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Defects Studies in $-Ga,04 Using an Optimized
Hybrid Functional

Abstract

Semiconductor materials play a very important role in the development of
electronic technology and they can be applied in many fields. Monoclinic gallium
oxide ($-GayO4) has recently attracted a lot of attention due to its unique prop-
erties, such as wide band gap, transparency to UV and visible light, physical and
chemical stability. Since good-quality $-GayO4 single crystals and thin film are
already synthesized successfully, 3-GayO4 can be applied in photocatalytic devices,
phosphorescent and electroluminescent devices, gas sensors, and transistors. All of
these applications require a full knowledge about electrically and optically active

defects.

B-GayO4 is a wide band gap semiconductor, a lot of deep defect levels can
be present in the gap state. For a long time, information about deep defect levels
came only from photoluminescence and electron energy loss spectra. Photolu-
minescence (PL) measurement usually observes three emission bands, ultraviolet
(UV), blue, and green, in as-grown samples and red PL is also observed upon
nitrogen doping, but the lack of explanation for the origin of the PL limits the
application of 8-GayO5 in micro- and optoelectronic devices. Although, recently,
on 3-GayO5 more scientific results have been published, due to the appearance

of new experimental technologies, such as deep-level transient spectroscopy and
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deep-level optical spectroscopy, there is still little known about the intrinsic de-
fects. p-type doping is another issue of 5-GayO5, Mg used to be considered as a
solution for p-type doping of 3-Gay,O5 as Mg is an effective p-type dopant in GaN.
Nevertheless, the experimental results indicated that Mg-doping in 3-Ga,O4 only

leads to semi-insulating.

From a theoretical point of view, the standard local density (LDA) and
semi-local generalized gradient (GGA) approximation of density functional the-
ory (DFT) played an important role in the understanding of the electrical and
optical properties of defects in traditional semiconductors. Unfortunately, these
fail to describe the localization of defect states and underestimate the band gap of
wide band gap materials such as 3-GayO5. In these cases, hybrid functionals are
often applied to overcome the problems of DFT. HSE with 25% of Hatree-Fock ex-
change (o = 0.25) and the screening parameter p = 0.20 are widely used for many
semiconductors and give results in the best band gap. However, those parameters
are not so good for ionic insulator or metal calculations, thus it is necessary to find
a new optimized hybrid functional for 8-Ga,O5. HSE, two parameters (o and p)
can be tuned to reproduce the experimental band gap and fulfill the generalized
Koopman’s theorem. Dedk et al. [2] have tuned both « and u, and found that the
hybrid functional with the parameters a= 0.26 and p = 0.00 is the optimal HSE
for 8-Gay0O4 defects studies. This optimized hybrid functional reproduces not only

the band gap, but also satisfies the generalized Koopmans’ theorem.

Herein, the optimized hybrid functional and a modification of the charge

correction process were utilized for 3-GayO4 with the results as follows:

Xi



o A consistent description of observed carrier trapping by intrinsic defects in
B-GayO4 was given. Only the gallium interstitial acts as triple shallow donors,
the other intrinsic defects are deep. Both the oxygen vacancy and the inter-
stitial are hole traps, while the gallium vacancy is the main compensating

acceptor in undoped samples, in addition to small hole polarons.

o The intrinsic defects, as well as nitrogen at oxygen sites, can act as acceptors.
The observed photoluminescence can be explained as recombination between a
shallow electron and a hole trapped at one of the acceptors. That mechanism
is suggested as a common mechanism in the wide-band gap semiconductors
which can only be doped with n-type. The UV bands can be explained by the
self-trapped holes states. The blue band mainly originates from singly nega-
tive Ga-O vacancies, and the green band is caused dominantly by interstitial
O atoms. In N-doped samples, a nitrogen substitutional on the tetrahedral

oxygen site reproduces the observed red luminescence.

e The Mg impurity introduces a deep acceptor level in 3-GayO4 corresponding
to a small polaron, localized at an oxygen site adjacent to the substitutional
Mg. The trapped hole prefers localization at the so-called O1 site and has the
superhyperfine interactions with the neighboring tetrahedrally coordinated Ga
atom. The calculated hyperfine tensor agrees well with the EPR measurement.

The calculated results confirm that Mg cannot act as a shallow acceptor in

B-GayOs.
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Chapter 1

State of the Art

1. Fields of application for Ga,0O4

1.1.1 Subtrates for GalN devices

GaN is a very important material for optoelectronic devices, ultraviolet-blue
light emitting diodes, photodetectors and lasers. [4-6] Since, GaN homoepitaxy
is expensive, GaN-based devices are usually grown now by heteroepitaxy on the
substrates such as silicon (Si), silicon carbide (SiC), or gallium oxide (GayOs).
Gay 04 substrates have many advantages compared to Si and SiC substrates. Si
substrates interact with GaN in the growth environment and these substrates are

not transparent to visible and ultraviolet (UV) wavelengths. SiC substrates are
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costly and have high optical absorption in the blue region of the spectrum. In
contrast, monoclinic gallium oxide (3-Ga,O5) substrates are transparent in visible
and UV, and they can be grown by the Czochralski or the edge-defined film-fed

growth (EFG) technique at relative low costs [7, 8].

1.1.2 Photocatalytic

Photocatalytic activity is a very promising research area, because it can be
conducted at room temperature, low cost, and environmentally friendly. TiO,
is primarily used as photocatalytic, especially in photocatalytic water spitting.
When TiO, is irradiated by a UV light source, electron-hole pairs are created. The
electrons and holes then can interact with water to yield oxygen and hydrogen.
Compared to TiO,, 3-Ga,O4 has a much wider band gap that gives 5-Gay,O5 a
higher reductive capability. The conduction and valence band-edge of $-Ga,O5 is
1.1 eV higher and 2.5 eV lower than the HT /H, and O,/H,0O redox potentials, re-
spectively [9]. In addition, GayO4 can also be used in the photoelectrolysis of CO,
reduction [10] and benzene oxidation, where the oxidation capability of 3-Ga,O4
is higher than TiO, [11]. Various GayO4 polymorphs have different photocatalytic
activities. The decomposition of volatile aromatic compounds (e.g. benzene and
toluene) have been tested with various polymorphs by Hou et al. [12] and it was
concluded that 8-Ga,O4 exhibited the best photocatalytic activities. In addition,
this report also showed that the photocatalytic activity of $-Ga,O5 was higher
compared to TiO,. The main drawback associated with 5-Gay,O4 photocatalytic

activity is its wide band gap which allows $-GayO4 to absorb only the UV light.
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1.1.3 Phosphorescent and electroluminescent devices

Phosphorescent and electroluminescent devices are other applications of -GayOs.
Conventional materials used in luminescent and electroluminescent devices are pri-
marily sulfide-based phosphors, but these materials lack primary color emissions
and are chemically instable, especially in moisture conditions. In contrast, lu-
minescent (3-Ga,O4-based devices are very stable physically and chemically. In
addition, 3-GayO4 can also be applied in electroluminescent devices. Because of a
wide band gap, 3-GayO4 can be doped with transition metals or rare-earth metals
to allow for the emission of various colors. (-GayO5 doped with manganese can
radiate a visible light band around 500nm [13, 14]. When the dopant is nitrogen
[15], p-GayO4 exhibits red emissions. Those dopants are of great interest due to
the fact that they are suitable to emit primary colors in full-color displays. Yellow
and blue emissions can also be produced with Ce, Tm, Sn, and Dy impurities in
3-GayO4 [14]. Due to the high stability and abundant radiation of colors, 3-Ga,O4
attracts a lot of attention as a new material for emissive displays such as thin-film

electroluminescent displays, plasma display panels, and field-emission display.

