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CHAPTER I 

INTRODUCTIONS 

 

In solid state physics, materials can be classified into three main categories 

based on their electrical property, i.e., conductor, insulator, and semiconductor.  

While electrons in the conductor can move freely, electrons in insulator cannot flow.  

The electrical property of semiconductor is between conductor and insulator and it 

can be controlled or modified into desired way by adding or doping with other 

elements; making it suitable for a wide range of many technological applications, 

such as optoelectronic devices including light-emitting diode (LED), laser diode, and 

solar cell (Green, 1982; Jeff, 1999; Zheludev, 2007), memory storage technology for 

solid-state drive (SSD) (Russell and Cohn, 2012), and photocatalyst for environmental 

purifications (Na Phattalung et al., 2017; Nakata and Fujishima, 2012).   

In semiconductors, the defects, which have an important impact on their 

physical properties, are point defects.  They can be classified into two types, i.e., 

intrinsic and extrinsic defects.  For intrinsic defects, the electrical conductivity in 

semiconductor arises by itself without doping other elements, such as the missing of 

host atoms from its lattice sites called vacancy defect, the insertion of host atoms into 

vacant sites called interstitial defect, and the exchange of atoms in different sites 

called antisite defect.  Regarding extrinsic defects, the electrical conductivity in 

materials can be controlled or modified by intentionally or unintentionally adding 

other elements into materials.  For examples, doping silicon (Si) with phosphorus (P) 
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causes an extra electron donating from each P atom making Si become n-type 

semiconductor because these extra electrons are the majority carrier.  On the other 

hand, Si can be turned into p-type semiconductor when doped with boron (B).  This is 

because doping Si with B will create holes, which become the majority carrier.  In 

addition, it has been reported that hydrogen (H) is one of the most unintentional 

defects incorporating in the metal oxide materials (McCluskey et al., 2012; Norby et 

al., 2004).  This strongly affects the electronic and optical properties of materials.   

In nature, the two most abundant compositions in the air are composed of 

nitrogen (N) and oxygen (O), i.e., about 78.08% and 20.95% by volume for N and O, 

respectively (Brimblecombe, 1996).  Therefore, during the crystal growth process, N 

and O atoms might incorporate into the crystal affecting the physical property of 

material.  For metal oxide and metal nitride materials, since the atomic sizes of N and 

O are comparable, i.e., 0.65 Å and 0.60 Å for N and O, respectively (Slater, 1964), N 

atom might substitute on the O sites in metal oxide materials forming NO defect.  

Similarly, O atom has a tendency to substitute on the N sites forming ON defect in 

metal nitride materials.  This can affect some physical properties of metal oxide and 

metal nitride materials.  The understanding of the physical properties related to these 

defects in both metal oxide and metal nitride materials is therefore the crucial 

fundamental for controlling and improving material properties into desired ways.   

Several binary metal oxide and metal nitride materials have attracted great 

attention due to their excellent properties, making them suitable for a wide range of 

applications such as, electronic and optoelectronic devices (Davis, 1991; Henini and 

Razeghi, 2004; Yu et al., 2016), photocatalyst applications (Asahi et al., 2001; 

Gromov and Chukhlomina, 2015; Khan et al., 2015), and high-power and high-
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temperature electronic applications (Ambacher, 1998; Gangler, 1950; Stampfl and 

Van de Walle, 1998).  Although many research groups have paid attention on the 

studies of N defect in metal oxides (Elfimov et al., 2007; Haffad et al., 2012; Lee et 

al., 2001; Rignanese et al., 1997; Varley et al., 2011) and O defect in metal nitrides 

(Graciani et al., 2009; Harris et al., 1993; Mattila and Nieminen, 1996; Orellana and 

Chacham, 2000; Piquini et al., 1997), the connections of N/O defects in different 

oxide/nitride materials are still limited.  In this thesis, NO defect in various metal 

oxide materials and ON defect in various metal nitride materials will be systematically 

investigated to determine the connection of N/O defects in several metal oxide/nitride 

materials.   

In addition, it has been reported that the band gap of some materials could be 

adjusted by adding other element.  This technique is called the band gap engineering 

(Ohtomo et al., 1998).  For example, the band gap of InN can be tuned from ~0.7 to 

~3.6 eV by adding O into a crystal to form InNxO1-x (T-Thienprasert et al., 2008).  

Regarding zinc oxide (ZnO), which is the most interesting wide band gap 

semiconductors, the band gap is ~3.3 eV limited to the ultraviolet A (UVA) region 

(Srikant and Clarke, 1998).  Therefore, to make it usable for the application in higher 

energy regions, magnesium oxide (MgO), which has the band gap of 7.8 eV (Taurian 

et al., 1985), is mixed into ZnO to tune the band gap of this material called 

magnesium zinc oxide (MgxZn1-xO or MZO) alloy.  Therefore, in principle, the band 

gap of MZO alloy can be adjusted to any values between 3.3 and 7.8 eV depending on 

the Mg composition (x).  However, due to the difference in crystal structures between 

wurtzite (WZ) ZnO and rocksalt (RS) MgO, the fundamental understanding of the 
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local structures of Mg in MZO alloy with different compositions is quite important for 

controlling the electrical and optical properties of MZO alloy.   

Finally, in order to make semiconductor usable for a wide range of electronic 

devices, the semiconductor must be able to be doped into both of n- and p-types.  

Regarding tin dioxide (SnO2), which is one of the most interesting ceramic materials 

(Jarzebski and Marton, 1976; Jarzebski and Morton, 1976), as-grown SnO2 exhibits n-

type conductivity with a high carrier concentration (Fonstad and Rediker, 1971; 

Masahiro and Shigeo, 1971; Samson and Fonstad, 1973; Stjerna et al., 1990).  In 

principle, substitution of group III elements for Sn’s Site could make it p-type.  

However, the inherent n-type conductivity is an obstacle for making SnO2 into p-type 

semiconductor.  In addition, for the case of Na-doped ZnO, it has been reported that 

applying the compressive strain can make the acceptor level shallower and enhance 

the acceptor concentration (Sun et al., 2014).  In this thesis, the acceptor level 

introduced by Ga acceptor defects in SnO2 with and without compressive strain was 

investigated.  The compressive strain effects on the acceptor level either by direct 

compression or alloying with smaller cations were studied in order to enhance the 

acceptor concentration.   

 

1.1 Overview of the Calculation Approaches 

In quantum mechanics, many physical properties of a crystal can be obtained 

from the wave function of the system by solving the Schrӧdinger equation, which 

contains too complicated interactions, i.e., nuclei-nuclei, nuclei-electron, and electron-

electron interactions.  These complicated interactions make the problem impossible to 

solve directly.  As a result, there is an important theory purposed to simplify the 
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complicated Schrӧdinger equation into a solvable problem, i.e., density functional 

theory (DFT).  In DFT calculations, the electron wave function will be replaced with 

the electron density and many electron-electron interactions will be mapped into the 

interactions between electrons and its density.  This introduces the correction term in 

the potential energy called exchange-correlation (XC), which is a function of electron 

density.  The two most common uses of XC functionals are the local density 

approximation (LDA) and the generalized gradient approximation (GGA).  More 

theoretical details can be found in Chapter II.  In this thesis, first-principles 

calculations based on DFT were used to systematically study the physical property of 

some defects in selected metal oxide and metal nitride materials.   

 

1.2 Research Objectives 

In this thesis, first-principles calculations based on density functional theory 

were used to systematically study the physical properties of substitutional defects in 

several selected binary metal oxides and metal nitrides.  The thesis focuses on three 

main parts: (1) the NO and ON defects in selected binary metal oxides and metal 

nitrides, respectively, (2) Mg defects in MZO alloy, and (3) Ga acceptor defects in 

SnO2.  For the first one, by systematically selecting metal oxides and metal nitrides to 

create the defects, the relation between the defect properties, such as defect formation 

energy and defect transition level can be determined.  For the second, the detailed 

local structures of Mg in MZO alloy at different Mg concentration could be obtained 

and compared with the x-ray absorption measurements to confirm the calculated 

results.  For the third, the compressive strain effects on the Ga acceptor defects in 

SnO2 were investigated.    
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1.3 Scope and Limitation of the Studies 

Based on first-principles density functional theory calculations, the NO and ON 

defects in selected binary metal oxides and metal nitrides, respectively, were 

systematically studied.  The metal cations will be systematically selected from each 

group and row of the periodic table to form both metal oxides and metal nitrides, i.e., 

group I: lithium (Li), sodium (Na), potassium (K), and rubidium (Rb), group II: 

beryllium (Be), magnesium (Mg), calcium (Ca), and strontium (Sr), and group III: 

aluminium (Al), gallium (Ga), and indium (In).  Several physical properties related to 

NO defect in metal oxides and ON defect in metal nitrides, such as the local relaxed 

geometries, the defect formation energies, and the defect transition levels will be 

examined.  In addition, the relations of these physical properties in different metal 

oxides or metal nitrides were investigated.  Second, the local structures of Mg in 

MZO alloy with different Mg concentrations were studied by using a combination of 

first-principles calculations and x-ray absorption spectroscopy (XAS) technique.  The 

plausible forms of Mg in ZnO will be investigated by considering the defect 

formation energy.  The local structures of the dominant defect will be used to generate 

the XAS spectrum to compare with the measured XAS spectrum of MZO alloy with 

different Mg concentrations.  Last, the compressive strain effects on the Ga acceptor 

defects were studied to enhance the acceptor concentration in SnO2.  All of the 

calculations were carried out by using Vienna ab-initio simulation package (VASP) 

codes based on density functional theory with LDA or GGA or hybrid functional for 

the exchange-correlation functional.  For defect calculations, the supercell approach 

was used with a supercell size of ~50 - 120 atoms due to a limitation of our 

computational resources (512 CPUs, 2.4 GHz).   
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This thesis is organized as follows: chapter II briefly describes information of 

theoretical backgrounds used in this research.  Chapter III illustrates some bulk 

properties and some physical properties related to NO and ON defects in selected 

binary metal oxides and metal nitrides, respectively.  In chapter IV, the local 

structures of Mg in MZO alloy were investigated and compared with the experimental 

results.  Chapter V, the acceptor level of Ga defects in SnO2 was identified and the 

compressive strain effects on the acceptor level were investigated in order to enhance 

the acceptor conductivity of the SnO2.  Finally, chapter VI gives summaries of all 

completed researches in this thesis and future works.   
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CHAPTER II 

THEORETICAL BACKGROUNDS 

 

2.1 Earlier Approaches 

In quantum mechanics, especially in computational physics, the physical 

properties of material could be achieved from the wave function of the system by 

solving the exact Schrӧdinger equation, 

 Ĥ E   , (2.1) 

where   is the wave function of the system, E is the total energy, and Ĥ  is the 

Hamiltonian operator which is composed of the kinetic and potential energies of the 

system.  In the materials, there are many electrons and nuclei in the system (called 

many-body system) resulting in very complicated interactions.  As a result, the full 

Hamiltonian of the system can be expressed by, 

 , (2.2) 

where the first two terms correspond to the kinetic energies of the nuclei and 

electrons, respectively, the third to the fifth terms are the Coulomb electrostatic 

potential energies between nuclei-nuclei, electrons-electrons and nuclei-electrons in 

the system, respectively.  The above equation can be written in a more compact form 

as
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Ĥ = T̂

N
(R) + T̂

e
(r) +V̂

NN
(R) +V̂

ee
(r) +V̂

Ne
(R,r) , (2.3) 

where R and r are the sets of nucleus and electron position vectors, respectively, MI 

and m are the masses of ion and electron, respectively, and ZI is the atomic number of 

the nuclei.  However, the full Schrӧdinger equation of many-body system is 

impossible to solve.  To simplify the complicated Schrӧdinger equation, Born and 

Oppenheimer (Born and Oppenheimer, 1927) proposed that the motion of nuclei and 

electrons in the system can be separated due to the nucleus mass is too heavier than 

the electron mass.  The motion of the nucleus is therefore much slower than that of 

the electron.  Hence, the nuclei could be assumed to be static allowing us to neglect 

the kinetic energy of the nuclei.  This approximation is known as Born-Oppenheimer 

approximation.  Then, the electronic Hamiltonian ( ˆ
eH ) can be written as 

 ˆ ˆ ˆ ˆ( ) ( ) ( , )e e ee NeH T V V  r r R r . (2.4) 

In addition, the Hartree and Fock proposed (Fock, 1930; Hartree, 1928) the 

method (Hartree-Fock method) to construct the wave function of the system by 

assuming that the many-electron wave function can be written as a product of one-

electron wave functions, called a Hartree product, which can be obtained from the 

antisymmetric Slater determinant satisfied the Pauli exclusion principle.  Hence, the 

Hartree-Fock equation of one-electron can be written as 

 

2
2

* *
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ee Ne
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r r r

r
r r r r r

r r

, (2.5) 

where the last term on the left hand side corresponds to the exchange term which is 

still complicated to calculate.  In the next part, the theory, that can be used to reduce 
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the complicated Schrӧdinger equation into solvable problems by considering the 

electron density instead of the electron wave function called density functional theory, 

will be described.   

 

2.2 Density Functional Theory 

The density functional theory (DFT) has essential basic roots from the 

Thomas-Fermi model (Fermi, 2011; Thomas, 1927).  The main objective of DFT is to 

reduce the complicated interactions by considering the electron density instead of the 

electron wave function.  A brief theory of DFT will be explained in the following 

section.   

2.2.1 The Hohenberg-Kohn Theorems 

Hohenberg and Kohn (Hohenberg and Kohn, 1964) have demonstrated 

two theorems for the system of an electron moving under the influence of an external 

potential v(r) that 

I) An external potential v(r) and also the ground state total energy 

of a many-electron system are uniquely determined by the 

electron density n(r), which depends on only three spatial 

coordinates.   

II) The electron density n(r) that minimizes the energy functional 

Ev[n] of the system is the correct ground state electron density, 

 0 [ ]vE E n , (2.6) 

where E0 is the ground state total energy of the system and the 

energy functional is defined by 
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 [ ] ( ) ( ) [ ]vE n v n d F n  r r r , (2.7) 

where F[n] is a universal functional of the electron density n(r) 

and does not depend on an external potential v(r).   

