation because the 

thicker STNO sublayer suppresses the stress from the STO sublayer. In addition, the larger total 

thickness of the SL results in significant reduction of substrate effect. The out-of-plane and in-plane 

lattice constants approach the same value (c/a ≈ 1) and maintain a constant value when y is greater 

than 4 nm, indicating a cubic phase and a full lattice relaxation. This is because the STNO sublayer is 

thick enough to provide stronger tensile strain to compensate and release the compressive strain from 

the STO sublayer. 

 

 

Figure 6.7  In-plane pole figures measured on (a) {101}LAO, and (b) {101}SL of the [STO6/STNO2]10 

SLs.  
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Figure 6.8  GIXRD with 2θχ scans of the [STO6/STNOy]10 SLs with different stacking sequences (y = 

1, 2, 4, and 6 nm). 
 

 

Figure 6.9  Lattice constants (a and c) and tetragonality (c/a) of the [STO6/STNOy]10 SLs versus the 

STNO sublayer thickness y. 

 

AFM topography images of the SLs are displayed in figure 6.10. The surface features of the 

SLs with y = 1 and 2 nm exhibit a relatively flat and smooth surface with the appearance of blurred 

step-and-terrace structure due to a two-dimensional (2D) wetting layer covering the substrate surface. 

Step height also corresponds to 1 unit-cell of STO and STNO (~0.4 nm). Their rms roughness are 
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close to that of LAO substrate (~0.10–0.12 nm), indicating a layer-by-layer growth mode (Frank-van-

der Merve mode). For the SLs with y = 4 and 6 nm, the surfaces are governed by three-dimensional 

(3D) islands with the round-shaped grains, referring 3D island growth mode (Volmer-Weber mode). 

The rms roughness is significantly increased to 0.32 and 0.48 nm for y = 4 and 6 nm, respectively. 

The transformation from the 2D to 3D growth mode directly relates to the lattice strain relaxation as 

discussed above.  

 

Figure 6.10  AFM topography images (2  2 μm2 scan area) of the [STO6/STNOy]10 SLs with 

different y values of (a) 1, (b) 2, (c) 4, and (d) 6 nm. 
 

The strained [STO6/STNO2]10 SL having 2D growth mode was chosen for the cross-sectional 

TEM investigation, as revealed in figure 6.11. The bright field STEM image in figure 6.11a displays a 

well-defined structure with periodic alternating layers of dark and bright contrast parallel to the 

substrate surface, corresponding to the STO and STNO sublayers, respectively. This indicates that the 

SL was successfully grown on LAO substrate with the individual thickness comparable to the 

designed value. A typical electron diffraction pattern observed at the interface between the SL and 

substrate is shown in figure 6.11b. Two sets of diffraction patterns referring to the SL and LAO 

substrate can be noticed. This pattern suggests a cube-on-cube epitaxial orientation relationship, 
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which is well consistent with the HRXRD and in-plane pole figure results. Figure 6.11c presents a 

high-resolution TEM image at the interface between the SL and the substrate.  Flat interface between 

the SL and substrate can be obviously seen as denoted by arrows. The difference contrast in the region 

between the SL and the LAO substrate is observed; however, the interface boundary between the STO 

and the STNO sublayer cannot be clearly seen due to the small difference in the contrast or the atomic 

diffusion. The enlarge HRTEM image at the SL/LAO (Region A) and STO/STNO interface (Region 

B) are shown in figures 6.11c and d, respectively to observe the atomic arrangement. They were seen 

the good alignment of atomic columns linked together in both regions, suggesting the perfect lattice 

match at the STO/LAO and STO/STNO interfaces.  
 

