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Sammanfattning 
Abstract 

 

Global warming and developments of alternative energy technologies have become important issues nowadays. Subsequently, the concept of energy 
harvesting is rising because of its ability of transferring waste energy into usable energy. Thermoelectric devices play a role in this field since there 

is tremendous waste heat existing in our lives, such as heat from engines, generators, stoves, computers, etc. Thermoelectric devices can extract the 

waste heat and turn them into electricity. Moreover, the reverse thermoelectric phenomenon has the function of cooling which can be applied to 
refrigerator or heat dissipation for electronic devices. However, the energy conversion efficiency is still low comparing to other energy technologies. 

The efficiency is judged by thermoelectric figure of merit (ZT), defined by Seebeck coefficient, electrical conductivity and thermal conductivity. In 

order to improve ZT, thin film materials are good candidates because of their structural effects on altering ZT.   
 

Ca3Co4O9 thin films grown by reactive radio frequency magnetron sputtering followed by post-annealing process is studied in this thesis. Structural 

properties of the films with the evolution of elemental ratio (Ca/Co) of calcium and cobalt have been investigated. For the investigations, three 

samples having elemental ratio 0.82, 0.72, and 0.66 for sample CCO1, CCO2 and COO3, respectively, have been prepared. Structural properties of 

the films have been investigated by X-ray diffraction (XRD) θ-2θ and pole figure analyses. Surface morphology of the films has been investigated 
by scanning electron microscopic (SEM) analyses. The highly oriented and phase pure epitaxial Ca3Co4O9 thin films were obtained in the end.  

 

Mixing of ScN and CrN to obtain ScxCr1-xN solid solution thin films by DC magnetron sputtering is the other task in this thesis. Growth of ScN and 
CrN thin films were studied first in order to get the best mixed growth conditions. The phase shifts between ScN (111) and CrN (111) peaks were 

observed in mixed growth films by XRD θ-2θ measurements, indicating the formation of ScxCr1-xN. Surface morphology of the films were 

investigated by SEM. The (111)-oriented ScxCr1-xN thin films with decent surface smoothness grown by DC magnetron sputtering at 600 C in pure 
nitrogen with bias were developed.   

 

 

 



 

 



I 

 

Abstract 

 

Global warming and developments of alternative energy technologies have become 

important issues nowadays. Subsequently, the concept of energy harvesting is rising 

because of its ability of transferring waste energy into usable energy. Thermoelectric 

devices play a role in this field since there is tremendous waste heat existing in our 

lives, such as heat from engines, generators, stoves, computers, etc. Thermoelectric 

devices can extract the waste heat and turn them into electricity. Moreover, the reverse 

thermoelectric phenomenon has the function of cooling which can be applied to 

refrigerator or heat dissipation for electronic devices. However, the energy conversion 

efficiency is still low comparing to other energy technologies. The efficiency is 

judged by thermoelectric figure of merit (ZT), defined by Seebeck coefficient, 

electrical conductivity and thermal conductivity. In order to improve ZT, thin film 

materials are good candidates because of their structural effects on altering ZT.   

 

Ca3Co4O9 thin films grown by reactive radio frequency magnetron sputtering 

followed by post-annealing process is studied in this thesis. Structural properties of 

the films with the evolution of elemental ratio (Ca/Co) of calcium and cobalt have 

been investigated. For the investigations, three samples having elemental ratio 0.82, 

0.72, and 0.66 for sample, respectively, have been prepared. Structural properties of 

the films have been investigated by X-ray diffraction (XRD) θ-2θ and pole figure 

analyses. Surface morphology of the films has been investigated by scanning electron 

microscopic (SEM) analyses. The highly oriented and phase pure epitaxial Ca3Co4O9 

thin films were obtained in the end.  

 

Mixing of ScN and CrN to obtain ScxCr1-xN solid solution thin films by DC 

magnetron sputtering is the other task in this thesis. Growth of ScN and CrN thin 

films were studied first in order to get the best mixed growth conditions. The phase 

shifts between ScN (111) and CrN (111) peaks were observed in mixed growth films 

by XRD θ-2θ measurements, indicating the formation of ScxCr1-xN. Surface 

morphology of the films were investigated by SEM. The [111]-oriented ScxCr1-xN thin 

films with decent surface smoothness grown by DC magnetron sputtering at 600 C in 

pure nitrogen with bias were developed.   
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1 Introduction_________________________________________________ 

 

 

With the trend of industrial development since the 18th century, more and more 

greenhouse gases are emitted by using fossil fuels, such as CO2, CFCs, N2O, etc., 

which lead to global warming. Therefore, replacing fossil fuels by renewable energy 

resources is an important issue. Several green technologies are developed to cope with 

energy and environment issues, such as solar photovoltaic, wind turbine, 

hydrogenation and biomass. However, the low efficiency (except for solar 

photovoltaic and biomass) and greenhouse gas emissions during the manufacturing 

process of these technologies are serious. Thus, a new concept, called energy 

harvesting came out. Energy harvesting is a notion of transferring the “waste” energy 

back into usable energy. Waste energy is the energy that dissipates from any energy 

generator or industrial process, such as vibrational energy from heat engine, thermal 

energy from the crucible during metallurgical process, etc. 

 
Thermoelectric (TE) devices, have become much more popular during the last decade 

in the field of energy harvesting since there are many objects producing large amount 

of waste heat with which we encounter in our everyday lives, such as computers, 

vehicles, stoves, etc. Therefore, thermoelectricity can play a role in this area by 

converting the waste heat into useable electrical power. Also, thermoelectric devices 

can be used for refrigeration in reverse process. The efficiency of any thermoelectric 

materials is defined by a dimensionless parameter, figure of merit, ZT =
𝛼2𝜎𝑇

𝜅
 , 

where α is the Seebeck coefficient. σ is the electrical conductivity, and κ is the total 

thermal conductivity. Therefore, for extracting better thermoelectric performance 

from any material system, Seebeck coefficient and electrical conductivity must be 

enhanced simultaneously with the reduction in thermal conductivity [1]. Recently, 

thin film materials show high potential in thermoelectric properties because the 

nanostructured materials have better certain scattering structures for reducing thermal 

conductivity, such as, quantum confinement, superlattices, etc. [2]. 
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Two kinds of thin film thermoelectric materials are studied in this thesis: 

 

 Growth and characterization of Ca3Co4O9 ([Ca2CoO3]xCoO2) thin films on 

sapphire (-Al2O3) (0001) substrates by reactive radio frequency magnetron 

sputtering followed by post-annealing process 

 Growth and characterization of ScxCr1-xN thin films on sapphire (-Al2O3) (0001) 

substrates by DC magnetron sputtering  

 

Ca3Co4O9 has a high thermoelectric figure of merit (ZT~1) and interesting crystal 

structure, which could have phonon scattering effect while keeping electrons 

conducting well at the same time. Therefore, it is a promising thermoelectric material 

to study.  