The energy functional Ev[n] in Eq. (2.7) can be obtained by variational 

method (Griffiths, 2005).  If F[n] is known, the ground state total energy could then 

be determined with a given external potential v(r).  However, it is quite complicated 

to determine the universal functional F[n] that includes the kinetic energy and 

electron-electron interaction terms.   

2.2.2 The Kohn-Sham Equations 

To simplify the complicated Schrӧdinger equation of the many-

electron system, Kohn and Sham (Kohn and Sham, 1965) have proposed a useful 

method based on the Hohenberg-Kohn theorems (Hohenberg and Kohn, 1964).  In 

this method, the full interacting electrons system is mapped into the non-interacting 

electrons system, called the Kohn-Sham system, in which the same electronic density 

are obtained.  The Kohn-Sham equation is defined by an effective potential, called the 

Kohn-Sham potential, in which the non-interacting electrons move.  They showed that 

the energy functional Ev[n] of the system can be written as 

 
1 ( ) ( )

[ ] ( ) ( ) [ ]
2

v

n n
E n v n d d d G n


  

 
r r

r r r r r
r r

, (2.8) 

where the first term in Eq. (2.8) is the electron-ion Coulomb energy, the second term 

is the electron-electron Coulomb energy, and G[n] is a universal functional of the 

electron density that includes the kinetic energy T[n] of the non-interacting electrons 

system with density n(r) and the exchange-correlation energy Exc[n] of the interacting 

system with density n(r) which can be written as 
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xc[ ] [ ] [ ]G n T n E n  . (2.9) 

According to the stationary property of Eq. (2.8), that is 
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where 

 xc
xc

[ ])
[ ]

( )

E n
n

n







r
. (2.11) 

Therefore, the effective (or Kohn-Sham) potential can be written as 

 
eff xc

( )
( ) ( ) [ ]

n
v v d n


  


r

r r r
r r

, (2.12) 

and the kinetic energy can be written as the sum of the kinetic energy of the single 

particles, 
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 r r r . (2.13) 

Finally, the ground state properties of the system can be obtained by 

solving the Schrӧdinger equation for non-interacting particles moving in the effective 

potential 
eff ( )v r , 

 
2

2

eff ( ) ( ) ( )
2

i i iv
m

 
 
    
 

r r r , (2.14) 

which is called the Kohn-Sham equation.  The Eq. (2.14) shows that the complicated 

problem of the interacting electrons system is mapped onto the non-interacting 

electrons system moving in the effective potential, in which the exchange-correlation 

energy is included.    
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2.3 The Exchange-Correlation Energy Functional 

The effective potential appeared in Eq. (2.12) contains the unknown exchange-

correlation energy, Exc[n], term.  In order to solve the Kohn-Sham equations in Eq. 

(2.14), the Exc[n] must be defined or approximated.  Nowadays, there are several 

approximations proposed to define or calculate the Exc[n] term.  The two most widely 

used approximations are the local density approximation (LDA) and the generalized 

gradient approximations (GGA).  However, both LDA and GGA functionals lead to 

the well-known underestimation in band gap of many materials.  Recently, Heyd, 

Scuseria, and Ernzerhof proposed the method to remedy the band gap problem 

occurred in LDA and GGA functionals by mixing between the Hartree-Fock 

exchange functional and another exchange-correlation functional such as GGA 

parameterized by Perdew, Burke, and Ernzerhof (GGA-PBE), called the HSE 

functional.  Next, the details of each exchange-correlation will be provided.   

2.3.1 The Local Density Approximation (LDA) 

The LDA approximation is derived from the homogeneous electron 

gas (HEG) model.  In this approximation, the inhomogeneous electron density can be 

locally treated as a homogeneous electron gas, of which the exchange-correlation 

energy ( LDA

XC [ ]E n ) can be written as 

LDA LDA LDA LDA

XC XC X C[ ] [ ] ( ) ( [ ] [ ]) ( )E n n n d n n n d     r r r r , (2.15) 

where 
XC

LDA[ ]n  is the exchange-correlation energy per electron of a homogeneous 

electron gas, which can be separated into two terms, i.e., the exchange (
X

LDA[ ]n ) and 

the correlation (
C

LDA[ ]n ) energies.   
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For the exchange energy, it can be obtained from Dirac’s expression 

(Dirac, 1930) by directly applying the HEG model as written below. 

 

1/3 1/3

LDA 1/3

X 2

3 3 3 9 1 0.4582
[ ] ( )

4 4 4 s s

n n
r r


 

   
        

   
r , (2.16) 

where 

1/3
4

3
sr n



 
  
 

 is the Wigner-Seitz radius of an electron.   

Regarding the correlation energy, there are only two density limits, 

which are known, i.e., low- and high-density limits, for the HEG model.  The first 

approximation for the correlation energy was introduced by Wigner (Wigner, 1934) as 

 

  

e
C

LDA[n] = -
0.44

r
s
+ 7.8

. (2.17) 

Later, Ceperley and Alder (Ceperley and Alder, 1980) performed more 

accurate quantum Monte Carlo simulations  for intermediate values of the density.  

Now, the most widely LDA functional is introduced by Perdew and Zunger (Perdew 

and Zunger, 1981).   

2.3.2 The Generalized Gradient Approximation (GGA) 

Although LDA functional provides very good descriptions for the 

equilibrium atomic structure, elastic, and vibrational properties of many materials, it 

always gives an overestimation in the binding energy.  Later, the improvement of the 

LDA functional is done by including the gradient of the electron gas into the 

exchange-correlation energy, known as GGA functional.  In the GGA functional, the 

exchange-correlation energy can be written as 

 
GGA GGA

XC XC[ ] [ , ] ( )E n n n n d  r r , (2.18) 
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where GGA

XC [ , ]n n   is the exchange-correlation energy per electron that is still local 

but also take the gradient of the electron density at the same coordinate into 

calculation.   

Although the GGA functional tends to improve the binding energy 

over LDA functional, it sometime overestimates some physical properties.  There are 

many forms to determine the exchange-correlation functional for GGA functional.  

The widely used GGA functional are PW91 functional proposed by Perdew and Wang 

(Perdew and Wang, 1992) and PBE functional proposed by Perdew, Burke, and 

Enzerhof (Perdew et al., 1996).   

2.3.3 The Hybrid Functional 

Although the LDA and GGA functionals give very good descriptions 

of many physical properties in materials, both of them lead to the well-known 

underestimation in the band gap for semiconductor and insulator (Lany and Zunger, 

2008; Perdew, 1985).  The hybrid functional was first introduced by Becke (Becke, 

1993) to remedy the band gap problem.  In the hybrid functional, some portion of 

exact exchange energy from Hartree-Fock theory is combined with the exchange-

correlation energy from the other functional.  This method provides an improvement 

for the band gap in semiconductor and insulator.   

The Hartree-Fock exchange energy can be written as 

 

* *

HF

X

,

( ) ( ) ( ) ( )1

2

i j i j

i j

E d d
    
 




r r r r
r r

r r
, (2.19) 

where ( )i r  and ( )j r  are the set of one-electron eigenstate of the system.  The 

sums over i and j run over all k-points that chosen to sample the Brillouin zone (BZ).   
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In the hybrid functional, some portion of the Hartree-Fock exchange 

energy in Eq. (2.19) is mixed with the other exchange-correlation functional to 

construct the full exchange-correlation functional.  There are many types of hybrid 

functional, such as B3LYP proposed by Becke and Lee (Becke, 1993; Lee et al., 

1988), PBE0 proposed by Adamo and Barone (Adamo and Barone, 1999), and 

HSE03/HSE06 proposed by Heyd, Scuseria, and Ernzerhof (Heyd et al., 2003).  The 

HSE06 functional was used to improve some calculated results in this thesis. 

In the HSE03/HSE06 functionals, a screened Coulomb potential is 

applied to the exchange interaction.  The exact exchange functional is divided into 

two components, i.e., short-range (SR) and long-range (LR), with the screening 

parameter (ω).  Normally, ω = 0.3 Å-1 refers to HSE03 functional, while ω = 0.2 Å-1 

refers to HSE06 functional.  The Hartree-Fock exchange energy will be mixed with 

the GGA-PBE functional only in the SR component as shown below, 

HSE06 HF,SR PBE,SR PBE,LR PBE

XC X X X C( ) (1 ) ( ) ( )E E E E E         , (2.20) 

where   is the mixing parameter.  The HSE06 functional is equivalent to PBE0 

functional when ω = 0, i.e., the LR component becomes zero, and equivalent to pure 

GGA-PBE functional when   , i.e., the SR component becomes zero.   

 

2.4 Bloch’s Theorem and Plane Wave Basis Sets 

In Bloch’s theorem, the wave functions of an electron in a crystal can be 

written as (Kittel, 2004) 

 .( ) ( ) iu e  k r

k kr r , (2.21) 
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where ( )u
k

r  has the same periodicity as the crystal, i.e., ( ) ( )u u k kr r a , a is the 

primitive lattice vector of the system, and k is a wave vector confined to the first 

Brillouin zone.  Due to the periodicity of ( )u
k

r , it can be expanded in a Fourier 

series, i.e., 

 .

,( ) iu C e G r

k k G

G

r , (2.22) 

where G is the reciprocal lattice vector and Ck,G is the Fourier coefficient.  Then, the 

Eq. (2.21) can be rewritten as 

 
( ).( ) iC e 

 k G r

k k G

G

r . (2.23) 

Bloch’s theorem states that the wave function of an electron in a periodic 

system can be described by the product of a periodic function and a plane wave.  In 

principle, an infinite numbers of plane wave are required to construct the actual wave 

function.  However, in practice, too many numbers of plane waves require high 

computational demand.  In the calculation, the numbers of plane wave are limited by 

the plane wave energy cutoff (Ecut), i.e., 

 
2

2

cut
2

E
m

 k G . (2.24) 

 

2.5 K-points Sampling and Special k-points 

In real space, the Wigner-Seitz cell is the enclosed area, which has the 

smallest volume.  This area can be determined by drawing the lines from the chosen 

lattice point to the neighboring lattice points.  Then, at the midpoint of each line, 

another lines are drawn normal to each of the first set of lines.  The area enclosed by 

the second set of lines is call Wigner-Seitz cell (see text book for more details 



22 

 

(Martin, 2004)).  In reciprocal space, the same process used to construct Wigner-Seitz 

will create smallest cell in reciprocal space, which is called the first Brillouin zone.  

Many physical properties of a crystal can be obtained by considering only the wave 

function in the first Brillouin zone because the wave functions outside the first zone 

will be brought back to the first zone by any reciprocal lattice vectors G of a crystal.  

However, the summation over k-points in Eq. (2.23) has an infinite number, which is 

impossible for calculation.  Some approaches for k-points sampling in the first 

Brillouin zone are proposed to calculate the electronic states at sampled k-points and 

interpolate them between those calculated k-points, such as Chadi-Cohen (Chadi and 

Cohen, 1973) and Monkhorst-Pack schemes (Monkhorst and Pack, 1976).  These 

approaches allow us to reduce the number of k-points sampling from infinite to finite 

number.   

 

2.6 Pseudopotential and Projector Augmented-Wave Method 

In general, the electrons in each atom can be separate into two groups, i.e., 

valence and core electrons.  While valence electrons are the electrons in the outermost 

shell that participates in the formation of chemical bonding with other atoms, core 

electrons are the electrons in the inner shell that are strongly bound with the nucleus 

and do not participate in the formation of chemical bonding.  In addition, an 

oscillation of the wave function in the core region is quite rapid.  This makes the 

calculation requiring a lot of the Fourier components to construct the wave function in 

this region.  However, many physical properties of materials mostly depend on the 

valence electrons.  Therefore, the wave function in the core region will be replaced by 



23 

 

 

Figure 2.1  The illustrations of the pseudo wave function and pseudopotential.  The 

dash blue lines represent the real wave function ( ) and real Coulomb potential (V ).  

The solid red lines represent the corresponding pseudo wave function (
pseudo ) and 

pseudopotential ( pseudoV ).  The cutoff radius (rc) marked by the vertical dash line 

represents the boundary at which the real quantities become identical with pseudo 

quantities.  This figure is reproduced from Ref. (Wolfram, 2006).   

 

a smooth wave function to reduce the computational demanding. This method is 

called the pseudopotential approximation firstly introduced by Hellmann (Hellmann, 

1935).  Figure 2.1 illustrates the pseudopotential and pseudo wave function compared 

to the Columbic potential and real wave function, respectively.   

Later, the projector augmented-wave (PAW) method is one of the popular 

methods adopted from the pseudopotential proposed by Blӧchl (Blöchl, 1994; Kresse 

and Joubert, 1999).  In the PAW method, the rapidly oscillating all-electron wave 
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function ( ) is derived from the smooth (pseudo) wave functions ( ) through the 

transformation operator ( ): 

    , (2.25) 

where the transformation operator ( ) can be written as 

  1 i i i

i

p     , (2.26) 

where i  is a set of all-electron partial waves, i  is a set of pseudo partial waves, and 

pi is a set of projector functions.  The pseudo partial waves i  are equivalent to the 

all-electron partial waves i  outside the cutoff radius (rc).  Normally, the cutoff 

radius rc enclosing the atom is chosen around the haft of the nearest-neighboring 

distance (Kresse and Joubert, 1999).   

 

2.7 The Hellmann-Feynman Theorem 

Hellmann (Hellmann, 1937) and Feynman (Feynman, 1939) have 

independently proposed the theorem to show that the derivative of the total energy 

with respect to a parameter can be obtained from the expectation value of the 

derivative of the Hamiltonian with respect to the same parameter, i.e., 
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. (2.27) 

The Hellmann-Feynman theorem is mostly used to calculate the forces acting 

on nuclei, called the Hellmann-Feynman forces, when the parameters are the nuclei 

positions.   

 

2.8 Electronic Ground State Calculation with Vienna Ab Initio 

Simulation Package (VASP) 

To determine the electronic ground state of the system, the Kohn-Sham 

equation of the system need to be solved, which can be performed by several codes.  