 

Figure 6.11  Cross-sectional TEM investigations of the [STO6/STNO2]10 SL on the LAO(001) 

substrate along [100]LAO axis: (a) bright field TEM image, (b) SAED pattern obtained at the SL/LAO 

interface region, and (c) HRTEM image taken from the SL/LAO interface region. Enlarge of HRTEM 

images in the regions of (d) SL/LAO and (e) STO/STNO interfaces. 
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6.4 Conclusion 

In conclusion, the epitaxial [STOx/STNOy]10 SLs were successfully grown on the LAO 

substrates by the double ECR-IBSD system. The periodicities and sublayer thicknesses of grown SLs 

are consistent with the designed value. The STNO sublayer thickness in SLs is found to be a critical 

factor that influences their structural and morphological properties. Only the SLs with y = 1 and 2 nm 

are in in-plane strained state with good crystalline quality and 2D growth mode. When y increases to 4 

and 6 nm, the SLs become free-standing and the surface morphology is transformed to 3D growth 

mode. Cross-sectional TEM investigation also shows that SL forms a well defined structure at an 

atomic level. The obtained results are useful for choosing the appropriate sublayer thickness for 

further experiments. Double ECR-IBSD also has a potential for the fabrication of other perovskite 

oxides based SLs.  
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~ Decoration of nanosized gold particles on SrTiO3 surface 
by solution plasma for enhancing photocatalytic activity ~ 

 

7.1  Introduction 

Photocatalysts have been received an enormous attention for the promotion of a wide variety 

of reactions such as hydrogen production [1], CO oxidation, [2], and oxidative decomposition of 

organic compounds [3] by utilizing the sustainable energy of sunlight. Various semiconductor-oxide 

materials (e.g. TiO2, ZrO2, ZnO, SrTiO3) have been extensive studied over last decade [48]. Due to a 

wide band gap of such oxide materials, they can be responsive only by ultraviolet light, which 

containing very small portion of solar radiation (~4%). This has led us to a considerable research to 

extend their absorption to the visible wavelength range (~45% of solar radiation). The most common 

strategy to reach this goal is to decorate the oxide surface with the nanosized Au particles because 

they can strongly absorb visible light due to their surface plasmon resonance. Moreover, they can trap 

photogenerated electrons, which results in the recombination suppression and effectively improve the 

catalytic efficiency [913]. Meanwhile, several preparation methods have also been developed to 

synthesize the metal nanoparticles on oxide supports, such as deposition-precipitation (DP) [14], 

photo-deposition (PD) [15], impregnation [16], and sol-immobilization [17]. These preparation 

methods commonly use the HAuCl4 as a gold precursor in catalytic studies. Typically, the particle 

formation requires reducing agent (e.g. NaBH4, N2H4, and citric acid) and stabilizer (e.g. thiol 

compound and polymer). This may lead to some impurities remaining in the final product. In addition, 

some limitations were also reported; for example, only half of Au in starting materials can be 

deposited on supports and the particles size is very sensitive to precursor concentration for the DP 

method. The PD can be applied for only semiconductor support and take a long irradiation time 

[18,19]. Therefore, a suitable preparation method plays a key role for the synthesis of a highly active 

Au supported metal oxide catalysts. Very recently, solution plasma process has been purposed as a 

promising method for synthesizing the Au nanoparticles from Au precursor (HAuCl4,) without any 

reducing agents [2022]. Moreover, it offers many advantages, such as fast synthesis, simplicity, 

atmospheric pressure, inexpensive equipment, and ability to scale-up process [23,24]. Another route 

for synthesizing the Au nanoparticles by solution plasma is the use of Au electrode. Such synthesized 
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Au nanoparticles are well crystallized and have a narrow size distribution. In addition, they exhibited 

an excellent stability in water for a long period of time [25], which is well-suited for catalyst studies. 

Therefore, it will become much more valuable if the synthesized Au nanoparticles by solution plasma 

can be applied on the metal-oxide surface.   

In this chapter, the Au nanoparticles were decorated on the SrTiO3 (STO) surface via solution 

plasma process. The effect of Au loaded on the STO was characterized by means of transmission 

electron microscopy, diffuse reflectance spectroscopy, and X-ray diffraction. Their photocatalytic 

activity was also investigated by the degradation of methylene blue under ultraviolet-visible light 

irradiation. 
 

