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Abstract 

Thermoelectric devices are one of the promising energy harvesting technologies, since they can 

convert heat (i.e. a temperature gradient) to electricity. This result leads us to use them to harvest 

waste heat from heat engines or in power plants to generate usable electricity. Moreover, 

thermoelectric devices can also perform cooling. The conversion process is clean, with no 

emission of greenhouse gases during the process. However, the converting efficiency of 

thermoelectrics is very low because of the materials limitations of the thermoelectric figure of 

merit (ZTm). Thus, there is high demand to maximize the ZTm.  

I have discovered that ScN has high power factor 2.5 mW/(mK2) at 800 K, due to low metallic-

like electrical resistivity (∼3.0 µΩm) with retained relatively large Seebeck coefficient of -86 

µV/K. The ScN thin films were grown by reactive dc magnetron sputtering from Sc targets. For 

ScN, X-ray diffraction, supported by transmission electron microscopy, show that we can obtain 

epitaxial ScN(111) on Al2O3(0001). We also reported effects on thermoelectric properties of ScN 

with small changes in the composition with the power factor changing one order of magnitude 

depending on e.g. oxygen, carbon and fluorine content which were determined by elastic recoil 

detection analysis. The presence of impurities may influence the electronic density of states or 

Fermi level (EF) which could yield enhancement of power factor. 

Therefore, the effects of defects and impurities on the electronic density of states of scandium 

nitride were investigated using first-principles calculations with general gradient approximation 

and hybrid functionals for the exchange correlation energy. Our results show that for Sc and N 

vacancies can introduce asymmetric peaks in the density of states close to the Fermi level. We 

also find that the N vacancy states are sensitive to total electron concentration of the system due 

to their possibility for spin polarization. Substitutional point defects shift the Fermi level in the 

electronic band according to their valence but do not introduce sharp features. The energetics and 

electronic structure of defect pairs are also studied. By using hybrid functionals, a correct 

description of the open band gap of scandium nitride is obtained, in contrast to regular general 

gradient approximation. Our results envisage ways for improving the thermoelectric figure of 

merit of ScN by electronic structure engineering through stoichiometry tuning and doping. 
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1 Introduction 

 

1.1 Background 

Fossil fuels are the main sources of energy for transportation, electricity, and heating or cooling 

your building. The demand for fossil fuels is increasing every year, but the production and 

supply are limited since they are not renewable. Therefore, humanity is facing big issues on the 

price and shortage of fossil fuels. Moreover, the result of continuously burning these fossil fuels 

is the generation the greenhouse gases causing the global warming or climate change. Thus, 

there are demands on new technologies that can help us to solve these problems. One of them is 

finding new sustainable, clean, high efficient energy sources. Thus, solar cells, hydrogen 

technology (fuel cells), wind turbines, hydroelectric gravity dam, tidal wave power station, etc. 

have been developed for that purpose. Also, enhancing the efficiency on use of energy is another 

way of solving the problems. 

Considering those requirements, thermoelectric devices are good candidates in this field. A 

thermoelectric device is a solid state device which can convert heat (a temperature gradient) into 

electrical energy and they can perform cooling by reversing process without moving parts and 

releasing any emission of greenhouse gases. However, the efficiency of cooling and generating 

electrical energy is low,1 since the efficiency of thermoelectric devices depend on thermoelectric 

figure of merit (ZTm) of the materials and on their design. Currently we can obtain the materials 

with ZTm ∼1 yielding the device efficiency of 10%-20% of Carnot efficiency including the 

design improvement that we can get out from current thermoelectric devices. This should be 

compared to the 40-50% of heat engines. With this range of efficient current use of 

thermoelectric devices are in the field of cooling or sensing for example picnic coolers, 

microelectronic cooling in microelectronics,2 and in sensor applications, e.g., temperature or 

water condensing sensor.3 This electrical generation has been implemented in space mission in 

NASA in the form radioisotopic decay thermoelectric generators (RTGs).4 For electric 

generation, Vining commented that we needed materials that have a ZTm of 20 to be able to 

replace current heat engines but this number seems unlikely realizable.5 Nevertheless, 

thermoelectric devices can play a role in increasing the efficiency of current technology which 
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means reducing the energy consumption, since most of the energy which is produced in the heat 

engine will be loss as waste heat during the energy conversion process.6 If we use thermoelectric 

devices to capture or harvest these waste energies and convert into useable electricity, petroleum 

and coal consumption will be reduced. There is a current development on use of thermoelectric 

devices as electrical generator for vehicles by collecting waste energy from exhaust gas7 which 

corresponds to about 40% of energy produced by petroleum loss in combustion process.8 This 

waste heat recovery concept can be implemented in industry as well, since it even shows that for 

thermoelectric device with ∼1% efficiency with lifetimes longer than 5 years, that it is 

economically sustainable.9 These considerations show that thermoelectrics is a promising 

technology for mitigating the energy crisis. 

1.2 Aim of this Thesis 

Despite the interesting application of thermoelectric device, the efficiency of the device is still 

too low for advanced application because low thermoelectric figure of merit (ZTm) materials are 

used. Thus, there is a demand and effort on improvement of thermoelectric materials with a goal 

of ZTm ∼4. However, the improvement of ZTm is not trivial, because the fundamental parameters 

that determine ZTm are interrelated yielding non-improvement of ZTm. Many attempts have been 

made to maximize ZTm resulting in ZTm of 1–2. This shows that the maximizing thermoelectric 

figure of merit is not an easy business. This becomes a fascinating research problem that needs 

an answer.  

The aims of my research in this Thesis are two. First I try to obtain an efficient thermoelectric 

material, in this case scandium nitride. Transition-metal nitrides have excellent mechanical 

properties and wide range electrical properties which vary from metallic to semiconducting 

depending on type of transition metal element and their stoichiometry. Transition-metal nitrides 

can withstand large temperature gradient without degradation or oxidation at mid-to-high 

temperature regime (300-800 K), so they have potential to be high ZTm materials. Despite this 

fact, the transition-metal nitrides have not much been studied for thermoelectric.10,11 Second I 

used experimental and theoretical studies to gain knowledge of thermoelectric phenomena by 

studying the relation between materials structure and orientation, chemical composition, and 

their electronic structure with transport properties of thermoelectric materials. This will help us 

to understand those relations than in bulk which complicates to obtain or control such a structure. 
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Moreover, reducing the dimension of the materials the total thermal conductivity which is one of 

important parameter in ZTm can be reduced.  

1.3 Outline of this Thesis 

This Thesis starts with introduction of basic knowledge of thermoelectric phenomena and the 

efficiency of thermoelectric device in Chapters 2-4. The thermoelectric figure of merit which is a 

key parameter is also introduced, discussed in light of basic transport parameters and it is 

suggested how to improve them based on reviewing of current thermoelectric materials. Later, 

the theoretical methods, deposition technique, and characterization techniques that are used in 

this Thesis are discussed, followed by the summary of important findings during my study is in 

chapter eight. Finally, outlook and future work has been listed in the last chapter. 
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2 A brief history of thermoelectric effects 

 

To improve and achieve high efficiency thermoelectric devices, we need to understand their 

mechanism of which relate to three important effects, i.e., Seebeck effect, Peltier effect, and 

Thomson effect (or Kelvin effect). 

2.1 Seebeck effect 

Upon attempting to understand the magnetization of the earth, Thomas Johann Seebeck reported 

his discovery of the thermoelectric effect in 1821.12 He proposed that the magnetism of two 

different metals (Bi and Cu) was generated when one of the junctions were heated. Seebeck 

called this effect “thermomagnetism”. Later in 1823, Hans Christian Ørsted showed that the 

temperature gradient generates electricity rather than magnetism as Seebeck proposed.13 The 

debate between Ørsted and Seebeck leads to an important consequence in discovery conversion 

of magnetic field into electric field, i.e., Ampere’s law. In contrast to Ampere’s law, the effect 

that Seebeck found is an electric current is driven in a closed circuit generated by an 

electromotive force (EMF) or voltage in a pair of dissimilar metals at a given temperature 

gradient. This effect is called Seebeck effect and illustrated in the simple circuit in Fig. 2.1 

Fig. 2.1 A simple thermocouple, TH and TC are the temperature of hot end and cold end, respectively. 

This effect gives the definition of the Seebeck coefficient (S), often referred to as the 

thermoelectric power or thermopower: 

 [ ]( , ) ( ) ,
H H

C C

T T

AB C H AB B A

T T

V T T S T dT S S dT= = −∫ ∫  (2.1) 
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where AB B AS S S= − is the difference in Seebeck coefficients of materials A and B (usually in the 

unit µV/K), and 
AB

V is thermoelectric voltage across dissimilar materials.  

The Seebeck effect is the idea usually used for temperature measurement by thermocouple. To 

measure a temperature difference directly or an absolute temperature by setting one end to a 

known temperature, the thermoelectric voltage which is produced by heating is scaled up with a 

pair of dissimilar metals with known Seebeck coefficients, allowing for temperature to be 

determined. 

2.2 Peltier effect 

In 1834, the second thermoelectric effect was discovered by Jean-Charles Peltier; it is called the 

Peltier effect
12. He showed that cooling occurred when electrical current flowed into a 

thermocouple. Heating occurred when reverse electrical current was applied. The rate of cooling 

(q) at a junction AB when a current (I) is applied from material A to material B, is obtained by 

 ( ) ,B A ABq I I= Π − Π = Π  (2.2) 

where AB B AΠ = Π −Π is the differential Peltier coefficient of materials A and B in units of 

(W/A). The Peltier effect is quite difficult to measure experimentally due to Joule heating, which 

occurs when current is passed though metals. 

2.3 Thomson effect 

The relation between the Seebeck and Peltier effects was described by William Thomson (later 

Lord Kelvin) in 1855, who predicted using the laws of thermodynamics and studied 

experimentally the rate of cooling when applying current in a single conductor having a 

temperature gradient. This effect is called Thomson effect12, which is the third thermoelectric 

effect. The heating or cooling (q) is 

 ,q I Tβ= ∆  (2.3) 

where β  is the Thomson coefficient of material in units (V/K), I  is the current which passes 

through the materials, ∆T is the temperature different, and q is the rate of heating or cooling. The 

heating or cooling effect depends on electrical discharge of material which gives positive 
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Thomson effect (+β) or negative Thomson effect (-β). The Thomson effect yields the relation 

between Seebeck and Peltier coefficient 

 ,AB ABS TΠ =  (2.4) 

and 

 .AB AB
dS

T dT

β
=  (2.5) 

Both are useful for calculating the Seebeck and Peltier coefficient, since we cannot measure the 

absolute Seebeck and Peltier coefficient directly. Thomson coefficient can be measured directly. 

2.4 Thermoelectric mechanism 

Thermoelectric mechanism can be explained from semiconductor physics. Fig. 2.2 shows 

schematic drawings of thermoelectric devices. Due to the difference in the chemical potential 

(Fermi energy), the charge carriers (electrons and holes) have to redistribute until their chemical 

potential is equal at both sides of the dissimilar junction. This effect results in a formation of 

potential barrier at the junction because of the difference in their conduction and valence band. 

This effect also occurs in semiconductor – metal, and metal – metal contacts. If the voltage is 

applied to that dissimilar material as in Fig. 2.2(b), the charge carriers will be drifted through and 

stop at the junction of dissimilar material which carriers cannot penetrate through due to the 

potential barrier. The carriers have to absorb the thermal energy from the surrounding in order to 

pass the potential barrier and release the thermal energy when they relax at the end point of both 

materials. This will cause a temperature drop at the junction and increasing temperature at the 

end point of the material, this is called cooling effect
* (Peltier mechanism).  

The explanation of the Seebeck effect is that, the heat at the junction of dissimilar materials gives 

an external energy (thermal energy) to charge carriers so that they can diffuse across the 

potential barrier at the junction. The carriers at the hot end (hot carriers) have higher energy than 

those at the cold end (cold carrier). Therefore, hot carriers diffuse faster than cold carrier can 

diffuse back resulting in a net current from hot to cold end. Moreover, because of the higher 

                                                           
* Note: The temperature drop depends on the direction of bias current and the potential barrier.  
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temperature at hot end, the Fermi-Dirac distribution of charge carrier is more diverse than the 

cold that has lower temperature. This means that there is higher hot carrier concentration than the 

cold carriers; this will create the concentration gradient where carriers will diffuse from high 

concentration to the low concentration (hot to cold end). Therefore, this effect causes a voltage 

difference between hot and cold side which is called thermoelectric voltage.  

However, we have to maintain the temperature gradient across the junction and the end points of 

two dissimilar materials. Otherwise, these mechanisms will stop since the junction will soon 

reach thermal equilibrium, which mean there is no net current in circuit yielding no 

thermoelectric voltage.  

Fig. 2.2 (a) the thermoelectric generating diagram and (b) the thermoelectric cooling diagram, made from n-
type and p-type thermoelectric materials and metal interconnect between them. 

