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1 Introduction

Semiconducting oxides and nitrides are, due to their large band gap energies, the two
most interesting groups to employ in optoelectronic devices operating in the visible
and UV spectral range. There are to mention Zinc Oxide (ZnO) and Gallium Oxide
(Gay03) on the oxide side and Gallium Nitride (GaN) together with Indium Nitride
(InN) and Aluminum Nitride (AIN) for the nitrides. These semiconducting materials
combine unique properties on their crystallography and growth mechanisms, as well as
on their optical, electrical and magnetic properties. Hence it is not surprising that with
these materials it was possible to build novel displays, light emitters, data storages,
bio- and environmental-sensors and energy generating- or saving-devices. For any
device application one has to solve problems related to the growth mechanisms of the
materials. Defect characterization of the materials is a necessity, since relevant
physical properties are affected by intrinsic and extrinsic defects. There are various
characterization tools ranging from the electrical- or optical- and magnetic methods to
microscopy’s such as electron- or atomic force microscopy which give information on
the structural- or surface-properties. The choice which one suits best to achieve the

given purpose depends on the specific information one needs.

In the pool of characterization methods magnetic resonance spectroscopy is a powerful
tool, providing access to information on defect structures, chemical identity, magnetic
properties and also energetic positions. Thus Electron Paramagnetic Resonance (EPR)
in conjunction with optical spectroscopy (photo-EPR) was chosen in this work to study
defects in ZnO, AIN and Ga,0Os to achieve a better understanding of these materials
and their defects in order to help to optimize the growth parameters and conditions as

well as device designing.

This work is divided in three parts dealing with the material systems ZnO, AIN and
Ga, 03, respectively. Chapter 1 consists of a short introduction to the technique of EPR.
The second chapter of this work focusses on the nitrogen center in ZnO and whether it
acts as a shallow or deep acceptor. Defects in AIN are investigated in the third chapter
and the last part (chapter 4) treats the characterization of point defects in Ga,0s. In the
beginning of each chapter there are more detailed introductions to specific material

properties and the related problems.
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2 Theoretical background

2.1 Electron Paramagnetic Resonance

Magnetic resonance spectroscopy is a topic for several spectroscopy methods. The
most common technique is nuclear magnetic resonance (NMR) spectroscopy. In this
technique the nuclear magnetic moments of a sample absorb radio frequency energy to
induce transitions between the nuclear Zeeman levels. From the energy positions of
these transitions one can obtain information about the atomic nuclei involved. NMR is
used in the fields of biology, chemistry, geology, medicine and material sciences.
Electron paramagnetic resonance (EPR) and electron spin resonance (ESR)
spectroscopy are synonymous terms used to describe the same technique. Here,
transitions between the electron Zeeman levels are induced by exposing the sample to
microwave radiation. This technique is used in the fields of chemistry, materials

science, and physics to perform basic research.

The major limitation of EPR is the necessity to have a net spin angular momentum, i.e.
at least one unpaired electron spin. However, there are many materials fulfilling this
requirement, for example by the presence of point defects such as vacancies, antisites,
and impurities. Most of these defects can contain unpaired electrons. For the ones not
being in a paramagnetic state there is the possibility to illuminate the material and

therefore to convert the defects into a paramagnetic charge state.

2.1.1 Basic principles of EPR

A simple mathematical model for the description of resonance phenomena with
relaxation effects was given by Bloch et al. [1]. One starts with the Magnetization
M= n{{)gverage Which is defined as the average magnetic dipole moment p per

standard volume, n is the spin density.

In a static magnetic field §0 the magnetization M has a thermal equilibrium IWO which
is connected to the static magnetic field through the susceptibility y, therefore 1\70 =

)(ﬁo. When M differs from MO a simple rate model describes the process to obtain an

equilibrium state. For a magnetic field along the z direction of the coordinate system
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B = (0,0, B,) the alteration of M, is related to an alteration of the magnetic energy

E = —M,B,. Alterations of M,, or M,, are independent of the energy, since the scalar
product vanishes (E =—-M,,B, = 0). Hence it is in principle necessary to distinguish
between the magnetization component in magnetic field direction and the components

perpendicular to the magnetic field direction.

In a process leading to the equilibrium of M, energy has to be transferred into or out of
the spin system. For a solid state this is only possible through phonon interactions, a

coupling to the lattice of the crystal. Therefore the equation looks like:

i M. = Mo~ M, 2.1)
dt T,
T; is a value for the coupling of the spin system to the phonon system and is known as
the longitudinal relaxation time or spin-lattice relaxation time. This is the characteristic
time that an electron needs to relax from an excited state to its ground state by emitting

one or more phOl’lOl’lS.