7.2 Experimental details 

7.2.1 Preparation of Au-STO 

The self-designed reactor system used in this study is shown in figure 7.1. The dimension size 

of glass reactor is 50 mm in diameter and 100 mm in height. The 1 mm-diameter Au wire (Nilaco, 

purity 99.999%) was used as electrode on both sides and placed at the center of reactor. The 

electrodes were covered by an insulating ceramic tube and fixed with the reactor by silicon plug. The 

distance between the electrodes was fixed at 0.5 mm. The glow discharge plasma was generated at the 

area between the electrodes by applying a high voltage from a bi-polar power supply (Kurita Co. Ltd., 

Japan). The 0.2 g of STO nanoparticles (Aldrich; particle size ~ 100 nm, purity 99.99%) was 

dispersed in the ultra pure water (90 ml) under an ultrasonic agitation for 30 min. A high voltage was 

then applied for the plasma generation. The pulse width and frequency were fixed at 2 s and 20 kHz, 

respectively. The experiment was performed under a constant stirring speed (450 rpm). After 

discharge, the color appearance of the products was significantly changed from white to purple 

depending on the discharge time, which was varied at 0.5, 1, 3, and 5 min.  

7.2.2 Characterizations 

X-ray diffraction patterns were recorded by Rigaku SmartLab equipped with monochromatic 

Cu Kα radiation (λ = 1.54184 Å) to confirm phase structure. UV-vis spectra were examined using a 

Shimadzu UV-3600 spectrophotometer equipped with diffuse reflectance accessories. The barium 
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sulfate (BaSO4) was used as a reference. Transmission electron microscopy (TEM) images were 

obtained using a JEOL JEM-2500SE with an accelerating voltage of 200 kV.  

 

 

Figure 7.1  Schematic illustrations of experiment set up for solution plasma: (a) side view and (b) top 

view images.  
 

7.2.3 Photocatalytic measurements  

Photocatalytic activity was carried out by monitoring the degradation of methylene blue (MB) 

solution (Aldirch). Aqueous solution of the 10 ppm MB dyes (10 mg/L, 2.7  105 M) was stirred in 

the dark for 24 hr in order to obtain absorption-desorption equilibrium. The catalysts were dispersed 

in the aqueous MB solution (1 g/L). The solution was then irradiated to the simulating sunlight 150 W 

Xe lamp (Hamamatsu, light spectrum closer to sunlight). The 1.5 ml of MB solutions were collected 

at a given time intervals (30 min).and centrifuged to separate the Au-STO catalysts from the solution 

(105 rpm for 15 min). Then, the photodegradation of the MB was analyzed by recording variation of 

the absorption band at wavelength of 664 nm. 
 

7.3 Results and discussion  

The amount of Au loading (wt%) in the STO was determined by measuring weight losses of 

the Au electrodes after discharge. The amount of sputtered Au at different various discharge times are 

plotted in figure 7.2. The same amount of weight losses is observed for both Au electrodes, which 

confirms that the both Au electrodes are sputtered with same rate. However, the sputtering rate is not 
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constant along the discharge time. It exponentially decreases with an increase of discharge time. This 

is reasonably due to a wider electrode gap at longer discharge time, resulting in a decrease of electric 

field across the gap (E = V/d).  

 

 

Figure 7.2  Sputtering rate of Au electrode at various discharge time. 
 

Figure 7.3 shows bright field TEM images of the representative Au-STO (1.32 wt%). The Au 

nanoparticles deposited on the STO surface is clearly seen and increased when the Au loading 

increases. The Au nanoparticles are uniformly deposited on the STO surface without agglomeration 

and abnormal growth, even though the amount of Au loading was increased to 3.2 wt%. However, the 

agglomeration of Au nanoparticles can be seen at high Au loading of 4.8 wt%. The size distributions 

of Au deposited on STO at different loadings are shown in figure 7.3. The average diameter is found 

to be increased with an increase of discharge time as summarized in Table 7.1. To further investigate 

shape and microstructure of the deposited Au nanoparticles, high-resolution TEM (HR-TEM) was 

performed. From figure 7.5ad, they demonstrate that the Au nanoparticles are well-crystallized with 

various crystal structures, such as single-face-centered cubic (fcc), nanotwin, and multiply twinned 

particles (MTPs). Most of deposited Au nanoparticles exhibit the MTPs. According to theoretical and 

experimental studies, they reported that the MTPS are commonly formed in the initial stage of the 

particles growth and/or thin film formation of almost all fcc metals due to low surface energy. The Au 

exhibiting MTPs in figure 7.5d consists of single tertrahedral crystal with {111} planes in twin 
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relation with each other [26,27]. Our results are in good agreement with the previous reports by our 

group [22,25].  