The net carrier diffusion is determined by the energy dependence of the charge carrier 

concentration. However, the thermoelectric mechanism could be improved or reduced due to the 

imperfection of materials and heat generate lattice vibration (phonon)† allow carrier scattering 

situation giving non-equal charged carrier diffusion. The detailed discussion will be in Chapter 4. 

.

                                                           
† This mechanism is called phonon drag (see ref.6) and occurs when phonon-electron scattering is predominant in 

low temperature condition ( 1 5
T≈ ) which give phonon tend to push electron to cold side.  

(a) (b) 
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3 Efficiency of Thermoelectrics  

 

Thermoelectric devices can be considered as heat engines or heat pumps. This chapter is going to 

show how the efficiency of thermoelectric devices can be obtained from thermodynamics, and 

the relation of the thermoelectric figure of merit which is a number that determines the 

performance of thermoelectric devices. 

3.1 Carnot’s theorem 

The ideally highest efficiency of heat engines and heat pumps can be obtained from basic ideas 

in thermodynamics as proposed by Nicolas Léonard Sadi Carnot14 in 1824 in Carnot’s theorem : 

“No engine operating between two reservoirs can be more efficient than a Carnot’s 

engine operating between those same two reservoirs” 

This theorem leads to the conclusion that the highest efficiency engine must work in a reversible 

cycle between hot and cold reservoirs without any loss, i.e., a cycle must include isothermal* and 

adiabatic† processes. This cycle is called Carnot’s cycle. The Carnot’s cycle of a heat engine is 

shown in Fig. 3.1(a). 

Fig. 3.1 (a) shown a Carnot’s cycle in P-V diagram which include two isothermal line connect with two 
adiabatic lines, (b) a schematic representation of an engine working in a cycle. 

                                                           
* Isothermal process means the thermodynamic system operates at constant temperature. 
† Adiabatic process means the thermodynamic system works without any exchange of heat. 

(a) (b) 
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The efficiency of a heat engine is  

 .
H

W

Q
η

∆
=

∆
 (3.1) 

where η  is the efficiency of generator, W  is the energy output from heat engine, and Q  is the 

heat absorbed by the heat engine. The highest efficiency of a heat engine is the Carnot efficiency 

 1 .C H C

H H

Q T T

Q T
η

−
= − =  (3.2) 

The reverse Carnot’s cycle gives the coefficient of performance (COP) of heat pumps: 

 .HQ
COP

W

∆
=

∆
 (3.3) 

where ∆Q is the net heat moved from cold side to hot side (cooling power), ∆W is the net energy 

consumed. The Carnot coefficient of performance is 

 
1

.
1

C

H H C

C

T
COP

Q T T

Q

= =
−−

 (3.4) 

3.2 Coefficient of performance (COP), Efficiency of heat engine (ηηηη), and 

Thermoelectric figure of merit (ZTm) 

The thermoelectric mechanisms discussed in Chapter 2 leads us to consider how they can work 

as power generator (heat engine) or refrigerator (heat pump) utilizing the Seebeck or the Peltier 

process respectively. These processes are in principle thermodynamically reversible. 

Unfortunately, there are also irreversible processes, i.e., Joule heating (due to electrical 

resistance in device) and thermal conduction. The actual efficienies of thermoelectric 

refrigeration and generation are determined by applied thermodynamic concepts which give the 

relation to thermoelectric figure of merit (ZTm),12,15,16 where Tm is the average temperature over 

the device, Z is dependent on the Seebeck coefficient (Snp), the total series resistance of the 

device (R), and the total thermal conduction (K) of the device. This section will show how we 

can determine this thermoelectric figure of merit. 



11 

3.2.1 Thermoelectric refrigeration and coefficient of performance (COP) 

The COP of thermoelectric can be calculated by considering simple system as shown in Fig. 

2.2(b), thus the net absorbed heat is given in 

 21
,

2np Cq S IT K T I R= − ∆ −  (3.5) 

where  np p nS S S= − is the difference in Seebeck coefficient from each thermoelectric 

material,
p nK K K= + is the total conductance,

p nR R R= + is the series resistance, H CT T T∆ = − is 

the absolute temperature different between hot and cold side, and I  is a current. The first term is 

Peliter cooling, using the Thomson relation (equation (2.4)) to connect Peltier coefficient and 

Seebeck coefficient. The second term is the thermal conduction. The last term comes from Joule 

heating. Increasing current will increase the Peliter cooling, however, the Joule heating will 

dominate since it depends on I2 giving the COP a negative value. By differentiating the net heat 

with respect to current, we can find the maximum current as 

 max .np CS T
I

R
=  (3.6) 

This gives the maximum net heat 

 
( )

2 2

max

1
.

2
np C np C

S T S T
q K T

R R

 
= − ∆ −  

 
 (3.7) 

Next, the electrical power consumption in thermoelectric devices is defined by 

 2 ,npw S I T I R= ∆ +  (3.8) 

where the first term is from thermoelectric effect producing the voltage and the second is 

electrical power for external applied voltage. The COP for thermoelectric refrigerator for 

maximum heat output can be given by the ratio between the maximum net heat and electrical 

power consumption which leads to 

 

21
2 ,

C

H C

ZT T

COP
ZT T

− ∆
=  (3.9) 
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where Z is thermoelectric figure of merit of thermoelectric devices or materials defined as 

 
2

,np
S

Z
KR

=  (3.10) 

Note, here we assume there are no heat resistance and electrical resistance between interconnect 

metals meaning that heat and electrical current from heat sink and source can flow from metal 

contact to thermoelectric material perfectly.16 For the maximum COP, the current that satisfies 

this condition is defined by 

 max ,
1 1

np

m

S T
I

R ZT

∆
=

+ −
 (3.11) 

where Tm is an averaged temperature between hot and cold side, ( ) 2m H CT T T= + . By using this 

current, we can calculate the maximum COP as 

 
( )

( )
1

.
( ) 1 1

C m H C

c

H C m

T ZT T T
COP COP

T T ZT
γ

+ −
= =

− + +
 (3.12) 

Thus, the maximum thermoelectric refrigerator efficiency is a product of the Carnot cooling 

efficiency, and γ  is the weight of performance. For example, let us consider the two limiting 

cases, First ZTm << 1 gives ( ) ( 2)(1 )C H C m H CCOP T T T ZT T T≈ − −       ; the efficiency is lower that 

Carnot efficiency. Second if R → 0 and K → 0, the thermoelectric device would have only (close 

to) reversible process, that is their ZTm → ∞ and their efficiency is the Carnot efficiency 

( CCOP COP= ). 

3.2.2 Thermoelectric generation and efficiency of generator (ηηηη) 

The simplest thermoelectric device for generating was shown in Fig. 2.2 (a). The energy 

conversion efficiency is obtained like the heat engine (see equation(3.1)). Hence, we choose load 

resistance (RL) in an appropriate temperature range to give maximum efficiency. This is shown 

by Ioffe,17 he showed that this occurs when M, the ratio LR R ,  is defined by 

 1 ,L mM R R ZT= = +  (3.13) 



13 

where Z is figure of merit, and Tm is average temperature. The maximum efficiency is 

 
( 1 1)

,

1

H C m

C

H
H m

C

T T ZT

T
T ZT

T

η εη
− + −

= =
 

+ + 
 

 (3.14) 

Therefore, we can see that the maximum thermoelectric generator efficiency is the Carnot 

efficiency, and the actual efficiency is scaled by the factor of efficiency ε, depending on the 

temperature of heat source and sink and thermoelectric figure of merit. This leads to the same 

conclusion as for heat pumps that we need maximum ZTm in order to get maximum efficiency. 

3.2.3 Thermoelectric figure of merit (ZTm) – geometrical consideration 

Typically, the figure of merit is represented as a dimensionless number by multiplying it with 

average temperature between heat source and sink, therefore thermoelectric figure of merit is 

written as ZTm. The ZTm is related to the properties of materials such as Seebeck coefficient (S), 

thermal conductance (K), and electrical resistance (R). As we mentioned, to achieve
m

ZT >> 1, 

the product of RK  need to be minimized, i.e., the ratio of length and cross section of both sides 

needs to satisfy the condition 
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According to this relation, it gives the figure of merit of a pair of thermoelectric materials as 
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Since the thermoelectric figure of merit is written in this form, it is easy to interpret how good 

the materials are as thermoelectrics because there is no relation with the dimension. 
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4 Thermoelectric Figure of Merit 

 

Let us now consider the figure of merit of a single thermoelectric material, usually represented as 

 
2

,
S

Z
σ

κ
=  (4.1) 

whereσ is electrical conductivity, S is Seebeck coefficient, andκ is total thermal conductivity. If 

we can maximize the thermoelectric figure of merit of a material, it will be reflected on 

maximizing efficiency of a device. The individual ZTm value tells us that efficient thermoelectric 

of materials require high Seebeck coefficient, electrical conductivity, and low thermal 

conductivity. Although we know these basic requirements, the interrelationship of those 

parameters that determine the ZTm is an issue that impedes any further improvement of ZTm. In 

this section, we will discuss about of improving ZTm.  

4.1 Basic consideration of improving thermoelectric figure of merit 

From semiconductor physics and transport theory, the parameters in ZTm can be expressed in a 

simple model (parabolic band, energy-independent scattering approximation).18 The Seebeck 

coefficient S is given by  
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 (4.2) 

and the electrical conductivity, σ can be expressed as  

 ,enσ µ= ±  (4.3) 

where Bk is the Boltzmann’s constant, e is the electron charge, h is Planck’s constant, T is the 

temperature, m* is the effective mass of the carrier, n is the charge carrier concentration, and µ is 

carrier mobility, the plus and minus sign denotes the carrier is holes or electron, respectively. 

Thermal conductivity, κ is 

 .e lκ κ κ= +  (4.4) 
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It is a sum of carrier and lattice thermal conductivity since both electrons and lattice vibrations 

(phonon) can carry heat.18 For electronic thermal conductivity19,20 

 ,e LTκ σ=  (4.5) 

where σ is electrical conductivity, L is Lorentz factor, and T is temperature. From kinetic theory 

we can derive the lattice thermal conductivity19,20 as 

 
1

,
3l g mfpC v lκ ρ=  (4.6) 

where C is the specific heat, ρ is density of phonon,
gv is an average phonon velocity, and 

mfpl is 

an average phonon mean free path. Therefore, when the carrier concentration is raised, the total 

thermal conductivity also increases. Here, we see that for example reducing the carrier 

concentration and increasing the effective mass of the material increases the Seebeck coefficient.  

However, it directly affects the electrical conductivity because once you either decrease the 

carrier concentration or increase the carrier effective mass, the electrical conductivity is 

decreasing. Furthermore an increasing of carrier concentration is not a choice to improve ZTm, 

because it will decrease the Seebeck coefficient and increase total thermal conductivity of the 

materials. Therefore, semiconductors have high potential to be efficient thermoelectric materials 

compare to metals or insulator since they allows us to optimize the carrier concentration. 

However, most semiconductors are covalently bonded yielding high total thermal conductivity.12 

4.2 Maximization of Thermoelectric figure of merit 

As we considered in previous section, it is not an easy task to maximize ZTm due to the issue of 

interdependent thermoelectric parameters. Therefore, Slack proposed the idea of “Phonon-Glass 

Electron-Crystal (PGEC)”.21 This idea is based on the concept that lattice thermal conductivity is 

independent of the other parameters and glass has the lowest lattice thermal conductivity.  On the 

other hand, crystals have good electrical properties, thus if we can combine these two feature in 

the same material, the maximum ZTm can be obtained. Therefore, there are two general ways 

how to improve the ZTm according to PGEC concept that is i) improve Seebeck coefficient S and 

electrical conductivity σ without increasing of phonon thermal conductivity and ii) reduce 

phonon thermal conductivity by maintaining S and σ.  
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4.2.1 Minimizing lattice thermal conductivity 

Once temperature is applied to condense matter such as solid or liquid, heat will be transferred in 

the form of lattice vibrational wave. The normal mode of lattice vibration has a frequency that 

can be determined as the dispersion relation, ( )kω . This dispersion relation can be determined 

by chemical bonds and atomic mass of each specific material. From periodic boundary 

conditions, we can quantize the normal mode of lattice vibration with an angular frequency of 

( )kω  into quasi-particles are called phonon.19 Thus, the applied heat will generate phonons that 

will carry the heat until they are destroyed at cold side of materials*. According to the Debye 

model,20 the number of normal modes (phonons) per unit volume for each vibrational direction 

which have the angular frequencies between ω and ω+dω is 

 
2

2 3
,

2ph

g

d
n

v

ω ω

π
=  (4.7) 

where vg is the phonon group velocity. In the Debye model, only acoustic phonons are 

considered, hence acoustic phonons have three branches which consist of two transverse and one 

longitudinal vibrational direction, thus the total number of normal modes (phonons) is equal to 

3N where N is the total number of atoms. In order to reduce lattice thermal conductivity, we can 

either reduce number of phonon by changing chemical bond or the atomic mass ratio (change 

( )kω )† or stop the phonon conduction (reduce phonon group velocity) by introducing the 

phonon scattering mechanism. Here, we therefore discuss some mechanisms that can reduce 

phonon conductivity. 