1.1.4 Gas sensors

Gas sensor devices based on Ga,0O5 are also attractive to many researchers,
especially 3-GayOg5 as an oxygen gas sensor. Oxygen gas sensor application of

B-GayO4 largely based on the correlation between conductivity and oxygen partial
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pressure in annealing environments. [16] Fleicher and Meixner [17] deposited a
B-GayOg thin film layer on the top of a non-conducting BeO ceramic substrates in
order to manufacture oxygen gas sensors. The oxygen gas sensors can be imple-
mented at 1000°C and the stability of the sensors were determined for more than
150 hours. Recently, the performance of oxygen gas sensors based on 3-GayO5 was
studied by M. Bartic [18]. It was shown that the performance of these devices de-
pends on the temperature with the maximum sensitivity and the shortest response
time around 800°C. Besides oxygen, 3-GayO4 gas sensor devices can also be used

to detect CH,, Hy, NO, and NO,,. [19]

All of applications need of course, a thorough knowledge of the material,
especially electrically and optically of active defects. Unfortunately, there was
little known about the defects in 3-GayO4. Herein, I will summarize the current

knowledge of 3-Ga,O4 and discuss some open issues.

2. Current scientific knowledge of 5-Gay0Og4

There are 5 commonly identified phases of Ga,O4 including corundum («),
monoclinic (3), defective spinel (v), orthorhombic (¢), and another orthorhombic
phase (0).[20-27] Among the 5 phases of GayO4, the monoclinic phase (3-GayO4)

is the thermodynamically most stable.

-Gay O is a semiconductor with a large band gap nearly 5 eV. [28-30] Mon-

oclinic GayOg is usually considered to have an indirect band gap and the indirect
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transition energy was found around 0.04 €V smaller than the direct transition en-
ergy. [31, 32] Later, within the framework of density functional theory and Hedin’s
GW approximation for single-particle excitations, Furthmiiller and Bechstedt [1]
reported that 3-GayOg4 has a direct transition at I' point. The electron and hole
effective mass of 3-Ga,O4 can be calculated from the band structure. The electron
effective mass is small and almost isotropic, 0.281 F 0.005 me, [32] where me is the
free electron mass. In contrast to the electron effective mass, the effective mass of
hole can be much heavier due to the flat valence band. Varley et al. [32] estimated
the effective mass of holes along I'-Z direction of ~40me and ~0.40me along the

I'-A direction.

B-Ga,O4 samples are usually measured as a n-type semiconductor in ex-
periment, even without intentional dopants. In contrast, p-type crystals are not
produced. There are two reasons which make producing p-type 8-Ga,0O4 difficult.
First of all, holes in the valence band (VB) have high effective mass. Second, the
compensation by the unintentional n-type dopant in 3-Ga;O4 [33]. By using the
CVD method, Liu et al. [34] doped nitrogen (N) into $-GayO4 and reported the
p-type behavior of the sample. However, later in theoretical research, DFT calcu-
lations ruled out the shallow acceptor behavior of N-doped in 3-Gay0O4, N dopant
acts as a deep acceptor with an acceptor level at 1.33 eV above the valence band

maximum in 3-Ga,Os. [35]

By doping samples with Sn [36-38] or Si [39, 40] electron concentrations in
the range of 1016-1019 ¢m 3 have been reported. Unintentionally doped 3-Ga,O4

samples were reported having carrier concentrations up to 1018 ¢m3. [41] Hall-



effect measurements were used to estimate the donor ionization energy in the range
of 16-30 meV. [42] In the early years of 8-GayOg4 research, it was often assumed
that the carriers originated from the oxygen vacancies, which act as double donors.
This was explained due to the correlation between the conductivity and oxygen
pressure in the annealing environment. However, the carriers originated from oxy-
gen vacancies can only be supported at above 700°C, where the conductivity of
the samples correlates with the oxygen pressure in the environment, while at low
temperature, other mechanisms are used to explain. [16] An early semi-empirical
quantum chemical calculation reported the vertical charge transition level of the
most favorable to the oxygen vacancy is 2.8 eV below the CBM. [43] Later, hybrid
functional calculations confirmed the deep donor behavior of oxygen vacancies with
the transition levels (24/0) that are more than 1eV below the CBM. [32] There-
fore, oxygen vacancies cannot be responsible for n-type conductivity of 4-Ga,O4
at low temperatures. Yamaga et al. [44] suggested another model that was used
to explain the n-type conductivity of 3-Ga,O4 after the observation of the EPR
spectra of -GayO5. The model explained that Si, Zr, and Hf at a gallium site
will give excess electrons and those electrons are trapped by the oxygen vacancy
and oxygen interstitial (V(-O;) pair. However, a recent study [45] has ruled out
that model as the donor is very stable after annealing, where the V-O; pair is
dissociated. That study assigned unintentional doped Si to the n-type conductiv-
ity in $-Ga,Og at low temperature. It is now widely agreed that the origin of
the n-type conductivity in 8-GayO5 at low temperature is due to unintentionally
doped impurities [32, 45, 46]. The hybrid functional calculations suggested that
beside Si other dopants such as Ge, Sn, F and H impurities can also be doped to

make n-type -Gay,O4 crystals. [32]



For a long time, information about deep defect levels could only be derived
from electron energy loss spectra (EELS) and photoluminescence (PL). A broad
peak around 3.3 eV above the VBM has been measured from EELS, [47] but no
interpretation was attempted. the observation of optical absorption found a series
of peaks beginning at 4.48 eV. The presence of gallium vacancies (V,) in £-GayOq
was suggested as the origin of that series [48]. Nevertheless, until now, there is no
other study that justifies this assumption. Recently, with the development of tech-
nology, deep-level transient spectra (DLTS) and deep-level optical spectra (DLOS)
have been used to observe n-type $-GayO4 single crystals [42, 49]. DLTS detected
three levels at 0.6 eV, 0.8 eV, and 1.0 eV below the CBM in both Czochralski and
edge-define film-fed grown samples. DLOS could detect deeper defects at 2.2 eV
and 4.4 eV below the CBM. The traps at CBM-0.8 eV are assigned to the main
compensating centers of n-type conductivity in 8-GayO4. [42] However, but the
data available so far did not allow identification with specific defects. In light of
this, quantitatively accurate theoretical prediction of defect levels would be of high

interest.

In photoluminescence (PL) measurements, three emission bands are usually
observed in as grown samples, they are centered around 3.40 eV (UV), 2.95 eV
(blue), and 2.48 eV (green). The UV band intensity is usually observed to be inde-
pendent of impurities and diminishes fast with rising temperature, therefore, the
UV luminescence bands are assigned to electrons recombination with self-trapped
holes. [50] Yamaga et al. [51] later found that one component of the UV PL was po-
larized purely in the direction of the c axis, while the other is in between the a and

¢ direction. The existence of self-trapping of holes has been confirmed in resonant



photoemission studies. [52] The blue PL is usually attributed to donor-acceptor
recombination [53] and the gallium vacancy (Vg,) or the divacancy (Vaa+Vo)
has been suggested as the responsible acceptor, while the donors were attributed
to oxygen vacancies. [53] It has been noted that the green PL in 8-Gay,O4 was
measured with specific impurities, [54] but a convincing assignment is still miss-
ing. Recent studies have shown the relative intensity of the UV, blue, and green
bands correlate with the carrier concentration [55] and the stoichiometry of the
samples [56]. Similarly, to the origins of the blue and green PL, a convincing ex-
planation for these correlations has yet not been given. Besides, the three common
luminescence bands in as-grown samples, red luminescence was observed in heav-
ily nitrogen (N) contaminated nanoflakes [57] and nanowires [58, 59]. When N is
doped at high concentrations, GaN clusters were observed, a band at 1.71 eV in the
room-temperature PL spectrum of nanowires was assigned to substitutional N as
the acceptor in a donor-acceptor recombination [58]. In nitrogen-doped spherical
single crystals of ~200-nm diameter, sharp peaks between 1.77 and 1.80 eV were

also assigned to isolated nitrogen substitutional sites [15].