In this thesis, the Vienna Ab initio Simulation Package (VASP) developed by Kresse, 

Hafner, and Furthmüller was carried out for all simulations.  Most of the algorithms 

implemented in VASP codes use an iterative matrix-diagonalization scheme based on 

the conjugate gradient scheme, block Davidson scheme, or a residual minimization 

scheme-direct inversion in the iterative subspace (RMM-DIIS).  An efficient 

Broyden/Pulay mixing scheme is used to mix the charge density.  The interaction 

between ions and electrons is described by the projector-augmented wave (PAW) 

method and a plane wave basis set is used to construct the wave function.  During the 
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Figure 2.2  The self-consistent scheme used in VASP codes to calculate the electronic 

ground state total energy and wave function of the system.   

 

calculation, the forces acting on each atom can be calculated through the Hellmann-

Feynman theorem and these will be used to relax atoms into their equilibrium 

positions.  The computational scheme used in VASP codes is illustrated in Figure 2.2.  

More details of VASP codes can be found in the VASP manual (Kresse et al., 2015).    
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Figure 2.3  The measured Zn K-edge XAS spectrum of Zn foil.  The XANES and 

EXAFS regions are indicated.  The data obtained from Ref. (Ravel and Newville, 

2005).   

 

2.9 Theory of X-ray Absorption Spectroscopy 

The x-ray absorption spectroscopy (XAS) technique is a powerful tool for 

identifying the local structures of any interested atoms or defects in materials.  This is 

because this technique is an element selective by tuning incoming x-ray energy to the 

threshold energy of the measured element making it requiring a tunable x-ray energy 

source to scan the x-ray energy at the interested region.  This technique can be 

performed at beamline no-8 of Synchrotron light Research Institute (SLRI), Thailand.   

For XAS technique, the x-ray energy was scanned from the energy a bit lower 

than the threshold energy of selected element to the higher energy to obtain the XAS 

spectrum.  In this process, the electrons at the core-level will be excited to the 

unoccupied states above Fermi-level by absorbing appropriate x-ray energy.  In XAS 

spectrum, it can be divided into two regions as shown in Figure 2.3: (1) low energy 
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Figure 2.4  The illustration of electrons in the core levels.  The electron in the K-shell 

can be excited to higher unoccupied state by absorbing incoming x-ray energy, which 

is equal or greater than the binding energy of that electron creating the photoelectron.  

K, L, and M indicate the absorption edges.   

 

region called the x-ray absorption near-edge structure (XANES) and (2) high energy 

region called the extended x-ray absorption fine structure (EXAFS).  While XANES 

spectrum usually covers around 50 – 100 eV above the absorption edge, the EXAFS 

spectrum can be extended to 500 eV above the absorption edge.  The great useful of 

this technique is the elemental specificity since each element has different absorption 

edge.  XANES can be used to determine the oxidation state and coordination 

environment of the interested element in the sample, while EXAFS can be used to 

determine the coordination number, disorder and radial distance of neighboring 

atoms.   

The fundamental theory of XAS technique is based on the photoelectric effect.  

The core electron can be excited to a higher unoccupied energy state creating the 
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photoelectron (see Figure 2.4) by absorbing energy from the incident x-ray, which has 

energy equal or greater than the binding energy of core electron.  XAS technique is 

the measurement of the x-ray absorption coefficient as a function of energy, μ(E), 

which must be satisfied Beer’s law, 

 
0 ,dI I e   (2.28) 

where I0 and I are the intensity of the incident and outgoing x-ray, respectively, and d 

is the thickness of the sample.   

In Chapter IV, the comparison of XANES spectra, between the experiment 

and simulation, will be shown to determine the local structure of Mg in MgxZn1-xO 

alloy.  In the simulation, the crystal structures were firstly optimized by using VASP 

code and then the optimized structures were used to simulate the XANES spectrum by 

using FEFF codes (Ankudinov et al., 1998; Rehr et al., 2009).   

 

2.10 References 

Adamo, C. and Barone, V. (1999). Toward reliable density functional methods 

without adjustable parameters: The PBE0 model. The Journal of Chemical 

Physics 110: 6158. 

Ankudinov, A. L., Ravel, B., Rehr, J. J., and Conradson, S. D. (1998). Real-space 

multiple-scattering calculation and interpretation of x-ray-absorption near-

edge structure. Physical Review B 58: 7565. 

Becke, A. D. (1993a). Density‐functional thermochemistry. III. The role of exact 

exchange. The Journal of Chemical Physics 98: 5648. 

Becke, A. D. (1993b). A new mixing of Hartree–Fock and local density‐functional 

theories. The Journal of Chemical Physics 98: 1372. 



30 

Blöchl, P. E. (1994). Projector augmented-wave method. Physical Review B 50: 

17953. 

Born, M. and Oppenheimer, R. (1927). Zur quantentheorie der molekeln. Annalen 

der Physik 389: 457. 

Ceperley, D. M. and Alder, B. J. (1980). Ground state of the electron gas by a 

stochastic method. Physical Review Letters 45: 566. 

Chadi, D. J. and Cohen, M. L. (1973). Special points in the Brillouin zone. Physical 

Review B 8: 5747. 

Dirac, P. A. M. (1930). Note on exchange phenomena in the Thomas atom. 

Mathematical Proceedings of the Cambridge Philosophical Society 26: 

376. 

Fermi, E. (2011). Statistical method to determine some properties of atoms. 

Rendiconti Lincei-Scienze Fisiche E Naturali 22: 283. 

Feynman, R. P. (1939). Forces in molecules. Physical Review 56: 340. 

Fock, V. (1930). Näherungsmethode zur lösung des quantenmechanischen 

mehrkörperproblems. Zeitschrift für Physik 61: 126. 

Griffiths, D. J. (2005). Introduction to Quantum Mechanics. Pearson Prentice Hall. 

Hartree, D. R. (1928). The wave mechanics of an atom with a non-Coulomb central 

field. Part I. Theory and methods. Mathematical Proceedings of the 

Cambridge Philosophical Society 24: 89. 

Hellmann, H. (1935). A new approximation method in the problem of many electrons. 

The Journal of Chemical Physics 3: 61. 

Hellmann, H. (1937). Einführung in die Quantenchemie. Franz Deuticke. 



31 

Heyd, J., Scuseria, G. E., and Ernzerhof, M. (2003). Hybrid functionals based on a 

screened Coulomb potential. The Journal of Chemical Physics 118: 8207. 

Hohenberg, P. and Kohn, W. (1964). Inhomogeneous electron gas. Physical Review 

136: B864. 

Kittel, C. (2004). Introduction to Solid State Physics. Wiley. 

Kohn, W. and Sham, L. J. (1965). Self-consistent equations including exchange and 

correlation effects. Physical Review 140: A1133. 

Kresse, G. and Joubert, D. (1999). From ultrasoft pseudopotentials to the projector 

augmented-wave method. Physical Review B 59: 1758. 

Kresse, G., Marsman, M., and Furthmüller, J. (2015). Vienna Ab-initio Simulation 

Package: VASP the GUIDE. Computational Materials Physics, Faculty of 

Physics, Universitat Wien, Sensengasse 8/12, A-1090 Wien, Austria. 

Lany, S. and Zunger, A. (2008). Assessment of correction methods for the band-gap 

problem and for finite-size effects in supercell defect calculations: Case 

studies for ZnO and GaAs. Physical Review B 78: 235104. 

Lee, C., Yang, W., and Parr, R. G. (1988). Development of the Colle-Salvetti 

correlation-energy formula into a functional of the electron density. Physical 

Review B 37: 785. 

Martin, R. M. (2004). Electronic Structure: Basic Theory and Practical Methods. 

Cambridge University Press. 

Monkhorst, H. J. and Pack, J. D. (1976). Special points for Brillouin-zone 

integrations. Physical Review B 13: 5188. 

Perdew, J. P. (1985). Density functional theory and the band gap problem. 

International Journal of Quantum Chemistry 28: 497. 



32 

Perdew, J. P., Burke, K., and Ernzerhof, M. (1996). Generalized gradient 

approximation made simple. Physical Review Letters 77: 3865. 

Perdew, J. P. and Wang, Y. (1992). Accurate and simple analytic representation of the 

electron-gas correlation energy. Physical Review B 45: 13244. 

Perdew, J. P. and Zunger, A. (1981). Self-interaction correction to density-functional 

approximations for many-electron systems. Physical Review B 23: 5048. 

Ravel, B. and Newville, M. (2005). ATHENA, ARTEMIS, HEPHAESTUS: data 

analysis for x-ray absorption spectroscopy using IFEFFIT. Journal of 

Synchrotron Radiation 12: 537. 

Rehr, J. J., Kas, J. J., Prange, M. P., Sorini, A. P., Takimoto, Y., and Vila, F. (2009). 

Ab initio theory and calculations of x-ray spectra. Comptes Rendus Physique 

10: 548. 

Thomas, L. H. (1927). The calculation of atomic fields. Mathematical Proceedings 

of the Cambridge Philosophical Society 23: 542. 

Wigner, E. (1934). On the interaction of electrons in metals. Physical Review 46: 

1002. 

Wolfram, Q. (2006). Pseudopotential [On-line]. Available: 

https://upload.wikimedia.org/wikipedia/commons/f/fb/Sketch_Pseudopotential

s.png. 

 

  



 

 

CHAPTER III 

NITROGEN AND OXYGEN SUBSTITUTIONAL 

DEFECTS IN SELECTED METAL OXIDES 

AND METAL NITRIDES 

 

3.1 Introduction 

Binary metal-oxides/nitrides have attracted great attention due to their 

excellent optical and electrical properties, making them suitable for a wide range of 

technological applications (Nicollian and Brews, 1982; Piprek, 2007).  For metal 

oxides, the alkali metal (group I) oxides, M2O (M = Li, Na, K, and Rb), play a crucial 

role in solid state batteries because of their high ionic conductivity (Moakafi et al., 

2008).  The alkaline earth metal (group II) oxides, MO (M = Be, Mg, Ca, and Sr), are 

important materials for photocatalytic applications because the bang gap of these 

oxides cover a wide range of spectral regions ranging from blue to ultraviolet regions 

(Pandey et al., 1991).  The group III oxides, M2O3 (M = Al, Ga, and In), are also the 

promising materials for being used as transparent conducting oxides applications (Liu 

et al., 2010).   

Regarding metal nitrides, for group I nitride, Li3N is the only one structure, 

which is stable at room temperature and room pressure (Cui et al., 2009), and it is 

widely used as high-performance reversible hydrogen storage material in hydrogen 

energy system because of its high hydrogen absorption and desorption capacities 
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(Ichikawa et al., 2004).  For group II nitrides, M3N2 (M = Be, Mg, Ca, and Sr), they 

are widely applied in many applications, for instance Be3N2 is as a device for the 

improvement of extreme ultraviolet to soft x-ray region (de la Cruz et al., 2004) and 

Mg3N2 as well as Ca3N2 catalysts are used for preparing a cubic phase of boron nitride 

(Heyns et al., 1998).  Lastly, the group III nitrides, MN (M = Al, Ga, and In), they are 

extensively applied for light emission device because the band gaps of these materials 

cover a wide range of wavelengths ranging from green to ultraviolet regions (Walle 

and Neugebauer, 2004).   

In general, several physical properties of materials are mainly controlled by 

the existence of native defects or impurities, which are intentionally or unintentionally 

created during the crystal growth processes.  For example, some as-grown metal-

oxides/nitrides always exhibit unintentional n-type conductivity, of which the cause is 

proposed to be due to the creation of nitrogen vacancy (VN) for metal nitrides 

(Boguslawski et al., 1995) and oxygen vacancy (VO) for metal oxides (Ágoston et al., 

2009).  In addition, hydrogen impurity is also suggested to be the cause of the 

observed n-type conductivity in metal-oxides/nitrides (Shi et al., 2004; Van de Walle, 

2000).  To obtain high purity materials, the equipment and techniques used to 

synthesize these materials are then carefully considered to prevent the formation of 

unintentional defects or impurities in materials.  Nevertheless, N and O atoms are the 

two most abundant compositions in the air (78.08% and 20.95% by volume for N and 

O, respectively) (Brimblecombe, 1995), therefore, they can easily incorporate into 

metal-oxides/nitrides affecting the physical properties of materials.  Since the atomic 

sizes of N and O are comparable, i.e., 0.65 Å and 0.60 Å for N and O, respectively 

(Slater, 1964), N atom is then likely to substitute for O sites in metal oxides forming 
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NO defect.  Similarly, O atom has a chance to substitute for N sites in metal nitrides 

forming ON defect.  The existence of these unintentional defects can affect some 

physical properties of metal-oxides/nitrides.  However, there is still limited 

information on the comparative properties of NO and ON defects among different 

metal-oxides/nitrides.  The understanding of physical properties related to these 

defects in metal-oxides/nitrides is deemed crucial for controlling and improving 

material properties into desired ways.  In this work, NO and ON defects in various 

metal oxides and metal nitrides, respectively, were systematically studied by using 

first-principles calculations based on DFT to investigate the relation of these defects 

in different metal-oxides/nitrides.   

 

3.2 Computational Details 

In this work, first-principles calculations based on DFT within a plane-wave 

basis set as implemented in VASP code (Kresse and Furthmüller, 1996; Kresse and 

Hafner, 1994; Kresse and Joubert, 1999) were carried out.  For the exchange-

correlation energy, the two most common approximations, i.e., the local density 

approximation (LDA) (Perdew and Zunger, 1981) and the generalized gradient 

approximation (GGA) (Perdew and Wang, 1992), were used to investigate NO and ON 

defects in metal oxides and metal nitrides, respectively.  The electron-ion interactions 

were described by the projector augmented wave (PAW) method (Blöchl, 1994).  The 

energy cutoff for expanding the plane-wave basis set was set at 500 eV.  All atoms in 

each system were fully allowed to relax until the residue forces acting on each atom 

became less than 0.01 eV/Å.  More calculation details can be found in Chapter II.    
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Figure 3.1  The calculated total energy of rocksalt-MgO as a function of lattice 

constant for determining the equilibrium lattice constant.  The black dots and red line 

represent the calculated and fit data, respectively.   