4.2.1.1 Phonon-phonon scattering 

Phonon-phonon scattering is a result from the anharmonic atomic bonding potential. This 

scattering phenomenon will not occur, if the atomic bonding potential is a purely harmonic 

potential.20,22 There are two types of phonon-phonon scattering, Normal process (N-process) and 

                                                           
* Note that the phonon conduction is slightly different compare to electrons that cold electrons can diffuse from cold 
to hot end. 

† This effect also gives indirect reduction of group velocity of phonon, since
( )

g

d k
v

dk

ω
= . 
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Umklapp-process (U-process).20,22 N-process occurs when three phonons scatter with conserved 

total momentum in the unit cell. On the other hand, U-process needs to generate another phonon 

with additional momentum as a reciprocal lattice vector to conserve the total phonon momentum 

in the unit cell. Therefore, we can consider N-process as phonon redistributing process which 

yields indirect thermal resistivity and U-process will lead to direct thermal resistivity due to the 

scattered phonon is backscattered back into unit cell by phonon with momentum of reciprocal 

lattice vector. But U-process will typically dominate as the temperature increases, hence high 

temperature will generate many high momentum phonons with sufficiently to make them scatter 

outside the unit cell. This is the reason why total thermal conductivity decreases when the 

temperature increase. 

4.2.1.2 Phonon scattering from crystal imperfection 

Crystal imperfections (point defects‡, dislocation, or grain boundary) will lead to reduction of 

phonon conductivity. For example, point defects or dislocations can act as scattering centers of 

phonon. The scattering of the phonon occurs due to the local bond strength and mass around 

those point defects and dislocations are charged.12,19,20,23,24 This effect will be more pronounced 

in nanocomposite system due to the size of defect is compatible with wavelength of phonons.25-28 

Grain boundaries can also affect the phonon conduction since it will limit the phonon mean free 

path as the phonon thermal conductivity due to pure grain boundary scattering is shown by 

 ,
G g

Cv Lκ =  (4.8) 

where C is the heat capacity, vg is the phonon group velocity, and L is the grain size.29 This 

mechanism can also be applied to low-dimension materials, as thin film, quantum well/quantum 

dot structure, or nanowire.30-34 The alternating thin layer of two materials in superlattice structure 

can couple between alloying and size effects yielding the reduction of lattice thermal 

conductivity.35-37  Furthermore, the complex structure can reduce the lattice thermal conductivity 

as found in skutterudites or clathrates.18,38,39 Moreover, this type of scattering is very important at 

                                                           
‡ They can be interstitial, substitution atom, or vacancy. 
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very low temperature regime§. Since the scope of this Thesis is focus on mid to high temperature 

materials, therefore we will not discussion those phenomena here. 

4.2.2 Improving Seebeck coefficient and electrical conductivity 

As discussed in section 4.1, the Seebeck coefficient and the electrical conductivity are 

interrelated via electronic structure of materials. It is hard to optimize each parameter 

individually. We need to break down these two parameters into more fundamental parameters 

that are easier to optimize. Here in this section, we will discuss on the strategies to maximize 

power factor. 

4.2.2.1 The Materials Parameter, B 

The ZTm can be rewritten in term of the reduce Fermi energy, η = EF/kbT. For non-degenerate 

semiconductor in which Maxwell-Boltzmann statistics can be used for the electrons and holes 

instead of Fermi-Dirac statistics, the new form of ZTm can be expressed as 
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The ZTm becomes a function of the reduce Fermi energy η, charge carrier scattering coefficient r, 

and the parameter includes properties of material which is called materials parameter B. This 

parameter was first considered by Chasmar and Stratton40 and is defined by 
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where σ0 is a quantity relates to the carrier mobility and the effective mass which can be 

described by 
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§ This mechanism leads to two important phenomena, i.e., Phonon drag and Superconductivity(Cooper’s pair), see 
more details in ref. 12 and ref. 22.   
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where h is Planck’s constant, 
B

k  is Boltzmann’s constant, e is an electron charge, µ is a charge 

carrier mobility, Nv is the number of equivalent bands extrema (the maximum of valence band 

and the minimum of conduction band), i.e., valley degeneracy because of different spin-orbital 

states and valley ellipsoids, mv
* is the effective mass of the band carrier, τ0 is the relaxation time 

of carrier, T is temperature, and 
l

κ  is the lattice thermal conductivity. The ZTm will increase as 

the material parameter is increased. If we neglect all the fundamental constants, the materials 

parameter is proportional to a weighted mobility, 
3* 2( / )

e
m mµ ⋅ ,where m* is the density of states 

effective mass, and me is the electron mass.12,21 Heavy carriers and high mobility are desired 

features for maximum ZTm materials. 

However, µ and m
* are related to each other via the electronic structure of the materials.18,41 

Since the effective mass is defined as a second derivative of energy band, E(k) with respect to 

reciprocal space vector, k (the curvature of energy band) and the carrier group velocity is a first 

derivative of E(k) with respect to k at a given direction of electric field (the slope of energy 

band). Therefore, when energy bands are flat and narrow**, the carrier will have a heavy mass 

with low carrier mobility and vice versa. Generally, there is no universal requirement whether 

heavy effective mass or high mobility18 such as oxides or chalcogenides that carrier has a heavy 

effective mass with low mobility42 or SiGe that carrier has a light effective mass with high 

mobility.43 These considerations show that we need to engineer or find some mechanism that can 

decouple the relation between µ and m* in order to allow us optimize B. 

The first approach was introduced by Hicks and Dresselhaus.44 They showed that multilayer or 

superlattice structures can be used to optimize the materials parameter by changing the layer 

thickness and choosing the optimum current direction. A narrow layer thickness will increase B 

and choosing the best orientation of the layer structure in which either mobility or effective mass 

can be maximized. They showed that if Bi2Te3 superlattice is prepared in the a-c plane and the 

carriers flow along c axis which yield the highest mobility, the ZTm of 13 can be obtained, in the 

theory. If the superlattice of Bi2Te3 is prepared in conventional way, i.e., in a-b plane, a threefold 

increase in ZTm was predicted for 10 Å layer thickness.44 
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The second approach is to consider the density of states effective mass45 which is defined by 

 * 2 3 * * * 1 3 2 3 *
1 2 3( ) ,

v v b
m N m m m N m= ⋅ ⋅ = ⋅  (4.12) 

where Nv is the valley degeneracy, * * *
1 2 3, , and m m m are the effective mass of carrier that move 

along three main axis of a single valley, and mb
* is the average of single valley effective mass.46 

By increasing the valley degeneracy, we can obtain a large B without direct effect on carrier 

mobility reduction from increasing of actual effective mass of mobile in the energy band. Note 

that there is still a reduction effect due to intervalley scattering when the carriers move across the 

valley to the other one. 

Currently there are two ways to get large valley degeneracy. First, from intrinsic properties of the 

material, i.e., materials that have high symmetry will yield large valley degeneracy.1 If the 

energy bands extrema of those materials fall on the high symmetry point in Brillouin zone, it will 

give large valley degeneracy. But if the extrema of the materials fall on the Γ-point, the 

parameter B will be not improved, since Γ-point will yield only one valley degeneracy. The 

highest symmetry structure is cubic, which has 48 symmetries, followed by hexagonal groups of 

24 symmetries, etc.1 This suggests that the best thermoelectric materials need to be an indirect 

band gap semiconductor with cubic structure like PbTe.12,15,42,47 Second, the convergence of 

electronic bands approach,46,48,49 it can be considered when two bands or more than two (mostly 

first and second extrema bands) at different point or the same point in Brillouin zone converge 

into each other yielding degenerate band (large valley degeneracy). This convergence of the 

energy bands can be facilitated by alloying, resulting in an improvement of ZTm.47,48  

4.2.2.2 Optimum Band Gap of Thermoelectric Materials  

Apart from introduced a material parameter, Chasmar and Stratton also suggested the optimum 

band gap for the best thermoelectric materials.40 They discussed that at high temperature, 

minority carriers will decrease the Seebeck coefficient and increase the electronic thermal 

conductivity. This effect is called bipolar effect which is directly depended on the band gap of 

the materials. A small band gap requires low thermal energy to generate minority carrier 

                                                                                                                                                                                           
** The flat and narrow energy band yield large energy dependent in electronic density of states (DOS). 
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(intrinsic regime) causing large bipolar effect. However, a large band gap is also not preferable, 

since it has too low carrier concentration and typically high lattice thermal conductivity. 

Therefore, they suggested the optimum of thermoelectric materials to be 6kBT,40 where 1kBT is 

about 0.026 eV at T = 300K and 0.070 eV at T = 800K.  

Later, Mahan and Sofo generalized Chasmar and Stratton’s approach by considering the case of 

partially or completely degenerate semiconductors and introducing new optimized parameters 

for maximizing ZTm.50,51 They emphasized the importance of the material parameter B in that the 

ZTm is increased when B increases and showed that the ZTm also depends on the materials 

parameter B for degenerate semiconductor. But the ZTm will be larger when the material is less 

degenerate. Furthermore, they suggested that for the best band gap of semiconductor for large 

ZTm should equal to 10kBT for both direct and indirect band gap, which is higher than suggestion 

from Chasmar and Stratton.  

Inspired by the fact that the maximum of ZTm is limited by B where it depends on the effective 

mass. Therefore, Mahan and Sofo reconsidered their approach by claiming that if the effective 

mass is proportional to the band gap.51 They concluded that there are two regions in the behavior 

of ZTm as a function of the band gap. For the band gap below 6kBT, the ZTm will decrease with 

decreasing the band gap because the bipolar effect, in agreement with Chasmar and Stratton. For 

the band gap higher than 10kBT, the ZTm will increase or decrease with the band gap depending 

on the dominate charge scattering mechanism which affects the effective mass. 

4.2.2.3 Optimizing Power Factor from sharp feature of transport distribution function 

In 1996 Mahan and Sofo made another analysis on finding the conditions for the best 

thermoelectrics as general as possible.52 They applied the Boltzmann transport equation to 

express three transport coefficients for thermoelectric which are depended on the transport 

distribution function, ( )EΣ  and is defined by 

 2 2( ) ( ) ( , , ) ( ( )) .
x y z y z

E e E v E k k E E dk dkτ δΣ ≡ −∫∫ k  (4.13) 

For parabolic band structure, the transport distribution function can be written as 

 2 2( ) ( ) ( ) ( ),
x

E e E v E D EτΣ ≅  (4.14) 



23 

where e is a charge of electron, ( )
x

v E  is the group velocity of the carriers with energy E in the 

direction of the applied field x, ( )
x

v E is the average group velocity of the carriers, ( )Eτ  is the 

relaxation time of the carriers , and ( )D E is electronic density of states (DOS). Therefore, Mahan 

and Sofo suggested the best thermoelectric materials should have very narrow electronic DOS 

with high carrier velocity in the direction of the applied electric field at Fermi level.52 Later Fan 

et al., generalized the Mahan and Sofo’s prediction.53 Their conclusions agree with Mahan and 

Sofo that the transport distribution function should narrow and high peak at Fermi level. They 

also stressed that, transport distribution function needs to be as high and narrow as possible 

within the Fermi window (~kBT) to maximize electrical conductivity and as asymmetric as 

possible with respect to the Fermi level to enhance the Seebeck coefficient.  

This approach of enhancing Seebeck coefficient by asymmetric electronic DOS can be related to 

the Mott equation.54 For degenerate semiconductor or metals, it can be written as 
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 (4.15) 

where kB is Boltzmann’s constant, e is the electron charge, T is the temperature, and n is the 

carrier concentration, and µ is the carrier mobility. The Mott equation shows that the Seebeck 

coefficient can be increased when the electronic DOS and carrier mobility are strongly 

dependent on energy at Fermi level. However, Mott equation has more limited applicability.  

There are several approaches suggesting the methods to obtain such a feature:  

i) The distortion of the electronic density of states through stoichiometry tuning and doping.55 

These point defects can form resonant or localize levels in the electronic structure yielding 

asymmetry sharp peaks on electronic density of state.56 This approach has been demonstrated by 

Heremans et al.,55 who obtained ZT = 1.5 at 773 K in Tl-doped PbTe which is twice as large as 

p-type PbTe-based alloys. By doping PbTe with 2% of Tl, the Seebeck coefficient increased due 

to Tl-induced peaks in electronic DOS around Fermi level.  

ii) The distortion of the electronic density of states through low dimension materials.57,58 This 

effect appears when the dimension or structure of the materials is reduced from bulk material 
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(3D) to quantum well (2D), quantum wire (1D), or quantum dot (0D) structures, the electronic 

band structure will be changed accordingly which generate localized states yielding the 

modification of the electronic density of states. For example it is shown in the PbTe nanowire.33 

iii) The distortion of the electronic density of states through charge carrier energy filtering.41,59-61 

The charge carrier can be selectively filtered by the use of tall barriers (∼1-10kBT), we can get 

these barriers from hetero structure (single barrier) or superlattice (multibarriers). These tall 

barriers cut the contribution from low energy carriers in the conduction since they cannot move 

across or tunneling through the barriers. This effect gives the shape of transport distribution 

function (the product of density of states and Fermi-Dirac distribution) becoming asymmetric 

due to the modification of Gaussian-shape of Fermi window function. But the electrical 

conductivity of this structure will decrease. Because of a few high energy electrons/holes that 

move along in direction that perpendicular to the barrier can be emitted into structure. 