Mg is an effective acceptor dopant in GaN. [60, 61] However, recent reports
[55, 62, 63] have indicated that Mg-doping in $-GayOg leads to semi-insulating
material, because Mg acceptors are too deep in the band gap. In these samples, an
electron paramagnetic resonance (EPR) study by Kananen et al. [3] has found a
hyperfine interaction of a hole with the two nearest Ga ions after X-ray irradiation
and no hyperfine interaction before the irradiation. The authors proposed that a
hole was trapped at a threefold-coordinated oxygen site, adjacent to a substitu-

tional Mg on an octahedral gallium site. That model is quite reasonable because



it indicates a small hole polaron bound by the Mg ion. These polaronic states
are usually found deep, which would exclude Mg as a possible shallow acceptor

B-Ga,O4. However, until now there is no other study that can confirm this model.

The material $-GayO4 is already successfully synthesized in good-quality
single crystals and thin films that make this semiconductor is a very promising
candidate in applications. All of applications require a full understanding of the
electrically and optically active defects. Even though the number 3-GayO5 publi-
cations has recently risen, there was very little knowledge of this material and an
abundance of unanswered questions. These include a satisfied interpretation of the
EELS, DLTS, and DLOS peaks that are not given, the origins of the PL spectra,

and the theoretical confirmation of Mg-doped behaviors which is still missing.

The objective of this thesis is to attempt to answer all of these questions
and provide a clear picture of the defects in $-Ga,O5 by using a theoretical re-
search method. In the next part of this thesis, the theoretical research method and

explanation of usage will be discussed.



Chapter 2

Theoretical Background

1. Density functional theory

Density functional theory (DFT), the method is often used to calculate ground-
state electronic structure calculations of atoms, molecules and solid state materials.
The basic idea of DFT is that any properties of a many body system can be de-

scribed by a functional of ground state

DFT was given a formal footing by the two theorems introduced by Pierre
Claude Hohenberg and Water Kohn [64] in 1964. These relate to any system of
N electrons moving under the influence of an external potential and there are two

theorems.
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The First Hohenberg-Kohn Theorem (HK1) states that for any system of
electrons in an external potential Vext the density is uniquely determined, except

for a constant, by the ground state density p(r).

Within the external potential, the electron density charge state p(r) can re-
place the many body system. Thus, the total energy can be presented by a function

of electron density E[p(r)].

The Second Hohenberg-Kohn Theorem (HK2) states that a universal func-
tional Flp(r)] for the energy of density Elp(r)] can be defined for all electron system.
The exact ground state is the global minimum for a given Vext, and the density

p(r) which minimizes this functional is the exact ground state density p(r)

B =min {F o] + [ p(0) Vi | (212

The advantage of the Hohenberg—Kohn theorems is the introduction of the univer-
sal functional F[p(r)], which is independent from the external potential. However,

they do not describe the way to construct that functional.

In order to construct the universal functional, Kohn and Sham provided a

theory that was later called the Kohn-Sham theory [65]

The theory states that the ground state density of the original interacting
system is equal to that of some chosen non-interacting system that is exactly soluble,

with all difficult part (exchange and correlation) included in some approximate

11



functional of the density.
Based on the Kohn-Sham theory the exact ground state density of a many

body system can be described as the ground state of a non-interacting system as

follows:

N
prs(r) = |ui(r) (2.1.3)
i=1

The Hamiltonian of the auxiliary non-interacting system now contains the kinetic

energy and the local effective potential on electrons
1 o
HKS (1") = *§V + VKS<T) (214)

The ground state energy functional in the Kohn Sham approach to the full inter-

acting many-body problem is rewritten in the form

Eks o (1)] = Tks [p (v)] + Ex [p ()] + /p (1) Vext (r)dr + Exc [p (r)]  (2.1.5)

Exc is the exchange-correlation that has the remain unknown terms such as the
differences between kinetic energy of the interacting and non-interacting system

AT[p(r)], the non-classical electrostatic energy AEee[p(1)].

After applying the variational principle for the equation (2.1.5) and the La-

grange multiplier method with the orthogonalization constraint, we get the Kohn-

12



Sham equation for the single-particles as:

597+ Vigs 0] () = e ) (21.6)

where

0Ex [p(1)] | 0Exc[p (1)]
op (1) dp (r)

Vks(r) = Vext(r) + = Vext(r) + V(1) + Vxe(r) (2.1.7)

Equations (2.1.3), (2.1.6), and (2.1.7) are usually called the Kohn-Sham equations.
The Kohn-Sham equations are solved by a self-consistent method. First, trial wave-
functions are used to form an initial density. Then the Vg is calculated from the
initial density, the Schrodinger equations are solved to provide wave-functions,
and a new density is calculated. The procedure is repeated until the input and
output densities are identical. The approach of Kohn-Sham theory simplifies the
Schrodinger equation and allows this to be calculated. However, the exchange-
correlation is extremely complicated and unknown. Thus, the approximation for

that part is needed.

2. Local density approximation and the general-

ized gradient approximation

Local density approximation (LDA) is an exchange-correlation approximation
based on the idea that the electron density can be locally treated that of an uni-

form gas. Therefore, each point of the system has the same exchange correlation

13



energy as a uniform electron gas of the same density. This approximation is true
in a system where the density slowly varies. The LDA exchange correlation can

now be written as:

EEPA p(6)] = [ p(0)exe o o) dr (2:23)

Where p(r) is the electron density, exc[p(r)] is the exchange-correlation density.

The exchange-correlation density is given [66]

ViRAW = w4 2D 22

LDA assumes that energy of the real electron density is the same at every point in
space. Thus, it fails to explain a system where the density changes with respect to

position rapidly.

For the rapidly changing density, generalized gradient approximation (GGA)
exchange-correlation should be used. GGA can be considered as an improvement
of LDA, whereas the GGA depends on both of the density at a point (as in the
LDA) and the gradient of the density. The exchange term of the GGA can be

expressed as follow:
ESOA 0] = [ o @)exelo(r), Ao (o] dr (2.2.10)
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By adding terms of the density gradient, GGA can overcome the problems of LDA

in the calculation of the non-homogeneity of the true electron density.

3. Failure of DFT with local and semi-local ap-

proximation

Although, LDA and GGA of density functional theory played an important
role in understanding the electrical and optical properties of defects in traditional

semiconductors, they are not adequate for defects in wide band gap semiconductors.

67, 68.

One of the issues of LDA/GGA is the deviation from the correct piecewise
linear behavior of the total energy as a function of the occupation numbers. The
(semi) local exchange functionals do not show a derivative discontinuity at integer
occupation number at all, so that will be small in the total energy as well (some
discontinuity coming from the kinetic energy). This is the reason of the under-
estimated gap in LDA/GGA calculations. For example, both of LDA and GGA
predict the quasi particle band gap of anatase TiO, much smaller the experimental
optical band gap, 1.98 eV and 2.12 eV [69] compare to 3.2 €V [70]. It also often hap-
pens that actual gap levels are hidden in the bands, being incorrectly unoccupied

(donors) or occupied (acceptors).

Another issue of LDA/GGA is the convex nature of the total energy, as a
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function of the fractional occupation numbers, leads to artificial delocalization of
defect states. Since the localization of a defect state usually determines the position
of the corresponding level in the gap directly, the artificial delocalization makes the
prediction of gap states inaccurately. In addition, in wide band gap material, small

polaron states often occur, but LDA/GGA calculations are usually missed.