 

3.2.1 Structural relaxations 

In this research, the most stable phases of metal-oxides/nitrides at 

room temperature and pressure were chosen in this study.  Each crystal structure was 

then optimized to determine the lattice parameters and their shapes by calculating the 

total energy at different lattice parameters.  Then, the energy vs. lattice constant curve 

was plot and fitted with the 3rd polynomial to find the equilibrium lattice constants.  

Figure 3.1 illustrates the energy vs. lattice constant curve for rocksalt-MgO as an 

example.   

The stability of each metal-oxides/nitride can be determined from the 

heat of formation (
fH ) which is defined by 

 
tot tot tot[ ] [ ] [ ] [ ]f x y x yH A B E A B xE A yE B    , (3.1) 
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where 
tot[ ]x yE A B is the total energy per formula unit of compound x yA B , 

tot[ ]E A  and 

tot[ ]E B  are the total energy per atom of A (metal) and B (N or O) elements.  The 

negative value implies that the compound is stable.   

3.2.2 Defect formation energy calculations 

For defect calculations, including NO defect in metal oxides and ON 

defect in metal nitrides, a supercell approach (Payne et al., 1992) with at least 64-

atom supercell was performed to reduce the defect-defect interactions arising from the 

neighboring cells due to the periodic boundary condition.   

Under thermodynamic equilibrium, the defect concentration (c) in a 

crystal can be determined by 

 sites exp
f

B

E
c N

k T

 
  

 
, (3.2) 

where sitesN  is the number of sites, on which the defect can be incorporated, Ef is the 

defect formation energy, Bk  is the Boltzmann’s constant, and T is the temperature.  

Eq. (3.2) demonstrates that the lower the defect formation energy, the higher the 

defect concentration can be obtained.   

In principle, the possibility of defect formation in a crystal can be 

obtained from its formation energy, which is defined by (Walle and Neugebauer, 

2004) 

 tot tot[ ] [ ] [bulk] [ ]f q q

i i F VBM

i

E X E X E n q E E V       , (3.3) 

where tot[ ]qE X  is the total energy of a supercell with a defect X (where X is NO or ON 

defect) in charge state q, 
tot[bulk]E  is the total energy of a defect-free supercell.  ni is 

the number of atoms species i (here i can be N or O) being removed from (the sign of 
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ni is negative) or added to (the sign of ni is positive) a supercell to create a defect X in 

charge state q with the corresponding atomic chemical potential i , EF is the Fermi 

energy or electron chemical potential referenced to the valence-band maximum (
VBME ), 

and V  is the correction term used to align the electrostatic potentials between bulk 

supercell and defect supercell at the point far away from the defect.   

For example, the defect formation energy of NO can be written as 

 O tot O tot O N[N ] [N ] [bulk] [ ]f q q

F VBME E E q E E V        , (3.4) 

and that of ON defect is 

 N tot N tot N O[O ] [O ] [bulk] [ ]f q q

F VBME E E q E E V        . (3.5) 

To grow a single crystal metal oxides (MxOy) or metal nitrides (MxNy) 

under thermodynamic equilibrium, the following conditions must be satisfied, 

 O Ox yM Mx y    , (3.6) 

or 

 N Nx yM Mx y    , (3.7) 

for metal oxides and metal nitrides, respectively.  Where Ox yM  and Nx yM  is the total 

energy per formula unit of MxOy and MxNy compounds, respectively.  To prevent the 

formation of undesired phases in a crystal, the upper limits for 
M , O , and N  are 

set to the energies per atom of metallic phases, gaseous O2 (
O tot 2

1
[O ]

2
E  ), and 

gaseous N2 ( N tot 2

1
[N ]

2
E  ), respectively.  In practice, the defect formation energy 

is a function of chemical potentials as well as Fermi level as shown in Eq. (3.3).  The 

defect formation energy can be plotted as a function of EF under two extreme 
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conditions: (1) metal-rich growth condition and (2) metal-poor growth condition.  The 

defect formation energy under other growth conditions can be interpolated from these 

two extreme conditions. For metal-rich growth condition, 
tot (metal)M E  , 

O O

1
[ ]

x yM Mx
y

    , and 
N N

1
[ ]

x yM Mx
y

     were set.  Regarding metal-poor 

growth condition, 
O tot 2

1
[O ]

2
E   and 

N tot 2

1
[N ]

2
E   were set; then 

M  can be 

determined from Eq. (3.6) and (3.7). For NO defect in metal oxides, N2, NO3, MxNy, 

and MxNyOz phases were needed to take into consideration to prevent the formation of 

undesired phases.  Regarding ON defect in metal nitrides, O  is determined from 

MxOy phase for both metal-rich and metal-poor growth conditions.   

3.2.3 Defect transition levels 

In practice, NO and ON defects in metal oxides and metal nitrides, 

respectively, could be stable in different charge states depending on the Fermi level 

position.  This leads to the creation of extra energy level lying within the band gap; 

affecting the electrical and optical properties of metal-oxides/nitrides. However, N 

and O are non-isovalent atom, i.e., N atom has one valence electron less than O atom.  

Therefore, NO defect in metal oxides could be stable in either negative charge state  

( 1q   ) or neutral charge state ( 0q  ).  In opposite, ON defect in metal nitrides could 

be stable in either positive charge state ( 1q   ) or neutral charge state.  The extra 

energy level created by the defect is called defect transition level or thermodynamic 

transition level.  This energy level is defined as the Fermi level position, at which the 

formation energies of the defect in two different charge states are equal (Walle and 
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Neugebauer, 2004).  For NO defect in metal oxides, the defect transition level can be 

determined from 

 0

tot O tot O(0 / ) [N ] [N ] vE E E V      . (3.9) 

Similarly, for ON defect in metal nitrides, 

 0

tot N tot N( / 0) [O ] [O ] vE E E V      . (3.10) 

3.2.4 Band alignment calculations 

The calculated electronic structures, including the VBM, conduction 

band minimum (CBM), and defect transition level, obtained from different metal 

oxides/nitrides as well as different XC-functional cannot be directly compared to each 

other because each calculation is referenced to their own atomic energies.  In order to 

compare those levels obtained from different calculations, further calculations were 

needed to make such levels comparable.  There are a few approaches used to align 

such levels obtained from different calculations, for instance simulating the 

heterointerfaces of two materials to find the valence band and conduction band offsets 

(Van de Walle and Martin, 1987), using the defect transition level of hydrogen as a 

common reference  (Van de Walle and Neugebauer, 2003), and aligning the valence 

band and conduction band positions with respect to the vacuum level (Grüneis et al., 

2014).  In this research, the latter was used to align the VBM and CBM obtained from 

different compounds as well as different functionals with respect to the vacuum level 

by performing the surface calculations to find the difference between the average 

local electrostatic potential in bulk-like region and that in vacuum region (Moses et 

al., 2011).  By combining surface and bulk calculations, such levels obtained from 

different compounds and functionals are comparable.  This approach is so-called 

“band alignment”.    
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Figure 3.2  The illustration of the surface calculations for determining the 

electrostatic potential different between bulk-like and vacuum regions in wurtzite-

AlN.  The green and red balls represent Al and N atoms, respectively.  The planar and 

macroscopic averages of the electrostatic potential are showed in red and blue lines, 

respectively.   

 

The band alignment calculations consist of two main separate 

procedures: (i) a bulk calculation to determine the VBM and CBM positions for each 

compound and (ii) a surface calculation to find the difference between the local 

electrostatic potential in the bulk-like and vacuum regions.  In the surface 

calculations, a slap model was performed by constructing the non-polar surface of 

chosen compound separated by the vacuum region.  The atoms in the outermost at 

least three layers were fully allowed to relax while the remaining atoms were kept 

fixed to represent the bulk-like region.  Then, the local electrostatic potential at every 

point in the cell were calculated to determine the planar average in the direction 
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parallel to the surface.  After that, the macroscopic average is obtained by averaging 

the planar average potential over the entire cell along the direction perpendicular to 

the surface.  Figure 3.2 illustrates planar and macroscopic average potentials for the 

wurtzite-AlN as an example.   

 

3.3 Results and Discussion 

3.3.1 Bulk Properties 

The calculated lattice parameters of all selected metal oxides and metal 

nitrides obtained from LDA and GGA functionals were tabulated in Table 3.1 and 3.2 

for metal oxides and metal nitrides, respectively, along with the corresponding 

experimental lattice parameters.  It is clearly seen that the LDA functional give the 

lattice parameters a bit lower than the experimental values.  In opposite, the calculated 

results with GGA functional are a bit higher than the experimental values.  The 

differences between the calculated and experimental values are less than 4% as shown 

in the parenthesis in Table 3.1 and 3.2.  Consequently, both LDA and GGA 

functionals seem to be sufficiently describe the crystal structures of these compounds.  

Note that the crystal structures of selected metal-oxides/nitrides are demonstrated in 

Appendix A.   

Figure 3.3 demonstrates the calculated heat of formation of the 

selected metal-oxides/nitrides accompanying with the corresponding experimental 

values.  The results reveal that the calculated heat of formations obtained from LDA 

functional are again lower than that obtained from the GGA calculations for both 

metal-oxides/nitrides.  Regarding metal oxides, LDA functional seems to provide 

better heat of formations than GGA functional when comparing with the experimental 



43 

Table 3.1  The calculated lattice parameters of selected metal oxides with LDA and 

GGA functionals accompanying with the corresponding experimental values.  The 

values in the parenthesis represent the percentage error between the calculated and the 

experimental values.   

Compound Structure 

Lattice parameters (Å) 

LDA GGA Expt. 

Group I oxide 

Li2O Antifluorite a = 4.51 (-2.38%) a = 4.64 (+0.43%) a = 4.62a 

Na2O Antifluorite a = 5.37 (-3.42%) a = 5.57 (+0.18%) a = 5.56a 

K2O Antifluorite a = 6.19 (-4.03%) a = 6.47 (+0.31%) a = 6.45a 

Rb2O Antifluorite a = 6.55 (-2.82%) a = 6.86 (+1.78%) a = 6.74b 

Group II oxide 

BeO Wurtzite a = 2.66 (-1.48%) 

c = 4.33 (-0.92%) 

a = 2.71 (+0.37%) 

c = 4.41 (+0.92%) 

a = 2.70 

c = 4.37c 

MgO Rocksalt a = 4.15 (-1.43%) a = 4.24 (+0.71%) a = 4.21d 

CaO Rocksalt a = 4.72 (-1.67%) a = 4.84 (+0.83%) a = 4.80d 

SrO Rocksalt a = 5.08 (-1.55%) a = 5.20 (+0.78%) a = 5.16e 

a (Sommer et al., 2012) 

b (Eithiraj et al., 2007) 

c (Baumeier et al., 2007) 

d (Doll et al., 1996) 

e (Madelung et al., 1982)  
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Table 3.1 (Continued)  The calculated lattice parameters of selected metal oxides 

with LDA and GGA functionals accompanying with the corresponding experimental 

values.  The values in the parenthesis represent the percentage error between the 

calculated and the experimental values.   

Compound Structure 

Lattice parameters (Å) 

LDA GGA Expt. 

Group III oxide 

Al2O3 Corundum a = 4.73 (-0.63%) 

c = 12.91 (-0.62%) 

a = 4.81 (+1.05%) 

c = 13.11 (+0.92%) 

a = 4.76 

c = 12.99f 

Ga2O3 Monoclinic a = 12.15 (-0.65%) 

b = 2.99 (-1.64%) 

c = 5.70 (-1.72%) 

a = 12.41 (+1.47%) 

b = 3.16 (+3.95%) 

c = 6.02 (+3.79%) 

a = 12.23 

b = 3.04 

c =5.80g 

In2O3 Bixbyite a = 10.08 (-0.40%) a = 10.29 (+1.68%) a = 10.12h 

f (Finger and Hazen, 1978) 

g (He et al., 2006) 

h (Körber et al., 2010) 

 

values, especially for group III oxides, i.e., Al2O3, Ga2O3, and In2O3.  On the other 

hand, for metal nitrides, the calculated heat of formations with GGA functional 

provide better agreement with the experimental values.  Although the calculations 

with both LDA and GGA functionals yields a good description of crystal structures as 

well as heat of formations, these functionals always give underestimation of the band 

gap (not shown).    



45 

Table 3.2  The calculated lattice parameters of selected metal nitrides with LDA and 

GGA functionals accompanying with the corresponding experimental values.  The 

values in the parenthesis represent the percentage error between the calculated and the 

experimental values. 

Compound Structure 

Lattice parameters (Å) 

LDA GGA Expt. 

Group I nitride 

Li3N Hexagonal a = 3.56 (-2.47%) 

c = 3.80 (-2.06%) 

a = 3.65 (0.00%) 

c = 3.88 (0.00%) 

a = 3.65 

c = 3.88a 

Group II nitrides 

Be3N2 Antibixbyite a = 8.04 (-1.35%) a = 8.16 (+0.12%) a = 8.15b 

Mg3N2 Antibixbyite a = 9.82 (-1.41%) a = 10.00 (+0.40%) a = 9.96b 

Ca3N2 Antibixbyite a = 11.21 (-2.27%) a = 11.55 (+0.70%) a = 11.47c 

Sr3N2 Antibixbyite a = 12.03 (-2.35%) a = 12.32 (0.00%) a = 12.32d 

a (Hossain et al., 2009) 

b (Moreno Armenta et al., 2000) 

c (Heyns et al., 1998) 
d (Römer et al., 2009)  
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Table 3.2 (Continued)  The calculated lattice parameters of selected metal nitrides 

with LDA and GGA functionals accompanying with the corresponding experimental 

values.  The values in the parenthesis represent the percentage error between the 

calculated and the experimental values.   