Electrons/holes that move in transverse direction cannot pass through the barrier although they 

have energy higher than the barrier height due to the conservation of transverse momentum 

causing a reverse current (electrons backscattering at barrier). The rough surface or scattering 

centers needs to be introduced in each layer of superlattice to make barriers are non-planar which 

will facilitate more high energy electrons/holes can be emitted. Zide et al. demonstrated this 

approach in InGaAs/InGaAlAs superlattice show that the Seebeck coefficient is improved by 

factor of 2 to 3.62,63 Introducing those barriers will, however, decrease charge carrier mobility 

yielding low electrical conductivity. Therefore, the idea of metal/semiconductor was introduced 

to increase amount of conduction carrier. This was predicted in ZrN/ScN superlattices, the 

calculated ZTm shows that it can be as large as 3 at 1200 K.11 

iv) The distortion of the relaxation time through charge carrier scattering at interface of metals 

embedded semiconductor. Faleev and Leonard showed that Seebeck coefficient can be improved 

by metallic nanoinclusions in semiconductor host, mathematically.64 The key mechanism is the 

driving force from non-equal Fermi level between metal and semiconductor causing electronic 

band bending (Schottky barrier) at interfaces. This barrier will not affect transportation of high 

energy charge carrier, however low energy charge carrier are strongly scattered. Thus this effect 

can give relaxation time have strong dependent with energy yielding enhancement of Seebeck 

coefficient. 
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As one can see that the maximizing power factor is still a challenging topic compared to 

reducing thermal conductivity, due to the trade-off between Seebeck coefficient and electrical 

conductivity. Thus, the main gain of ZTm at current stage comes from the reduction of lattice 

thermal conductivity. This means that we need a new approach that can couple maximize of 

power factor and reduction of lattice thermal conductivity as shown in PGEC concept. These 

presented approaches have shown that they can couple between maximizing power factor and 

also reduce the lattice thermal conductivity due to the alloying, nanoinclusion, or superlattice. 

4.3 Review of Scandium Nitride (ScN) 

ScN is an interstitial transition-metal nitride, metal atoms form a close-pack structure with 

nitrogen atoms occupy octahedral sites. Thus, ScN has a B1 (NaCl) crystal structure, two 

interleaved of Sc and N with lattice parameter a = 4.501 Å. This follows the empirical prediction 

by Hägg which stated that if the ratio of the radii between non-metal to metal atoms, rx/rm is 

smaller than 0.59, the structure can be bcc, fcc, or hcp lattices.65 Like other transition-metal 

nitride, ScN has excellent mechanical and electrical properties that suitable for mid temperature 

thermoelectric application (500-800 K). ScN has high hardness, H∼21 GPa and high temperature 

stability with a melting point, Tm ~2900 K.66,67 In addition, ScN is stable in air up to 800 K (note 

that, there is 1-2 nm of surface) and oxidize to Sc2O3 when temperature above 850 K.68,69 Hall 

measurements on as-deposited ScN showed n-type semiconductor with the carrier concentration 

of ScN has been reported to vary from 1018 to 1022 cm-3 due to incorporated impurities such as 

halogens, oxygen or N vacancies during synthesis and electron mobility of 1-1.8 m2V-1s-1.68,70-75 

Apart from this properties, most of the investigations on ScN concentrate on its electronic 

structure of ScN, discussing whether ScN is a semimetal or semiconductor.68,71,73,75-77 Because of 

it is difficult to obtain pure ScN, for example the report from Morem et al. shows that ScN has 

higher affinity to oxygen than TiN or ZrN.78 Therefore, those free carriers from impurity gives 

an uncertainty of the band gap determination by optical technique due to Burstein-Moss shift 

leading misinterpretation of band gap in ScN.68,75 Moreover, the theoretical calculation has 

shown underestimation of the band gap (detail discussion in Chapter 5) leading to the idea of 

ScN is a semimetal. The results of recent studies show that ScN is indirect semiconductor with 

band gap of in a range of 0.9-1.6 eV.73,77  



26 

ScN has been synthesis in thin films form, starting in early of 1970. Dismukes et al. reported that 

the polycrystalline ScN thin film with films thickness up to 20 µm can be grown on α-

Al2O3(1102 ) (r-plane sapphire) by halide chemical vapor deposition technique at 850-1000 °C.68 

Later they showed that ScN could epitaxial growth on Al2O3(0001) and Al2O3(1102 ).70 However, 

ScN film that is grown by this technique results in incorporation of halogen impurities.68,70  

In order to avoid halogen incorporation, Gall et al. used the reactive magnetron sputtering 

technique to grow ScN in N2 atmosphere under ultrahigh vacuum conduction.79 The results of 

this study shows that the polycrystalline ScN thin films can be growth on MgO(001) at growth 

temperature about 750 °C. The mix orientation of 111 and 002 of ScN occurs due to the growth 

kinetic that limited by the diffusivity of Sc adatom. In order to obtain a single crystal, TiN seed 

layer has been used to increase Sc adatom mobility.80 Furthermore, the high energy ion 

bombardment via unbalance magnetron and substrate bias technique had been used to increase 

Sc adatom mobility.66 The result shows that they can obtain single-crystal epitaxial growth ScN 

thin films by using N2
+ energy of 20 eV at 750 °C for growth temperature without any seed layer. 

Moreover, the result from Rutherford backscattering spectroscopy (RBS) shows that their ScN 

films have N/Sc ratios of 1.00±0.02. Recently work on sputtering by Gregoire et al. shows that 

single crystal ScN can be grown on Al2O3(1102 ) with 20% of N2 in Ar ambient at growth 

temperature of 820 °C.72 They also show that the film structure and electrical properties charge 

with the deposition geometry yielding they can obtain smooth surface and high change carrier 

mobility in ScN thin film. 

Moustakas et al. showed that the stoichiometric polycrystalline ScN 111 orientation thin film can 

be grown on Al2O3(0001) with an AlN seed layer by electron cyclotron resonance plasma-

assisted molecular beam epitaxy (MBE). Al-Brithen et al. used radio frequency (rf) molecular 

beam epitaxy (MBE) to study Sc:N flux ratio on the growth mode and structure of ScN thin 

film.73,74,81 They showed that at Sc-rich regime, Sc-Sc bonds are formed at film surface lead to 

low diffusion barrier because this bond was weaker than Sc-N bond. Therefore, the surface 

adatoms diffusivity is higher than N2-rich regime yielding a flat-plateaus surface. Morem et al. 

studied MBE deposition of 111 oriented ScN on Si (111).82 They show that the quality of ScN 

film depends on the growth temperature. The highest ScN films quality on Si(111) was grown at 

optimum growth temperature of 850 °C.  
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The above review showed that ScN is a cubic semiconductor with an indirect band gap at X 

point in Brillouin zone, which matches the requirement of high material parameter and optimum 

band gap for thermoelectric application. Also it has wide range of the carrier concentrations that 

span over the typical ideal range for thermoelectrics18 while it can possible to retaining a high 

carrier mobility.72 Moreover several investigations show that ScN can accumulate nitrogen 

vacancies or be introduced in a form of solid solution. Those vacancies and alloying atoms could 

yield an asymmetric feature at electronic DOS83 and also reduce lattice thermal conductivity in 

ScN. Furthermore, According to these reasons and the investigation of ZrN/ScN superlattice by 

Zebarjadi et al.11, show that ScN has high potential to be a good thermoelectric material which 

results in high electrical conductivity coupled with large Seebeck coefficient yielding possibility 

to obtain large power factor. The results of my investigations are shown in Paper I and II. 
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5 Theoretical calculations 

 

In science, the theoretical descriptions of nature can be formed by analyzing the result of 

experiment, or by performing calculations based on existing theories and axioms. It is well 

acknowledged that theoretical modeling is a powerful tool for gaining information about the 

nature of materials in materials science. In this chapter, we will discuss the basic concept of the 

density functional theory (DFT) formalism which has been used thought this Thesis.84 It is a 

theoretical scheme which is formulated to solve the complication of the quantum mechanics in 

first principle (ab-initio) calculations for obtaining the properties of materials. 

5.1 Ab-initio calculations 

In material science, our quest is to explain the nature of materials or engineer their properties. 

The materials properties are inherited by nature of the materials itself (type of elements, 

structures, chemical bonds). In principle, these chemical bonds, originating in the interaction 

between electrons and nuclei, can be obtained from quantum mechanics. One could imagine that 

by solving the Schrödinger equation, it would provide the microscopic properties that reflect all 

the relevant macroscopic properties of those materials. Thus this means we can predict the 

properties of new materials or suggest new path way to engineer our material for better 

properties. This type of calculation is called “First principles” or “Ab-initio” calculation, 

meaning the calculation from the beginning.85,86 However, we will end up with an intractable 

Schrödinger equation due to the number of particles (electron and nuclei) in the order of 

Avogadro’s number coupled by the coulomb interaction of all charged particles which need to be 

solved. Obviously, the numerical computation with appropriate approximation will be the way to 

cope with this problem. Due to the continually refinement of the method and improvement of 

high performance computers, this allows the result of first principle calculations to become more 

accurate and valid in real material properties calculations. The success of this formalism brings 

to us a new era of material research moving away from trial and error methodology to more 

precise approach in studying or engineering the materials.  
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5.2 Density functional theory 

As we acknowledge quantum mechanics has a big success in describing atomic scale phenomena 

via the famous equation called Schrödinger equation* which can be written as 

 
( , , , ) ˆ ( , , , ),i i i

i i i

t
i H t

t

∂Ψ
= Ψ

∂

r R σ
r R σℏ  (5.1) 

The time independent Schrödinger equation is 

 ˆ ( , , ) ( , , ),
i i i i i i

H EΨ = Ψr R σ r R σ  (5.2) 

where Ĥ is Hamiltonian and ( , , , )
i i i

tΨ r R σ is wavefunction which is a function of position of 

electrons and nuclei, spin of electrons and time in the system, and E is the energy eigenvalue of 

each quantum states. As one could guess for such many-body systems, it is impossible to carry 

out this calculation in practice, since we have a huge number of coupled degrees of freedom that 

need to be solved to obtain ground state of electrons. Due to this complication, there are several 

approximations and models trying to simplify the problem. The Born-Oppenheimer 

approximation is a first simplification.87 This approximation comes from the fact that electrons 

have smaller mass than nuclei, yielding that electrons move faster than nuclei. Therefore when 

solving the electronic problems, we can neglect the change of nuclei position in the Hamiltonian, 

assuming them to be fixed in time, leaving only contribution from electrons in a fixed external 

potential from the nuclei. We can thus reformulate our Hamiltonian in term of many-body 

interactions as  
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where ℏ is reduce Planck’s constant ( 2h π ), 
e

m  is electron mass, Z is atomic number. First term 

is the kinetic energy operator for the electrons ˆ( )T , second term is the potential acting on the 

electrons from the nuclei (
êxt

V ) which can be considered as external potential acting on electrons, 

                                                           

* The relativistic Dirac equation in one form or another is solved in practice. But to reduce mathematical complexity, 
the formalism of the Schrödinger equation is used here to describe the theory. 



31 

third term is Coulomb interaction between electrons ( intV̂ ) which is depended on separation 

between the position r and r′. Since the Coulomb interaction is long ranged, thus it will affect 

the electrons motion of other N-1 electrons which mean their motion is correlated, and the last 

term is the Coulomb interaction between nuclei (
II

E ) which enter only as a parameter in each 

considered geometry. 

One of the effort on trying to solve this many-body problem by Hartree88-90 and later it was 

improved and applied to atoms by Fock.91 The Hatree-Fock method bases on minimizing the 

total energy with respect to all degrees of freedom in the total wave function of the system by 

using variational method to expectation value of Hamiltonian of the system, ĤΦ Φ , where 

the system wave function, Φ  can be determined by a Slater determinant of single particle 

orbitals which will generate the coupled set of the non-linear of all single particle wave function 

in the system, ( , )
i i i

rψ σ  due to Pauli Exclusion Principle that does not allow electrons to stay on 

the same quantum states, so the system needs to be described as antisymmetric wave function. 

After the variational method we get Hatree-Fock equation which is shown as84, 
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where the first terms groups together the single electron kinetic and external potential energy. 

The second term describes the repulsive Coulomb interaction occurs in pair of electrons so called 

Hartree term. Consequently when electrons are interchanged position and spin-orbital state, it 

will contribute another interaction to electrons in the system as the exchange interaction which is 

shown in the last term (Fock term) due to the antisymmetric quantum states. The solution of 

Hartree-Fock can obtain through the self-consistency method on the Hartree-Fock equation. 

However, the Hartree-Fock approximation has not cover all degree of correlation interaction 

between electrons yield higher in total energy according to Hartree part. We will discuss on this 

issue on the next part. 