4. Hybrid functionals

Since LDA and GGA of density functional theory usually cannot handle wide
band gap oxides, it is necessary to develop a new approximation that can overcome
the issues of LDA/GGA. It is shown that GGA exchange gives a convex behavior
(red curve in Fig. 2.1) of total energy as a function of occupation number while
Hartree-Fock (HF) gives a concave behavior (blue curve in Fig. 2.1). Thus, the
combination of them may give a linear behavior of total energy (dash green line in
Fig. 2.1). The density functional theory calculations with the exchange that is the
combination between the exchange functional of LDA/GGA and the Hartree-Fock

non-local type exchange is usually called hybrid functional calculations.

In recent years, HSE hybrid functionals have emerged as a powerful tool
for semiconductors calculations, especially screened hybrids [71, 72|, and particu-
larly the HSE06 functional of Heyd, Scuseria, and Ernerhof. [73, 74] Specifically,
HSE-type hybrids are semi-empirical functionals where the exchange functional is

mixed with the ratio « of the Hartree-Fock exchange and (1-«) of the GGA. In a
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Figure 2.1: The total energy as a function of occupation numbers

real system, the interactions between electrons are screened and the contribution
of the long-range exchange is small or disappears. To account for the screening,
the mixing is phased out by an error function beyond a distance 2/u, where pu is

the screening parameter. The exchange of the HSE is given as follows:

HF PBE PBE,L
ERE = aB o () + (1-a) B0 () + B PR () (2.4.11)

Where p is the screening parameter which defines the range of the HF correction

with the following error function:

1 erfe(ur) n erf(ur)
r

2.4.12
. . (2.4.12)

In accordance with the argumentation of Ref[75] for single bonds, and similar to
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the unscreened PBEQ hybrid [76], the optimal ratio of the HF exchange was found
to be a = 0.25 also in HSE06. The screening parameter is usually set to u =
0.20. The HSE06(0.25,0.20) results in the best band gap for many semiconductors.
Although, the value chosen in HSE06 works well with a medium-size gap (and
medium screening), with a few exceptions, it does not work well in ionic insulators
(week screening) and metals (strong screening) [77, 78]. Obviously, the screening
parameter plays a very important role in the success of HSE-type functionals [72,
79]. However, when the standard HSE06 underestimates the band gap, only « is
often tuned, and the role of the screening parameter is forgotten. In doing so, the
issue of the localization of defect states is not usually considered, even though it has
been shown that accurate description of small polaron states can only be expected if
the generalize Koopmans’ theorem is satisfied [80], i.e. if the total energy is a linear
function of the fractional occupation number. It is known that an increasing ratio
of the HF exchange percentage will not only increase the band gap, but also makes
the total energy more concave leading to a stronger localization. Therefore, HSE-
type hybrids offer an opportunity for mimicking the self-interaction-free functional
of exact DFT by error compensation. Tuning both of o and p can reproduce the

experimental ban gap and a piece linear function of the occupation numbers.

Dedk, et al. [2] has tuned both « and p to find out an optimized hybrid
functional for 3-Ga,O4 calculations. This resulted in o = 0.26 and ¢ = 0.00 as the
optimized parameters for 5-Ga,O5 calculations. The research found that the new
optimized hybrid functional HSE(0.26,0.00) not only reproduces the experimental
band gap, but also fulfills the Koopmans’ theorem. That fulfilment suggests that

the new optimized hybrid can give the accurate localization of defect states in
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B-GayO4. The work herein uses HSE(0.26,0.00) to study electrical and optical
properties of intrinsic defects, photoluminescence, and the hyperfine interaction in

B-GagyOs.
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Chapter 3

Calculation Details

1. Electronic structure calculations

The calculations herein were conducted with use of the Vienna Ab-initio Sim-
ulation Package (VASP 5.3.3) and the projector augmented wave method (PAW)
[81-83]. The semi-core d electrons of gallium were treated as part of the valence
shell. The plane-wave basis set was truncated at 420 eV and the kinetic energy
cut-off for the augmentation charges was 840 eV. The equilibrium geometry was
determined for the primitive unit cell with a 4 x 4 x 4 Monkhorst-Pack (MP) k-
point set [84], based on constant volume relaxations and fitting to the Murnaghan’s
equation of state [85]. The band structure of $-Ga,O5 was calculated with a 10

atoms unit cell, which is a base center monoclinic cell. To ensure an unbiased
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description of relaxation in all directions, defect calculations were done in an 160-
atom supercell with the dimensions of 12.25A x 11.58A x 12.16A (1 x 4 x 2 of
the base-center monoclinic cell in the a, b, and ¢ directions). That is the maxi-
mum our computer can afford, the next symmetric multiple would contain 1280
atoms. The convergence condition of 107% ¢V was applied for the self-consistent
electronic energy and the relaxation of all ions were carried out until the force on
each ion was smaller than 0.02 eV/A. Defect calculations were carried out with
the I'-approximation for the Brillouin zone sampling. Convergence of the k-point
sampling was confirmed with the gallium vacancy by applying a non-I'-centered 2
X 2 x 2 MP-set. The difference of the charge transition level (2-/3-) between the

2 x 2 x 2 MP-set and the I'-approximation calculation was found to be 0.02 eV.

2. Charge correction

The need for charge correction in supercells arises from the spurious Coulomb-
interaction of repeated charges, and requires the dielectric constant of the material,
for which the established experimental data have been used. In the following we
will need the ionized state of the defect with the geometry fixed at that of the
neutral one (vertical ionization), or at the equilibrium geometry of the charged state
(adiabatic ionization). In the first case, obviously, the high frequency dielectric
constant e, must be used. In the second case, the static dielectric constant e
would be relevant in principle, because of the ionic screening. However, in the
cases where g) > e5o, much too shallow adiabatic charge transition levels are

obtained this way, while using e, reproduces the experimental value better [86].
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The explanation probably is that relatively large supercells describe a substantial
part of the ionic screening explicitly, and using the bulk value of ¢; amounts to
double-screening. 3-GayO4 has a value of ¢y which is around 3 times larger than
£0o- Thus, the calculated average high-frequency (bulk) dielectric constant (3.55),
found by Furthmiiller et. al [1] i.e., 3.55, was used for both of adiabatic and vertical
ionization. For charged defects in the supercell, the charge correction method of
Freysoldt, Neugebauer, and Van de Walle [87]. was applied to correct for the
artificial interactions between repeated images. The localized defect levels were
corrected using the relation 1Vl = 2E /q as derived by Chen and Pasquarello

3.