Compound Structure 

Lattice parameters (Å) 

LDA GGA Expt.e 

Group III nitrides 

AlN Wurtzite a = 3.07 (-1.29%) 

c = 4.97 (-0.20%) 

a = 3.11 (0.00%) 

c = 5.03 (+1.00%) 

a = 3.11 

c = 4.98 

GaN Wurtzite a = 3.18 (-0.31%) 

c = 5.19 (0.00%) 

a = 3.21 (+0.63%) 

c = 5.24 (+0.96%) 

a = 3.19 

c = 5.19 

InN Wurtzite a = 3.54 (0.00%) 

c = 5.76 (-1.05%) 

a = 3.57 (+0.85%) 

c = 5.80 (+1.75%) 

a = 3.54 

c = 5.70 

e (Zoroddu et al., 2001) 

 

3.3.2 Defect Properties 

3.3.2.1 Defect Positioning  To create a substitutional defect, i.e., NO 

defect in metal oxides and ON defect in metal nitrides, N or O atoms will be replaced 

on one of anions in metal oxides or metal nitrides supercell.  However, in some 

structures, there are nonequivalent anion sites, i.e., three nonequivalent O sites in 

monoclinic Ga2O3 and two nonequivalent N sites in antibixbyite structures including 

Be3N2, Mg3N2, Ca3N2, and Sr3N2.  In this case, the defect was created on each 

nonequivalent anion site to calculate the ground state total energy associated with 
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Figure 3.3  The illustration of the calculated heat of formations of selected metal-

oxides/nitrides obtained from LDA (red circles) and GGA (blue squares) functionals 

compared with the available experimental values (black plus signs).   

 

each configuration.  Finally, the defect configuration that gives the lowest energy 

were chosen for further study.   

3.3.2.2 Defect formation energies  As described in section 3.2.2, the 

likelihood of defect formation is determined by its formation energy as defined by Eq. 

(3.3).  In order to investigate the effect of the crystal growth conditions on the defect 

formation energy of NO and ON defects in metal oxides and metal nitrides, 

respectively, the formation energies of NO and ON defects in the neutral charge ( 0q  ) 

were chosen to illustrated under two extreme conditions, i.e., metal-rich and metal-

poor growth conditions, as shown in Figure 3.4 and 3.5 for metal oxides and metal 

nitrides, respectively.   The neutral defects are selected because they does not depend 

on the Fermi level throughout the band gap of materials. The results reveal that NO 

defect in metal oxides and ON defect in metal nitrides prefer to incorporate in the 
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Figure 3.4  The illustration of the calculated defect formation energies of neutral NO 

defect in metal oxides under metal-rich (top panel) and metal-poor (bottom panel) 

growth conditions.  The red circles and blue squares represent the calculated results 

with LDA and GGA functionals, respectively.   

 

crystal under metal-rich condition rather than metal-poor condition.  This is because 

under metal-rich condition the formation of anion vacancy defects, i.e., VO defect in 

metal oxides and VN defect in metal nitrides, are most likely due to the low defect 

formation energies.  Therefore, N or O atom can easily occupy these vacant sites 

forming NO or ON defect.  In opposite, the formation energies of anion vacancy 

defects are quite high under metal-poor condition; resulting in a difficulty of NO or ON 

defect formation.    

3.3.2.3 Defect transition levels  Regarding NO defect in metal oxides, 

the relevant charge states of this defect should be neutral ( 0q  ) and a negative 
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Figure 3.5  The illustration of the calculated defect formation energies of neutral ON 

defect in metal nitrides under metal-rich (top panel) and metal-poor (bottom panel) 

growth conditions.  The red circles and blue squares represent the calculated results 

with LDA and GGA functionals, respectively.   

 

charge state ( 1q   ) because N atom has one valence electron less than O atom.  

Therefore, NO defect in metal oxides can act as an acceptor, which might be the cause 

of hole carrier or p-type conductivity in the materials.  However, the defect can be 

difficult or easy to ionize depending on the defect transition level (or ionization 

energy).  Based on defect formation energy calculations, NO defect in metal oxides 

can be stable in both neutral and a negative charge state depending on the Fermi level 

position.  For comparison, the defect transition levels (0 / )   of NO for selected 

metal oxides are illustrated in Figure 3.6.  It is clearly seen that NO defect in selected 

metal oxides always acts as a deep acceptor because (0 / )   levels lie far away from 
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Figure 3.6  Schematic diagram for the defect transition levels (0 / 1)   of NO defect 

in selected metal oxides obtained from LDA (black lines) and GGA (red lines) 

functionals.  The calculated VBM of each compound is set to zero.   

 

the VBM.  Even though the lowest (0 / )   level (from BeO with GGA functional) 

locates at 0.31 eV above the VBM, this level is still too high to be active at room 

temperature (the thermal energy at room temperature 
Bk T  ~ 25 meV).   

With regard to ON defect in metal nitrides, the relevant charge states of 

this defect are neutral and a single positive charge state ( 1q   ).  Then, ON defect in 

metal nitrides acts as a donor, which might be the cause of electron carrier or n-type 

conductivity in the compounds.  Based on the calculated formation energies, ON 

defect can be stable only in a single positive charge state without introducing any 

defect level in the band gap. These results reveal that the ON defect in selected metal 

nitrides is a single shallow donor and could be a source of unintentional n-type 

conductivity in several metal nitrides.    
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Table 3.3  The summary of non-polar plane used in the surface calculations for 

selected metal oxides to determine the electrostatic potential difference ( V ) between 

bulk-like and vacuum regions obtained from LDA and GGA functionals.   

Compound Structure 

Non-polar 

plane 

V  (eV) 

LDA GGA 

Group I oxide 

Li2O Antifluorite (110) -5.61 -6.02 

Na2O Antifluorite (110) -5.39 -4.87 

K2O Antifluorite (110) -3.41 -2.91 

Rb2O Antifluorite (110) -3.56 -3.08 

Group II oxide 

BeO Wurtzite (1120)  -11.23 -10.66 

MgO Rocksalt (100) -10.61 -9.88 

CaO Rocksalt (100) -6.86 -7.83 

SrO Rocksalt (100) -5.63 -5.32 

Group III oxide 

Al2O3 Corundum (001) -12.86 -12.36 

Ga2O3 Monoclinic (100) -11.20 -9.94 

In2O3 Bixbyite (111) -12.32 -11.60 

 

3.3.2.4 Band alignment calculations  To compare the electronic 

properties, including VBM, CBM, and (0 / )   level, obtained from different 

materials as well as different functional, the surface calculations were separately 

performed to determine the electrostatic potential differences V  between bulk-like 
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Table 3.4  The summary of non-polar plane used in the surface calculations for 

selected metal nitrides to determine the electrostatic potential difference ( V ) 

between bulk-like and vacuum regions obtained from LDA and GGA functionals.   

Compound Structure 

Non-polar 

plane 

V  (eV) 

LDA GGA 

Group I nitride 

Li3N Hexagonal (1010)  -4.51 -4.96 

Group II nitride 

Be3N2 Antibixbyite (111) -10.86 -10.47 

Mg3N2 Antibixbyite (111) -8.41 -7.85 

Ca3N2 Antibixbyite (111) -5.03 -5.98 

Sr3N2 Antibixbyite (111) -4.56 -4.24 

Group III nitride 

AlN Wurtzite (1120)  -12.41 -12.03 

GaN Wurtzite (1120)  -9.76 -9.32 

InN Wurtzite (1120)  -12.13 -11.38 

 

and vacuum regions.  The calculated results of V  for different compounds are 

demonstrated in Table 3.3 and 3.4 for selected metal oxides and metal nitrides, 

respectively. These values were then added to such levels of each compound obtained 

from bulk calculation to align them with respect to vacuum level.  The aligned VBM 

and CBM for metal oxides and metal nitrides were demonstrated in Figure 3.7 and 

3.8, respectively.  In addition, the aligned (0 / )   level of NO defect in metal oxides 



53 

 

Figure 3.7  The illustrations of (a) CBM, (b) defect transition level (0 / )  , and (c) 

VBM aligned with the vacuum level for selected metal oxides obtained from LDA 

(black filled circles) and GGA (red filled circles) functionals.  The blue circles 

represent group I oxides (Li2O, Na2O, K2O, and Rb2O) having the same antifluorite 

structure and the blue squares represent group II oxides (MgO, CaO, and SrO) having 

the same rocksalt structure.   

 

are also illustrated in Figure 3.7.  Considering metal oxides having the same crystal 

structure in Figure 3.7 enclosed by the blue circles and squares for group I and II 

oxides, respectively, VBM and (0 / )   positions are increased when increasing 

metal’s atomic size.  However, there is no trend for group III oxides (Al2O3, Ga2O3, 

and In2O3) because these oxides crystallize in different structure.  Similarly, in Figure 

3.8, the group II and III nitrides having the same crystal structure are enclosed by blue 



54 

 

 

Figure 3.8  The illustrations of (a) CBM and (b) VBM positions aligned with the 

vacuum level for selected metal nitrides obtained from LDA (black filled circles) and 

GGA (red filled circles) functionals.  The blue squares represent group II nitrides 

(Be3N2, Mg3N2, Ca3N2, and Sr3N2) having the same antibixbyite structure and the blue 

triangles represent group III nitrides (AlN, GaN, and InN) having the same wurtzite 

structure.   

 

squares and triangles, respectively, VBM positions also show the same behavior as 

found in the case of metal oxides.   Note that the defect transition levels ( / 0)   of 

ON defect are not depicted because they lie above CBM.   

Finally, the effect of different functionals (LDA and GGA) on the 

electronic levels, including VBM, CBM, and (0 / )   level, was investigated and 

found that such levels after aligned are not sensitive to the functional used in the 

calculations.  It seems that the such levels obtained from the GGA functional yield a 

bit higher positions than those obtained from the LDA functional.   
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3.4 Conclusions 

In this work, the electrical properties of NO and ON defects in various selected 

metal oxides and metal nitrides, respectively, were systematically investigated by 

using first-principles DFT calculations with two different functionals, i.e., the LDA 

and GGA functionals.  The results obtained from both LDA and GGA functionals are 

in good agreement with the experiments for lattice parameters.  The calculated heat of 

formations for metal oxides obtained from LDA functional are much better than those 

obtained from GGA functional when comparing with the experimental values, 

especially for group III oxide. In opposite, in metal nitrides, the calculated heat of 

formations obtained from GGA functional are more in good agreement with the 

experiments than those obtained from LDA functional.   

With regard to metal oxides, NO defect always acts as a deep acceptor of 

which the defect transition level lie far away from VBM.  Therefore, NO defect cannot 

be a cause of the observed p-type conductivity in metal oxides.  For metal nitrides, ON 

defect always acts as a shallow donor defect, which is stable only in a single positive 

charge state. Therefore, the ON defect could be responsible for the observed 

unintentional n-type conductivity in metal nitrides.   

Finally, the electronic levels obtained from LDA and GGA functionals after 

aligned with the vacuum level are nearly identical.  By considering the electronic 

levels of the compounds having the same crystal structure: group I oxides (antifluorite 

structure), group II oxide (rocksalt structure except BeO which has a wurtzite 

structure), group II nitrides (antibixbyite structure), and group III nitride (wurtzite 

structure), the VBM (and (0 / )   for metal oxides only) positions are increased with 

increasing metal’s atomic sizes.   
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CHAPTER IV 

LOCAL STRUCTURES OF MAGNESIUM 

IN MAGNESIUM ZINC OXIDE ALLOY 

 

4.1 Introduction 

Magnesium zinc oxide (MgxZn1-xO or MZO) alloy is an alloy between zinc 

oxide (ZnO) and magnesium oxide (MgO).  Due to a wide difference in the band gaps 

of wurtzite (WZ) ZnO and rocksalt (RS) MgO, i.e., 3.3 eV (Özgür et al., 2005) and 

7.8 eV (Roessler and Walker, 1967), respectively, the bandgap of MZO can be tuned 

and controlled to any value in the range of 3.3 - 7.8 eV depending on the Mg 

composition (x) (Capasso, 1987; Makino et al., 2001).  This technique, called the band 

gap engineering, makes MZO appropriate from blue to ultraviolet in optoelectronic 

applications (Sharma et al., 1999; Zhu et al., 2011).  MZO thin films and 

nanostructures can be synthesized by several techniques such as molecular beam 

epitaxy (Shibata et al., 2007), metal organic vapor-phase epitaxy (Zeng et al., 2007), 

pulsed laser deposition (Ohtomo et al., 1998), radio frequency (RF) sputtering (Cong 

et al., 2006), and chemical based methods (Ghosh and Basak, 2007).  Because the 

electronic as well as optoelectronic applications of MZO are mostly concerned with 

changing the alloy composition, the local crystal structure along with alloy 

composition is an important factor that controls such properties.   

Because of the difference in the microscopic structures between WZ-ZnO and 

RS-MgO, the microscopic structures of MZO are generally believed to be a mixture 
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of these two structures, depending on the Mg concentration.  Previous studies 

(Bendersky et al., 2005) has analyzed the microscopic structures of the MZO by using 

the x-ray diffraction (XRD) technique and shown that the structure of MZO is WZ 

when x < 0.40.  For 0.40 < x < 0.60, MZO contains a mixture of WZ and RS 

structures.  For x > 0.60, the structure of MZO completely transforms to RS.  

However, the traditional XRD technique requires long-range ordering and this 

technique is not elemental selective.  Therefore only the average crystal structure can 

be detected.  To investigate the local environments of the specific atom in the sample, 

the synchrotron x-ray absorption near edge structure (XANES) technique is more 

suitable than the XRD technique.  Several groups have reported investigations of 

MZO alloy by using XANES technique (Mayes et al., 2015; Mizoguchi et al., 2007; 

Ogata et al., 2013).  However, their results were based on the assumption that MZO 

alloys have either the WZ or RS structure.   

In this work, the synchrotron XANES technique was performed to investigate 

the local environments of the specific cations in MZO alloy in various Mg 

compositions over the whole composition range.  The fractions of Mg and Zn local 

structures in MZO alloy were analyzed to examine the miscibility between WZ and 

RS phases.  In addition, first-principles density functional calculations are employed 

to investigate the most stable form of Mg defect in WZ-ZnO by considering the defect 

formation energy. To compare our calculated results with the experiment, some 

selected stable forms of Mg defect will be used to simulate the XANES spectra by 

using FEFF codes (Ankudinov et al., 1998; Rehr et al., 2009).    
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4.2 Experimental Details 

MZO nanocrystal samples were synthesized based on an oxalate-based co-

precipitation method (Risbud et al., 2003).  Zinc acetate, magnesium acetate, and 

oxalic acid with selected ratios were used as precursors.  Based on energy dispersive 

x-ray spectroscopy measurements, the Mg composition (x) in MZO samples are 

determined to be x = 0.00, 0.01, 0.04, 0.10, 0.15, 0.25, 0.30, 0.35, 0.50, 0.70, 0.80, 

0.90, and 1.00 consistent with the fractions used in the preparation process.  The 

ultraviolet-visible absorption measurements have confirmed that the main absorption 

edges are blue shifted for MZO samples with higher Mg composition.   