 

On the other hand, ScN has high Seebeck coefficient with good electrical conductivity, 

leading to high thermoelectric power factor (PF = σ𝑆2). However, ScN behaves like a 

metal when judging the electrical resistivity, i.e. increasing electrical resistivity with 

rising temperature. Metallic-like behavior is not good for thermoelectric applications. 

By mixing ScN with CrN, better thermoelectric properties can be expected.  
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2 Thermoeletrics________________________________________ 

 

 

2.1 Seebeck and Peltier effects 

 

The Seebeck effect is the phenomenon, discovered by German physicist Thomas 

Johann Seebeck, that when two different materials conjoining together with a 

temperature gradient at the junction, a potential difference will occur. Subsequently, a 

factor was established for describing the Seebeck effect, known as Seebeck 

coefficient (α) 

 

         α = ∆T/∆V,          (1)                                                       

 

where ∆T and ∆V are the temperature difference and the voltage difference at the 

junction, respectively. The Seebeck coefficient is a material-dependent factor, which 

means that it is related to intrinsic properties of materials. Figure 1 shows a simple 

illustration of a thermocouple describing the Seebeck effect. TH and TC mean higher 

and lower temperatures, respectively. 

 

  

 

Figure 1 A simple thermocouple illustrates Seebeck effect  
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The Peltier effect is the complementary phenomenon to Seebeck effect. If a current is 

passing through two joined materials, the heat will either be absorbed or released at 

the junction according to the direction of current. The Peltier coefficient is defined as  

 

                                β =
q

I∆T
 ,         (2) 

 

where q is the rate of cooling or heating, I is the current passing through the junction 

and ∆T is the temperature gradient between two materials.   

 

2.2 Thermoelectric mechanism and figure of merit (ZT) 

 
Two typical thermoelectric devices or modules are shown in figure 2.  

 

 

 
Figure 2 A diagram depicting thermoelectric couple consisting of n- and p- type thermoelectric 

materials. The refrigeration mode is shown on the left side and the power generation mode is shown on 

the right side (adapted from [3]) 

  

An n-type and a p-type thermoelectric material are joined together as thermocouple to 

induce the Seebeck effect. The temperature difference will cause the electrons and 

holes diffusing to the colder sides and therefore producing current through the device. 

On the other hand, if a voltage or current is applied to the device, the Peltier effect 

will occur and make the device capable of cooling.   
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The transferred heat by a thermoelectric device can be defined as 

 

      Q = (𝛼𝑝 − 𝛼𝑛)𝐼𝑇𝐶 − 𝐾∆𝑇 −
1

2
𝐼2𝑅,       (3) 

 

where 𝛼𝑝 and 𝛼𝑛 are the Seebeck coefficients of p- and n- type materials, 𝐼 is the 

current, 𝑅 is the electrical resistance, 𝐾 = 𝐾𝑝 + 𝐾𝑛 is the total thermal conductance,  

𝑇𝐶 is the temperature of cold end and ∆𝑇 = 𝑇𝐻 − 𝑇𝐶  is the temperature difference 

between the hot and the cold ends. By differentiating the equation with current, the 

maximum current is 

 

        𝐼𝑚𝑎𝑥 = (𝛼𝑝 − 𝛼𝑛)𝑇𝐶/𝑅        (4) 

 

and therefore the maximum heat transfer is  

 

      𝑄𝑚𝑎𝑥 =
[(𝛼𝑝−𝛼𝑛)𝑇𝐶]

2

𝑅
− 𝐾∆𝑇 −

1

2
[
(𝛼𝑝−𝛼𝑛)𝑇𝐶

𝑅
]2.      (5) 

  

Apart from that, the electrical power of the thermocouple is the total sum of power 

losses by the resistance and work against the Seebeck voltage,  

 

       w = 𝐼(𝛼𝑝 − 𝛼𝑛)∆𝑇 + 𝐼𝑅.         (6) 

 

Subsequently, the coefficient of performance (COP) can be calculated by dividing the 

maximum heat transfer by the system electrical power, 

 

      COP =

[(𝛼𝑝−𝛼𝑛)𝑇𝐶]
2

𝑅
−𝐾∆𝑇−

1

2
[
(𝛼𝑝−𝛼𝑛)𝑇𝐶

𝑅
]
2

𝐼(𝛼𝑝−𝛼𝑛)∆𝑇+𝐼𝑅
=

1

2
𝑍𝑇𝐶

2−∆𝑇

𝑍𝑇𝐻𝑇𝐶
,         (7) 

 

where Z =
(𝛼𝑝−𝛼𝑛)

2

𝐾𝑅
=

𝛼𝑛𝑝
2𝜌

𝐾
, 𝜌 is electrical conductivity. The dimension of Z is 

inverse temperature. Therefore, by multiplying the average temperature of the system 

with Z, the dimensionless parameter: 
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            ZT = Z
𝑇𝐻+𝑇𝐶

2
=

𝛼2𝜎𝑇

𝜅
,        (8) 

 

known as thermoelectric figure of merit is developed. The figure of merit is an 

important factor when judging the thermoelectric performance of a material. 

 

 

Several conventional thermoelectric materials are reported to obtain high ZT value, 

such as Bi2Te3 alloy (ZT~1), PbTe alloy (ZT~0.7), and ß-Zn4Sb3 (ZT~1.3) having ZT 

ranging from 0.7 to 1.3 [3, 4]. However, because the behaviors of electrons and 

phonons are always related, i.e. electrical conductivity and thermal conductivity 

always follows each other, it is hard to improve the value of ZT. Nevertheless, due to 

some structural effects of thin film materials, higher ZT can be achieved. For example, 

quantum dot superlattice PbTe has ZT around 1.6 comparing to bulk PbTe whose ZT 

is around 0.6 [4]. Figure 3 shows ZT of several key thermoelectric materials in forms 

of bulk and thin film.  

 

 

Figure 3 ZT of several TE materials relative to their discovery year in thin film and bulk forms. (figure 

from[3]) 
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3 Material reviews_______________________________________ 

 

 

3.1 Scandium and Chromium nitrides (ScN and CrN) 

 
Scandium and chromium nitrides are both transition metal nitride with cubic, rock-salt 

(NaCl) structure, which are their most stable form. The transition metal nitrides are 

wildly used for hard coating and electronic contact materials because of their 

remarkable mechanical hardness, thermal stability and electrical conductivity [5, 6, 7, 

8]. However, the applications for thermoelectric purpose are rare. In spite of that, a 

decent thermoelectric power factor (PF = σ𝑆2) is achieved due to its high carrier 

mobility [5, 6 ,7 ,8]. Therefore, transition metal nitrides could be expected as potential 

candidates for new thermoelectric researches. 