3. Photoluminescence calculations

I have investigated a common mechanism to explain all observed PL bands,
namely electron recombination with a trapped hole, as shown in Fig. 3.1. From
the view point of my calculation in a limited-size supercell (resulting, at best, in
a 100-meV accuracy of the PL energy) there is no difference between an electron
in a shallow donor state and a conduction band electron bound by the trapped
hole. Therefore, for the sake of computational simplicity, only bound excitons were
considered, with the holes trapped at various defects. The equilibrium geometry of
the bound exciton was relaxed under constraint of the orbital occupations, i.e., the
electron-hole interaction was explicitly taken into account. The spin multiplicity

was kept constant during the whole process shown in Fig. 3.1
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Figure 3.1: PL mechanism in $-Ga,O,: (a) excitation, (b) formation of a bound exciton

(or a shallow donor-trapped hole pair), (c¢) emission

Having relax the geometry of the bound exciton in the I'-point approximation,
the total energy at the final geometry was recalculated with a (non-I'-centered)
2 x 2 x 2 Monkhorst-Pack set [84], applying band-filling correction [89]. These
calculations are extremely demanding, so larger k-point sets were not possible.
Note that hybrid functional calculations with small k-point sets are problematic if
the screening parameter is zero, so I applied the correction described in footnote
86 of Ref [2]. The energy of the final state after recombination was calculated at
fixed geometry with releasing the occupation constraint, using the same 2 x 2 x 2
k-point set. The PL energy is the difference between the two total energy. In PL
calculations, charge corrections (with e, ) were also applied for defects charge state,
but note that the excited and final state have the same charge state. Therefore,

the contribution of charge correction is small in PL calculations.
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4. Hyperfine parameters

The hyperfine tensor that describes the interaction between a nuclear spin
and the electronic spin distribution consists of the isotropic Fermi-contact and
anisotropic dipolar term. The Fermi-contact requires calculating the spin density
at the nuclear sites that carry a nuclear spin. This interaction occurs when the
electron is inside the nucleus, electron in the s orbital exhibit this kind of inter-
action. The dipolar interactions depend on the distance between the electron and
the nuclei as well as the orbital shape. After a paramagnetic defect state had been
relaxed, the hyperfine tensor was calculated with the electron spin density from
the previous calculation. The nuclear gyromagnetic ratios of -3.3416, 10.2477, and

-5.772 were used for Mg, Ga, and O, respectively.
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Chapter 4

Results and Discussion

1. On the bulk of $-Gay;04

The geometry of the primitive cell is optimized and the band structure is
calculated by using the (nearly) ideal HSE(0.26,0.00). The band structure is shown
in comparison with the GW results of Ref. [1] in Fig. 4.1. As can be seen, the
overall agreement is excellent, even though the only experimental datum used in
the fitting of the HSE parameters was the minimum band gap, which is naturally
well reproduced by the GW calculation, too. (Note that the k-points between
the high symmetry points of the Brillouin-zone were chosen differently in the two
calculations and that gives rise to small deviations in the interpolation by spline-

fitting.)
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Figure 4.1: The band structure of 5-Ga,O,, calculated by the HSE(0.26,0.00) hybrid
(black solid lines) and by HSE(0.25,0.20)+GyW in Ref. [1] (red dashed lines). The band

gaps are direct at T': 5.02 eV and 5.04 eV, respectively.

The HSE(0.26,0.00) calculation results in a direct band gap 5.02 eV, in good agree-
ment with the value of 5.04 eV in Ref [1] both at the respective optimized geometry.
Optical experiments also support the direct nature of the gap [29]. The lattice pa-
rameters are compared in Table 4.1. Based on the good results achieved for the
perfect system, I apply the optimized hybrid now to calculate intrinsic traps in

B-GayO4.

2. Electronic properties of defects

Fig. 4.2 shows the 160-atom perfect 3-GayO4 supercell used for defect cal-

culations. The y direction is parallel to the ¢ and the z direction to the b axis.
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Table 4.1: Comparison of the calculated and experimental lattice parameters of 4-GagO5.

GGA-AMS5 | HSE(0.35,0.20) | HSE(0.26,0.00) | Expt. | Expt.

(1] 90, 91] this work [30] | [92]
a[A] 12.29 12.27 12.25 12.23 | 12.21
b[A] 3.05 3.05 3.04 3.04 | 3.04
c[A] 5.81 5.82 5.79 5.81 | 5.80
8[°] 103.8 103.8 103.8 103.8 | 103.8

There are three non-equivalent oxygen sites. O1 and O2 are trigonally coordinated,
with the plane of the neighboring Ga-atoms approximately parallel to the c-axis
for the former and orthogonal for the latter. O3 is tetrahedrally coordinated. The

Ga-atoms are either in a tetrahedral (Gal) or in an octahedral (Ga2) coordination.

Besides the vacancies at all nonequivalent oxygen (V) and gallium (V) sites, 1
also investigated oxygen (O;) and gallium (Ga;) self-interstitials. Gallium atoms
can occupy interstitial sites with tetrahedral or octahedral coordination, the latter
being about 2 €V lower in energy. This structure relaxes eventually into an inter-
stitialcy configuration (Fig. 4.3a) by pushing two nearest-neighbor lattice gallium
atoms into tetrahedral interstitial sites, with a further energy gain of 0.72 eV. This
is the lowest energy configuration for Ga; have been found. The lowest energy
oxygen interstitial in HSE(0.26, 0.00) calculation also differs from the one investi-
gated in Ref [93]: The split-interstitial configuration (Fig 4.3.b) is found to have

the lowest energy.
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Figure 4.2: The 160-atom supercell (Ga light green and O red spheres), showing the

different non-equivalent positions for oxygen (pink) and gallium (dark green).

The formation energies of defects in different charge states can be calculated

as follows:

B! [X9] = Egot [X9] ~ Etot [bulk] - Z njpi + qEp + Edorr (4.2.13)

1

Where:

o Eiot [XY] is total energy of the defect X in charge state q.

Eiot [bulk] is total energy of the perfect supercell.

n; indicates the number of atoms that have been added (n; > 0) to or removed

(n; < 0) from the supercell to form the defect.

e 14 is the chemical potential of the atom in the reservoir corresponding to the

growth conditions.
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e Ep is the Fermi-level position between the VBM and CBM.

« Ed ., is the charge correction energy.

Figure 4.3: The Ga-interstitialcy Ga; (a) and the O split-interstitial O; (b).

The formation energies of the intrinsic defects in different charge states are shown
in Fig. 4.4, as a function of the Fermi-level position between the calculated VBM
and CBM (i.e., at 0K). Fig. 4.4a corresponds to the most extreme oxygen-rich
condition, where the chemical potential of oxygen is the energy of an oxygen atom
in the Oy molecule (at 0 K), pg = %MOQ. Fig. 4.4c shows the extreme gallium-
rich case, where pg, = ,uGametal. These two cases are the theoretical limits of
the chemical potentials but are never being even remotely realized experimentally.
Therefore, I think it is informative to show the stoichiometric condition (Fig. 4.4b),
where the defect-related gallium and oxygen deficiencies (or excesses) match the
stoichiometric ratio of 2:3. I believe that high-temperature single-crystal growth

methods in ambient atmosphere are between this stoichiometric and the extreme
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oxygen-rich case (closer to the former). The high-energy limit is an extrapolation
of the equilibrium Fermi-level position to the temperature of growth, based on
observed carrier concentrations in the order of 1017 cm™ in unintentionally doped
n-type samples [42]. The low-energy limit is the estimated position of the quasi-
Fermi-level for holes, due to the heat radiation of the sample [94, 95]. The quasi-
Fermi-level for the majority carriers (electrons) is practically identical with the

equilibrium Fermi-level [94].
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Figure 4.4: Defect formation energies (eV) as a function of the Fermi-level position
between the VBM and the CBM for extreme oxygen-rich (a), stoichiometric conditions
(b), and extreme oxygen-poor (c) growth conditions. The Ga; is indicated by black, V
by red, Vg, with dark red, O; by green dotted, and the self-trapped hole (STH) with the
black dotted lines.

At high growth temperatures and moderate n-type doping, the formation energy
of O; is smaller than that of V,. The former is a donor, electrically inactive in
the corresponding Fermi-level range, while the latter is an acceptor. With decreas-

ing temperature and increasing concentration of donor impurities, the Fermi-level

30



moves higher in energy, and the acceptor-type Vg, becomes energitically preferred.
Therefore, Vg, must be the major compensating defect for n-type doping (as sug-
gested also in Ref [96]). While O; would act as a hole trap if the Fermi-level moved
close to the VBM. In contrast, Ga; is a shallow triple donor. At the Fermi-level
range indicated in Fig. 4.4, it can compete with V¢ under oxygen-poor conditions
and contribute to the observed intrinsic n-type conductivity. This assumption
is supported by the observation that annealing in oxygen removes shallow donor
defects [42]. If extrinsic n-type doping or decreasing temperature moves the Fermi-
level closer to the CBM, V( becomes dominant. Its level is, however, too deep to

act as donor.