The equations for the transversal magnetization components are the following:

dM _ M 2.2
dt x T2 ()
d M
_-M., = -
dt Y T,

T, describes the transversal relaxation time or spin-spin relaxation time. This is due to
the fact that M,, and M,, can change through interactions with the spin system without a
coupling to the lattice. T, is also a measure of how long the single dipole moments

contributing to M,. and M,, are staying in phase. In most cases T is shorter than T;.

However, one must also take into account that the magnetization M precesses around

§0. This process is best described by Ehrenfest’s theorem in analogy to the classical

gyroscope equation [2].
—M =yB XM (2.3)

Y = Jeli (2.4)



8 Theoretical background

Where v is the gyromagnetic ratio, pgis the Bohr magneton and g, is the electron g-
value, which equals 2.00232 for a free electron. Combination of equations (2.1), (2.2)
and (2.3) yields the Bloch equations [3, 4]:

d — — Mx
M= y(B x M)x A (2.5)

d o M,
EMy—y(BxM)y—T—Z

d = — MO_ 4
EMZZ]/(BXM)Z'FT—l

In a resonance experiment, it is necessary to apply another high frequency field. It is
described by a magnetic field §1 in the xy-plane which rotates with the frequency o.
The average absorption power is given by the following equation:

P==| B==dt=wBM,, (2.6)

1jT_,dM
. dt

In this case B, is the amplitude of the high frequency field and My, is the y component
of the magnetization in a frame of reference rotating with B,. From equation (2.6) it is
obvious that M, is responsible for the absorption. Since My, is not present in equation

(2.6), the power dependence is independent of it and therefore M,, is connected to the
dispersion. Now the Bloch equations have to be solved for the rotating frame of

reference. This yields the following equations for M,, and M,,, [1]:

V(VBO - w)TZZMOBl

= 2.7
¥ 14 (yBy — w)2T2 + y2B2TT, 2.7
—yT,M,B
M,, = FaZoor 2.8)
1+ (yBo — w)?*T; + y*B{ThT,

The first thing one can realize from these equations is that M,, vanishes if the
resonance condition w = yB, is fulfilled, i.e. the dispersion equals zero for the
resonance case. On the other hand, reaches |My,| its maximum value and therefore the

absorption signal is also at its maximum value in the resonance case. For resonance

conditions, equation (2.8) becomes:
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M. = —yT,MyB, :—VTZMOB1
' 14 y2BETT, 1+S

(2.9)

Introducing the saturation parameter S = y2BZT,T,. During an EPR measurement, the
magnetizations My, and M,,of the sample are measured. If a linear detector is used, the
absorption signal Agp is proportional to the magnetization M,,: Agps X My,. Taking a
closer look at the absorption signal A, in dependence of the amplitude of the high
frequency microwave field B; and therefore at the microwave power P, < BZ, the

indication saturation parameter becomes obvious.

As long as the saturation parameter is small against one (S <« 1), the magnetization
M,, increases proportional to B; (see equation (2.9)). Thus, in this region the

absorption signal increases with B; and is therefore proportional to the square root of

the microwave power: A;ps X +/ P -

In the case (S = 1), which means that yB; is big against the product of the inverse

. 1 ) . . .
relaxation times 7> saturation occurs. Therefore the absorption signal is no longer
142

proportional to By, it increases slower and reaches its maximum for S = 1. If the
saturation parameter increases further (S > 1) the absorption signal decreases. The
dependence of the absorption signal of the amplitude of the magnetic field B, is shown

in Figure 2.1.

With this knowledge, it is possible to determine the relaxation times T; and T, with
microwave power dependent EPR measurements. From equation (2.9) it is also
obvious that the absorption signal is expected to have the shape of a Lorentzian line for
neglected saturation. Nevertheless, in the experiment a Gaussian line shape is
observed, which is due to inhomogeneous line broadening. This behavior can be
caused by non-resolved hyperfine interactions or in rare cases by in-homogeneities of

the magnetic field.
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Ya

Absorption signal

Y

Magnetic field amplitude B,

Figure 2.1: Dependence of the EPR absorption signal on the amplitude of the
high frequency microwave field B;. Since B, is proportional to the microwave
power, the absorption signal increases linearly with the square root of the

microwave power.