 
According to literature [5, 6] scandium nitrides present increasing electrical resistivity 

with temperature, i.e. metallic-like temperature dependence as shown in figure 4. On 

the other hand, chromium nitrides have less decreasing trend in electrical conductivity 

while raising the temperature as shown in figure 5. Apart from those, both of 

scandium and chromium nitrides show higher Seebeck coefficient with increasing 

temperature. Therefore, the mixing of scandium and chromium nitrides as solid 

solutions has high possibility to alter the thermoelectric properties, such as power 

factor or figure of merit (ZT).  
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Figure 4 Seebeck coefficient (left) and electrical resistivity (right) of ScN as functions of temperature 

(figure from [5]) 

 

Figure 5 Temperature dependence of electrical conductivity (σ) and Seebeck coefficient (s) (figure 

from [6]) 

 

 

3.2 Calcium cobaltite (Ca3Co4O9) 

 

Ca3Co4O9, because of its high thermoelectric figure of merit (ZT~1) among oxide 

materials [9], can be considered as an interesting candidate for further research and 

developments. Ca3Co4O9 has a crystal structure consisting of alternating stacking of 

rock-salt type Ca2CoO3 layer and hexagonal CdI2-type CoO2 layer along c-axis [10] 

as shown in figure 6 [11]. The CoO2 layer is found to act as conducting channel for 

charge carriers, whereas Ca2CoO3 is found to act as blocking layer for phonons. 
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Although wide investigations have been performed on bulk Ca3Co4O9 [11, 12, 13], the 

studies on thin films are limited. There are some reports on growth and 

characterization of Ca3Co4O9 thin films. Those are reactive solid-phase epitaxy by 

topotactic-ion exchange [14], pulsed laser deposition (PLD) from compound target of 

Ca-Co-O [15, 16], atomic layer deposition (ALD) [17], radio frequency magnetron 

sputtering from composite target of Ca-Co-O [18, 19], chemical solution deposition 

[20], sol-gel and spin coating method [21]. The advantage of thin film structures is 

that it can promote phonon scattering effect by quantum effects (quantum well….) 

[22]. Besides, with proper control of crystal orientation, electrical conduction can be 

manipulated.   

 

 

Figure 6 Crystal structure of the misfit layered cobalt oxide Ca3Co4O9 (figure from [11]) 

 

A new method for the growth of Ca3Co4O9 thin film using radio frequency magnetron 

sputtering is studied in this thesis. Initially, for the sputtering, separate targets of Ca 

and Co have been used. The advantage of this method over sputtering from single 

complex target of Ca-Co-O is that it allows individual control over sputtering from Ca 

and Co targets and thus good control over the elemental composition in the deposited 

films. Furthermore, in co-sputtering, the deposition rate is faster than the sputtering 

from complex target of Ca-Co-O. 
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4 Characterization reviews_____________________________ 

 

 

4.1 X-ray diffraction (XRD) 
 

XRD is a method used for determining the lattice structure of crystalline materials. 

For X-rays interacting with a crystal, Bragg’s law is valid: 

  

       2𝑑ℎ𝑘𝑙sinθ = nλ,                      (9) 

 

where 𝑑ℎ𝑘𝑙  is the atomic plane spacing with Miller indices ℎ𝑘𝑙  indicating the 

atomic plane, θ is the incident angle of X-rays, λ is the X-ray wavelength and n is 

any integer. The relationship between 𝑑ℎ𝑘𝑙 and ℎ𝑘𝑙 for hexagonal crystals can be 

described in the following equation: 

 

       
1

𝑑ℎ𝑘𝑙
2 =

4

3

ℎ2+ℎ∙𝑘+𝑘2

𝑎2
+

𝑙2

𝑐2
,                      (10) 

 

where a is the in-plane lattice constant and c is the lateral lattice constant. For a cubic 

system, where a=c. 

 

          
1

𝑑ℎ𝑘𝑙
2 =

ℎ2+𝑘2+𝑙2

𝑎2
,        (11) 

 

Some XRD methods, used to determine the crystal orientation and epitaxial quality of 

the thin films will be introduced in the following subsections. 

 

 

 

 

 



~ 11 ~ 
 

 

4.1.1 θ-2θ geometry 

 
XRD θ-2θ scan is a very common technique to determine the structure of a crystal. 

The incident angle and diffracted angle are the same, noted as θ. The θ-2θ scan 

geometry is illustrated in figure 7 where K and 𝐾0 are the incident X-ray wave and 

diffracted X-ray vector, respectively. According the law of momentum conservation, 

the following equation is developed: 

 

           𝐾 − 𝐾0 = 𝑄,                        (12) 

 

where |𝐾| = |𝐾0| =
2𝜋

𝜆
, (𝜆=wavelength of X-ray) and Q is the scattering wave vector 

normal to the diffraction plane. When constructive diffractions happen, the scattering 

wave vector is equal to the reciprocal lattice vector (𝐺ℎ𝑘𝑙). 

 

                                𝑄 = 𝐺ℎ𝑘𝑙,                          (13) 

 

where |𝐺ℎ𝑘𝑙| =
2𝜋

𝑑ℎ𝑘𝑙
. Reciprocal lattice vector gives the information about lattice 

parameter and crystal phase, which are helpful for phase and crystal study. Beside, by 

Bragg’s law or θ-2θ scan geometry, the diffraction beams with different angles 

indicate the different atomic planes parallel to the sample.  

 

 

 

Figure 7 Illustration of XRD θ-2θ scan geometry (Adapted from [23]) 
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4.1.2 Grazing incidence geometry 

 
Comparing to θ-2θ scan geometry, grazing incidence geometry fixes the sample 

position at ω angle with moving detector at various 2θ angles (shown in figure 8) 

giving the information of grains in different orientations. Low incident angles are 

chosen because of the more interaction volume in the film resulting higher intensity 

ratio between film and substrate. Therefore, grazing incidence geometry is a powerful 

technique for the crystalline study of thin films.   