My calculated formation energies for the neutral defects are similar to the
theoretical research of Varley et al. [96, 97] and Zacherle et al. [93]. The adiabatic
charge transition levels are, however, quite different (Table 4.2). The difference
stems from both the change in the HSE parameters and from the use of €4, instead

of g9 in the charge correction. More details can be found in Ref [2].

I would also like to note that the defects investigated here are not “atomi-
cally localized”, so their charge transition levels shift with respect to the average
electrostatic potential, as the parameters are tuned [98]. The shift depends on
the localization (distribution of the square of the one-electron wave function) and
is different for the various defects. Therefore, the relative position of the charge
transition levels also changes when comparing V1 9, and Vg or Vg and Vgas,
because the removed atoms have different coordination in these cases (threefold vs.

fourfold in case of oxygen and fourfold vs sixfold in case of gallium), which leads
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to quite differently distributed wave functions.

Table 4.2 also compares the calculated data (for HSE(0.26,0.20) the upward-
pointing arrows in Fig.4.4b) with levels observed by DLTS and DLOS in single
crystals grown at high temperature (downward-pointing arrows in Fig.4.4b). In-
gebrigtsen et al. [99] have suggested that the so-called E2* center, with a level at
CBM - 0.75 €V, is the main compensating acceptor in the unintentionally doped
n-type samples. Varley et al. [96] have proposed that gallium vacancies, which
have a low formation energy in oxygen-rich samples, can act as such compensating
acceptors; however, their calculated charge transition level for Vg, is almost 1
eV deeper than the E2* level. With the optimized hybrid and using e~ for cor-
rection, that level is now at CBM — 0.67 eV, i.e., within 0.2 eV of both DLTS
results. Although further experiments are needed to confirm the assignment, this
near coincidence is a strong indication that our procedure is correct. Another peak
from the DLTS is E3 located ~1eV below the CBM, this peak was found with
varying concentration in different experimental samples [42]. I assign that peak to

the charge transition level (2-/3-) of V.9 with a transition level at CBM - 1.16.

A further justification of our procedure comes from the interpretation of the
DLOS center at CBM — 4.40 eV [49]. DLOS allows to deduce also the Franck-
Condon factor, i.e., the energy difference between the adiabatic and the vertical
charge transition level. For this center it was found to be 0.45 eV, whereas the
band gap was measured to be 4.84 eV [49]. The fact that the vertical transition
(4.40 + 0.45 eV) nearly coincides with energy of a VBM — CBM excitation, and the

indication for minority carrier hole photoemission to the valence band [49], make
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Table 4.2: HSE(«, u) adiabatic charge transition levels with respect to the calculated

CBM (eV), in comparison with experimental values obtained at room temperature.

corrected with g corrected with e
HSE HSE HSE HSE Expt. Expt.
Level (0.35,0.20) | (0.30,0.20) | (0.26,0.00) (0.26,0.00)
(32, 96] [93] present present [49]
Va1 (-2/-3) | -1.62 -2.27 -1.64 0.67 -0.75(DLTS)
% a
Viao(-2/-3) | -1.83 -1.93 212 -1.16 -1.04(DLTS) | -1.00
E3P (DLTS)
Vor(+2/0) | -1.52 -1.82 171 -2.10
Voo(+2/0) | -2.13 -2.42 -2.29 -2.68 -2.16
(DLOS)
Vos(+2/0) | -1.26 -1.52 -1.56 -1.95
ht1(+/0) -4.41 -4.61 -4.40
(DLOS)
ht2(+/0) -4.31 -4.50
“ [99]
> [42)
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it likely that this level corresponds to a self-trapped hole in a small polaron state
(hg‘T), which is known to occur in 4-GayO4 [51-54, 56]. Fig. 4.5 shows calculated
small hole-polarons trapped near O1 and O2 sites. (no self-trapping at O3 has
been found.) The calculated adiabatic charge transition levels are shown also in
Table 4.2, and they are in good agreement with the DLOS level. (In this case
the optimization of the HSE parameters and the change in the charge correction

procedure contributes about equally to the agreement.)

a) b)

Figure 4.5: The ball-and-stick structure of 8-GayOg, blue lobes representing a hole
trapped in a small polaron state (hgT) near an O1 (a) and between two O2 (b) sites. No

hole self-trapping was found at O3.

The upward arrows (calculated adiabatic charge transition levels) and the down-
ward arrows (DLTS/DLOS levels) in Fig. 4.4 show a reasonably good match, so
it is tempting to interpret the low concentration DLOS center with level at CBM
— 2.16 eV in the somewhat oxygen rich single crystals as the center of weight of
the calculated (2+/0) levels of the oxygen vacancies (CBM — 2.24 eV), since the
formation energy of V is still relatively low under moderately oxygen-rich growth
conditions. (As shown below, the corresponding vertical transitions of the oxygen

vacancies also fits the EELS peak observed in oxygen-poor samples.)
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The remaining experimental data on intrinsic defects of $-Ga,O4 are the
broad EELS peak at 3.3 €V [47] and a series of optical absorption peaks beginning
at 4.48 eV [48]. Both can be interpreted as vertical electron transitions from the
defect to the CBM. The EELS experiment was carried out on films obtained by
oxidizing a CoGa alloy at 800K in vacuum, with an oxygen partial pressure of
1076 mbar, i.e., under oxygen-poor conditions. The optical absorption spectrum
was taken on small crystals grown by the Verneuil-method, which are likely to be

oxygen-rich.

Table 4.3: Vertical donor ionization energies (eV).

Defect state | Defect-to-CBM Experiment
oY 4.33
Ve 4.58 4.48, 4.61, 4.73, 4.85, 4.91 2
Vo A.75
Vo, 3.34
VY, 3.95 3.33P
Vo, 3.15
o [48]
>[4

Due to the fulfillment of the generalized Koopmans’ theorem of the HSE(0.26,0.00),
defect-to-band transition energies can be obtained from the relative position of the

Kohn-Sham level with respect to the band edge, as shown in Table 4.3.

In Ref [48], it was argued that the observed optical absorption is related to the
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excitation of electrons from V.9 defects in an ordered array to the CBM. Under
oxygen-rich conditions the gallium vacancies are, indeed, the dominant defects in
n-type crystals and, as shown in Fig. 4.4, they have a (4/0) donor transition level,
i.e., they can be ionized also positively. The corresponding vertical transition
energies of Vg,1 and V9 are very well in the range of the observed optical
absorption. However, as can be seen in Table 4.3, the other important intrinsic
defect under O-rich conditions, O;, can also give rise to an optical absorption band

in this range.

In oxygen-poor samples the dominant intrinsic defects are Ga; and V. The
former is very shallow but the latter produces an optical absorption band which

can very well account for the observed feature in EELS (see Table 4.3).

3. Photoluminescence

In this section, I investigated the possibility of explaining all of the aforemen-
tioned PL bands with a common mechanism, namely recombination of a weakly
localized electron with a trapped hole. Table 4.4 shows the calculated PL energies.
The values obtained for N at the most stable sites are in very good agreement
with the observed peaks in N-doped single crystals, [15] showing that our numerical

values are reliable.