Given the complexity of the electrons wavefunctionΨ, it is wise to explain many-body electrons 

system in term of electron density ( ( , )n σr ) or probability density of finding electrons at point r 

with spin σ. This reduces the many-coordinate problem to one parameter problem, i.e., we will 



32 

work with only 3 coordinates instead of with 3n coordinates (number three comes from three 

general coordinate, n is a number of particles).85 By formalism of density, the Coulomb 

interaction energy can be decomposed into two parts84 which is direct and exchange interaction 

among the electrons, as 
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where UH is the Hartree interaction energy and Uxc is the exchange-correlation interaction 

energy. ( , ; , )P ′ ′r σ r σ  is a pair-density distribution which can be described by the joint probability 

of finding one electron of spin σ1 at point r1 and second electron of spin σ′ at point r′, 

simultaneously. ( , ) ( , )n nσ σ′ ′r r  is explained as the uncorrelated interaction of electrons i.e., the 

joint probability is just the product of individual probability of finding electron on each point and 

the degree of correlation, ( , ; , )n σ σ′ ′∆ r r is the difference between correlated and uncorrelated 

electron density which is shown by 

 ( , ; , ) ( , ; , ) ( , ) ( , ) ( , ; , ).
xc

n P n n nσ σ σ σ σ σ σ σ′ ′ ′ ′ ′ ′ ′ ′∆ = − ≡r r r r r r r r  (5.6) 

The Eq. (5.6) can be interpreted as an electron at point r, the exchange and correlation effects 

will repel electron giving a depletion region in the charge density around r which can be called 

as exchange-correlation hole with the charge density denoted as nxc. This effect will reduce the 

probability of finding other electron around each electron producing a net weaker interaction 

among any two particles due to that region is screened from repulsive Coulomb potential from 

electrons. This is clearly shown that in Hartree-Fock approximation consider only the 

uncorrelation interaction between densities of electrons and the exchange interaction due to Fock 

term. By this interpretation, the effect of the exchange-correlation hole has included the effect of 

correlation interaction as the difference between the exact and uncorrelated interaction. This 

exchange-correlation interaction is a back bone of density functional theory calculations, we will 

comes back to this topic later.  

5.3 Khon-Sham equation 

The Hartree-Fock scheme has a success to explain simple system like a few atoms or molecules, 

but the calculation still impracticable to solve for many-body systems like ionic/covalent 
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crystals. Hohenberg and Kohn construct the core concept of density functional theory92 by using 

the idea of using electron density (n(r)) instead of individual electrons to solve the complication 

of modern interacting many-body system. In addition Hohenberg and Kohn92 formulated two key 

theorems stated that  

Theorem 1 : For any system of interacting particles in an external potential Vext(r), the potential 

Vext(r) is determined uniquely, expect for a constant, by the ground state particle density n0(r).  

This theorem results in the ground and excite states and all properties of such a system can be 

determined in principle for given only the ground state density n0(r).  

Theorem 2 : One can define a universal functional for the energy E[n] in terms of the density n(r) 

which is valid for any external potential Vext(r). For any particular Vext(r), the exact ground state 

energy of the system is the global minimum value of this functional, and the density n(r) that 

minimizes the functional is the exact ground state density n0(r).  

This theorem demonstrates how the ground state density can be determined by a minimization 

procedure of energy functional for any particular Vext(r). 

Based on these two theorems Kohn and Sham93 formulated the key equations that is a back bone 

of DFT, today. They are based on replacing the real electrons with non-interacting electron with 

the same density and all the interaction terms are inserted in a form of an effective potential. The 

Kohn-Sham energy functional can be written as† 

 [ ] [ ] ( ) ( ) [ ] [ ] .
s ext H xc II

E n T n d V n E n E n E= + + + +∫ r r r  (5.7) 
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† Here we express all expression in Hartree atomic unit. ( 1
e

m e= = =ℏ ) 
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[ ]
xc

E n is the exchange-correlation energy density functional for which the exact form is not 

known. But it can be approximated as 

 [ ] ( ) ([ ], ) ,
xc xc

E n n n d= ∫ r r rε  (5.10) 

where ([ ], )
xc

n rε  is the exchange-correlation energy density which is expressed as 
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and 
xc

n the coupling-constant-averaged hole can be expressed as 
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where 
xc

n is exchange-correlation density which was defined in Eq.(5.6), λ is the coupling 

constant which is described how correlate of electrons, this integration can be understood in 

terms of the potential energy which is considered from λ = 0 means non-interacting electrons 

system, only exchange interaction is taken into account and λ = 1 is all electrons are fully 

interacting or correlated. This connection is determined from adiabatic connection 

formulation.84,94 Since the exchange-correlation hole density obeys the sum rule thus the 

coupling-constant-averaged hole should equal to 1,84,95 so the correlation hole must integrate to 

zero leading to redistribution of the density of holes (electrons density depletion region).84 The 

last term
II

E is the energy from interaction between nuclei.  

After variational process to minimize the total energy functional leads to Kohn-Sham equation 

that is 
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where ϕ is single-particle wavefunction εi is energy that corresponding to that state and Vs(r) is 

the effective potential which is given by 
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These Khon-Sham equations are a very useful approximation when attempts of first-principles 

calculations of the properties of condensed matter are done. However, the Khon-Sham equation 

cannot be solved exactly unless the exchange-correlation energy functional of the density has 

been defined exactly to correct the spurious self-interaction energy functional from Hartree 

energy functional of the density, as well as the exchange-correlation energy between pair of 

electrons. Unfortunately, there is no established way for obtaining the exchange-correlation holes 

density exactly, thereby the exchange-correlation energy functional of the density need to be 

approximate. Hence in the next section, we will discuss about exchange-correlation 

approximations.  

5.4 Exchange and correlation functional approximations 

Deriving the exchange-correlation is complicated since it includes all many-body phenomena 

that occur in the system. Fortunately, the exchange-correlation energy can be approximated 

because of it is relatively small when compare with the kinetic energy and Hartree energy which 

can be exactly determined. Here in this Thesis three common functional approximation have 

been discussed which are the Local Density Approximation (LDA),93 Generalized Gradient 

Approximation (GGA),96 and Hybrid functionals.97-99 

5.4.1 Local density approximation 

The LDA‡ has been proposed together with the DFT calculation by Khon and Sham.93 In LDA, 

the exchange-correlation energy can be obtained easily by an integral over all space of the 

production of density with the exchange-correlation energy per particle of a homogenous 

electron gas with its density, 

 hom[ ] ( ) ([ ], ) .LDA

xc xc
E n n n d= ∫ r r rε  (5.15) 

By using quantum Monte Carlo simulation, the exchange-correlation energy of the homogenous 

electron gas interacting with a homogenous positive potential background has been obtained.100 

The LDA has yielded great successes in term of determining the properties of materials. The 

                                                           

‡ The local spin density approximation (LSDA) is more general approximation including magnetic polarization 
effects.  
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background is that the exchange-correlation hole of all electronic system obeys the constraints 

imposed by the sum rules. This means we can obtain accurate exchange-correlation hole density 

from some Hamiltonian, like the LDA, even if it is not the correct Hamiltonian. In addition, the 

equation (5.15) shows that it is a system average of the exchange-correlation hole that enters to 

the exchange-correlation energy functional meaning that the detailed shape of the exchange-

correlation hole does not need to be correct. On the other hand, LDA has also weaknesses when 

it comes to considering real systems, where the electron density does not have homogenous 

distribution as the approximation assumes.95,101 This error leads to overbinding due to overlap of 

atomic exponential tail in the bonding. Because in real matter, the electron density has a big 

variation when it is considered far away from point r in space as the positive potential is not 

homogenous but located at the nuclei in difference point in space which make electron density 

varying in space. This is highlighted in systems with narrow bands, such as system consisting of 

3d, 4f or 5f valence electrons.102 To improve this weakness of LDA, we need to develop another 

approximation that allows consideration of the change of electron density. 

5.4.2 Generalized gradient approximations 

As it is stated in the name of the approximation, the exchange-correlation energy functional can 

be expanded in terms of the density and its density gradients as  

 hom[ ] ( ) ([ ]) ( , ,...) .GGA

xc xc
E n n n f n n d= ∇∫ r rε  (5.16) 

At first of the development of this approximation, it did not give consistent improvement over 

LDA because the gradient expansion of electron density disobeys the sum rules and other 

relevant conditions giving worse results because inaccurate of exchange-correlation hole density. 

So the term “generalized” denotes a variety of ways proposed to modify the expansion (gradient) 

in term of a function, ( , ,...)f n n∇  that is selected to fulfill the constrains to give an accurate 

results of the calculations. Those methods likes B88-GGA,103 PW91-GGA,104 and PBE-GGA105 

are the most commonly used to calculate the electronic structure of condensed matter nowadays. 

From this approximation the lattice parameter and of course other properties relate to volume of 

unit cell of most transition metals systems were calculated more precise compare to LDA. 

Because of the soft electron density in GGAs leads to exchange energy lower than the LDA. This 

results in correction of overbinding in the LDA. For correlation energy, it is expressed as LDA 

with an additive term that depends on the gradients which show decreasing of correlation energy 
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and disappeared at large density gradient. However the GGA instead give a slightly 

overestimated lattice parameter in some case.106,107 

In addition, there are many reports show that both LDA and GGA underestimate the band gap of 

well-known semiconductor as well as transition metal nitride.76,77,102,108 It is well known that 

LDA fails to represent the electronic band structure of semiconductor materials in which cannot 

correct by using GGAs since they developed from the LDA. There are several reasons for this. 

First, the energy eigenvalues that are calculated from self-consistency of Khon-Sham equation 

by using any functional do not represent exact energy eigenvalues§. Second, LDA and GGA 

have a common error on incompletely compensating the self-interaction energy in the Hartree 

interaction. On the other hand, in Hartree-Fock approximation shows that the self-interaction is 

completely canceled by the exchanged interaction term as we discussed above. However, the 

correlation energy is not present in Hartree-Fock approximation. Extra degrees of freedom can 

be introduced in the wavefunction in order to include the correlation interactions. However, this 

results in an increasing of computational cost with Hartree-Fock already requiring high 

computational resources due to wavefunction calculations. Thus, the hybrid functionals method 

has been introduced to solve this problem which we will discuss in next section. 

5.4.3 Hybrid functionals 

The failures of LDA and GGAs exchange-correlation energy density functional on reproduce 

electronic band structure of most of semiconductors and lack of correlation interaction in 

Hartree-Fock approximation. However, both LDA and GGAs and Hartree-Fock approximation 

compensate their disadvantage by another advantage. This leads Becke takes advantage on the 

fact that the average exchange-correlation hole density depends on the coupling constant, λ 

which indicates the interaction of the electrons system leading him to approximate the exchange-

correlation energy as linear combination of Hartree-Fock exchange and LDA or GGAs exchange 

and correlation energy.97,98 The attempt of Becke to replicate the intermediate regime of 

                                                           

§ In principle, the energy eigenvalues that obtain from Khon-Sham equation have no physical meaning. The 
electronic band structure which is constructed from ground and excitation of both eigenvalues and eigenfunctions, 
thereby, is not correct structure, even if the exact exchange-correlation energy functional is used. There are many 
approaches are used to give a well-defined meaning in order to construct the electronic band structure such as 
quantum Monte Carlo or many-body perturbation methods by using total energy functional and Kohn-Sham 
solutions. Nevertheless, LDA and GGAs Kohn-Sham band structure has been shown to be a good approximation to 
experimentally obtained valence band spectra, except for the values of the band gaps.84 
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exchange-correlation hole density and the development of PBE-GGAs by Perdew et al., leads 

them to develop hybrid functional109-111 that correspond to the exchange-correlation energy in a 

form of 

 PBE0 PBE-GGA HF PBE-GGA( ),
xc xc x x

E E a E E= + −  (5.17) 

where a is adjustable coefficients provided by fitting of experimental data, Perdew suggested 

1 4a = that is determined by perturbation theory showing the most accuracy to experimental 

result.109 Since, the repulsive Coulomb interaction has two parts that is direct interaction which is 

long ranged and exchange interaction that takes care of the self-interaction is more short ranged. 