 

 

Figure 8 Schematic illustration of grazing incidence geometry 

 

 

4.1.3 Pole figures 

 
Pole figure measurements are capable of determining preferred orientations or 

textures in thin films. The θ and 2θ angles for the detector are fixed while the angle Φ 

(azimuth angle) and Ψ for sample are varying as shown in figure 9. The pole figure 

scan starts from a certain θ angle of interest and the sample is rotated 360° around the 

sample normal, the Φ-scan. After that, the angle Ψ is tilted for some degrees and the 

new Φ-scan will be performed again. By those comprehensive scans, the crystalline 

properties of thin films, such as preferred orientation, fiber texture, etc. are well 

observed.    
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Figure 9 Schematic illustration of pole figure measurement (Adapted from [24]) 

 

 

4.2 X-ray reflectivity (XRR) 

 
X-ray reflectivity technique utilizes the reflection of X-ray at the surface of material 

and the interface in the material. It depends on the wavelength λ, film thickness D and 

refractive index η of the material, the modified Bragg’s law can be denoted as 

  

       𝑚𝜆 = 2𝐷𝑠𝑖𝑛𝜃√1 +
𝜂2−1

𝑠𝑖𝑛2𝜃
,           (14) 

 

where m is an integer and 𝜃 is the angle of incoming of X-ray. The measured angles 

should be low around 0.5~5° in order to avoid the absorption of X-rays in higher 

angles. Figure 10 shows the schematic drawing of XRR measurement. 

 
Figure 10 Schematic drawing of XRR measurement (Adapted from [25]) 
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4.3 Scanning electron microscopy (SEM)  

 
SEM is a widely used electron microscopy technique which uses electron beams to 

scan over the sample surface and detect the emitted electrons at the same time. First, a 

heated filament produces electrons which will be focused onto the sample by 

magnetic lenses. Once the focused electron beams interact with materials, the 

secondary electron, back scattered electrons, X-rays,…etc. will be emitted as 

illustrated in figure 11. Among all those emissions, the secondary electrons can give 

the best topography of sample surface. Secondary electrons are emitted due to the 

interactions between incoming electron beans and valence electrons of sample 

material. Because of the low energy of secondary electrons (<50eV), only the 

electrons from area close to surface are able to come out and be detected. Therefore, 

secondary electrons are more suitable for capturing the surface morphology.  

 

The drawback of SEM is that the sample should be conductive. Otherwise, if an 

insulator is irradiated by electron beams, electrons will accumulate in the sample and 

cause negative charges which would influence the electron beams and distort the 

images. Nevertheless, coating a thin metal layer (Au, Pt) on the sample is a solution to 

address this issue.  

 

 

 

Figure 11 Schematic illustration of SEM (Adapted from [26]) 
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4.4 Energy-dispersive X-ray spectroscopy (EDS) 
 

EDS is used for elemental analysis by characterized X-ray from the sample. An 

electron beam will be focused onto the sample and therefore cause the excitation from 

the inner shells of the atom. Subsequently, the hole will appear and electrons from the 

outer shells will jump in to fill the vacancy and emit X-rays as shown in figure 12. As 

different elements have different energy levels, the energy of emitted X-rays can be 

the fingerprint of the elements.  

 

However, the drawback of EDS exists in the quantification of light elements. Because 

of the lack of electrons from outer shells, the yields of emitted X-rays are low. 

Besides, the low energy of emitted X-rays is also attributed. Therefore, EDS is more 

suitable for heavy elements whose atomic numbers are higher than 10.  

 

Figure 12 Schematic drawing of the principle of EDS (Adapted from [27]) 
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5 Synthesis methods ____________________________________ 

 

 

5.1 Physical vapor deposition (PVD) 
 

PVD is a collective name of several methods used for synthesizing thin films by 

deposition of vaporized source materials with only physical procedures. Those 

vaporing methods include high power arc discharge (cathodic arc deposition), heating 

(thermal evaporation), electron bombardment (electron beam physical vapor 

deposition), high-power laser ablation (pulsed laser deposition) and ion bombardment 

(sputtering). Among all the above methods, sputtering is faster and easier to control 

elemental compositions of thin films with good epitaxial quality. More details 

concerning sputtering technique will come in the following section.  

 

 

5.1.1 Magnetron sputtering 
 

Magnetron sputtering is a PVD method using ion bombardment to vaporize source 

materials. When used with reactive gases, it is utilized to form oxide or nitride thin 

films (reactive sputtering). First of all, Argon or some reactive gases are introduced 

into an ultrahigh vacuum (~10−8 Torr) chamber and be ionized by the targets (source 

materials) connected to the cathode. Secondly, the charge particles will be accelerated 

onto the targets by magnetrons. A magnetron is an alternating array of N-pole and 

S-pole magnets placed under the target. Subsequently, dense envelopes of magnetic 

field would develop in this magnet configuration and therefore have an ability to trap 

ions closer to the target surface, forming so called plasma. Finally, after being 

bombarded by ions, the target materials are ejected and deposit on the substrates. A 

schematic drawing of a sputtering system is shown in figure 13. 
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Figure 13 Schematic drawing of sputtering system (Adapted from [28]) 

 

 

5.1.2 DC magnetron sputtering 
 

DC magnetron sputtering utilizes the Lorentz force, known as  

      F = m
𝑑𝑣

𝑑𝑡
= 𝑒(𝐸 + 𝑣 × 𝐵),       (15) 

where m is the mass of electron, 𝑒 is the electrical charge, 𝑣 is the velocity of 

electron, 𝐸  and 𝐵 are the electric and magnetic fields respectively. A negative 

voltage is applied to the target acting as cathode. Similarly, the substrate holder and 

the chamber wall are grounded acting as anode. A magnetron produces parallel static 

magnetic field to the target surface as mentioned before. Except for magnetic field, 

electric field also exists because of the bias between sample holder (anode) and target 

(cathode). The ionization of argon gas occurs due to the negative bias connected to 

target. 

 

        𝑒− + 𝐴𝑟0 = 𝐴𝑟+ + 2𝑒−        (16) 

 

Consequently, those charged particles are trapped by the Lorentz force forming 

plasma around target surface. Since the confinement of the plasma, there are more ion 

bombardments occurring which leads to higher sputtering and deposition rates. 

Therefore, the DC magnetron sputtering is a decent technique for thin film growth.  
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5.1.3 RF magnetron sputtering 
 

Sometimes it is hard to sputter insulating targets by DC magnetron sputtering since no 

DC current is allowed to pass through. Nevertheless, if a radio frequency AC voltage 

is applied to the insulator, the insulator would act like a capacitor charging and 

discharging according to the voltage, which means no net current flow in a complete 

cycle. The common applied radio frequency is 13.56 MHz for sputtering purpose.  