 

 

Figure 7.3  Bright filed TEM images of the Au loaded STO (1.32 wt%).  

 
Figure 7.4  Particle size distribution of Au nanoparticles deposited on the STO surface with different 

loading (the distribution was counted from at least 500 particles). 

 

Typical XRD patterns of the Au-STO with different Au loadings are shown in figure 7.6. The 

sharp and intense diffraction peaks corresponding to the cubic-perovskite STO phase (ISCD-card: No. 

01-079-0174) confirm a crystalline nature of the STO. For the Au-STO, the diffraction peaks 

corresponding to the Au phase (ISCD-card: No. 01-079-0174) including 111Au (2 = 38.188) and 
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200Au (2 = 44.386) were observed; however, other diffraction peaks, including 220Au, 311Au, and 

222Au, cannot be manifestly detected due to their low intensity. An increase of Au diffraction intensity 

is observed with an increase of Au loading. Lattice d111-spacing value of Au phase is estimated to be 

about 0.235 nm, which is consistent with an interplannar distance between the adjacent lattice fringes 

of {111}Au in HRTEM results.  

 

 
 

Figure 7.5  HRTEM images of various structured Au nanoparticles deposited on the STO surface: (a) 

single fcc crystal; (b) incomplete MTP (single twinned fcc configuration); (c)(d) MTP of icosahedra 

morphology with fivefold symmetry axes. 

 

The absorption of all Au-STO samples were measured in reflectance mode and converted into 

the equivalent absorption coefficient, α, which is proportional to Kubelka-Munk function F(R∞) as 

following equation [28]: 

 21
( )

2
R KF R
R S






  ,     (7.1) 

where R∞ is equal to Rsample/ Rstandard, K is the absorption coefficient, and S is the scattering coefficient 

(assume to be a constant value). The UV-vis DRS spectra of the Au-STO with different Au loadings 

are demonstrated in figure 7.7. A broad absorption centered at 540 nm is apparently observed to cover 

the range between 400 and 800 nm in the spectrum of the Au-STO. This is attributed to the surface 
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plasmon resonance (SPR) originated from the deposited Au nanoparticles. The SPR intensity becomes 

stronger with an increase of Au loading. However, the peak center still remains at same wavelength. 

The Au-STO shows much stronger light absorbance than pure STO in the UV range. This suggests a 

strong interaction between the Au nanoparticles and STO support [29,30]. The absorption edge of Au-

STO also exhibits a slightly red shift when compared to that of pure STO, which may be due to the 

superposition with a broad SPR intensity.  
 

 
Figure 7.6  Typical XRD diffraction patterns of the Au-STO at different Au loadings. The symbol ■ 

and ● present the crystalline phase of STO and Au, respectively. 
 

 
Figure 7.7  UV-vis DRS spectra of the Au-STO with different Au loadings.  
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The photocatalytic activity of the Au-STO was investigated by the photodegradation of MB 

under the irradiation of Xenon lamp solar simulator. Figure 7.8ae show time profiles of MB 

absorbance spectra in the presence of pure STO and the Au-STO samples. The absorption peaks at 

613 nm and 664 nm correspond to dimers and monomers of MB, respectively. Another peak at 619 

nm occurs from the formation of the demethylated MB during oxidative decomposition. The change 

of main absorption peak of MB at 664 nm was chosen for the evaluation of degradation kinetic of MB, 

which has been widely used according to the literatures. The Au-STO is expected to obtain the 

enhancement of phocatalytic activity over than the pure STO. Comparative degradation of MB by the 

Au-STO with different Au loadings under UV-vis light irradiation for 240 min is shown in figure 7.9a. 