Heyd et al., takes this fact and separates the Coulomb potential into short-range and long-range 

component by using error function as a function of product between adjustable parameter 

governing the short-range interaction, ω and range, r ′= −r r .99 This leads to an exchange-

correlation energy written as 

 HSE03 HF,SR PBE-GGA,SR PBE-GGA,LR PBE-GGA( ) (1 ) ( ) ( ) ,
xc x x x c

E aE a aE E Eω ω ω= + − + +  (5.18) 

which is called HSE03 hybrid functionals,99 where a is again adjustable coefficients similar to 

Perdew et al.109 suggested. From this equation see that Heyd focus on modifying the exchange 

energy since it can be called the one source that hinder the DFT calculation as Becke stressed 

this point. However, the DFT calculation bases on HSE03 hybrid functionals due to slowly 

converges causing high demanding of computational time. Therefore, HSE06 hybrid functional 

has developed to solved this problem112 by downsampling of short range Hartree-Fock exchange 

energy in reciprocal space yielding the results of this hybrid functional somewhat similar to 

PBE0 since downsampling lead to independent of ω, but converges faster than PBE0 with 

respect to the number of k-point. So far, the results from DFT calculation by using hybrid 

functionals scheme show the most accurate. These results lead to significant improvement of ab-

initio calculations of the most semiconductor and insulator materials.113,114 

5.4.4 Pseudopotentials and Projector augmented wave 

In order to apply the Kohn-Sham equations to real material systems, we need consider all the 

atoms in the crystal in our calculations. Luckily, we can simplify this problem by using Bloch’s 

theorem due to the periodicity of the crystal lattice. In the Bloch’s theorem shows that, the 

wavefunctions of the electron in the crystal can be considered as plane waves modulated with a 
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function with the periodicity of the lattice.19 Plane waves are thus a convenient basis set to 

expand the wavefunction in the computation. Unfortunately, electrons wavefunction will 

oscillate rapidly when they close to the nuclei (localized behavior) and vary slowly at valence 

region (delocalized behavior) meaning that many plane waves are needed in order to calculate 

both electrons at core region than valence region. This results in a high requirement of 

computation resources and time. The pseudopotentials concept is introduced to deal with this 

issue**. This pseudopotential concept for condensed matter calculation was developed from the 

scattering problem that considers the effect of core electron scattering and behavior of valence 

wavefunction via the partial wave concept. A set of plane waves is used to describe the electron 

in the system which can be defined as modified valence wavefunctions. They consist of linear 

combination between true core and valence wavefunctions. There are modified valence 

wavefunction contains the sum over core states, thus the energy eigenvalue similar to the 

unmodified wavefunctions. However the transition from core region to valence region does not 

lead to a smooth pseudopotential. Therefore the projector augmented wave (PAW)115 method is 

implemented to deal with this problem which has been used extensively in this Thesis. In PAW, 

the concept of reducing number of plane waves by projecting the wavefunctions of the core 

electrons onto smooth auxiliary wavefunction via the transformation operator. We use the 

frozen-core approximation which assumes the core electrons do not mainly participate in 

chemical bonding. The core electrons smooth auxiliary wavefunctions are determined by original 

wavefunction outside the core region. Then the properties of core state will be determined only 

once with assistance of the smooth wavefunctions. However for the total energy evaluation, the 

full reconstructed wavefunction has been used to increase reliability. The size of the plane wave 

basis set is determined by a cut off for their energies: 21
( )

2
ε =k k , as  

 ,cutK+ <K k  (5.19) 

where k denotes the sampled points of reciprocal space and K is a reciprocal lattice vector. 

 

                                                           
** See Electronic structure by R.M.Martin Chapter 11.84  
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6 Deposition processes 

 

In vapor deposition of thin films,116 the films are grown by combination of “building blocks” of 

free atoms and molecules in vapor phase which condense into solid phase and deposit on a 

surface as film. There are two main approaches: physical vapor deposition (PVD) and chemical 

vapor deposition (CVD). In chemical vapor deposition, the films are grown on the substrate (the 

object we need to coat) by chemically reacting gases. For physical vapor deposition, the vapor 

phase originates from a solid or liquid which is evaporated by electricity, electron beam, arc, or 

laser or sputtered. In this chapter, I will describe sputter deposition, which I have used to 

synthesize material in this thesis. 

6.1 The physics of sputtering 

Sputtering was first studied by W. R. Grove who found thin metal layer deposition on glass tube 

when he studied a gas discharge in a glass tube.117 “Sputtering” is a physical phenomenon which 

ejects particles of material from a solid surface (known as target). The impact of energetic ions 

(often Ar+) which is generated inside plasma can eject or “sputter” the particles* from target by 

transferring momentum and energy between ions and atoms at the target. The sputtered particles 

are transported to the substrate where they condense and form a film. A schematic sputtering 

setup is shown in Fig. 6.1(a). This sputtering setup is called diode sputtering. For good quality 

films, the based pressure between high to ultra-high vacuum (∼10-7-10-9 Torr) inside the chamber 

is often required to avoid contamination in films.  

Fig. 6.1 (a) schematic drawing of sputtering setup, (b) sputtering process at surface of target. 

                                                           
* These sputtered particles are usually of atoms but may be clusters of atoms. 

(a) (b) 
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6.1.1 Plasma 

Plasma is the essential for the sputtering process. The word “plasma” was given by Irving 

Langmuir in 1928.118 It came up when he studied the oscillating behavior of ionized gases in 

high current vacuum tubes. A definition of plasma is: 

Plasma is a weakly ionized gas, including a collection electrons, ions, and neutral 

atomic which is when considering averaged charges over all particles in plasma volume 

is electrically neutral. 

The plasma mainly categorizes into two types of processing discharges, low gas pressure 

discharge and high gas pressure discharge. In sputtering process, a low gas pressure discharge 

plasma (glow discharge plasma) which is a discharge of 0.001-1 Torr (0.13-133 Pa) Ar or other 

noble gases is used. To ignite plasmas, high dc voltage (several kV) is applied by power supply 

between metal electrodes (called dc diode plasma)†. The mechanism which turns a gas to plasma 

starts when an electron is ejected from cathode given an initial current I. That electron is 

accelerated to the anode by the electric field (E) with energy (U = -eV). As the voltage increases, 

electrons will gain energy enough when they pass through or collide with neutral gas atoms and 

ionize them. The collision is followed by  

 0 2e Ar Ar e
− + − +→+  (6.1) 

where Ar is a argon neutral atom, Ar+ is a argon positive ion, and e- is an electron. As results of 

the process, there are two electrons that will collide with another neutral gas. The ions are drifted 

by electric field and hit the cathode where electrons (often called secondary electrons) will be 

ejected from cathode. This is a first stage of low-pressure plasma discharge regime which is 

called Townsend discharge. The characteristic of this regime is a very low flow of current due to 

a small amount of charge carriers in system. The current in the Townsend discharge will increase 

rapidly according to continued emission of electrons from ionization process and ions striking 

the cathode, but the voltage is limited by constant impedance of power supply.  

This process will continue until an avalanche of ionization collisions occurs. The voltage will 

drop with a sharp rise of current since the gas in the system breaks down into ions, so that the 
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system will have enough secondary electrons to produce a number of ions that regenerate the 

same amount of electrons. Therefore, the plasma becomes self-sustaining and begins to glow due 

to excitation and de-excitation process in plasma allows light emission from plasma. This regime 

is called the normal glow discharge. Here, if one raises the power applied to the electrodes, ions 

will bombard the entire cathode surface. Further increase in power will lead to increased current 

density and voltage, the abnormal glow discharge regime. This regime is the one used in plasma 

processing e.g. sputtering, plasma etching, and plasma enhanced CVD.  

If current continues to rise, the cathode will be heated. Consequently, thermionic electrons are 

emitted from cathode surpassing secondary electrons leading to a second avalanche. The voltage 

drops rapidly with high current allow arc propagate toward cathode. Arcs are defined as gas or 

vapor discharges where the cathode voltage drops in order to minimize ionization. Arcs can be 

self-sustained with high current by providing electron emission from cathode and anode. This 

regime is known as arc discharge and is mainly used in cathodic arc deposition process. 

6.1.2 The plasma, floating, and bias potentials, potential distribution, and sheath 

If any object is inserted into the plasma, its potential will be slightly negative with respect to the 

plasma unless it is grounded (V=0). Because of the dissimilarity between electrons and ions (i.e. 

in mass, velocity, and energy), electrons have higher mobility than ions.119 Thus electrons can 

accumulate on surface of object (e.g., substrate, chamber wall, etc.) giving it has negative 

potential (floating potential, Vf.). Since electrons accumulate on the surface, they leave positive 

ions behave meaning that plasma will have positive potential (plasma potential, Vp) relative to 

floating potential (and relative to ground). Therefore, each object will develop a depletion sheath 

which is called dark space, because of the electron inside plasma is repelled by floating and 

grounded potential, so that in area close to electrode or immersed object will have low electron 

density result in less ionization process (low plasma density) yielding less emissions of light. In 

dc sputtering process, there are two major dark spaces which are cathode and anode sheaths. 

Since cathode (target) is applied by negative voltage and generate sputtered species and anode 

(chamber wall) is typically grounded. The potential distribution in typical sputtering process is 

shown in Fig. 6.2 

                                                                                                                                                                                           
† The radio frequency ac power (rf diode plasma) or pulse dc power (pulse-dc diode plasma) can also be applied to 
ignite plasma as well. 



44 

By application of a negative voltage or bias potential, the floating potential is replaced. This 

method is used to attract ions to bombard substrate which can be used to improve film quality. In 

contrast, if positive bias potential is applied to a substrate, it will draw a lot of electrons yielding 

substrate heating and non-uniform current density contribution. Positive bias should thus usually 

be avoided.  

Fig. 6.2 shows the potential distribution from dc glow discharge. Typically in normal sputter system, the 
cathode is biased with negative voltage. Anode is a chamber wall including substrate which is grounded. Vp is 
the plasma potential and dot lines indicate region of sheath. After M Ohring.116 

6.1.3 Transport of sputtered species  

After the sputtering event occurs, the sputtered species from surface of the target are transported 

into the plasma. However, the sputtered species may lose their energy by collision with 

sputtering gas and charged particles in plasma. Therefore, many of the sputtered species can be 

lost during transport. Only some of them will arrive and condense on the substrate. 

We can define transportation regime of sputtered species into three regimes due to the mean free 

path of sputtered particles which depend on size of the chamber, pressure of sputtering gas 

(number of sputtering gas atoms) and size and mass of sputtering particles in system, pressure of 

sputtering gas, and temperature.116,120 First, ballistic regime is an area that sputtered species 

move straight from the target without collisions giving adatoms on the substrate surface have 

high energy. The films that are grown under this condition will have good stoichiometry and 

high density. Second, diffusive regime is a regime that sputtered species have low mean free path 

meaning they will lose all of their energy due to collision and the motion of species is random 

which is why this regime is also called the thermalized regime. The transition regime is located 

between first two regimes where sputtered atoms suffer collisions but still retain some energy.  

It is therefore better to run sputtering in ballistic regime. However, this requires low pressure and 

we have to face the problem that plasma cannot sustain itself due to low sputtering gas. 
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Therefore, the transition regime is usually the best choice to run sputtering process with working 

pressure of 3-6 mTorr (0.4-0.8 Pa) and the distance from material to substrate is approximately 

10 cm. Consequently, we can obtain better quality film due to there is possibility electron impact 

ionization metal atom to M+.‡ 

6.1.4 Effects at the substrate 

When sputtered species arrive at the substrate, they will condense on surface. This is determined 

by the sticking coefficient. The sticking coefficient affects the film composition and deposition 

rate because of its temperature dependence. For good quality thin film, the substrate can be 

heated. This will give extra energy to the sputtered species which can move on the substrate 

surface therefore, we can obtain dense and well oriented film. On the other hand, this extra heat 

will allow sputtered species to evaporate from substrates yielding off-stoichiometric films. This 

is important point when one needs to grow film which includes high vapor pressure material. 

Resputtering is another process that causes films to lose the intended stoichiometry. Resputtering 

is a process in which sputtered species condensed on substrate are resputtered by energetic ions 

from the plasma or neutrals backscattered from target. This situation is easy to observe when we 

apply high bias voltage to substrate. This high bias voltage can provide denser film since it will 

induce ions to bombard the growing film. However, if the bias voltage is too high, they will 

result in high energetic ions can sputter the growing film given deficient film. This resputtering 

process strongly affects composition and microstructure, especially films consisting of both light 

and heavy element. 

6.2 Type of sputtering process 

There are many modes of sputtering e.g., the use of reactive gases during process (known as 

reactive sputtering), the use of magnets behind target, called magnetron sputtering§, and different 

applied voltage forms e.g. direct current (dc magnetron sputtering), radio frequency (rf 

magnetron sputtering), or high-power impulse (High-Power Impulse Magnetron Sputtering, 

HiPIMS). These many forms of sputtering technique have been widely used for coating in both 

                                                           
‡ The other reactions in plasma can be found in ref.116 
§ Non-magnetron sputtering is seldom used except for sputtering of magnetic materials, nowadays. 
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research work and industrially. In this thesis, I use reactive dc magnetron sputtering to grow 

scandium nitride thin films. 

6.2.1 Dc magnetron sputtering 

As discussed in section 6.1.2, a high voltage and high gas pressure are required to ignite the 

plasma, leading to low deposition rate with poor film quality due to low mean free path of 

sputtered species. One could guess these requirements are not appropriate for industrial 

appreciation of sputtering process. Considering the ionization process Eq.(6.1), it shows that we 

need sufficient amount of electrons to maintain plasma discharge. Penning showed that by the 

use of electric and magnetic field, we can trap outgoing secondary electrons close to the target 

resulting in increased ionization of the plasma near the surface of the target which enhancing the 

sputtering efficiency.116,120,121 The main concept behind this method is the interaction of charged 

particles with electromagnetic fields as given by the Lorentz force 

 ( ),
d

m e
dt

= = + ×
v

F E v B  (6.2) 

where e is the electronic charge, m is the particle mass, here is electron mass, v is the velocity, E 

the electric field and B the magnetic field. If the vector product ×E B  is not equal to zero, this 

produces a circular drift electron motion.  