2.1.2 The spin Hamilton operator

To describe a paramagnetic ion in a crystalline solid the following Hamilton operator is

used [5]:

HO = Hel+Hcrys+HSO +H55 (210)

The electric energy of the paramagnetic ion is described by He;, Hcrys is the interaction
with the electric crystal field of the neighboring atoms. The spin-orbit- and the spin-
spin-interaction energies are given by Hgp and Hgs. In the presence of an external
magnetic field an additional operator describing the magnetic properties has to be
added to H°. Except for some special cases it is not possible to find an exact solution
for the above Hamilton operator. This is due to the complexity between the interactions
of the different terms. There are several approaches to obtain approximate solutions,

for instance the crystal field theory.

Fortunately it is not necessary to solve the above Hamilton operator to discuss and
understand magnetic resonance experiments. The energy of a microwave quantum in a
typical EPR experiment is in the range of 10™ eV. In contrast, the energy splitting

between the ground state and the first excited state for defects in solids due to crystal
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field or spin-orbit interaction is typically 1 eV. Therefore only ground states or
occupied thermic excited states can be examined in magnetic resonance experiments.
The spin-Hamilton-operator Hg [2] is based on this fact. It describes the manifold of

the ground state only.

Hg is given by several terms, containing the operators of the magnetic field B, the
electron spin S, and the nuclear spin I in the shape of B'S™I™. Each of these terms
encloses a coupling tensor, whose components can be determined by experiments or

calculated theoretically.

The exponentials 1, m, and n are subject to several restrictions. First, the time-reversal
invariance of the electromagnetic interaction requires that the spin-Hamilton-operator
is also invariant against time-reversals [1]. Due to this behavior the sum of I[+m+n has
to be even. Hence terms with the shape of BSI or S3 will not be found in Hy. From the
triangle inequality it is obvious, that m < 2§ and n < 21 is valid [2]. So terms with S
can only appear for a spin S > 1. It is also found empirically that terms with large
values of 1, m, and n deliver only small contributions to Hg. Therefore it is adequate to

consider only quadratic terms, or if those have no contribution, terms of the forth order
[6].
To describe the defects in this work only the following parts of the spin-Hamilton-
operator are necessary:

H = Hgz + Hps + Hyp + Hyz + Hyg (2.11)
The individual terms are described in the following chapters.

The energy ranges of the different contributions of the spin Hamiltonian are compared
in Figure 2.2. The comparison is done on the frequency scale, since in EPR the unit of

interaction parameters is MHz, and also converted to a temperature scale.
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Temperature (K)
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Figure 2.2: Energy scale comparison of the different interactions contributing to

the spin Hamilton operator on the frequency and temperature scale.

2.1.3 Zeeman splitting

The description of the Zeeman splitting starts from the magnetic moment of an
electron in a static magnetic field. The energy of a magnetic dipole in a magnetic field

is defined as [7]:

-

E=—ji-B (2.12)

Where (i is the magnetic moment and B is the magnetic field. If the z axis is assumed
to be along the direction of B, then the z component of the electron spin magnetic
moment is [7]:

Kz = —Hpgms (2.13)

With the Bohr magneton psg, the electron spin component along the z axis mg, and the
electron g-value. The negative sign is due to the negative charge of the electron. By

combining equation (2.12) and equation (2.13) one obtains:

E = gugBmg (2.14)
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From quantum mechanics it is known that the eigenvalues of m; are discrete and range
from -S to S with steps of 1, which results in 2S+1 possible values. For a free electron
with a spin of S = % the values of m; are +'2 (spin up) and -’ (spin down). Therefore

the Zeeman energies of these two states can be written as:

E=+

N| =

gusB (2.15)

To induce an EPR transition between these two states it is necessary to expose the
system to electromagnetic radiation of the energy hv matching the energy difference
AE of these two states. The resonance condition for a spin a system with S = 2 is given

by the following expression [7]:
AE =E, —E_=hv=gugB (2.16)

EPR transitions are restricted by selection rules, only transitions with Amg = +1 are
allowed. Figure 2.3 shows the splitting of the energy levels with increasing magnetic
field for an S =’ spin system and the allowed EPR transition between them. If S is
larger than !5 it is possible to observe “forbidden” transitions which follow the

selection rule Amg = +2.