XANES spectra measurements were measured at beamline 8 of the Siam 

Photon Laboratory, Synchrotron Light Research Institute, Thailand.  The storage ring 

was run at 1.2 GeV with a beam current of 80 - 120 mA during the measurements 

(Klysubun et al., 2007).  The XANES measurements were collected in the 

fluorescence mode using KTP (011) and Ga (220) double crystal monochromators for 

Mg K-edge (1,303 eV) and Zn K-edge (9,659 eV), respectively.  A 13-element Ge 

detector was used for detection of x-ray photons emitted from the sample.  The x-ray 

transparent Kapton® tape was used to hold the samples.  The absolute energies of Mg 

and Zn absorption edges were calibrated by using standard RS-MgO and WZ-ZnO 

powders and compared with the literatures (Kunisu et al., 2004; Luches et al., 2004; 

Tanaka et al., 2005).  All spectra were collected at the energy step of 0.25 eV.   

 

4.3 Computational Details 

The first-principles calculations based on density functional theory (DFT) 

within the local density approximation (LDA) were used in this work (Stampfl and 
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Van de Walle, 1999).  The electron-ion interactions were treated by the projector 

augmented-wave (PAW) method as implemented in the Vienna ab initio simulation 

package (VASP) codes (Blöchl, 1994; Kresse and Furthmüller, 1996; Kresse and 

Hafner, 1994; Kresse and Joubert, 1999).  The energy cutoff of 500 eV was used for 

expanding the plane-wave basis set.   

For Mg defects calculations, a supercell approach with 96-atom supercell was 

carried out.  The Monkhorst-Pack scheme with the sampling mesh points of 2 × 2 × 2 

was used for k-space integration (Monkhorst and Pack, 1976).  The stability and 

likelihood of defect formation could be determined by its formation energy.  The 

formation energy of a defect D in charge state q is defined as (Van de Walle and 

Neugebauer, 2004) 

 tot tot[ ] [ ] [bulk] ( ),f q q

i i F v

i

E D E D E n q E E      (4.1) 

where tot[ ]qE D  is the total energy of a supercell with defect D in a charge state q, 

tot[bulk]E  is the total energy of a perfect supercell, in  is the number of atoms species 

i (i = Mg, Zn, and O) being added to ( 0in  ) or removed from ( 0in  ) the supercell 

to create the defect D, i  is the corresponding atomic chemical potential, and FE  is 

the Fermi level referenced to the valence band maximum (
vE ).  To grow a single 

crystal ZnO under thermodynamic equilibrium, it is required that 
ZnO Zn O    , 

where ZnO  is the total energy per molecular formula of WZ-ZnO.  The upper limits 

of Zn  and O  are the energies per atom of metallic Zn and gaseous O2  

(
O tot 2[O ] / 2E  ), respectively.  For Mg defect, the chemical potential of Mg (

Mg ) 
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was limited by RS-MgO under both Zn- and O-rich growth conditions, i.e., 

Mg MgO O    .   

In addition, some defects created in a crystal might bind with other defect to 

form a complex defect.  The stability of complex defect formation can be determined 

by (Van de Walle and Neugebauer, 2004) 

 [A-B] [A] [B] [A-B]f f f

bE E E E   , (4.2) 

where [A-B]bE  is the binding energy of the complex defect between defect A and B, 

the first two terms on the right side are the formation energies of individual defect A 

and B, respectively, and [A-B]fE  is the formation energy of the A-B complex defect. 

The higher the binding energy, the more the likelihood of complex formation could be 

obtained.  In opposite, the negative binding energy means that the formation of such 

complex is unstable.   

To compare our calculated results with the x-ray absorption measurement, the 

optimized structures obtained from VASP codes were used as an input for the FEFF 

codes to simulate the XANES spectrum.  The FEFF codes utilize a full multiple 

scattering approach, which is based on ab-initio overlapping muffin-tin potentials 

(Slater, 1953).  The muffin-tin potentials are obtained using self-consistent 

calculations with the Hedin-Lundqvist exchange-correlation function (Hedin and 

Lundqvist, 1971).  All calculations were carried out within the cluster size of 10.00 Å.  

The self-consistent calculations included only the atoms being in the cluster radius of 

5.50 Å.  The full multiple scattering calculations including all possible paths were 

employed for the atoms being in the cluster radius of 8.40 Å.    
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Figure 4.1  The measured (a) Zn K-edge and (b) Mg K-edge XANES spectra of MZO 

alloys.  The number labeled on each spectrum is the Mg mole fraction (x).  For the 

mixed phase (x = 0.15 and 0.50), the linear combination fits based on 4-fold WZ and 

6-fold RS spectra for each cation species are shown using dashed lines.   

 

4.4 Results and Discussion 

4.4.1 Zn and Mg K-edge XANES measurements 

The measured Zn K-edge and Mg K-edge XANES spectra from MZO 

alloy samples are shown in Figure 4.1(a) and (b), respectively.  For the Zn K-edge 

XANES spectra, the spectrum of pure ZnO (x = 0.00) certainly represents the 

signature of Zn in 4-fold coordination, while the spectrum of nearly pure MgO (x = 

0.90) almost represents the signature of Zn in 6-fold coordination, i.e., Zn substitution 

for Mg (ZnMg) in RS-MgO.  Similarly, the Mg K-edge XANES spectrum of pure 

MgO (x = 1.00) certainly represents the signature of Mg in 6-fold coordination, while 

the spectrum of nearly pure ZnO (x = 0.04) represents the signature of Mg in 4-fold 

coordination, i.e., Mg substitution for Zn (MgZn) in WZ-ZnO.  Since Zn atom can 
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Table 4.1  The phase fractions of Mg (fMg) and Zn (fZn) in 6-fold coordination of 

MgxZn1-xO alloys obtained by linear combination fits between 4-fold WZ and 6-fold 

RS spectra for each Mg and Zn K-edge XANES measurements.  The RS phase 

fractions (FRS) were obtained from Eq. (4.3).   

x fMg fZn FRS 

0.00 0.00 0.00 0.00 

0.01 0.00 0.00 0.00 

0.04 0.01 0.01 0.01 

0.10 0.15 0.03 0.04 

0.15 0.37 0.07 0.12 

0.25 0.47 0.18 0.25 

0.30 0.56 0.25 0.34 

0.35 0.74 0.33 0.47 

0.50 0.90 0.54 0.72 

0.70 0.97 0.81 0.92 

0.80 0.99 0.92 0.98 

0.90 1.00 1.00 1.00 

1.00 1.00 0.00 1.00 

 

substitute for Mg in RS-MgO and, on the other hand, Mg atom can substitute for Zn 

in WZ-ZnO.  For the mixed phase, the measured Zn or Mg K-edge XANES spectra 

should contain the features from both the 4-fold WZ and 6-fold RS coordinations and 

the linear combination method based on 4-fold WZ and 6-dold RS spectra could be 

used to identify the fraction of 4-fold and 6-fold coordinations in the samples.  Table 
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Figure 4.2  Phase fractions of MgxZn1-xO alloy with different the Mg mole fraction 

(x) as determined by the linear combination fits from measured Zn and Mg K-edge 

XANES spectra (black circle).  The area under (above) the black curve represents the 

fraction of 6-fold RS (4-fold WZ) phase.  The cation compositions for each phase 

were represented by different color, magenta and green for Mg and Zn, respectively.   

 

4.1 shows the fraction of Mg and Zn atoms with 6-fold coordination, fMg and fZn, 

respectively, obtained from linear combination fits based on the 4-fold WZ and 6-fold 

RS for each cation species.  The RS phase fraction (FRS) can then be determined by 

 RS Mg Zn(1 ) .F xf x f    (4.3) 

The plot of phase fraction as a function of the Mg composition (x) was shown 

in Figure 4.2.  The area under the curve is associated with the RS phase and the area 

above the cure is associated with the WZ phase, which is 
RS1 F .  Since the XANES 

analysis allows not only the determination of the phase fraction but also the individual 

contribution of each selected cation species, the contributions from each cation 

species was shown in different color, magenta and green for Mg and Zn, respectively.  
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These colors show that the majority cation contribution in RS phase is Mg while the 

majority cation contribution in WZ phase is Zn.   

4.4.2 Computational Results 

From previous section, the linear combination fits of the measured Zn 

K-edge XANES spectra based on the 4-fold WZ and 6-fold RS coordination well 

represent the measured XANES spectra of all intermediate phase MZO as illustrated 

in Figure 4.1(a).  However, for Mg K-edge XANES spectra, the deficiency of the 

fitting results based on only two structures, i.e., 4-fold and 6-fold coordination can be 

detected for the intermediated alloy compositions as depicted in Figure 4.1(b).  This 

suggests the existence of other form(s) of Mg in MZO samples and more additional 

base, beside the 4-fold WZ and 6-fold RS, should be included in the fitting. In this 

section, first-principles calculations were used to examine other plausible forms of 

Mg in the MZO alloy.   

4.4.2.1 Intrinsic and Mg Defects in WZ-ZnO As mentioned in the section 

4.3, the likelihood of defect formation, including intrinsic and Mg-related defects, 

could be investigated by calculating its formation energy.  In addition, the results of 

intrinsic defects can be further used to compare with the previous works to check the 

reliability of our calculation method.   

Figure 4.3 illustrates the formation energies of dominant native point defects 

in ZnO, i.e., Zn vacancy (VZn), O vacancy (VO), Zn interstitial (Zni), and O interstitial 

(Oi) as a function of Fermi energy under Zn-rich and O-rich growth conditions.  The 

calculated results are in a reasonable agreement with the previous work (Janotti and 

Van de Walle, 2007).  For vacancy defects, VZn defect is a multicharge deep acceptor 

with two defect transition levels at ε(0/-) = 0.26 eV and ε(-/2-) = 0.31 eV, while VO 
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Figure 4.3  The illustration of formation energies of native defects and Mg defects in 

WZ-ZnO as a function of Fermi level calculated under Zn-rich (left panel) and O-rich 

(right panel) growth conditions.  The slope of each line indicates the charge state of 

the defect.  The Fermi level, referenced to the (special k-point) VBM of bulk, is 

shown up to the calculated band gap at the special k-point (the vertical dashed line).   

 

defect is a deep double donor with a defect transition level at ε(2+/0) = 0.87 eV. For 

interstitial defect, Zni defect is a shallow donor without any defect transition level.  

For Oi defect, there are two possible configurations: (1) Oi binding with the host O 

atom forming O2-like molecule, named as Oi(split) and (2) Oi sitting in the octahedral 

site, named as Oi(oct).  Oi(split) is a neutral defect without any defect transition level, 

but Oi(oct) is a deep multicharge acceptor with two defect transition levels at ε(0/-) = 

0.26 eV and ε(-/2-) = 0.68 eV.  Under Zn-rich growth condition, VO has the lowest 

formation energy throughout the Fermi energy.  However, under O-rich conditions, 

the formation energy of VZn is the lowest when the Fermi energy is above 0.6 eV, 

otherwise Oi(split) turns to be the lowest energy defect.   
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Regarding Mg defects, two plausible forms of Mg defects were investigated: 

(1) Mg substitution for Zn site (MgZn) and (2) Mg interstitial defect in the octahedral 

site (Mgi).  The formation energies of Mg defects as a function of Fermi energy under 

Zn-rich and O-rich growth conditions are also shown in Figure 4.3.  The results 

revealed that MgZn is a neutral defect because Mg and Zn atoms are isovalent, 

whereas Mgi is a shallow double donor defect without any defect transition level.  It is 

clearly seen that under O-rich growth condition the formation energy of MgZn is lower 

than that of Mgi throughout the Fermi energy, but under Zn-rich growth condition Mgi 

turns to be lower when the Fermi level is close to the VBM.  In practice, as-grown 

WZ-ZnO is a n-type semiconductor, which means that the Fermi level is quite far 

from the VBM.  Therefore, it is quite safe to conclude that MgZn is the most stable 

form of Mg defects under both Zn- and O-rich growth conditions with quite low 

formation energy.   

4.4.2.2 Formation of Complex Defects between Mg and Other Native 

Point Defects As described in section 4.3 and 4.4.2.1, Mg atom in WZ-ZnO is likely 

to be in the form of MgZn defect.  Therefore, the likelihood of a complex defect 

formation between MgZn and dominant native point defects will be explored.  From 

Eq. (4.2), the binding energies between MgZn and VO or VZn defects are all negative.  

In addition, the binding energy between MgZn and Mgi defects are also negative.  This 

implies that MgZn is unlikely to bind with other native point defects.  Therefore, these 

results can help us to rule out the formation of such complex defects as a missing 

form in the fitting of measured Mg K-edge XANES spectra as described in section 

4.3.   

4.4.2.3 Clustering of MgZn in WZ-ZnO In this section, the likelihood of
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Figure 4.4  Calculated Mg K-edge XANES spectra of MgZn in WZ-ZnO (a) with 

random configurations and (b) with cluster configurations at different Mg 

concentrations.  (c) Calculated Mg K-edge XANES spectrum of HX-MgO structure 

compared to that of RS-MgO (upper curve) and MgZn in WZ-ZnO (lower curve).   

 

formation of Mg clusters in MZO alloy, the calculations in two sets were carried out: 

(1) Zn atoms were randomly replaced by Mg atoms and (2) Zn atoms were 

intentionally replaced by Mg atoms to form a cluster.  For each calculation set, the 

calculations with different Mg concentrations in ZnO, i.e., 2%, 4%, 10%, 15%, and 

19% were performed to replicate the Mg concentrations in the experiment.  By 

comparing the total energy for each set of calculations, the results showed that the 

first case (random) give lower total energy than the second case (cluster).  This 

suggests that MgZn cluster is unlikely to form in WZ-ZnO.   