Comparing with the pure STO, the MB solution in the presence of the Au-STO shows a faster 

degradation rate. In case of the 3.12 wt% Au loaded STO, 70% degradation of MB solution is 

observed within 90 min, whereas just only 40% degradation is found for the pure STO at the same 

irradiation time. However, a further increase of Au loading to 4.83 wt% leads to a reduction of MB 

degradation rate. This may be caused by the excess amount of Au nanoparicles and/or agglomeration, 

which in turn act as the electron-hole recombination center. The photocatalytic activity of all samples 

was quantitatively evaluated using the respective pseudo first-order rate constant (k), given by 

Langmuir-Hinshelwood expression [31]: 

 0ln
t

C
kt

C
 

 
 

,       (7.2) 

where C0 and C0 are the initial concentration and the reaction concentration of the MB solution at time 

t, respectively. The rate constant can be obtained by a slope value from a linear fitting curve, as 

depicted in figure 7.9b.  Rate constant of the Au-STO (3.12 wt%) is estimated to be 1.2  102 min1, 

which is almost two times greater than that of the pure STO (4.7  103 s1). Rate constants of all 

samples are provided in Table 7.1. This finding is evidence that the Au-STO has a better 

photocatalytic activity than the pure STO. The recycled performance was also investigated by 

selecting the Au-STO (3.12 wt%).  As revealed in figure 7.10, the MB photodegradtion rate of Au-

STO has no significant change after five recycles. This is proved that the Au-STO has a good reuse 

performance due to the strong interaction between the Au nanopaticles and the STO surface. 

Moreover, the Au-STO can be easily separated from a reaction solution by the assistance of low-

speed centrifugation within several minutes, which is beneficial for the separation and reuse catalysts.  
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Table 7.1  Au loading, particle size, and rate constant of Au-STO at different discharge times 

Discharge time (min) Au loading (wt%) Particle size (nm) Rate constant (min1) 

0 - - 4.79  103 

0.5 0.07 5.99  1.69 7.81  103 

1 1.32 6.59  2.04 9.06  103 

3 3.12 6.83  2.25 1.21  102 

5 4.83 7.16  2.28 1.08  102 
 

 

Figure 7.8  UV-vis absorption spectra of MB solutions dispersed with the Au-STO catalysts at 

various irradiation times.   
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Figure 7.9  (a) Absorption changes plot for the photocatalytic MB degradation and (b) plot of Pseudo-

first-order kinetics of the Au-STO with different Au loadings. 

 
Figure 7.10  Recycling performance of the Au-STO (3.12 wt%) toward the MB photodegradation. 

The irradiation time is 240 min for all cycles. 
 
 

Higher photocatalytic efficiency of the Au-STO can be described by an active charge transfer 

transition as follows.The schematic mechanism illustration of the enhancement of photocatalytic 

activity for the STO by Au nanoparticles is illustrated in figure 7.11. Under UV-vis light irradiation, 

electrons are excited from valence band (VB) to the conduction band (CB) of the STO and the hole is 

created in the VB. In the absence of the Au nanoparticles, most of these charges rapidly recombine in 

(a) (b) 
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the sub nanosecond time scale. Thus, only a small number of electrons and holes are trapped and 

allowed for the photocatalytic reactions, leading to poor reactivity. On the contrary, in the Au-STO 

system, the Au nanoparticles acted as an excellent electronic collector. Thus, the excited electrons in 

the CB can transfer to the Au nanoparticles that deposited on the STO surface, leading to charge-

separation enhancement, better stabilization, and recombination-suppression. The presence of 

electrons in the CB and holes in the VB allows both reducing and oxidizing sites. Electron in the VB 

will react with O2 and finally form •OH, which can oxidize the absorbed MB directly on the surface. 