\ m_= -1A

—
Magnetic field

Figure 2.3: Schematic energy level diagram for an S = 2 system. The vertical

arrow indicates the transition at the resonance position.
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For the most samples this simple model is not sufficient, however, since the g-value
often differs from the free electron value of 2.00232. This is due to spin-orbit and spin-
spin interactions. Therefore the electron-Zeeman term of the spin-Hamilton operator

has to be modified:

-

Hgy = usBgSs (2.17)

The coupling tensor § between the magnetic field and the electron spin describes all

deviations from the free electron g-value. The components of the g-tensor are given by

[1]:

(0|L;|n){n|L;|0)
9ij = e U——zzz E —E (2.18)
n#0

Here |0) is the orbital wave function of the ground state and |n) the orbital wave
function of the excited state. Zi and Zj are the operators of the orbital angular
momentum and A is the spin-orbit-coupling constant. From equation (2.18) it is
obvious that the components of g differ the more from g, the more the influence of the
spin-orbit-coupling A is increasing. On the other hand the crystal-field-splitting, which
is responsible for the energy splitting A = E,, — E,, decreases the effect of the spin-
orbit-coupling. The tendency of the crystal-field to suppress the spin-orbit-coupling is
called orbital quenching. This is the reason why the deviations of § from g, are relative
small. In the first approximation equation (2.18) can be rewritten as follows:

A

gii = ge — % (2.19)

The coefficient a is a positive number with values between 1 and 10. Hence it is
obvious that electron centers, which have a positive A value, have a negative deviation
from g.. Hole centers, however, show a positive deviation from g, because of their

negative value of 1 [1].

The symmetry of the g-tensor of course reflects the symmetry of the defect. After a

transformation into a principal axis system it is given by:
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g 0 0
g=|0 gy 0 (2.20)
0 0 g,
Therefore the electron-Zeeman term of the spin-Hamilton operator appears as:
Hgz = upBgS = up(BygxSx + BygySy + B,9,S;) (2:21)

For an axial g-tensor, where x and y direction are equivalent, directions parallel
(9) = 9g,) and perpendicular (g, = g, = g,) to the direction of the magnetic field are

introduced. The effective g-value g is then defined as:

Gerr = \/guzcosz@) + gisin?(®) (2.22)

Here ¢ is the angle between the magnetic field and the z-axis of § in the principal axis

system.

2.1.4 Fine structure splitting

Since there are many paramagnetic systems with S > 1/2, like e.g. impurities due to
transition metal-ions in semiconductors or insulators (e.g. Fe, Co, Mn, Cu, etc.), it is
necessary to take into account the fine structure interaction occurring for spin systems
with § > 1. There are two different physical effects contributing to the fine structure
interaction: On the one hand, there is the effect of the crystal field on the electron spins
due to the spin-orbit interaction. On the other hand, there is the dipole-dipole
interaction between unpaired electrons of the defect. Both parts lead to the same
mathematical formalism. Depending on the type of defect one or the other part is
dominating. For instance, the spin-orbit coupling constant A for C or Si is relatively
small. That is why in diamond or SiC the dipole-dipole contribution to the fine
structure term dominates. However, in 1I-VI semiconductors the effect of the crystal

field is dominant due to a strong spin-orbit interaction [2].

As mentioned before a quadratic fine structure term (§f)§' ) in the spin Hamilton
operator can only occur in a spin system with an effective spin § = 1. For a fine

structure term of forth order (aS*) an effective spin of S > 2 is required.
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The quadratic fine structure term has the form of
Hps = SDS (2.23)

with the fine structure tensor D. By transformation into the principal axis system it

becomes:
D, 0 0
D= 0 Dy 0 (2.24)
0 0 D,

The trace of D can be considered as zero, since a value unequal to zero would only
lead to a uniform shift of all levels. Therefore the number of independent elements of
D is reduced to two. These two parts are the parameters D and E, with which D

appears as the following:

1
~D+E 0 0
~ /3 ) \ E 0 0\ 7 /1 0 0
D= 0 -D-E 0 |=(0 —E 0 —§D<O 10 (2.25)
2 0 0 D 00 1

That implies that the fine structure term of the spin Hamilton operator can be written

as:
Hps = SDS =D [SZZ —18(s+ 1)] + E[s2 - 52] (2.26)

Where the relationship S7 + S7 + 57 = S2 =5(S+1) was used. From equation

(2.26) it is evident that D is the axial symmetric part of the fine structure term and E

describes the asymmetric part.

The axial symmetric part of the fine structure term D causes a uniform shift for all
states with equal |mg|, and therefore leads to a splitting into doublets (except for
mg = 0). This behavior is shown in Figure 2.4. It is evident that the fine structure
interaction leads to a splitting of the energy levels even if there is no magnetic field

applied. Hence the fine structure splitting is also known as zero field splitting.
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Magnetic field
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Il
o

Figure 2.4: Schematic of the energy level splitting due to the isotropic Zeeman
interaction and the fine structure interaction for a system with an electron spin of

S = 1. The vertical arrows represent the allowed EPR transitions.