 

During the positive half cycle of AC power supply, the electrons in the plasma will be 

attracted to target and therefore carry the sputtering ions nearby to achieve sputtering. 

However, during the half cycle of negative voltage, the electrons will be repelled 

away from the target and also carry the sputtering ions away. In other words, there is 

no sputtering happening during the negative half cycle, which results in low 

deposition rate. Besides, the re-deposition on target would also happen when 

sputtering the insulator. The re-deposited films are also insulator, causing target 

poisoning and leading to low deposition rate as well.   

 

All in all, RF magnetron sputtering is a method for sputtering insulators but the low 

deposition rate is an issue. The pulsed DC sputtering could be a more effective 

method to use. In pulsed DC sputtering, a large negative bias (~400) is applied to the 

target with regular rising pulse in each cycle, so called asymmetric bipolar pulsed DC. 

During the application of negative pulse to the target, the negative bias will attract the 

positive argon ions directly and cause target sputtering. During the positive pulse, the 

re-deposited film on the target surface discharges and repels argon ions, leaving it 

ready to be sputtered during the next negative pulse. 

 

 

5.1.4 Substrate bias 

 
If a negative bias is applied to the substrate, positively charged particles will be 

attracted to the substrate. In sputtering, positive ions will hit onto the substrate and 

give extra energy to the adatoms. Once adatoms have more energy, they can move 

freer and find the better position to grow, improving the crystalline qualities of thin 

films.   
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5.2 Post-annealing 

 
Post-annealing is a heat treatment after the film growth in order to alter the crystalline 

properties of thin films. The annealing temperatures have to be above certain critical 

temperature of the material in order to increase diffusion rate of atoms. With the 

movement of atoms, some defects, such as dislocations, grain boundary, etc. are 

redistributed, forming a more uniform crystalline structure in the thin films. However, 

the drawback of this process is that the oxidation could probably happen during 

post-annealing, usually performed in air. Therefore, post-annealing is more common 

for oxide thin films [29, 30, 31]. Except for that, post-annealing can also be used for 

depositing a film in metastable or unstable states and transforming it into stable state.  
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6 Experimental details__________________________________ 

 

 

6.1 Ca3Co4O9 thin films 

 
Ca3Co4O9 thin films were prepared in the ultrahigh vacuum (~10

-8 
Torr) sputtering 

system, named “Jessie”, at the physics department in Linköping University. With the 

assistance of my supervisor, three samples named CCO1, CCO2 and CCO3 with 

different Ca/Co ratios (Ca-rich, stoichiometric, Co-rich) controlled by sputtering 

voltages were deposited by reactive radio frequency magnetron sputtering on Al2O3 

(0001) followed by post-annealing process. The Ca and Co targets have diameters of 

5 cm with 99.99% purity. The Co target was operated in ac mode with root mean 

square power of 50 W of radio frequency (13.56MHz) while the power of Ca target 

was varying from 52-54W for analyzing Ca/Co ratio. The substrates were one-side 

polished Al2O3 (0001) wafers. Before the deposition, all the Al2O3 substrate was put 

in ultrasonic bath of trichloroethylene for 5 minutes in order to remove the residual 

paste from the substrate cases. Subsequently, the ultrasonic bath of acetone and 

isopropanol were used 5 minutes for each to clean the substrates. The substrates were 

blown dry with N2 after final ultrasonic bathes. After cleaning, the substrate was 

heated to 700C for 1 hour to outgas the surface. 

 

Each deposition was performed for 45 minutes. Figure 16 shows a schematic diagram 

of the sputter deposition system. Separate Ca and Co targets were used. For the 

formation of plasma, Ar gas was introduced into the system. For reactive sputtering 

along with Ar gas, 1.5% O2 was passed in to the chamber for the formation of oxides. 

The total pressure of gases was maintained to 2 mTorr. The substrate was rotated 

during deposition in order to obtain uniform films. All the as-deposited films were 

annealed for 4 hours in oxygen environment at 700°C. Table 1 shows all the 

deposition conditions of three Ca3Co4O9 samples.  
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Figure 14 Schematic diagram of the sputtering system (figure courtesy of my supervisor) 

 

 

Table 1 The deposition conditions of Ca3Co4O9 thin films 

Sample PCa  

(W) 

VCa 

(V) 

PCo 

(W) 

VCo 

(V) 

Ar 

(sccm) 

O2 

(sccm) 

Time 

(m) 

CCO1 54 246 50 138 39.4 0.6 45 

CCO2 53 239 50 139 39.4 0.6 45 

CCO3 52 233 50 139 39.4 0.6 45 

 

 

Structural properties of all the films were investigated by X-ray diffraction -2 and 

pole figure analyses using monochromatic Cu K radiation (=1.5406 A) . θ-2θ scans 

were performed by Philips PW 1820 diffractometer with offset angle 0.3° and 2θ = 

5°~75° in 0.05° step size. Pole figures were performed by a Philips X’pert materials 

research diffractometer operated with a point focus, primary optics of 2 × 2mm cross 

slits, and secondary optics with parallel-plate collimator. The pole figure scans were 

on (203) plane with 2θ angle of 48.63, tilt-angle Ψ= 0~85 in 5step size and 

azimuth angle Φ=0~360 in 0.1 step size.  

 

Surface morphology of all the films was investigated by LEO 1550 Gemini SEM with 

the electron beam accelerated to 5 keV. Elemental compositions of all the films were 

confirmed by EDS analysis of different spots on the film surface. The EDS instrument 
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is equipped with LEO 1550 Gemini SEM as well but with 20 keV electron beam 

acceleration and 8.5 mm working distance.  

 

 

6.2 ScxCr1-xN thin films 

 
ScxCr1-xN thin films were prepared in the ultrahigh vacuum (~10

-7 
Torr) sputtering 

system, named “Adam”, at the physics department in Linköping University. 

Individual ScN and CrN were studied first in order to get the best mixing conditions. 

ScN and CrN thin films were grown separately on Al2O3 (0001) substrates using DC 

reactive magnetron sputtering in an ultrahigh vacuum chamber (similar to figure 15) 

with a base pressure of 10
-7

 Pa. The Sc and Cr targets have diameters of 5 cm with 

99.99% purity. In addition, both of the Sc and Cr targets were operated in DC mode 

with a power of 200 W and 50 W, respectively. The substrates and way of cleaning are 

all the same as used for the growth of Ca3Co4O9 thin films. Before deposition, the 

substrates were heated in vacuum to the deposition temperature (600~800C 

according to different depositions) for 1 h for temperature stabilization and degassing. 