The UV band observed in the PL spectrum of 8-GayO4 seems to be indepen-

dent of the prehistory of the sample and particularly of impurities, so it is mostly
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Table 4.4: PL energies calculated for the hole trapped at various intrinsic defects or a

substitutional N, in comparison to experiment (in eV).

Defect Site HSE(0.26,0.00) | Color Experiment
STH 01 3.7 v 3.6 [55]
between two O2-s 3.5 UV 3.2-3.4 [55]
(Vga +Vo)b Gal-O1 2.9 Blue 3.0 [55]
V%}ia Ga2 (octahedral) 3.0 Blue
V%;a Gal (tetrahedral) 2.7 Blue 2.8 [55]
oY split with O1 2.3 Green 2.4 [55]
Vé*a Ga2 (octahedral) 2.3 Green
Vga Gal (tetrahedral) 2.3 Green
V(()) O1 (trigonal) 1.6 IR
VY 02 (trigonal) 2.0 IR 1.8 [58]
V% O3 (tetrahedral) 1.7 IR
V%*a Ga2 (octahedral) 2.0 Red
V?ga Gal (tetrahedral) 14 IR
NQ O1 (trigonal) 1.8 Red | 1.7-1.8 [15, 58]
N% O2 (trigonal) 1.8 Red
Ng O3 (trigonal) 2.3 Green
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assumed to be due to emission upon the recombination of the self-trapped exciton,
hg’T +ecpMm The band is usually decomposed into two components around 3.6 eV
and 3.2 eV [51, 55, 56]. While the second one is polarized purely in the direction

of the ¢ axis, the first one has both ¢ and a components [51].

I calculate for exciton recombination are 3.7 eV and 3.5 eV, when the hole is
trapped at the O1 or between two O2 sites, respectively. These values are fairly
close to the observed ones and, in addition, the direction of the Og-like hole state
(pointing in the a+c and in the ¢ direction, respectively, see Fig. 4.5) is in line

with the polarization properties.

The oxygen vacancy in 3-Ga,O, is not a shallow donor. [32, 43, 55] According
to Fig. 4.6, its donor level is deeper than 2 eV from the conduction band (CB).
Since acceptor levels in 3-Gay,O5 tend to be deep to hyperdeep [100], Vg, as a
donor, cannot possibly give rise to PL in the visible (the shallow donor states in
-Ga,O4 are provided by unintentional doping [32] or by Ga; [55].) In principle,
Vo could participate in the PL as a hole trap, however, our results show that
this can only give rise to emission between 1.6 and 2.0 e¢V. This is in line with
the observed red emission in nominally nitrogen-free nanowires [58] but excludes

oxygen vacancies as the origin of the blue and green PL bands.

Based on Table 4.4, and considering the relative stabilities of the defects (Fig.
4.6), the blue PL is assigned to the divacancy (Vg,+ V), and the green one to the
oxygen interstitial O;. These assignments can be justified the following way. On-

uma et al. [55] have studied the effect of free electron concentration on the intensity
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Figure 4.6: Formation energies (eV), as a function of the Fermi-level position. The shaded
vertical column indicates the estimated Fermi-energy range in undoped (i.e., unintention-
ally n-type) samples. [2] The range to the right corresponds to intentionally n-doped,
while the area to the left (down to midgap, as indicated by the vertical line) to compen-
sated samples. The diagrams on the left and right correspond to extreme O- and Ga-rich

conditions, respectively, while the one in the middle describes the stoichiometric case.
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of the PL, in samples grown by the floating zone method. (It should be noted, that
they have decomposed the UV band into three components.) With respect to the
nominally undoped samples (carrier concentration ~8.1016cm3), the intensity of
the blue band has strongly decreased in the intentionally Si-doped (~5.10180m3)
sample, while the green luminescence was only substantial in the semi-insulating
sample, compensated by Mg-doping. This behavior can be explained if one consid-
ers the stoichiometric part of Fig. 4.6. In the Fermi-energy range corresponding
to as-grown samples, V¢, is stable in the (2-), (Va, + Vo) in the (1-) charge
state. The formation energy of the divacancy is lower than those of the isolated
V@, defects, so hole trapping should dominantly occur at (Vg, + Vo)™, leading
to a blue emission energy of 2.9 eV. The Vé*a defects (in lower concentration) can
contribute a shoulder in the blue at 2.7 eV (tetrahedral site) and some green at
2.3 eV (octahedral site). Contribution to green PL also comes from neutral O;.
In intentionally n-doped samples, the Fermi-level moves up, and the stable charge
state of the V¢, defects becomes (3-), with a formation energy much lower than
that of (Vg, + Vo)! and Oj in this range. Therefore V?(’;_a is expected to become
the majority hole trap. However, V?(’;a can only give rise to emission in the IR-
red range. This explains the intensity decrease of the blue and green PL (with
(Vaa + Vo) still contributing a small amount). In contrast, if the Fermi-level
moves down due to compensation doping, O? is becoming the majority hole trap,
explaining the increase of the green PL. It should be noted that in-growth doping
on the cation site can only be achieved by shifting the conditions towards O-rich
growth. Comparing the left and the middle diagram in Fig. 4.6, this means a
considerable lowering in the formation energy of V%}_a. This should also lead to
some increase of the blue PL at 3.0 eV due to Véa at the octahedral site, as in-

deed observed [55]. Villora et al. [56] have studied the effect of oxygen treatment
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on the PL of p-GayOs. They have found that prolonged annealing at 900 °C in
O, has led to a semi-insulating sample, and the PL was dominated by the green
band. Obviously, such a treatment leads to oxygen-rich (gallium poor) conditions,
diminishing the concentration of the gallium interstitials (Ga;) which are intrin-
sic shallow donors, and increasing the Vg, concentration which compensates the
unintentional doping. At the same time, as can be seen in Fig. 4.6, it makes O?
the dominant hole trap by far. This explains the green PL in this sample (with
octahedral Véla and (Vg + Vo) contributing some blue emission), without the
involvement of an impurity. Comparing the middle and the right diagram in Fig.
4.6, I note that a shift towards Ga-rich conditions would increase the formation
energy of Vaa, (Vaa + Vo), and O; and decrease that of V. So I predict the

decrease of the blue and green and increase of the IR-red PL in Ga-rich samples.

12

101

Figure 4.7: Formation energies (eV), as a function of the Fermi-level position. N was

calculated assuming a nitrogen-rich environment of a nearly stoichiometric sample.
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The assignment of the N-related PL at 1.8 ¢V to the peak observed in bulk-
like single crystals can be justified as follows. The growth conditions described in
Ref.[15] make it likely that the as grown samples are nearly stoichiometric (or at
most slightly oxygen-poor). The doping followed by heating in an NH; atmosphere.
I consider the chemical potential of nitrogen in this environment to be limited by
GaN formation (which obviously happens upon prolonged annealing [15]). The
formation energy of Ny under such circumstances is shown in Fig. 4.7 Since the
samples were not intentionally doped, [15] I may assume that the Fermi-level is
near midgap, due to the compensating effect of the nitrogen acceptors incorporated
in high concentration. In that region the neutral charge state of N is stable, and
the three-fold coordinated sites are energitically preferred. The latter yield PL

values of 1.78 eV and 1.79 eV, respectively.

4. Doping with Mg, hyperfine and deep acceptor

behaviors

At present, it is very challenging to make $-Ga,O5 p-type. Based on its suc-
cess in GaN, magnesium (Mg) has been suggested as a p-type dopant in 5-Ga,O4
as well [60, 61]. However, It has lead to semi-insulating behavior because of deep
acceptor levels of Mg at Ga site [55, 62, 63]. In a recent experimental study, Kana-
nen and his colleagues [3] have confirmed the deep acceptor behavior of Mg in
B-GayO4 by using electron paramagnetic resonant techniques (EPR). The EPR re-

sults were explained by a trapped hole on oxygen site, adjacent to the Mg acceptor
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has the EPR interaction with Ga sites around.