2.1.5 Hyperfine interactions

The interaction of unpaired electrons with the nuclear magnetic momentum of the
central nucleus is referred to as hyperfine interaction. An interaction with one or more
neighboring atoms is called superhyperfine interaction. In principle, they are described
by the same spin-Hamilton term. The nuclear magnetic moment is described by the
nuclear spin I, just as electron magnetic moments are described by the electron spin S.
The nuclear magnetic spin quantizes along the magnetic field with the eigenvalues
m;=1,I—1,..,—1 +1,—I. The mathematic description in form of an additional

term to the spin-Hamilton operator is given by

-

Hyp = SAT (2.27)

with the electron spin S, the nuclear spin I, and the hyperfine coupling tensor A, which
can be split in to an isotropic part (al) and an anisotropic part B. As a consequence of

this, the hyperfine tensor can be written as

~

A=al+B (2.28)
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where 1 is the unit matrix. The scalar term a is the Fermi-contact term. The anisotropic
hyperfine tensor B is traceless and can be described in its principal axis system by two

anisotropic hyperfine interaction constants b and b’ [7].

~ —b+ b’ 0 0
B = 0 -b—b" 0 (2.29)

0 0 2b

It follows that:
1
b= EBZZ (2.30)
o1

b’ = > (Byx — Byy) (2.31)

It is obvious that b’ describes the deviation from the axial symmetry.

The Fermi-contact term describes the unpaired spin density at the nucleus site.
Therefore it is obvious that for a defect in which the unpaired electron belongs to an s-
orbital, a is non-vanishing, while it vanishes for all other orbitals, because their
probability of presence at the nucleus is zero. The Fermi-contact term at a nucleus
occupying the site 7; can be expressed as [3]:

2
a = §.u0ge:uBgN,uNllp(Tl)|2 (2.32)

Y(r,) is the wave function of the defect in the one-particle approximation. The

elements of the anisotropic hyperfine tensor B are given by:

3xixj .

L 8
Byj =ﬁusgegzvu1v f ( o r—;’) W (r)|*dv (2.33)

The anisotropic hyper fine constants b and b’ reflect how the wave function decays
radially. The different hyperfine interaction parameters are connected by the following

equations [3]:
A" =a+ B" =a+2b (234)
AJ_:a+BJ_:a_b (2.35)

. (Agx + Ayy + 4;2)
3

(2.36)
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Under the assumption of isotropic hyperfine and Zeeman interactions, and presuming

Eyr < Egg, the energy eigenvalues of the Hamiltonian can be expressed as:

E = gugBmg + amgm; (2.37)

Thereby mg and m; are the eigenvalues of Sand T in magnetic field direction. It is
obvious that the hyperfine interaction splits every single Zeeman level in m,
equidistant levels. Since in EPR there are no allowed transitions between different
nuclear spin levels, the selection rules are Amg = +1 and Am; = 0. However, also
“forbidden” EPR transitions can be observed, which follow the selection rules

Amg = 41 and Am; = +1, £2.

This is why in EPR a splitting of the resonance line in 2/ + 1 hyperfine lines with a

distance of AB = ﬁ is observed. The hyperfine splitting for a system with S =’ and
B
I =" 1s shown in Figure 2.5.

The observation and analysis of the hyperfine splitting is the fundament of chemical
identification in EPR. Consequently, if the hyperfine interaction can be observed in the
EPR experiment it is possible to assign the defect to an element with a particular
nuclear spin. The latter is then compared with values from the literature. Since there
are only a few elements with the same nuclear spin this assignment is very accurate.
Together with the isotope ratio, which is unique for each element, an unambiguous

attribution is possible.
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Figure 2.5: Schematic representation of the energy level splitting for a system
with S=% and [=)%. The solid lines represent the energy levels split due to the
hyperfine interaction and the dashed lines are the energy levels in absence of the

a hyperfine interaction. Vertical arrows indicate the allowed EPR transitions.

2.1.6 Nuclear Zeeman interaction

Since a nuclear spin interacts with an applied magnetic field much like an electron
does, there is also a corresponding contribution to the spin Hamiltonian. This effect is

known as the nuclear Zeeman interaction.
Hyz = —gnunBI (2.38)

Like an electron a nucleus possesses a g factor, but due to the lack of an equivalent to
the orbital angular momentum of an electron gy is isotropic. Its value can be obtained

from the literature.