Meanwhile, hole will react with water to produce powerful oxidative •OH. This implies that the 

amount of •OH formed in the Au-STO is larger than those in STO alone. The photocatalytic 

mechanism of the STO can be summarized as following reactions:    

 CB CBSTO +     (e ) + (h )       hv      (7.3) 

 
2H O

CB 2ads 2STO(e )  + O    O  + STO   OH + STO            (7.4) 

 
+

VB 2STO(h )  + H O   OH + H  + STO              (7.5) 

 adsMB   + OH    Degraded products     (7.6) 
 

 

Figure 7.11  Schematic illustration of mechanism of the photoreaction on the Au-STO. 

 

To clarify the formation mechanism of Au nanoparticles, the optical emission spectra (OES) 

was measured under the discharge in water using the Au electrode. As can be seen in figure 7.12, the 

OES spectrum show the emission peaks corresponding to the excited state of atomic hydrogen of 

Balmer series Hα at λ = 656 nm, Hβ at λ = 486 nm, and atomic oxygen (at λ = 616, 716, 778, and 795 
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nm). The emission occurred from hydroxyl radicals •OH is also detected at λ = 310 nm. This result 

suggests that the Au metal atoms are produced from the plasma in the water medium. The formation 

mechanism of Au nanoparticles will be further described in detail as follows. After applying a high 

voltage to the Au electrodes, the gas phase is initially formed at the electrode/medium interface and 

finally expanded covering the region between both electrodes due to the effect of Joule heating. This 

means the electrode and the solution do not touch each other. Once increasing up to breakdown 

voltage, the discharge becomes occurred. The surfaces of the Au electrodes are then bombarded or 

sputtered by the various energetic radicals and particles that generated from the water in the plasma 

region (e.g. •OH, •H, O2
, O, HO2, etc.). When the ejected Au atoms diffuse to the region at interface 

between the plasma and the water medium, they are rapidly condensed to a small-sized particle 

because of a huge difference of the temperature and pressure between two phases. The surface of the 

Au nanoparticles synthesized by solution plasma was negatively charged in the water because of ease 

of hydroxygen-bond formation on their surface [32]. This led to the prevention from aggregation of 

the synthesized Au nanoparticles. For the deposition mechanism, it is still unclear and quite difficult 

to prove due to several factors needed to take into consideration, such as electrostatic interaction, 

chemical bonding, and mechanical stirring force. 

 
 

Figure 7.12  OES spectrum of plasma generated from Au electrodes in water. 
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Figure 7.13  Schematic illustration of Au nanoparticle formation and their deposition on support by 

solution plasma sputter deposition.  

 

7.4 Conclusion 

The Au nanoparticles supported on the STO were successfully fabricated via the solution 

plasma process with the absence of reducing agent, short processing time and low temperature. The 

Au nanoparticles are observed to be uniformly dispersed on the STO surface with preferable MTPs 

structure. The photocatalytic activity of the Au-STO is significantly improved when compared to the 

pure STO due to the charge-transfer and charge separation at the Au-STO interface. The Au-STO also 

exhibits good reuse performance toward the MB degradation. According to our results, the solution 

plasma seems a facile and powerful method for preparing metal nanoparticles supported on oxide 

surface for highly efficient photocatalysts in the large-scale process. Moreover, it will have great 

potential in the fabrication of other heterogeneous catalyst systems for fuel-cell and Li-battery 

systems in the future.  
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~ Summary ~ 
 

Chapter 1 presents an introduction of nanostructures based perovskite STO and their recent 

technological applications. A fundamental overview on structure and physical properties of STO is 

provided. In addition, a principle of IBSD and ECR ion source, fundamental physics of sputtering, 

and thin film growth mechanism are given in detail. Finally, the background of SPP is reviewed. 

Chapter 2 provides the construction details of IBSD system used for fabrication of nanostructured 

STO thin films and the SPP system used for the nanoparticle decoration.  

Chapter 3 discusses on the integration of STO thin films on Si substrates for utilizing an insulating 

template layer in MFIS structures. The STO film can exhibit highly c-axis textured with the flat-

shaped grain at the optimal growth temperature of 700 C. Lower leakage current and higher 

dielectric constant are also obtained for the highly c-axis textured STO film when compared to the 

randomly oriented STO film. Next, the ferroelectric BTO layers were grown on STO/Si substrates. 