The depositions were performed in pure N2 with a pressure of 5 mTorr. Negative bias 

(-30V) was applied to the substrate to improve the growth and film qualities. Table 2 

shows all the growth conditions of ScN/CrN thin films. 

 

 

Table 2 The deposition conditions of ScN/CrN thin films 

Sample PSc 

(W) 

VSc 

(V) 

PCr 

(W) 

VCr 

(V) 

Tset 

(C) 

N2 

(sccm) 

Time 

(m) 

Bias 

(V) 

SN19 200 313 - - 600 60 90 -30 

CN16 - - 50 343 700 60 60 -30 

CN17 - - 50 341 635 60 60 -30 

CN18 - - 50 341 600 60 60 -30 

 

 
In order to make ScxCr1-xN solid solutions, DC reactive magnetron co-sputtering of 

ScN and CrN were performed in the same sputtering system with similar conditions 

as before. Separate Sc and Cr targets were used operating in DC mode with different 

power in order to study from Sc/Cr-rich cases to best mixed case. Table 3 shows all 

the growth conditions of ScxCr1-xN thin films. The experimental details of 

characterization techniques were the same as used for Ca3Co4O9 thin films except for 

-scan in pole figure measurement. The Φ-scan of ScxCr1-xN (200) peak was scanned 
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with a fixed 2θ angle at 41 and a fixed tilt angle Ψ at 54.7, which is the angle 

between [111] and [200] directions in cubic crystals. The azimuth angle Φ=0~360 in 

0.2 step size. 

 
Table 3 The deposition conditions of ScCrN thin films 

Sample PSc 

(W) 

VSc 

(V) 

PCr 

(W) 

VCr 

(W) 

Tset 

(C) 

N2 

(sccm) 

Time 

(m) 

Bias 

(V) 

SCN06 150 307 50 326 700 60 60 -30 

SCN07 200 314 50 326 700 60 60 -30 

SCN08 150 301 60 333 700 60 60 -30 

SCN09 200 314 40 319 700 60 90 -30 

SCN10 100 276 65 342 600 60 60 0 

SCN11 220 315 35 312 600 60 60 0 

SCN12 135 291 55 337 600 60 60 0 

SCN13 135 291 55 337 600 60 60 -30 

SCN14 180 301 45 325 600 60 60 0 

SCN15 200 312 35 311 600 60 60 0 
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7 Results and Discussion _______________________________ 

 

 

7.1 Ca3Co4O9 thin films 

 
EDS results show the Ca/Co ratios of samples CCO1, CCO2 and CCO3 are 0.82, 0.72 

and 0.66, respectively. Those ratios quite fit the expected values of each samples. For 

example, Ca-rich sample CCO1 should have Ca/Co ratio higher than 0.75(Ca/Co=3/4), 

which is 0.82 since the applied power on Ca target was the highest. The applied power 

on Ca target was the lowest for Co-rich sample CCO3 and therefore the ratio of 

0.66(<0.75) was reached. The applied power on Ca target was in between sample 

CCO1 and CCO3 for sample CCO2, leading to Ca/Co ratio be 0.72, which is fairly 

close to stoichiometric value (0.75). Those results confirm the correct way of 

changing the sputtering voltages (seen in Table 1) in order to alter the chemical 

compositions.  

 

Figure 15 shows the image of one of the as-deposited films (on the left side). The 

yellowish color of the film confirms the presence of other phases rather than expected 

phase which is bluish. As already mentioned earlier, for obtaining the Ca3Co4O9 phase, 

all the as-deposited films were annealed at 700 C in oxygen atmosphere. After 

annealing, the color of the films turned dark as expected (figure 15 on the right side). 

 

 
Figure 15 Images of the as deposited film (left) and the annealed film (right). 



~ 25 ~ 
 

 

 

 Figure 16 shows the X-ray diffraction pattern of as-deposited films. CaO (111), 

CaO (222) and CoO (111) appeared which means the films were epitaxially grown on 

c-plane of Al2O3 (0001). However, the Ca3Co4O9 phase was not forming which 

indicates the lack of interaction during the sputtering process. Therefore, 

post-annealing process is required for the phase formation.  

 

 

 

Figure 16 X-ray diffraction patterns of as-deposited films. 

 

 Figure 17 shows the X-ray diffraction pattern of all annealed samples. X-ray 

diffraction pattern reveals the formation of Ca3Co4O9 phase after post-annealing 

process. However, the presence of certain amount of CaO phase is evident in Ca-rich 

sample (Ca/Co=0.82) from the presence of small peak of CaO (111) in XRD pattern. 

On the other hand, the presence of small amount of CoO is also observed in Co-rich 

sample (Ca/Co=0.66) shown in figure 18. All of those residual phases were expected 

since the non-stoichiometric Ca/Co ratios.  
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In stoichiometric sample, only peaks from diffractions of Ca3Co4O9 (00l) planes are 

observed, revealing that the film is epitaxially grown in c-axis directions. The 

Ca3Co4O9 (005) reflection is overlapped by the wide substrate (006) peak.     

 

 

Figure 17 X-ray diffraction patterns of annealed films. 

 

 

Figure 18 X-ray diffraction pattern of Ca-rich film  
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 Figure 19 shows the X-ray diffraction pole figure pattern of phase pure sample 

CCO2. Pole figure pattern confirms the six-fold symmetry of the film which is 

expected from the hexagonal structure of the CoO2 layer [10]. From pole figure, the 

epitaxial nature of the film is confirmed. 

 

 

Figure 19 X-ray diffraction (203) pole-figure pattern of sample CCO2 

 

 

 Figure 20 shows SEM image of sample CCO2 before and after annealing. The 

image of as-deposited sample is blurred revealing the insulating property of CaO and 

CoO in the film. On the other hand, the image of annealed sample is clear confirming 

its high crystalline quality and also the existence of conductive Ca3Co4O9.   

 

 

Figure 20 SEM images of as-deposited (left) and annealed (right) films 
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The film thickness of sample CCO2 is around 270 nm measured by cross-sectional 

SEM. The deposition time was 45 minutes. Therefore, the deposition rate of 

co-sputtering is around 6 nm per minute, which is higher than the other methods [14, 

15, 16].  

 

 To sum up, the desired chemical compositions of the films were confirmed by 

EDS. That is, the Ca/Co ratios 0.82, 0.72, and 0.66 state calcium-rich, stoichiometric 

and cobalt-rich samples, respectively and therefore the growth conditions for correct 

Ca/Co=0.75 is developed. Moreover, the wanted film of pure Ca3Co4O9 phase with 

highly oriented c-axis is indicated by both X-ray diffraction -2 and pole figure 

analyses, proving the success of post-annealing and co-sputtering procedures.  