2.1.7 Nuclear quadrupole interaction

A nucleus with spin I > % has an electric quadrupole moment which will interact with
the electric field gradient at the nucleus site. These interactions can be described by the

nuclear quadrupole tensor P and can be written in the following form:
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Hyo = IPT (2.39)

In its principal axis system the nuclear quadrupole tensor can be written as a traceless

matrix:

0 -K(1+1n) 0 (2.40)

Pxx 0 0 —K(l - T]) 0 0
0 0 0 2K

K is the quadrupolar coupling constant. The relations between the diagonal parameters

of P and the commonly used parameters ¢’Qq/h and 1 are given by:

e’Qq

=212 —1)B, (2.41)

¢’Qq/h is the largest component of the electric field gradient at the nucleus. n is an

asymmetry parameter.

2.1.8 EPR transition probabilities

After all parts of the spin Hamiltonian necessary to describe EPR phenomena have
been dealt with in the previous sections, in this chapter the probabilities and selection
rules of EPR transitions will be discussed. There are two requirements to be fulfilled
for EPR transitions: an external applied magnetic field to lift the degeneracy of the
unpaired spin, and an oscillating magnetic field (i.e. the magnetic field component of a
high frequency microwave) to induce the transitions between the Zeeman-splitting
levels. This is shown in Figure 2.6, where N and N. are the occupation numbers of the

spin states |+1/2) and |—1/2).

If the oscillating magnetic field is perpendicular to the applied magnetic field, the

resulting field at the sample is given by:

B4 cos wt
B = ( 0 > (2.42)
By
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With the static magnetic field By, the oscillating magnetic field B;, and the angular
frequency of the oscillating magnetic field w. Together with the spin Hamiltonian of

the electron Zeeman energy as given by equation (2.21) we obtain [7]:

H = gug(ByS, + B1S,cos wt) = Hy + Hy, cos wt (2.43)
£y
|
I+1/2> ‘\N+
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Figure 2.6: Occupation of the spin states in thermal equilibrium and microwave

induced transitions between them.

To determine the transition probabilities between the [+1/2) (spin up) state and the
|—1/2) (spin down) state one can use time dependent perturbation theory, as long as
the oscillating magnetic field B, 1s much smaller than the static magnetic field By. This
requirement is usually fulfilled for EPR and NMR spectroscopy. With “Fermi’s Golden
Rule” the transition probability is given by [7]:

1 2
W‘l/z“’+1/2 - Zh2|<_ 1/2 |7{W|+ 1/2>| g() (2.44)

Where g(v) is a form function. Note there are only transitions for the case that the
oscillating magnetic field is perpendicular to the static magnetic field. If the oscillating
magnetic field is parallel to the static magnetic field the transition probability is 0. For
electrons the EPR transition probability can be written as [7]:

1 2p2
—Ye Brg(v) (2.45)

Wegpr = 4
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The transition probabilities for absorption (|—1/2) = |+1/2)) and stimulated
emission (|+1/2) —» |—1/2)) are the same. The EPR transition selection rules are
given by these applications of Fermi’s golden rule. The eigenstates of the spin
Hamilton operator may not only be the simple spin states, but also linear combinations
of the spin states are possible. If such a behavior occurs so-called “forbidden”

transitions can be observed.

Due to the fact that the EPR transition probabilities of the absorption process and the
stimulated emission are the same, there has to be a difference in the populations N and
N. of the spin states to allow an EPR transition. The easiest way to achieve a
population difference is a change of the temperature, because the population numbers
of the spin states in thermal equilibrium are given by the Boltzmann distribution:

W (_hv> 2.46
N exp T (2.46)

Due to the lower temperature the spin state with the lower energy N. becomes more
populated. Today the cooling methods of choice are the use of liquid helium (4 K) and
liquid nitrogen (77 K). In the past liquid hydrogen (20 K) was also used for this
purpose. At low temperatures one also has to take into account that the spin-lattice
relaxation time increases. If the temperature is too low this would disrupt the
population difference. The other value one has to adjust carefully is the microwave
power. If it is too high the transition to the higher energy state would be induced faster
than the electrons can relax to their ground state. Hence, it is necessary to find the
optimal values for temperature and microwave power to maximize the EPR signal

intensity.

2.2 EPR detected Photoionization (Photo-EPR)

A small drawback of EPR as described above is that it is not possible to gain any
information on the energetic position of the defect in the band gap. However, in most
cases it is possible to illuminate the sample with light of a defined wavelength to
convert the defect into another charge level due to photoionization. This way one can

observe EPR signals of defects that are normally not in a paramagnetic charge state.
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Moreover, the change of the EPR signal intensity of the defect in dependence of the
wavelength of the light can be detected. With this information the energy level position

of the defect in the band gap can be determined [8].