Although the calculated results reveal that MgZn prefers to stay away from 

each other as well as away from other native defects, it is still interesting to see how 
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the Mg cluster affects the features of XANES spectrum.  The calculated Mg K-edge 

XANES spectra of MgZn in two cases are depicted in Figure 4.4(a) and (b) for random 

and cluster, respectively.  As expected, the calculated spectra from both random and 

cluster cases are very similar because the local structures around Mg atoms in 

difference cases are all similar.   

4.4.2.4 The 5-fold MgZn By using first-principles total energy calculations on 

homogeneous phase transformation between WZ-MgO and RS-MgO, S. 

Limpijumnong and W. Lambrecht found a meta stable phase of MgO called 

unbuckled wurtzite (HX) phase under certain tensile stress conditions (Limpijumnong 

and Lambrecht, 2001).  If one starts the calculation from the WZ-MgO and keeps the 

volume fixed (so that the structure would not spontaneously relax back to the denser 

RS phase) but allows full cell shape relaxation, all the buckled [0001] planes would 

turn to a flat plane; making the Mg atom form 5-fold bonding with the surrounding O 

atoms and the c/a ratio reduces from ~1.63 of the WZ structure to ~1.20 of the HX 

structure.  Therefore, it is highly plausible that Mg substituting in WZ-ZnO might 

form a 5-fold coordination.  To calculate the XANES spectrum of Mg in 5-fold 

coordination, the HX-MgO structure was optimized by using the VASP codes.  After 

that, FEFF codes were performed to calculate the Mg K-edge XANES spectrum using 

the optimized crystal structure obtained from VASP codes.  The calculated XANES 

spectrum is illustrated in Figure 4.4(c).  It is clearly seen that the features of HX 

spectrum significantly differ from that of 4-fold (WZ) and 6-fold (RS) coordinations 

with a distinctive peak (at ~1,314 eV) centering at the position in between the main 

peaks of the 4-fold and 6-fold Mg.  Looking back at the fit results in Figure 4.1(b) of 

MZO with x = 0.15, the main deficiency (the disagreement between the actual 
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measurement and the fit) appears at ~1,312 eV or between the main peaks of the 4-

fold and 6-fold spectra.  Therefore, a big improvement can be expected by including 

the spectrum of 5-fold Mg as an additional base in the fit.  However, there is currently 

no experimental XANES spectrum of HX structure for using in the actual fit.  

Nevertheless, these results serve as compelling evidence that the missing form of Mg 

phase in the fit might be 5-fold Mg.   

 

4.5 Conclusions 

In this research, the synchrotron XANES measurement was employed to 

determine the local structures of Mg and Zn atoms in MZO alloy samples.  The results 

showed that the MZO alloy composes of mixture between WZ and RS phases.  In 

addition, Zn atom is more soluble in the RS phase than Mg atoms in the WZ phase.  

The measured Zn K-edge XANES spectra of MZO alloy at intermediate alloy 

compositions can be described well by using 4-fold and 6-fold coordination as bases 

in the fitting model.  However, the deficiency of the fitting results can be detected in 

the measured Mg K-edge XANES spectra.  This suggests other forms of Mg in the 

sample and additional bases should be included in the fit.  The first-principles density 

functional calculations were performed to find the plausible forms of Mg in MZO 

alloy.  The calculated results revealed that (1) the Mg substituted for Zn (MgZn), i.e., 

4-fold coordination, is the most stable form, (2) MgZn does not prefers to bind with 

any native point defects, and (3) MgZn prefers to stay away from each other, i.e., does 

not prefers to form Mg clusters.  The measured Mg K-edge XANES spectra indicate 

another form of Mg beside the 4-fold and 6-fold coordinations and the missing form 

of Mg in 5-fold coordination is suggested.  This is because the 5-fold coordinated Mg 
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is the normal cation coordination in HX or unbuckled WZ structure.  The calculated 

Mg K-edge XANES spectrum of Mg in 5-fold coordination gives the main peak that 

nicely fits with the missing part of the measured XANES spectra and should be 

included as one of bases in the linear combination fits to describe the phase fraction of 

Mg in MZO alloy.   
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CHAPTER V 

GALLIUM ACCEPTOR DEFECTS IN TIN DIOXIDE 

REVISITED: A HYBRID FUNCTIONAL STUDY 

 

5.1 Introduction 

Tin dioxide (SnO2), known as cassiterite in the mineral form, is one of the 

most interesting ceramics because of its wide band gap, good transparency, high 

thermal/chemical resistances, and low cost (Jarzebski and Marton, 1976; Jarzebski 

and Morton, 1976).  Due to its large direct band gap of ~3.60 eV (Reimann and 

Steube, 1998), SnO2 has been widely applied in various applications, such as 

transparent conductive oxides (TCOs), solar cells, and solid state gas sensing 

materials (Advani and Jordan, 1980; Batzill and Diebold, 2005; Yates et al., 2012).  

The crystal structure of SnO2 at room temperature is tetragonal rutile, in which the Sn 

and O atoms are six-fold and three-fold coordinated, respectively (Das and 

Jayaraman, 2014).  Usually, as-grown SnO2 exhibits n-type conductivity with a high 

carrier concentration, which has been attributed to the intrinsic or extrinsic defects 

(Fonstad and Rediker, 1971; Masahiro and Shigeo, 1971; Samson and Fonstad, 1973; 

Stjerna et al., 1990).  There are experimentally reports showing that the electrical 

conductivity strongly depends on the oxygen availability during the crystal growth 

process (Masahiro and Shigeo, 1971; Samson and Fonstad, 1973).  Therefore, the 

origin of n-type conductivity in SnO2 was assigned to intrinsic defects, especially the 
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oxygen vacancies (VO) (Fonstad and Rediker, 1971; Samson and Fonstad, 1973).  

However, there is no direct evidence to support this assignment.   

In order to make SnO2 usable for a wide range of electronic devices, SnO2 

must be able to be doped into both n- and p-types.  However, the inherent n-type 

conductivity in SnO2 is an obstacle for making it into p-type semiconductor.  In 

addition, an effective p-type dopant for SnO2 has not been identified.  In principle, 

substitution of group-III elements for Sn site could make it p-type and there are many 

literatures studying the feasibility of making p-type SnO2 (Scanlon and Watson, 2012; 

Singh et al., 2008; Varley et al., 2009).  Singh et al. have used density functional 

theory (DFT) calculations with GGA+U method to study SnO2 doped with group-III 

elements (Singh et al., 2008).  They reported that p-type SnO2 could be achieved by 

replacing Sn atom with Al (AlSn), Ga (GaSn), or In (InSn) atom.  Further, Varley et al. 

have repeated Singh’s calculations by using DFT calculations with more accurate 

hybrid functional proposed by Heyd-Scuseria-Ernzerhof (HSE) with a default 

Hartree-Fock mixing parameter of 25% (Varley et al., 2009).  Their results showed 

that AlSn, GaSn, and InSn defects in SnO2 could act as a shallow acceptor in agreement 

with Singh’s results.  However, Scanlon and Watson have reinvestigated the 

possibility of making p-type SnO2 by using the PBE0 hybrid functional (Perdew et al., 

1996) and revealed that these defects could not act as shallow accepters contradicting 

to previous results (Scanlon and Watson, 2012).  In addition, they found that GaSn 

defect is amphoteric with two defect transition levels ε(+/0) = 0.54 eV and ε(0/−) = 

1.05 eV.  This conflict is interesting and should be clarified.   In this work, the GaSn 

defect in SnO2 is revisited by using DFT calculations with HSE hybrid functional.  
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The results showed that GaSn actually is a deep acceptor with defect transition level 

ε(0/−) = 0.79 eV.   

To find a way to enhance the acceptor concentration, i.e., making the acceptor 

level shallower, the effects of crystal strain on the acceptor level were studied. It has 

been illustrated that for the case of Na-doped ZnO, applying the compressive strain 

can make the acceptor level shallower (Sun et al., 2014).  To make it more practical, 

the compressive strain could be introduced by alloying the host material with an 

isovalent element that has the same crystal structure but with a smaller lattice constant 

(Ryu et al., 2006).  Here, the compressive strain in SnO2 is introduced by alloying 

SnO2 with Si.  Both SiO2 and SnO2 have rutile structure, but different lattice 

parameters, i.e., a = 4.18 Å and c = 2.66 Å for SiO2 (Baur and Khan, 1971) and a = 

4.74 Å and c = 3.19 Å for SnO2 (Baur, 1956).  Our results show that applying 

compressive strain through alloying does not sufficiently shift the acceptor level to a 

usable value.   

 

5.2 Computational Details 

First-principles calculations based on density functional theory (DFT) were 

used within a plane-wave basis set as implemented in the VASP code (Kresse and 

Furthmüller, 1996; Kresse and Hafner, 1994; Kresse and Joubert, 1999).  The 

electron-ion interactions were described by the projector augmented-wave (PAW) 

method (Blöchl, 1994).  The Sn 4d and Ga 3d states were treated as valence electrons.  

For the exchange-correlation energy, both generalized gradient approximation (GGA) 

parameterized by Perdew, Burke, and Ernzerhof (PBE) (Perdew et al., 1996) and 

hybrid functional proposed by Heyd, Scuseria, and Ernzerhof (HSE) (Heyd et al., 
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Table 5.1  The calculated lattice parameters (a and c), internal parameter (u), and cell 

volume (Ω) of SnO2 and SiO2 in the tetragonal rutile structure by using the GGA-PBE 

and HSE functionals accompanied with the corresponding experimental values.   

 GGA-PBE  HSE  Exp. 

 

a 

(Å) 

c 

(Å) 

u Ω 

(Å3) 

 

a 

(Å) 

c 

(Å) 

u Ω 

(Å3) 

 

a 

(Å) 

c 

(Å) 

u Ω 

(Å3) 

SnO2 4.77 3.22 0.306 73.21  4.74 3.18 0.306 71.55  4.74 3.19 0.307 71.47a 

SiO2 4.19 2.68 0.306 47.12  4.16 2.66 0.306 46.12  4.18 2.66 0.306 46.54b 

a (Baur, 1956) 

b (Baur and Khan, 1971) 

 

2003) with a mixing parameter of 0.32 were used.  The latter yields the calculated 

band gap of 3.61 eV in agreement with the experimental value of 3.60 eV (Reimann 

and Steube, 1998).  The energy cutoff for expanding the plane wave basis set was set 

at 306 eV (Kresse and Furthmüller, 1996).  The spin polarization was treated for all 

cases with unpaired electrons.  For bulk calculations, the Γ-centered grid scheme was 

used for k-space integration with a sampling mesh point of 3 × 3 × 5.  The calculated 

lattice parameters for SnO2 obtained from both GGA-PBE and HSE are summarized 

in Table 5.1.  They are in good agreement with the experimental values.  For defect 

calculations, a supercell approach was employed using a supercell size of 72-atom, 

i.e., a 2 × 2 × 3 repetition of the 6-atom primitive cell.  All atoms in the supercell were 

allowed to relax until the residue force on each atom became less than 0.025 eV/Å.  

The chance of Ga substitution for Sn (GaSn) could be determined from its formation 

energy, which is defined by (Janotti and Van de Walle, 2007): 
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 Sn Sn 2 Sn Ga VBM(Ga ) (Ga ) (SnO ) ( ),f q q

tot tot FE E E q E E        (5.1) 

where 
Sn(Ga )q

totE  is the calculated total energy of a supercell with Ga substitution for 

Sn in charge state q, 
2(SnO )totE  is the calculated total energy of a perfect supercell, 

Sn  and Ga  are the atomic chemical potentials described below, and FE  is the Fermi 

energy referenced to the valence band maximum (VBM) of the perfect cell.   

To grow SnO2 crystal under the thermodynamic equilibrium, it is required that 

2SnO Sn O2    , where 
2SnO  is the total energy of SnO2 per formula unit, 

Sn  and 

O  are the atomic chemical potentials for Sn and O, respectively.  To prevent the 

formation of the undesired phases, such as metallic α-Sn and gaseous O2, the chemical 

potentials of Sn and O (
Sn  and O ) are limited to the energy per formula unit of 

metallic α-Sn and half of the energy of gaseous O2 molecule ( O 2(O ) / 2totE  ), 

respectively.  For the calculations of Ga defects, the chemical potential of Ga ( Ga ) is 

limited by β-Ga2O3 phase to prevent the formation of gallium oxide phase.   

For the formation-energy calculations of charged defect by the supercell 

approach, there is a fictitious interaction arising from the neighboring cells due to 

periodic boundary conditions.  This error can be reduced by applying a finite-size 

correction to the defect formation energy defined in Eq. (5.1).  Here, the finite-size 

correction scheme was applied (Makov and Payne, 1995); 

 
  
E

correct

f (Ga
Sn

q ) = E f (Ga
Sn

q ) +
q2a

2eL
,  (5.2) 

where 
  
E f (Ga

Sn

q ) is the calculated formation energy obtained from Eq. (5.1).  The last 

term on the right hand side is the Madelung energy, where α is the Madelung 
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Figure 5.1  Schematic illustration of the structures for SixSn1−xO2 alloy (a), GaSn in 

SixSn1−xO2 alloy at inside (b) and outside (c) Si-cluster configurations.  The red, 

green, blue, and yellow balls represent Sn, O, Si, and Ga atoms, respectively.   

 

constant, ε is the static dielectric constant of material, and L is the linear dimension of 

the supercell (i.e., L ~ Ω1/3, where Ω is the supercell volume).  α and ε were set to 2.84 

(Leslie and Gillan, 1985) and 12.33 (Young and Frederikse, 1973), respectively.  This 

gives the calculated Madelung energy for a single charge state (q = −1 and +1) of 

GaSn defect in the 72-atom SnO2 supercell to be about 0.17 eV.  After applying the 

finite-size correction as mentioned above, the defect transition level associated with 

the defect in two different charge states, i.e., q1 and q2, could be determined.  This 

level is actually defined as the Fermi-level position at which the formation energies of 

the defect in the two charge states are equal, i.e., 

 

  

e(q
1

/ q
2
) =

E
correct

f (Ga
Sn

q
2 ) - E

correct

f (Ga
Sn

q
1 )

q
2
- q

1

. (5.3) 
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To investigate the effect of compressive strain on the defect transition level 

associated with GaSn defect in SnO2, four Sn atoms in a bulk 72-atom SnO2 supercell 

were replaced with Si atoms to create SixSn1−xO2 alloy with x ~ 0.17.  While there are 

many ways to replace four Sn atoms with Si, in this work, four Si atoms were 

symmetrically substituted on the Sn’s sites, as depicted in Figure 5.1(a).  The cell 

volume of the SixSn1−xO2 alloy was fully optimized.  Then, the GaSn defect in this 

alloy was investigated in two different configurations, as illustrated in Figure 5.1(b) 

and 5.1(c) for the Ga inside and outside Si-cluster configurations, respectively.   