 

 

7.2 ScxCr1-xN thin films 

 

XRD θ-2θ result of ScN is shown in figure 21. A sharp ScN (111) peak appears 

indicating the epitaxial relation that ScN grows in [111] direction on Al2O3 (0001). 

The result is predictable as cubic (111) plane has the same atomic density and 

arrangement as hexagonal (0001). From the position of peak (111) (2~34.2), the 

lattice parameter of ScN was calculated to be 4.53Å  by equation (9) and (11). Besides, 

the clear peak of ScN confirms the growth temperature (600C) for epitaxial ScN thin 

film. 

 

 
Figure 21 X-ray diffraction patterns of ScN thin film 
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Figure 22 shows the XRD θ-2θ results of CrN thin films. CrN (111) peaks appear 

(2~ 37.6) when temperature were 635C and 600C as expected from ScN. 

However, Cr2N peak appears when the film was growing in 700C indicating CrN 

decomposed into Cr2N at higher temperature. The lattice parameter of CrN was 

determined to be 4.14 Å  the same was as calculating ScN.  

 

All the CrN and SrN were grown in pure nitrogen. Therefore, the best condition for 

growing ScxCr1-xN solid solutions found in this case is to grow at 600C in pure 

nitrogen.  

 

 

Figure 22 X-ray diffraction patterns of CrN thin films 

 

XRD θ-2θ results of ScxCr1-xN thin films grown at 700C with bias are shown in 

figure 23. The peaks are shifted in between ScN (111) and CrN (111) indicating the 

formation of ScCrN solid solutions. However, the shapes of those peaks are 

asymmetric, revealing the existence of other phases. The asymmetry could be 

attributed to the phase decomposition of CrN (CrN  Cr2N) at higher temperature as 

discussed before or the appearance of any other competing phase due to the bias. 

Therefore, growing at 700 C with bias may not be a good condition for ScxCr1-xN. 
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Figure 23 X-ray diffraction patterns of ScxCr1-xN thin films grown at 700C with bias 

 

EDS results reveal the Sc/Cr ratios of ScxCr1-xN thin films. Samples SCN10 and 

SCN12 and SCN13 are Cr-rich (Sc%~25%, 36% and 36%). Samples SCN11 and 

SCN15 are Sc-rich (Sc%~63% and 68%). SCN14 has ratio around 1 (Sc%~52%). 

Therefore, the deposition condition (Table 2) of altering the composition of ScxCr1-xN 

thin films can be confirm.    

 

Figure 24 shows the XRD θ-2θ results of ScxCr1-xN thin films grown at 600C 

without bias. It is obvious that the peaks are somewhere in between ScN (111) peak 

and CrN (111) peak. Subsequently, it can be assumed boldly that those peaks are from 

ScCrN (111), cubic solid solution. The lattice parameter can be calculated as before. 

From Sc-rich to Cr-rich films, the lattice parameters are 4.45 Å , 4.43 Å , 4.39 Å , 4.32 

Å  and 4.25 Å . Those values also lie in between the lattice constants of ScN (4.53 Å ) 

and CrN (4.14 Å ), calculated before.  
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Besides, by comparing with Vegard’s law: 

 

                       aSc𝑥Cr1−𝑥N = 𝑥𝑎𝑆𝑐𝑁 + 𝑥𝑎𝐶𝑟𝑁,                   (17) 

 

where aSc𝑥Cr1−𝑥N, 𝑎𝑆𝑐𝑁 and 𝑎𝐶𝑟𝑁 are the lattice constants of ScxCr1-xN, ScN and 

CrN, respectively, the lattice parameters of ScxCr1-xN follow the theoretical 

approximation as shown in figure 25. Therefore, the co-sputtering of Sc and Cr to 

make ScxCr1-xN solid solutions has been achieved. 

 

Vegard’s law provides an approximate linear relation between the crystal lattice 

parameter of an alloy and the concentrations of the constituent elements at constant 

temperature.  The experimental data have positive deviation from Vegard’s law in 

figure 25 is due to the positive lattice mismatch between the films and the substrate 

[5]. 

 

 

Figure 24 X-ray diffraction patterns of ScxCr1-xN thin films grown at 600C without bias  
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Figure 25 The comparison of Vegard’s law and experimental data in lattice constants. 

 

Figure 26 shows a Φ-scan of ScxCr1-xN (200) grown at 600C with bias. There is a 

threefold symmetry of {200} family of planes from the view of [111] direction in 

cubic crytals. However, six peaks appear in the Φ-scan. This could be due to the fact 

that there are twin-domains in ScxCr1-xN thin film because of different stacking 

sequences in face center cubic (FCC) structures [5]. The stacking sequences of FCC 

can be ABCABC… or CBACBA…[32], when ScxCr1-xN (111) growing on Al2O3 

(0001). Therefore, the 6 peaks come from the diffraction of 2 domains in ScxCr1-xN 

{200} family of planes and also the expitaxial nature of ScxCr1-xN (111) on Al2O3 

(0001) can be confirmed.  

 

 

Figure 26 X-ray diffraction Φ-scan of ScxCr1-xN (200) grown at 600C with bias 



~ 33 ~ 
 

 

SEM results of ScN (SN19) and CrN (CN17) is shown in figure 27. Both of these 

films are grown at 600C with bias. Apparently, ScN film is more rough than CrN 

film due to the fact that scandium adatoms need higher temperature (~800C) to move 

and have better crystalline qualities. [5]. On the other hand, chromium adatoms only 

need medium temperature to form films with decent crystalline qualities (~600C). 

However, if temperature rises, the phase decomposition or competing growth could 

happen. Thus, it is not surprising that CrN film is smooth on SEM image while ScN 

film is rather rough. The stripes appearing in CrN are probably due to the steps on the 

surface of Al2O3 substrate [33].  

 

 

Figure 27 SEM images of ScN (left) and CrN (right) films 

 

The surface of ScxCr1-xN thin films grown at 600C with bias was scanned by SEM 

and shown in figure 28. The surface is rather smooth although with certain degree of 

roughness. While, the strips causing from steps of surface of Al2O3 substrate can still 

be observed, indicating the films are smooth enough. 

 

 

Figure 28 SEM images of ScxCr1-xN films grown without bias (above) and without (below) 
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8 Conclusions_____________________________________________ 

 

 

The main studied in this thesis involved two thin film thermoelectric materials 

brought out in the first place.   