There are two methods for photo-EPR measurements. First, there is the steady state
method in which the equilibrium value of the EPR intensity is measured after a
sufficiently long illumination time. In this case, the optical cross section of the
photoionization can be determined from the dependence of the EPR signal intensity
from the photon energy [8].

VAV — Egpt

et(Eope, hv)~ )’ (2.47)

o, 1s the optical cross section. If one takes into account the electron-phonon

interaction the formula appears as:
o (hv) = ij 8_220' (E ) (1 + —) dz (2 48)
0 — ~ el\~opt hv .

The parameter I' describes the broadening of the photo transition absorption band at

elevated temperatures.

hv — E
B = T"pt (2.49)

Wo

hw,
r= 2(Eope — Eth)hwocth( ) (2.50)

Wex 2kgT

The frequencies of the phonons coupled to the ground and excited states are given by
w, and w,,. The thermal and the optical ionization energy are connected by the lattice

relaxation energy.

Erer = Eopt — Eip (2.51)
The second photo-EPR method is the initial slope method. Here, the time dependent
variation of the EPR signal intensity after the light source is turned on is observed.
From the slope of the signal increase it can be determined if one or more defects are
involved in the photo transition. For a mono exponential slope only one defect is

involved.
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3 The nitrogen center in Zinc Oxide

3.1 Introduction

ZnO is a wide band gap semiconductor crystallizing in the wurtzite structure and has a
direct band gap of 3.3 eV at room temperature. Together with the large exciton binding
energy of 60 meV one of the most notably applications of ZnO is to use it for
optoelectronic devices. But to use ZnO successful as an optoelectronic device material
operating in the UV range n-type as well as p-type material is necessary. N-type
doping in ZnO is already achieved with dopants like Ga, Al In, H, Cl, F, or I
substituting the respective cation or anion and forming shallow levels. In the case of p-
type doping the situation looks different since ZnO shows like most wide band gap
semiconductors an asymmetry in dopability [9]. Therefore it is difficult to achieve
reliable and reproducible p-type doped ZnO. Since nitrogen acts as a shallow acceptor
in other II-VI compounds [10] it was also considered as a suitable p-type dopant in
ZnO [11]. Several groups reported the successful p-type doping of ZnO with nitrogen
[12-14], but it remains still difficult as reported by Lee et al. [15].

This chapter deals with the characterization of the nitrogen acceptor in ZnO. Previous
studies showed the existence of isolated nitrogen atoms substituting an oxygen atom
(Ny) [16, 17] and molecular nitrogen (N,)~ [18], both are acceptors. From theoretical
predictions and experimental data there are more and more hints that it should be a
deep acceptor [16, 19-21]. However, the energy level position and hence the
knowledge if it is a deep or a shallow acceptor is not finally clarified. This fact will be

investigated in the following sections.

3.2 Experimental Results

A standard commercially available ZnO bulk crystal bought from Eagle Picher
(Miami) was used for all the experiments described in this chapter. The crystal was
grown by the method of seeded chemical vapor transport (CVT) (see Appendix A for
more information on ZnO) and had a size of 7 mm x 3 mm x 1 mm. It was cut from a

larger boule by the company.
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In the as-grown state the crystal had a slightly yellow coloration and was an n-type
conducting material with a carrier concentration of approximately 10"’ cm™ at room
temperature as determined by Hall measurements. The crystal was irradiated with a
beam of 3.8 MeV electrons from a van de Graaff electron accelerator at the University
of Berlin in order to lower the position of the Fermi level. The current density was
adjusted to 7.86 pA per cm” with a dose of 2.043 x 10'® electrons per cm”. During the
irradiation the temperature increased to 104 °C. From previous studies it is known that
after a heat treatment or irradiation with electrons it is possible to observe nitrogen
acceptors in ZnO in EPR measurements [16, 18]. Due to this treatment the
conductivity is decreased significantly, but the crystal is still n-type conducting (about
10'* carriers per cubic centimeter, determined by Hall measurements). The color
appears now a bit more yellow than in the as-grown state. By means of secondary ion
mass spectroscopy (SIMS) measurements the nitrogen concentration was determined

to (44£2)x10'® atoms per cm’.

In order to gather more information on the nitrogen acceptor in ZnO the sample was
investigated by photoluminescence spectroscopy, optical absorption spectroscopy and
electron paramagnetic resonance spectroscopy. The results of these measurements are

described in the following sections.