Here, I study the behaviors of a Mg substitutional at the Ga sites (Mggs,,), by
using the optimized hybrid functional HSE(0.26,0.00). The calculated the forma-
tion energies of Mg, in the neutral and singly negative charge states are shown in
Fig 4.8, as a function of the Fermi-level position between the two band edges. The

applied chemical potentials correspond to O-rich, (NO = %,LLO2> and and Mg-rich

(MMg = MgO ,uo> conditions
6
5 -
4+
3+ MgGal
2f MgGaZ
1 =
O -
At
-2 L
0 1 2 3 4 5

Figure 4.8: Formation energy (eV) of Mg, under oxygen-rich conditions, as a function

of the Fermi-level position.

Mg in (-Ga,O4 can substitute Ga at Gal or/and Ga2 site. The calculation
has shown that Mgg,o is significantly more favorable than Mg, ; energitically,
in agreement with an earlier study [33]. This could be due to the fact that the

MgZt radius is larger than the Ga3T radius, thus Mg prefers occupying a six-
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coordinated Ga2 site because Ga2 has more space for a bigger impurity than four-
coordinated Gal site. The charge transition levels show deep acceptor behavior.
The (0/-1) level is calculated to be at 1.57 eV and 1.62 eV above the valence
band edge for Mgq.,9 and Mgg, 1, respectively. These levels are much too deep
for Mg to be considered as an effective p-type dopant. They rather act as electron
traps, compensating the unintentional n-type doping. This explains why Mg-doped
B-GayOg is semi-insulating. Because of the compensation between Mg acceptor and
the Si donors, Mg is present as Mglf, with no unpaired spin, that explains why no
EPR signal was measured by Kananen et al. [3] without X-ray irradiation. After
the irradiation, a hole is trapped by Mgl™. The hole localizes at nearly oxygen site,
in a state which can be considered as a small polaron. It has been shown that holes
can be self-trapped at O1 and O2 sites, but not at the O3 site. The calculated
formation energies of the trapped holes near Mg (Fig. 4.9) show that the hole is
more favorable at the O1 site (OTH1) than at O2 (OTH2), by 0.1 eV. This result

is consistent with the suggestion of Kananen et al. [3]

The natural abundance of the 160 isotope, with no nuclear spin, is more than
99% while that of 170 with nuclear spin I = 5/2 is only 3.8.107% that is too small
to detect the hyperfine interaction of the unpaired spin with oxygen. The gallium
isotopes, with 60.1% and 39.9% abundance for %Ga and "1 Ga, respectively, have
both I = 3/2, so a hyperfine interaction with the two Ga neighbours of O, where
the hole is trapped, can be expected. Because the percentage of the 2°Mg nuclei is
just 10%, and its nuclear gyromagnetic ratio is small (around 4 times smaller than

69Ga), Mg related HFT is not expected to show up in the experiment.
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Figure 4.9: The yellow lobes show a trapped hole at an oxygen O1 site adjacent to Mga.9

(blue). The trapped hole has superhyperfine interaction with a Ga2 and a Gal atom.

Table 4.5: The superhyperfine interaction of the trapped-hole with Ga (%9Ga isotope)

sites from HSE(0.26,0.0) calculation and from experiment.[3]

‘ HSE(0.26,0.0) (MHz) | Experiment (MHz) [3]
e a b ¢ a b ¢
Gal | 76.32 | 81.17 | 72.14 | 73.15 | 71.74 | 71.46
Ga2 | 40.43 | 41.21 | 39.78 | 33.07 | 33.35 | 31.67
ratio | 1.89 | 1.95 1.81 2.21 | 2.15 2.16
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The hyperfine values calculated for 69Ga are listed in Table 4.5 for the three
crystallographic directions, together with the experimental values. The hyerfine
interaction with Gal is a factor of 1.9 larger than with Ga2. This is the consequence
of the fact that the distances from the O1 site (where the hole localizes) to Gal
and Ga2 sites are 1.918 A and 2.095 A, respectively. In the calculation, the Fermi
contact part of the hyperfine interaction on Ga sites is dominant, while the dipolar
part is almost zero. This is in line with the isotropic nature found in the EPR

measurement. [3]
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Chapter 5

Conclusions

1. Work performed

In this thesis, I have studied the electronic structure and formation energies
of intrinsic defects, the PL energy, and the hyperfine interaction of a hole trapped
by Mgg, with Ga neighbours in $-Ga,O5. My calculations are based on the
hybrid functional that the paramaters, a« = 0.26 and p = 0.00, are optimized
for to reproduce the experimental band gap and fulfill the generalized Koopmans’
theorem. In charge correction calculations, I used the high-frequency bulk dielectric
constant e, for both of vertical and adiabatic charge transitions. I got the results

as follows:
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o Transition levels from my calculations agree very well to the experimental
results, and from those results, I am able to give a consistent description of

observed carrier trapping by intrinsic defects in 3-Ga,0O5.

o I assign the DLTS peaks at CBM - 0.75 eV, and -1.04 eV to V(g,1(2-/3-) and
V@ao(2-/3-), respectively. The DLOS peaks at CBM - 2.16 ¢V and - 4.40
eV are explained by V(2+4/0) and h*(4/0). The EELS peak at 3.3 eV is
attributed to the average vertical transition of oxygen vacancies while a series

of optical absorption peaks beginning at 4.48 eV are assigned to V¢, and O;.

* V@, is the main compensating intrinsic defect of n-type 8-Gay,O5. Gaj can
contribute to the n-type conductivity of 8-Gay,O4 at low temperature. Vg,
Oy, and Vg, — Vo are hole trap centers. Self-trapping holes are found as small

hole polarons at O1 and O2 sites (no small polaron at O3 site).

e PL in $-Gay0g is the result of the recombination between an electron in a
shallow donor state and a trapped hole. The doping asymmetry of wide-
band-gap semiconductors is well known: most of them can only be doped
either n- or p- type [101], with only deep acceptors in the former and deep
donors in the later. The PL mechanism in $-Gay04 is also suggested as a
general mechanism in wide-band gap semiconductors that can only be doped
with n-type dopants. The UV PL is assigned to the self-trapped holes, the
blue PL is primarily due to Vg, — Vo (with a minor contribution from V),
and the green originates mainly from O;. My suggestions are supported by
the observed polarization properties of the UV band and by the intensity
variations of the blue and green bands depending on carrier concentration
and stoichiometry. My calculated results of N yield a red PL that agrees

very with the experimental measurement.
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e Substitutional Mg in 3-GayO45 was studied and the results showed that Mg,
is a deep acceptor with Mg, 9 being more stable than Mgg,;. A hole trapped
by O1 the nearest neighbour of Mg, 9 has hyperfine interactions with 2 Ga
neighbours. The hyperfine parameter at Gal site is around 1.9 times larger
than at Ga2 site. My calculations agree very well to the experimental EPR

spectra in a Mg-doped 8-GayO4 sample.

2. Future work

In my thesis, I have shown that the calculated results from the optimized hy-
brid functional, which the parameters were chosen based on the criteria of fitting
one-particle gap and fulfilling the generalized Koopmans’ theorem. The optimized
hybrid functional provides a consistent interpretation of a wide range of experimen-
tal observations and explains origin of photoluminescence in 3-GayO5. Dedk et al.
[2] have suggested that the same procedure can also be applied for other materials.
In my future work, I will choose the optimized hybrid functional for ZnS and then
I will use that optimzed hybrid functional to study defects and explain origin of

luminescence in extrinsic samples.
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