To implement this idea, the magnetron was invented. Fig. 6.3 shows schematic drawing of 

magnetron setup, the permanent magnets are placed under the target. Thus a magnetron applies a 

static magnetic field located parallel to the target surface. The negative voltage applied to target 

(cathode) will generated electric field, electrons will experience the effect of electric field 

causing their motion in loop form parallel to the cathode surface along magnetic field. For this 

purpose, the secondary electrons, which are produced during ion bombardment (see Fig. 6.1(a)) 

can be confined by the field from the magnetron. Therefore, the advantage of inserting magnets 

under target allows sputtering processes to operate at low pressure (about mTorr) within a few 

hundred V of applied voltage. In addition, the confinement of the plasma close to target will 

increase sputtering rate or deposition rate as shown in Fig. 6.3. Therefore, this technique is used 

in both research and industrial production, since it has much higher deposition rate (can be 10 

time higher) than diode sputtering. 
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There are two standard types of magnetron configurations, balanced magnetron or unbalanced 

magnetron type I or type II. For a balanced magnetron, the strength of inner and outer magnets is 

equal leading to the plasma effectively being trapped close to target surface causing low ion 

bombardment on the growing film which is a disadvantage for dense and good adhesion 

coatings. Instead of condensing the plasma near the target surface, the unbalanced magnetron, on 

the other hand, allow electrons to escape from the confinement of electric and magnetic field 

cause the plasma in the region that further way from the target surface which leads to a better 

sputtered species transportation and ion bombardment yielding improvement of film quality. For 

type I, the inner magnets have higher strength than outer magnets. In type II configuration the 

outer magnets is stronger than the inner ones, i.e., the opposite to type I. Note that if the target is 

made from magnetic materials, the magnetic field from the target can interfere with the 

magnetron yielding inefficient electrons trapping. Thus, the advantage of using magnetron is 

gone. To solve this problem, we can engineer the shape of the target. Commonly thinner target is 

desired to allow magnetic field from the permanent magnet pass through the target or replace the 

permanent magnet and utilize the magnetization of target to confine electrons instead.  

Fig. 6.3 Drawing of a magnet configuration in dc magnetron sputtering with showing race-track region (a) 
balanced magnetron and (b) unbalanced magnetron. 

6.3 Reactive sputtering 

Sputtering of compounds has issues with the stoichiometry of films, as result of a loss of certain 

sputtered species during transportation from target to substrate. In order to obtain good 

stoichiometric growth, reactive sputtering is often preferred.116,122 This technique uses sputtering 

from metallic target in reactive gas ambient. The target vapor phase species will react with 

reactive gas atoms which are cracked from its molecules by the plasma. This reaction takes place 

when sputtered species and reactive gas atoms arrive at the substrate surface and form compound 

films. No reactions occur during gas phase since that would require three-body collisions which 

is extremely improbable to occur because sputtering process has low pressure (about mTorr). 

Reactive sputtering is widely used for growth of oxides, nitrides, or sulfides for example. 

(a) (b) 
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Fig. 6.4 The deposition rate as a function of reactive gas flow. It is shown hysteresis behavior in reactive 
sputtering where fre is a recovery reactive gas flow and fcri is a critical reactive gas flow. 

The reactive gas can react to the surface of the metallic target yielding a thin compound sheet on 

top of the target which is the so-called target poisoning effect. This sheet will affect the 

sputtering rate. In Fig. 6.4 shows the so-called hysteresis curve of deposition rate against reactive 

gas flow rate that occurs during reactive sputtering of metallic targets. There are three different 

deposition modes, metallic mode, compound (poisoned) mode and transition mode which affect 

the deposition rate. In metallic mode, the sputtering system has a lot of metallic species than 

reactive gas, so film is deposited at very high rate (see Fig. 6.4). This situation will be 

maintained until the system reaches an unstable reactive gas flow point which is called the 

critical flow point (fcri). If we still increase flow above this point, the deposition rate will 

suddenly drop in a non-linear or avalanche phenomenon. The extra reactive gas will form 

insulating sheet on top of target reduced bias voltage of target (target poisoning). As a result low 

Ar+ ions bombard the target. This situation cannot reverse back to metallic mode easily by 

reducing reactive gas flow. The system has residual reactive gas which sticks at all chamber 

surfaces, target, and substrate. Thus time is needed for metallic species consume reactive gas 

then the deposition rate will back to metallic mode at the recovery reactive gas flow (fre). In 

order to prevent or reduce this situation, we can adjust and fix the flow of reactive gas at the 

metallic mode in order to get high deposition rate. In case of using oxygen as reactive gas, one 

need to charge the supply cathode voltage from dc to radio frequency ac power or pulse dc 

power due to rf sputtering is compatible with insulator since each ac loop the ions in plasma will 

bombard and discharge to the target, so when the target is poisoning the sputtering process will 

continue with a little change. However, by running the reactive deposition under this condition 

makes it hard to control chemical composition of the film. Therefore, the method of partial 
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pressure feedback control of the reactive gas was introduced. This method will allow us to 

operate reactive sputtering at the transition mode which is an intermediate mode between 

metallic and compound mode, therefore we can obtain the film that has correct stoichiometry 

with high deposition rate. 
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7 Characterization methods 

 

This chapter will discuss and describe the characterization techniques that I have used in this 

thesis. 

7.1 Structure characterization 

7.1.1 X-ray Diffraction (XRD) 

XRD123 is one the most useful techniques to characterize the structure of materials. XRD is used 

to identify the crystalline phases in a sample; structural properties can also be accurately 

determined: strain state, grain size, epitaxy, preferred orientation, and more. This technique is 

based on Bragg’s law: 

 2 sinn dλ θ=  (7.1) 

where n is an integer corresponding to order of diffraction, λ is the wavelength of the X-ray 

source, d is the distance between atomic planes, θ is the angle between the incident beam and the 

atomic plane. By diffraction of X-rays, there is a set of possible peaks depending on the crystal 

structure. The most common mode is θ-2θ scans in which the X-ray tube is fixed while the 

sample and the detector are moved. Here, the detected peaks in the diffraction pattern are used to 

identify the crystalline phases present in the sample. To determine films texture, preferred 

orientation, epitaxial relation, or phase identification, pole figures are used. The θ-2θ scan only 

gives reflection from lattice planes perpendicular to the plane normal, sometimes this result is 

not enough to identify the phase. This is for example when the film is highly textured, i.e., the 

out of plane orientation of the crystal grain in the film is preferred, while in plane orientation can 

be random (fiber texture) or aligned to substrate orientation (biaxial texture). To do the pole 

figures measurement, the 2θ angle of a set of lattice planes is fixed and the azimuth angle, φ in a 

range 0 ≤ φ ≤ 360 and tilt angle, ψ (0 ≤ ψ ≤ 90). A set of sample orientations which fulfill 

Bragg’s law (2θ fixed) can be mapped out from the intensity, I(ψ,φ). Since the sample is rotated 

with φ, the information of crystal symmetry can also be obtained. The symmetry of the crystal is 

useful information to identify the materials.. In the case of an epitaxial film on a substrate, the 
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epitaxial relation can be obtained by comparing in plane direction between film and substrate 

using orientation measured from pole figure. If the tilt angle of certain set of lattice planes in the 

sample is known, one can perform only φ scan to find out the relation. In the present work, 

structural characterization of as deposited films was performed by X-ray diffraction (XRD) using 

CuKα1 as X-ray source. 

7.1.2 Transmission Electron Microscope (TEM) 

TEM123 is widely used for investigation of microstructure and composition of materials down to 

atomic scale (below 1 Å). TEM uses a high energy electron beam; typically the acceleration 

voltage is above 100 keV. TEM provides very high resolution and large depth of field. TEM 

works in transmission mode like optical microscopes. The electron beam is focused by 

electromagnetic lenses to penetrate very thin sample (< 50 nm). The scattering between the 

electron beam and the sample gives crystallographic information due to electron diffraction 

patterns in reciprocal space and the sample image in real space. Therefore, the sample must be 

very thin, sample preparation is a time consuming, and the instrument is expensive. But TEM is 

a powerful and useful tool for materials analysis, and gives information very difficult to obtain in 

any other way. 

7.2 Compositional characterization 

7.2.1 Elastic Recoil Detection Analysis (ERDA) 

ERDA is a type of ion-beam analysis technique, which is used for compositional analysis in thin 

film. It is powerful and precise to analyze light element content or impurity in samples (such as 

C, N, O, especially H). Moreover, ERDA also give composition information in depth profiles of 

the samples. This is the advantage of ERDA measurements. The principle of ERDA is based on 

sputtering concept, the sample is bombarded with heavy ion-beam to ‘sputter’ or ‘recoil’ atom of 

material inside sample. Commonly, iodine or chlorine ions with high energy are used. The 

incident angle of ion-beam is set typically 15-25° from sample surface. The forward recoiled 

atoms and scattering incoming ions are detected at exit recoil angle, which relates to the incident 

angle (energy and momentum conservation). The Time-of-flight Energy (ToF-E) detector is 

applied to distinguish forwarded recoil atoms by using the velocity and energy loss of the 
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recoiled atom to quantify which element of atom is it. ERDA has some disadvantages, i.e., a 

tandem accelerator is necessary; also the evaluation is not trivial.  

7.3 Electrical characterization 

Therrmoelectric properties are very much dependent on the carrier concentration and mobility, 

especially their behavior as a function of temperature, which one could use to determine the 

transport mechanism. 

7.3.1 Resistivity measurement 

Resistivity can be obtained by the four-point-probe technique which can measure on either bulk 

or thin film samples.124 The benefit of this idea is that the measurement is independent of contact 

and probe resistance, as long as size of probe is small compared to sample area. Fig. 7.1 shows 

the four probes lined up and pressed against the sample surface; one pair of them measures 

current and another pair measures voltage. 

Fig. 7.1 Schematic drawing of four-point probe set up. 

The sheet resistance, Rs in a thin sheet can be calculated from 

 4.532 .
ln 2s

V V
R

I I

π
= =  (7.2) 

Where Rs is the sheet resistance, I is an applied current, and V is the measured voltage. This 

equation is valid for 2t s≤ , where t is the film thickness and s is the space between probes. 

However, most samples are not effectively semi-infinite in either lateral or vertical dimension as 

we assume. Eq. (7.2) needs to be modified to account for the finite geometry of samples. Thus 

we have to introduce geometry correction parameter, F to correct the sheet resistance. For a 
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rectangular sample, ( , )
b a

F F
s b

= where a and b is the length and width of sample, s is the probe 

spacing. After measurement, sheet resistance must be multiplied by the film thickness to obtain 

the specific resistivity of film (ρ). Thus, the specific resistivity is obtained from ,
s

R tρ = ⋅ where 

ρ is the specific resistivity (Ωm or µΩcm). 

7.3.2 The bulk carrier concentration and Hall mobility measurement 

When an electrical current is applied perpendicularly to a magnetic field on a piece of metal or 

semiconductor, the charge carriers in side those pieces experience force acting on them, 

changing their trajectories. The force is called as Lorentz force (FB) which is described as 

 ( ) ,q= ×
B

F v B  (7.3) 

where q is electron charge (-e for electrons and +e for holes), v is velocity of charge carriers, and 

B is a magnetic field. The Lorentz force is a basic principle behind the Hall effect.19 

Fig. 7.2 schematic drawing of the Hall effect in n-type semiconductor slab, Here w is the width of slab, d is the 
thickness of the slab, B is magnetic field, I is current, VH is Hall voltage, and e is electrons. 

An electrical current (I) is applied on a bar-shaped n-type semiconductor along the x-axis from 

left to right in the presence of a perpendicular magnetic field in z direction (Fig. 7.2). The free 

electrons inside the semiconductor interact with magnetic field and drift away from their 

direction toward the upper side of the slab due to the Lorentz force. This results in a charge 

accumulation on the side of the slab,* yielding the voltage drop across on two sides which is 

called the Hall voltage (VH)†.45  

                                                           
* Note that the force on holes will move holes to the same direction as electrons because they have opposite velocity 
direction and positive charge. 
† The Hall voltage is negative for n-type semiconductor and positive for p-type semiconductor 
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The Hall voltage is determined by 

 ,
H

IB
V

qnd
=  (7.4) 

where I is the applied current, B is the magnitude of applied magnetic field, d is the sample 

thickness, and q is the electron charge.  

Thus, we can determine the bulk charge carrier concentration, n from 

 .
H

IB
n

qdV
=  (7.5) 

If the sheet resistance RS is known, the carrier Hall mobility of the sample can be obtained from 

 
1

,
( )

H

S s s

V

R IB qn R
µ = =  (7.6) 

where 
S

n is sheet carrier concentration and the electrical resistivity (ρ) can be determined by 

S
R dρ = . To determine both the mobility and the bulk charge carrier concentration at the same 

measurement, a combination of electrical resistivity and Hall voltage measurement is required. 