 

5.3 Results and Discussion 

The lattice parameters obtained from both GGA-PBE and HSE functionals are 

tabulated in Table 5.1 in comparison with the experimental lattice parameters.  It can 

be clearly seen that the calculations with HSE functional give better results when 

comparing with the experimental values.  In addition, the calculated band gap and the 

heat of formation obtained from HSE functional are 3.61 eV and −6.09 eV, 

respectively, which are in good agreement with the experimental values of 3.60 eV 

(Reimann and Steube, 1998) and −5.99 eV (Lavut et al., 1981).  However, the 

calculations with HSE functional take much more computational resources compared 

to the calculations with GGA-PBE functional.  Note that the calculated band gap with 

GGA-PBE functional is only 1.27 eV, which is much lower than the experimental 

value due to the well-known DFT problems.  Moreover, the VBM and conduction 
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Figure 5.2  (a) The total energy (ΔE) of 0

SnGa  in bulk SnO2 as a function of the Ga’s 

displacement (d) near the saddle point.  The total energy of the 0

SnGa  at the on-center 

configuration (d = 0.00 Å) is set to be zero and the vertical dashed line marks the 

mirror symmetry point.  (b) Ga atom is moved along the Ga-O bond, as indicated by 

the blue arrow, until one Ga-O bond appears broken and the total energy is reduced by 

0.5 eV.  The localized hole states on the oxygen atom nearby GaSn are depicted as a 

gray color.   

 

band minimum positions obtained from GGA-PBE functional are known to be 

incorrect.  Therefore, the HSE functional will be used for further study.   

To revisit the study of p-type conductivity in Ga-doped SnO2, a Ga 

substitution for Sn (GaSn) defects in SnO2 were reinvestigated.  Because Ga has one 

less valence electron compared to Sn, GaSn is expected to be stable in a negative 

charge state ( 1

SnGa ) and/or neutral charge state ( 0

SnGa ) depending on the electron 

Fermi energy.  For , Ga atom prefers to stay on the Sn site surrounded by six 
1

SnGa
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oxygen atoms similar to the geometry of Sn-O bonds in bulk SnO2.  This 

configuration is called on-center configuration.  The six Ga-O bond lengths are 2% 

shorter than the Sn-O bond lengths in the bulk SnO2.  For , Ga in the on-center 

configuration is not the lowest-energy configuration.  The formation energy can be 

lowered by breaking a Ga-O bond and shifting the Ga atom from the on-center site.  

The potential energy curve near the saddle point is illustrated in Figure 5.2(a).  The 

new configuration with five Ga-O bonds is called off-center configuration as 

illustrated in Figure 5.2(b).  The energy different between the on- and off-center 

configurations is 0.5 eV; indicating that 0

SnGa  clearly stables in the off-center 

configuration, or a small-polaron configuration.   

When taking into account the proper structural relaxation as explained above, 

the defect transition level ε(0/−) associated with GaSn is ~0.79 eV above the VBM. In 

addition, the hole states localized on the oxygen atom nearby GaSn (see Figure 5.2(b)) 

also reveal the deep characteristic. This means GaSn is indeed a deep acceptor which is 

in agreement with the result of Scanlon and Watson (Scanlon and Watson, 2012).  

Based on our results, GaSn cannot be a source of p-type carriers in SnO2.   

Recently, it has been proposed that compressive strain could shift the deep 

acceptor levels to shallower values (Sun et al., 2014).  It was shown that by applying 

(hydrostatic) compressive strain to ZnO, the acceptor level of NaZn became shallower 

and can be used to improve the p-type conductivity.  For the case of Ga in SnO2, the 

bond compression in the −1 charge state and the configuration distortion in the neutral 

charge state clearly suggest that the center around Ga prefers compressive strain.  In 

addition, the structural distortion of the neutral charge state (from on-center to off-

0

SnGa
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Table 5.2  The calculated parameters of 72-atom SnO2 with and without alloying with 

Si atom.  Lx, Ly, and Lz are the expanded cell dimensions in relative to the primitive 

cell parameters, where Lx = Ly = 2a and Lz = 3c.  The parameters for the alloy are 

explicitly calculated only for the GGA-PBE case.  For HSE calculations, the 

compression ratio obtained from the GGA-PBE case (−6.22%) is used to calculate the 

alloy parameters relative to bulk SnO2 (the cell shape of the alloy is approximated to 

be a cube, i.e., Lx = Ly = Lz = Ω1/3).   

 GGA-PBE  HSE 

 SnO2 SixSn1−xO2  SnO2 SixSn1−xO2 

Lx = Ly (Å) 9.54 9.37(44)  9.48 9.30 

Lz (Å) 9.65 9.37(49)  9.55 9.30 

Ω (Å3) 878.51 823.86  858.62 805.20 

ΔΩ (%) −6.22  −6.22 

 

center) results in the energy lowering by 0.5 eV.  This energy lowering is partially 

responsible for the very deep acceptor level.  In principle, without this structural 

relaxation, the acceptor level can be 0.5 eV shallower.  By analyzing the structure, 

application of the compressive strain into the SnO2 host helps shifting the O neighbors 

closers to the Ga atom (reducing the strain for the −1 charge state) and at the same 

time might be sufficient to stop the neutral charge state from distorting to the off-

center configuration (avoiding the structural distortion energy).  Therefore, the 

compressive strain was applied into SnO2 by adding another element that crystalizes 

in the same crystal structure as the host, but with a smaller unit cell volume.  Since 

SiO2 also has a tetragonal rutile structure with a smaller unit cell volume than that of 
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SnO2 as shown in Table 5.1.  Therefore, Si atoms were added into SnO2 forming 

SixSn1−xO2 alloy by symmetrically replacing four Sn atoms in the SnO2 supercell by 

four Si atoms as illustrated in Figure 5.1(a) and re-optimized the cell volume of 

SixSn1−xO2 alloy.  The alloy’s volume is explicitly calculated using the GGA-PBE 

functional.  The volume of the alloy is 6.22% smaller than that of SnO2 as shown in 

Table 5.2.  After alloying, the tetragonal-SnO2 has the supercell shape transformed 

into an almost perfect cubic-SixSn1−xO2.  As shown in Table 5.1, the ratio between the 

unit cell volume of pure SnO2 and pure SiO2 obtained using the GGA-PBE and HSE 

functional are almost exactly the same, i.e., ~1.55.  Therefore, the same compression 

ratio, i.e., ~6.22% compression from bulk SnO2, was assumed for the HSE 

calculations of SixSn1−xO2 alloy.   

To study the effects of compressive strain on the defect transition level 

associated with GaSn, one Sn atom in SixSn1−xO2 alloy was substituted by Ga atom.  

To test different Sn sites in the alloy, two different configurations were studied; (1) 

GaSn inside Si-cluster ( in

SnGa ) and (2) GaSn outside Si-cluster ( out

SnGa ) as shown in 

Figure 5.1(b) and 5.1(c), respectively.  The results showed that the relaxations of the 

neutral GaSn remains the same as the non-strain case and the defect transition levels 

are still very deep.  The levels associated with in

SnGa  and out

SnGa  are 0.87 eV and 0.71 

eV above the VBM, respectively.  This indicates that the strain effect is not sufficient 

to enhance the p-type carrier for Ga-doped SnO2.  Even the best case, the acceptor 

level is reduced by only ~0.1 eV.   

Further, to investigate whether the change in the transition levels is mainly due 

to the effect of compressive strain or the effect of atomic Si, the cell volume of SnO2 
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Figure 5.3  Defect transition levels ε(0/−) associated with GaSn in four configurations, 

i.e., (a) bulk SnO2, (b) SixSn1−xO2 alloy with inside configuration, (c) SixSn1−xO2 with 

outside configuration, and (d) 6.22% compressed bulk SnO2.  In the plot, the valence 

band maximum for each configuration is set to be zero.   

 

was directly compressed with the same ratio as mentioned before without alloying 

with Si and then replaced one Sn atom with Ga to create GaSn defect.  The results 

showed that under the compression, the defect transition level is 0.69 eV above VBM.  

This is about 0.1 eV lower than the uncompressed case.  The compressive strain helps 

to make the acceptor level shallower as expected.  However, the effect is too small to 

be useful as the level remains too deep.  The defect transition levels associated with 

GaSn defect in bulk SnO2, SixSn1−xO2 alloy, and compressed bulk SnO2 are shown in 

Figure 5.3.  Because the acceptor levels in all cases remain deep, its can be concluded 

that GaSn cannot be a source of hole carrier in SnO2.    
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5.4 Conclusions 

First-principles calculations with GGA-PBE and HSE functionals were 

performed to study GaSn defects in SnO2 with and without compressive strain.  The 

results revealed that GaSn defect acts as a deep acceptor in SnO2 with the ionization 

energy of ~0.8 eV.  Moreover, the compressive strain effect on the acceptor level was 

investigated.  The results showed that by applying the strain of ~6% either by direct 

compression or alloying with smaller cations (Si), the acceptor level can be lowered 

but by only about 0.1 eV and the acceptor level still too deep to be useful.  Therefore, 

that Ga could not be the source of hole carriers in SnO2.   
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CHAPTER VI 

CONCLUSIONS AND FUTURE RESSEARCHS 

 

In this thesis, brief theoretical backgrounds related to density functional theory 

and some approximations are presented in Chapter II.  The substitutional defects on 

both anion’s (in Chapter III) and cation’s (in Chapter IV and V) sites were thoroughly 

investigated.  In Chapter III, NO and ON defects in several metal oxides and metal 

nitrides were systematically studied to determine the relation of these defects in 

different metal’s group.  The calculated results obtained from both LDA and GGA 

functionals are almost consistent.  Our results reveal that these defects can easily 

incorporate into the host materials under metal-rich growth conditions.  In addition, 

NO defect in all selected metal oxides always acts as a deep acceptor.  Consequently, 

NO defect cannot be a source of p-type conductivity in metal oxides.  In opposite, ON 

defect in selected metal nitrides always acts as a shallow donor; donating an electron 

to the conduction band resulting in an unintentional n-type conductivity in metal 

nitrides.  The positions of VBM and defect transition level in the different 

compounds, in which the metal’s cation are in the same group, tend to increase when 

increasing the metal’s atomic size.   

For anion substitutional defects, the local structures of the Mg in MgxZn1-xO 

alloy were investigated as reported in Chapter IV.  A combination of first-principles 

calculations and x-ray absorption measurements was used to analyze the Mg 

environment in the alloy.  The deficiency of the fitting results detected in the 
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measured Mg K-edge XANES spectra can be explained by the formation of Mg in 

other phase having 5-fold coordination called HX structure.  The calculated Mg K-

edge XANES spectrum of the HX structure produces the main peak that nicely fits 

with the missing part of the measured XANES spectra and should be considered as 

one of bases of the linear combination fits to determine the phase fraction of Mg in 

this alloy.   

In Chapter V, the Ga acceptor substitutional defects in SnO2 were revisited to 

compare the results with the previous literatures.  The results revealed that GaSn defect 

acts as a deep acceptor in uncompressed SnO2.  The compressive strain on SnO2 

applied by alloying with Si or reducing the cell volume of SnO2 cannot make this 

level shallower.  Therefore, doping with Ga cannot produce hole carriers in SnO2.   

Finally, in the future, the electrical and optical properties of various kinds of 

defects in oxide materials are planned to study by using more accurate hybrid 

functional for enhancing or improving their properties.   
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APPENDIX A 

THE ASSOCIATED CRYSTAL STRUCTURES OF 

THE SELECTED METAL OXIDES AND 

METAL NITRIDES 

 

In Chapter III, for metal oxides, the crystal structures of the alkali metal 

(group I) oxides, i.e., Li2O, Na2O, K2O, and Rb2O, are all the antifluorite structure, as 

shows in Figure A.1(a), in which the positions of the cations and anions are reversed 

compare to their positions in CaF2.  The crystal structures of the alkali earth metal 

(group II) oxides are the wurtzite structure (Figure A.1(b)) for BeO and the rocksalt 

structure (Figure A.1(c)) for MgO, CaO, and SrO.  The crystal structures of the group 

III metal oxides are the corundum structure (Figure A.1(d)) for Al2O3, the monoclinic 

structure (Figure A.1(e)) for Ga2O3, and the bixbyite structure (Figure A.1(f)) for 

In2O3.   

For metal nitrides, the crystal structure of Li3N, which is the only one stable 

group I nitride, is hexagonal structure (α-Li3N phase) as shows in Figure A.1(g).  The 

crystal structures of the group II nitrides, i.e., Be3N2, Mg3N2, Ca3N2, and Sr3N2, are all 

antibixbyite structure as shows in Figure A.1(h) in which similar to Mn2O3 but the 

positions of the cations and anions are reversed.  The crystal structures of the group 

III nitrides are all the wurtzite, similar to BeO structure.   
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Figure A.1  The associated crystal structures of the selected metal-oxides/nitrides, 

i.e., (a) the antifluorite structure for Li2O, Na2O, K2O, and Rb2O, (b) the wurtzite 

structure for BeO, AlN, GaN, and InN, (c) the rocksalt structure for MgO, CaO, and 

SrO, (d) the corundum structure for Al2O3, (e) the monoclinic structure for Ga2O3, (f) 

the bixbyite structure for In2O3, (g) the hexagonal structure for Li3N, and (h) the 

antibixbyite structure for Be3N2, Mg3N2, Ca3N2, and Sr3N2.  The green (larger) and 

red (smaller) balls represent the cations (metal atoms) and anions (O for metal oxides 

and N for metal nitrides) positions, respectively.   
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