 

 Growth and characterization of Ca3Co4O9 ([Ca2CoO3]xCoO2) thin films on 

sapphire (-Al2O3) (0001) substrates by reactive radio frequency magnetron 

sputtering followed by post-annealing process 

 Growth and characterization of ScxCr1-xN thin films on sapphire (-Al2O3) (0001) 

substrates by DC magnetron sputtering 

 

First of all, CaO and CoO phases were found in the as-deposited films grown by 

reactive radio frequency magnetron sputtering from separate Ca and Co targets at 

700C. Results of elemental compositions from EDS helped to develop the control of 

Ca and Co ratio during sputtering. After that, the as-deposited films were annealed at 

700C and the formation of Ca3Co4O9 phase with c-axis orientation was confirmed by 

the measurements of XRD. Moreover, pole figure and SEM results reveal that the 

annealed films are highly textured and crystalline. Therefore, the reactive radio 

frequency magnetron sputtering followed by post-annealing process is found to be an 

efficient method for the preparation of highly oriented and phase pure epitaxial 

Ca3Co4O9 thin films. The method of co-sputtering is found to be useful to offer a good 

control over the tuning of elemental ratio of Ca and Co in the grown films. Because of 

faster deposition rate and easy availabilty of the targets, the present method can be 

useful for wide scale industrial applications in future.  

 

Secondly, ScN and CrN thin films were grown separately by DC magnetron 

sputtering in order to find the best mixing conditions to make ScxCr1-xN solid 

solutions. According to XRD results, the films with both phase pure ScN and CrN 

were obtained when grown at 600C with bias, while the phase decomposition from 

CrN to Cr2N phases was observed when growing CrN thin films at 700C. Moreover, 
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when mixed growing ScN and CrN at 700C, the asymmetric XRD peaks were 

observed, indicating the existences of phase decomposition or competing growth at 

700C. Nevertheless, good c-axis oriented ScxCr1-xN thin films grown at 600C with 

bias were found by XRD. Also the SEM results showed the rather flat film surface of 

ScxCr1-xN. Therefore, DC magnetron sputtering at 600C in pure nitrogen with bias is 

found to be a successful method for preparing c-axis oriented ScxCr1-xN solid solution 

thin films with decent surface smoothness. The ways of altering elemental ratio of Sc 

and Cr in the grown films by co-sputtering is also developed.  
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9 Future work____________________________________________ 

 

 

Due to the time limit of handing in my master thesis, several measurements and 

experiments which were not able to do are stated as follows: 

 

 The measurement of transmission electron microscopy (TEM) on ScxCr1-xN to 

study the film qualities more deeply. 

 The thermoelectric measurements on both Ca3Co4O9 thin films and ScxCr1-xN 

thin films in order to observe some thermoelectric properties (Seebeck 

coefficient, thermal conductivity, electrical conductivity…) 

 Multilayer growth of ScN and CrN superlattice to promote more phonon 

scattering  

 Multilayer growth of CaO and CoO followed by post-annealing in order to 

obtain better crystalline qualities. 

 Doping with Ag quantum dots in CaO/CoO multilayer thin film in order to 

achieve better thermoelectric properties.   

 

 

 

 

 

 

 



~ 37 ~ 
 

 

 

References________________________________________________ 

 

 

[1] G. Jeffrey Snyder et al. Nature Materials 7, 105 - 114 (2008) 

 

[2] Christopher J. et al. Advanced Materials, 22, 3970–3980 (2010) 

 

[3] Terry M. Tritt et al. Annual Review of Materials Research 41:433–48 (2011) 

 

[4] X.F.Zheng et al. Renewable and Sustainable Energy Reviews 32 486–503 (2014) 

 

[5] Sit Kerdsongpanya et al. Applied Physics Letters 99, 232113 (2011) 

 

[6] C. X. Quintela et al. Applied Physics Letters 104, 022103 (2014) 

 

[7] Polina V. Burmistrova et al. Journal of Applied Physics 113, 153704 (2013) 

 

[8] C. X. Quintela et al. Applied Physics Letters 94, 152103 (2009) 

 

[9] J. He et al. Journal of Materials Research 26, 1762 (2011) 

 

[10] Lybeck J.et al. Chemistry of Materials 22 (21) (2010) 

 

[11] Sophie Wenger, Diploma Thesis in Experimental Physics, Swiss Federal 

Laboratories for Materials Testing and Research (2006) 

 

[12] Driss Kenfaui et al. Materials Research Bulletin 45, 1240–1249 (2010) 

 

[13] Chang-Hyun Lim et al. Journal of Ceramic Processing Research 13, 3, 197-201 

(2012) 

 



~ 38 ~ 
 

[14] K. Sugiura et al. Journal of Applied Ceramic Technology 4, 308 (2007) 

 

[15] Y. F. Hu et al. Applied Physics Letters 86, 082103 (2005) 

 

[16] H. Minami et al. Applied Surface Science 197, 442 (2002) 

 

[17] J. Lybeck et al. Chemistry of Materials 22, 5900 (2010) 

 

[18] A. Sakai et al. Japanese Journal of Applied Physics 44, L966 (2005) 

 

[19] T. Kanno et al. Applied Physics Letters 85, 739 (2004) 

 

[20] L. Zhang et al. Materials Letters 62, 1322 (2008) 

 

[21] C.-J. Liu, et al. Thin Solid Films 516, 8564 (2008) 

 

[22] L.D. Hicks, et al. Physical Review B 47, 12727–12731 (1993) 

 

[23] Fredrik Eriksson, lecture notes of XRD from course analytical methods in 

material science, Linköping university 

 

[24] Tsung-Han Wu, Master thesis in physics department, Linköping university (2012) 

 

[25] Fredrik Eriksson, lecture notes of XRR from course analytical methods in 

material science, Linköping university 

 

[26] Fredrik Eriksson, lecture notes of SEM from course analytical methods in 

material science, Linköping university 

 

[27] Wikipedia: EDS, http://en.wikipedia.org/wiki/File:EDX-scheme.svg 

 

[28] Agnė Žukauskaitė, PHD thesis in physics department, Linköping university 

(2012)  

 

[29] Z.B. Fang et al. Applied Surface Science 241, 303–308 (2005) 

 

[30] Y.T. Kim et al. Journal of Electronic Materials 28, 4, 369-371 (1999) 

 

http://en.wikipedia.org/wiki/File:EDX-scheme.svg


~ 39 ~ 
 

[31] M.S. Kim et al. Journal of the Korean Physical Society 58, 3, 515∼519 (2011) 

 

[32] Hari Singh Nalwa, Handbook of Nanostructured Materials and Nanotechnology, 

Chapter 11.2 Domain Boundaries and Faults (1999) 

 

[33] Sit Kerdsongpanya, Master thesis in physics department, Linköping university 

(2010) 