Thus, the van der Pauw technique is used,124  a convenient method widely used to measure the 

resistivity of uniform samples because this technique requires less sample preparation only four 

tiny ohmic contacts placed in the corners of the thin samples. 

Fig. 7.3 A schematic of van der Pauw configuration for resistivity measurement in square sample. 

 



56 

In order to obtain the sheet resistance (RS), van der Pauw showed that the sheet resistance is 

related to two characteristic resistances RA and RB through the van der Pauw equation.124 

 ( / ) ( / ) 1A S B SR R R R
e e

π π− −+ =  (7.7) 

This means if one could measure two resistances that corresponding to terminals shown in Fig. 

7.3, the sheet resistance can be solved numerically and the electrical resistivity can be 

determined by ρ = Rsd. From the figure, we can determine RA and RB by applying a current (I) to 

a pair of contacts and measure voltage from another pair, thus the RA and RB are calculated from 

 43 12 14 23and .
A B

R V I R V I= =  (7.8) 

According to the configuration of the contacts, we can use it to obtain Hall voltage (VH). In order 

to measure the Hall voltage, a constant current (I) is applied between a pair of contacts placed 

opposite from each other in a presence of perpendicular magnetic field (B) and the Hall voltage 

is measured across the other pair (See Fig. 7.4). Therefore, we can use Eq. to obtain the charge 

carrier concentration (n) and Eq. 1.4 for the carrier Hall mobility (µ). 

Fig. 7.4 A schematic of van der Pauw configuration for Hall measurement in square sample 

7.3.3 Seebeck coefficient or thermopower measurement 

Seebeck coefficient is one of the important parameter for ZTm of thermoelectric material. In this 

section, we will discuss on how to measure Seebeck coefficient.13 According to Eq.(2.1), if both 

materials are physically and chemically homogenous and isotropic with a good Ohmic and 

isothermal contact, the 
AB

V  will depend on hot and cold temperature explicitly and independent 
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of the temperature distribution between interface‡. For T2 < T1, we can show Seebeck coefficient 

is linearly dependent with T, 

 ( )( )2 1 .AB B A ABV S S T T S T= − − = ∆  (7.9) 

The basic set up for Seebeck coefficient is shown Fig. 7.5. In the axial-flow technique, the 

temperature and voltage difference are measured on the probes which are placed inside the heat 

source and sink contact to the end of the sample. In the potentiometric technique, the temperature 

and voltage difference are measured at two points on the middle of sample and on the axis 

parallel to temperature gradient, other two probes are placed inside the heat source and sink. 

Note that the diameter of temperature/voltage probes needs to be smaller than the distance 

between them to obtain accurate results. 

Fig. 7.5 Schematic drawing of probes configuration for Seebeck measurement, (a) the potentiometric (four 
probes) and (b) the axial-flow (two probes) configuration, where T1 < T2. (after ref. 13)  

Generally, there are two main methods, i.e., integral and differential method, used to obtain 

Seebeck coefficient. The integral method (large ∆T), the temperature at one end of the sample is 

fixed, T1 while the temperature at other end is varied through the temperature of interest via T2 = 

T1 + ∆T then the voltage that is generated by that temperature gradient is measure accordingly. 

To obtain the Seebeck coefficient, the fitting method is applied to the entire data set Vab(T1,T2) 

then differentiated with respect to T2, i.e., Eq.(7.9) becomes  

 1 2
2 2 2

2

( , )
( ) ( ) ( ) .AB

AB B A

dV T T
S T S T S T

dT
= − =  (7.10) 

                                                           
‡ This is called the empirical Law of Magnus. Note that, nondegenerate semiconductors may give a nonequilibrium 
charge carrier which will affect VAB. 

(a) (b) 
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The purpose of this thesis is finding the good mid-high temperature thermoelectric materials, 

therefore we neglect the integral method because it is not appropriate on high temperature 

measurement because of the difficulty to maintain isothermal contacts through. On the other 

hand, the differential method (small ∆T) is a proper method to determine high temperature 

Seebeck coefficient. In the differential method, a small thermal gradient T∆  is applied across a 

sample. The temperature of interest is maintained at mean temperature 1 2( ) 2
m

T T T= + , where 

1 ( 2)
m

T T T= − ∆  and 2 ( 2)
m

T T T= + ∆ . To avoid nonlinear problem and eliminate the offset 

voltage from inhomogeneites and nonequilibrium of contact interface, one has to choose 

temperature interval ∆T small enough giving VAB ∝ T0. Thus, the Seebeck coefficient is linearly 

dependent with T, so that it can be simply determined by slope of voltage versus temperature 

difference, where Eq. (7.9) becomes 

 ( ).AB
AB m

V
S T

T

∆

∆
≃  (7.11) 

There are three differential methods often calculate the Seebeck coefficient from the linear fit of 

multiple ratio of 
AB

V T∆ ∆ data point which are depended on the measurement time scale which 

defined as a time interval required performing one voltage measurement. Therefore, there are 

steady-state (dc), quasi-steady-state (qdc), and transient (ac) condition during measurement. For 

the steady-state condition, the stable temperature difference across specimen is required before 

measuring electrical voltage. Therefore, the steady-state is successful in reducing the offset 

voltages, however, one have to face the time consuming problem due to stabilization of 

temperature difference for each point of measurement. However, the absolute Seebeck 

coefficient of each material needs to be determined. It can be done by using a set of reference 

wires (including a set of thermocouple) whose absolute Seebeck coefficients were already 

obtained from Thomson effect. The most used materials for high temperature measurement are 

Cu and Pt, for Pt the most accurate reference data has been obtained by Roberts with estimates 

uncertainty ±0.2 µV/K at the highest temperature.125 

Seebeck coefficient measurement can be combined with the four-point probes technique where 

two probes are placed at both end of the sample and the another two probes will be placed at the 

center for voltage measurement. This configuration will allow us to obtain both Seebeck 

coefficient and resistivity of the sample simultaneously. Since, we applied temperature gradient 

to get Seebeck coefficient, the fast switching current polarity and averaging the subsequent 
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voltage measurements are used to avoid the arise of voltage due to Seebeck effect, excess 

voltage from Peltier effect, and inhomogeneous current flow. Thus the measured voltage drop 

across sample is 

 
( ) ( )

.
2

I I
IR

V S T V S T
V

+ −+ ∆ − + ∆
=  (7.12) 

In this thesis, ZEM-3 is used to measure Seebeck coefficient. It uses the differential method with 

steady-state condition operated upon potentiometric technique to obtain both sheet resistivity and 

Seebeck coefficient. Two R-type thermocouples are used as a voltage and temperature gradient 

measurement probes with distance between probes of 4 mm. The other two probes are Pt connect 

to nickel-base connected to both end of the film with sliver paste for passage of current through 

the film which lower probes also connect to heater for generating temperature gradient across to 

the film. To increase an average temperature nickel shield is cover all of described component 

with thermocouple on the side to determine temperature. The sample is inserted into a furnace 

pumped to vacuum condition with a small amount of He gas. The Seebeck is obtained by linear 

fit of three T∆ intervals, i.e., 10, 20 and 30K. 
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8 Summary of Included Papers 

 

This Thesis is focused on fundamental research about understanding thermoelectric properties of 

ScN thin films. The investigations are based on synthesis, structural, and chemical composition 

of ScN in connection with its thermoelectric properties by experiments and theory.  

I found that ScN has a remarkably high power factor 2.5×10-3 W/(K2m) at 800 K which 

corresponds to a relatively high Seebeck coefficient of ∼-86 µV/K while retaining a rather low 

and metallic-like electrical resistivity (∼2.94 µΩm). This power factor is very large when 

comparing to state of the art thermoelectric material such as Bi2Te3 or PbTe.47,126 ScN thin films 

that were used in this studies were grown by reactive dc magnetron sputtering on Al2O3(0001), 

the reactive and sputtering gas pressure was fixed at 0.2 Pa but N2 gas flow fraction was 

changed. The structure analyses by X-ray diffraction show that the ScN films haves somewhat 

similar crystalline quality and they are epitaxially grown on Al2O3 which is confirmed by high 

resolution transmission electron microscopy but the epitaxial relation is different between low 

and higher impurity samples. Following studies show that the power factor of ScN is dependent 

on their composition. For the highest power factor, we found in low impurity samples which 

consist of F~0.7 at.%, O~0.3 at.%, and C~0.1 at.% while high impurity samples which are 

composed with F ~0.1 at.%, O ~1-3 at.%, and C ~0.3 at.% show they have lower power factor 

with Seebeck coefficient is somewhat lower but still the same order as it was shown for the best 

sample. Electrical resistivity, however, increases about one order of magnitude due to reduction 

of electron mobility by either incorporation of O in ScN or formation of secondary phases, e.g., 

amorphous oxides at the grain boundary.  

Additionally, these impurities might cause rapidly changing features in the electronic density of 

states (DOS) near the Fermi level. It has been theoretically predicted that nitrogen vacancies 

have this role in ScN and it is reasonable that dopants could yield a similar effect.83 Hence ScN 

was grown at low N2 gas flow at thermodynamic non-equilibrium condition which favor N2 

vacancies can be formed.127 Such features in the DOS would correspond to the Mahan and Sofo 

prediction of the transport-distribution function that maximizes ZTm.52 These observations of 

large variation in properties emphasize the importance of impurities and defects which lead me 

to the study of effect of substoichiometry and doping on electronic DOS of ScN.  
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Therefore, I have performed a theoretical study of the effect of point defects in electronic DOS in 

ScN by the density functional theory (DFT) calculation with supercell approach. The general 

gradient approximation and hybrid functionals have been chosen to use as the exchange 

correlation energy. Our results show that Sc and N vacancies can introduce asymmetric peaks in 

the density of states close to the Fermi level. We also find that the N vacancy states are sensitive 

to total electron concentration of the system due to their possibility for spin polarization. 

Substitutional point defects shift the Fermi level in the electronic band according to their valence 

but do not introduce sharp features. The results from hybrid functional calculations show that the 

ScN has 0.9 eV band gap unlike GGA calculation that show zero point band gap. Introducing N 

vacancy gives a sharp peak in the middle of energy gap with Fermi level is shifted.  

Our results indicate the possibility to obtain a large Seebeck coefficient without reducing the 

electrical conductivity by moving the Fermi level near the location of the vacancy peak in the 

DOS. This can be achieved by introduce an appropriate dopant with the presence of N vacancies, 

which could be the reason why we can observe a substantially high thermoelectric power factor 

(S2σ) in ScN. Moreover, these dopants may help in reducing the lattice thermal conductivity due 

to phonon scattering at the point defects. Thus, this study indicates a promising path way to 

obtain high thermoelectric figure of merit in ScN by stoichiometry tuning or doping and 

reduction of lattice thermal conductivity. 
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9 Outlook and future work 

 

Despite the fascinating thermoelectric properties of ScN presented in Paper I, there are still 

many aspects of ScN that need to be studied. 

First of all the thermal conductivity of my ScN thin films need to be evaluated. Earlier 

measurements of thermal conductivity in ScN show that it is too high, about 10 W/mK.67 

Therefore, suitable approaches to reduce ScN thermal conductivity should be considered, like 

alloying or multilayer construction. The results in Paper II suggest that the alloying approach 

can be used to improve power factor and reduce thermal conductivity. Furthermore, there is 

theoretical and experimental work on semiconductor/semiconductor or metal periodic 

superlattice showing signs of improvement of thermoelectric properties. Therefore, I would also 

like to expand my study on improve thermoelectric properties of ScN by alloying and multilayer 

construction. 

For these purposes, it is of vital importance to know the mixing thermodynamic trends in ScN 

based mixtures. Hence, I would like to investigate suitable alloying elements by density 

functional theory (DFT) calculation from which I can determine their phase stability with respect 

to phase separation or ordering. For instance, it is well-known that there are metastable phases in 

transition metal nitrides which can spinodal decompose, e.g (Ti,Al)N.107 Besides, there was a 

report on decomposition of ScN and AlN in cubic ScAlN solid solution.128 This decomposition 

mechanism could also benefit thermoelectric properties of ScN-based systems. 

Moreover, the theoretical investigation in Paper II need to be investigated experimentally, i.e., 

nitrogen defects states in ScN. The synchrotron photo emission and X-ray spectroscopy 

(XES/XAS) or electron energy loss spectroscopy (EELS) can be used to investigate those 

features. The high energy ion beam can be used to increase the defect level in order to study the 

effect. 
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Furthermore, the structure analysis of ScN in Paper I show an unusual epitaxial relations with 

Al2O3(0001). Instead of showing cube on hexagonal relation such as >< 011 ScN|| 1010< > Al2O3
 

in-plane and (111) ScN||(0001)Al2O3
 out of plane, but XRD shows that the >< 011  directions of 

the ScN domains are here rotated in average ±4° compare to the 1010< >  direction on the Al2O3 

(0001) surface. The studies to finding the reason why does this epitaxial relation occur in such a 

system are needed. 
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