The orientation behavior and surface morphology of ferroelectric BTO layer are found to be related to 

those of STO template layers. The BTO with a high c-axis orientation provides a wider memory 

window width of Au/BTO/STO/Si MFIS structures. This is due to the insertion of STO template layer 

with a high dielectric constant and a high polarization of the BTO along the c-axis with a low 

dielectric constant, leading to the enhancement of polarization and the suppression of charge injection 

from the Si substrate. This result indicates that the film orientation is a significant factor in control 

and improvement of the electrical properties.  

Chapter 4 discusses the fabrication of STO thin films on Pt(111)/Al2O3 with controllable orientation. 

The growth temperature plays a key factor to adjust the STO orientation on the Pt(111) layer. The 

highly (110)- and (111)-textured films can be achieved at 600 C and 750 C, respectively, which is 

quite different from other previous works that normally obtained either random orientation or bimodal 

texture. The (110)-oriented grains consist of three orientation variants, while the (111)-oriented grains 

consist of two orientation variants. The observed grain shapes and grain orientations show good 

consistency with the structural XRD analysis. The (110)-textured film exhibits an almost full strain 

relaxation, whereas the (111)-textured film is strained due to the in-plane biaxial tensile stress induced  
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from thermal expansion mismatch between STO and substrate. The (111)-textured film presents a 

larger dielectric constant when compared to that for the (110)-textured film. It can be expected that 

the (111)-textured film will have more usefulness for the practical applications. 

Chapter 5 discusses on the fabrication of (111)-oriented BTO/STO SLs on Pt/Ti/A2O3 by the IBSD 

with double ECR ion guns. The Pt/Ti(~3nm)/Al2O3 was firstly prepared as the bottom electrode for 

(111)-oriented BTO/STO SLs. The ultrathin TiOx seeding layer on the Pt surface can act as a template 

layer for nucleating the growth of (111) plane. The symmetric (111)-oriented BTO/STO SLs were 

prepared with various modulation periods. The results demonstrate that the BTO and STO layers in 

the SLs are subject to an in-plane compressive and tensile stress, respectively, as decreasing the 

modulation period. An in-plane epitaxial orientation is observed for the BTO/STO SLs, which relates 

with the Pt(111). The growth of all SLs is found to follow the 3D growth mechanism. Their grain size 

and surface roughness increases with decreasing modulation period. A significantly enhanced 

dielectric constant can be obtained when the modulation period decreases due to the effect of lattice 

distortion induced by strain at interface in the SLs.  

Chapter 6 discusses the fabrication of oxide SLs consisting of STO and STNO by the IBSD with 

double ECR ion guns. The thickness of STNO layer was varied to observe their change in structural 

and morphological properties. The SLs can be fabricated following the designed value as determined 

from the satellite peaks in HRXRD spectra. Only the SLs with small STNO thickness are in in-plane 

strained state with good crystalline quality and 2D growth mode. When STNO thickness increases to 

4 and 6 nm, the SLs become free-standing transform to 3D growth mode. The obtained results are 

useful for choosing the appropriate sublayer thickness for further experiments and applying in 

ferroelectric applications. From Chapters 5 and 6, it can be concluded that self-constructed ECR-

IBSD has a potential for the fabrication of other perovskite oxides based SLs.  

Chapter 7 presents a new approach for facile preparation of Au nanoparticles deposited on the STO by 

solution plasma process. The Au nanoparticles with an average diameter of about 6 nm are deposited 

on the STO surface with good dispersion. Under the UV-visible light irradiation, the photocatalytic 

activity of the Au-STO significantly increases when compared to the pure STO due to the 

enhancement of charge-transfer and charge separation at the Au-STO interface. The Au-STO also 

exhibits good reuse performance toward the MB degradation, suggesting the strong interaction  
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between Au nanoparticles and STO. However, their photocatalytic activity in visible-light region (> 

420 nm) is quite poor due to low surface area of STO particles. According to our results, the solution 

plasma process seems a facile and powerful method for preparing various noble-metal nanoparticles 

deposited on a wide class of oxide support for highly efficient photocatalysts in the large scale process. 
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