3.2.1 Photoluminescence measurements

For the photoluminescence spectroscopy a self-assembled setup was used. It consisted
of an Omnichrome 3074 HeCd-Laser with a 325 nm line, an Oxford Helium bath
cryostat with a temperature regime from 1.5 to 300 K and a Jobin-Yvon

monochromator.

In Figure 3.1 a photoluminescence overview spectrum of the electron irradiated Eagle
Picher ZnO sample is shown. The measurement was performed at 4 K with a 325 nm
laser line for excitation. The first thing one can see on the low energy side of the
spectrum is a broad unstructured band at 2.45 eV, which can in principal be explained
by at least three models. The first model attributes it to Cu impurities in the sample

[22]. This can be excluded in the present case, because the pronounced phonon
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structure could not be observed. According to the second model, the low energy PL
band originates from a shallow donor (D°) to oxygen vacancy (Vo') recombination
[23, 24]. The third model explains the feature by an internal triplet recombination of
the neutral oxygen vacancy (S=1), similar to color center emissions in ionic crystals
[25]. For the last model there is also an alternative interpretation of the defect model
from Janotti et al. [20], in which the spin triplet (S=1) recombination is assigned to a
singly negatively charged Zn vacancy (S='2) and a neutral shallow donor (S=2),
which by exchange interaction form a pair defect in the S=1 state. Based on the
experimental data only the first model can be ruled out and there are no hints at which
defect causes the green emission in this sample. Hence, the low energy PL band could
be caused by the defect described in the second or the third model or by a
superposition of both of them.

100 T T T T T T T L |
4K electron irradiated ZnO:N
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PL intensity (a.u.)
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Figure 3.1: Photoluminescence overview spectrum of the electron irradiated

Eagle Picher ZnO sample at 4 K illuminated with a 325 nm laser.

The high energy part of the spectrum is dominated by bound exciton recombinations

and the corresponding longitudinal optical (LO) phonon replicas with an energy
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separation of 72 meV. The observed shape of the spectrum in this part is common for
ZnO bulk crystals [26]. A detailed spectrum of the excitonic region is depicted in
Figure 3.2. Signals from at least three bound excitons can be observed and assigned to
their corresponding defects. I at 3.3628 eV assigned to hydrogen, at 3.3608 eV the I¢
peak attributed to aluminum and the I; peak at 3.36 eV with no assignment at present
[27]. However, no evidences for a nitrogen acceptor, like e.g. a donor acceptor pair
recombination (DAP) signal, were observed in the photoluminescence measurements.
This could be due to the fact that n-type conductivity is still dominating in the sample

or that the nitrogen concentration is too low to show up DAP’s in photoluminescence

measurements.
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Figure 3.2: Detailed PL spectrum of the electron irradiated Eagle Picher ZnO
sample at 4 K illuminated with a 325 nm laser. One can see the excitonic region

with the 14, Ig and I; lines.
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3.2.2 Electron Paramagnetic Resonance

All the EPR measurements are performed with a Bruker EPR spectrometer, which is
described in the appendix. The EPR spectra of the sample before the electron
irradiation look very similar to the most other ZnO bulk crystals. The only significant
signal one can observe is a shallow donor signal at g = 1.96 which dominates the
whole spectrum. Figure 3.3 shows the EPR spectra of the sample after the electron
irradiation at 4 K. Therefore the sample was cooled down to 4 K in the dark to avoid
any illumination effects due to ambient light. In Figure 3.3 (a) the EPR spectrum
without illumination is shown, the only observable signal at 3467 G can be assigned to
a shallow donor in ZnO with a g-value of g = 1.96 [26]. Compared to the EPR
spectrum before the electron irradiation the intensity of the shallow donor signal has
decreased significant. Due to the electron irradiation the position of the Fermi level has
shifted towards lower energies and therefore less shallow donor states are occupied by
an electron which leads to the decrease of the EPR intensity. After the sample was
exposed to UV light 3 lines with different peak-to-peak amplitudes appear (see Figure
3.3 (b)). A mercury vapor lamp was used as illumination source in this case. These
EPR signals were observed earlier by Carlos et al. [17] and Garces et al. [16] and are
attributed to a neutral nitrogen atom substituting an oxygen atom in ZnO. However, the
intensity of the shallow donor EPR signal doesn’t change. All the EPR spectra are
measured at very low microwave powers, due to fast appearing saturation effects. The

saturation behavior of the sample is discussed later in this chapter.



30 The nitrogen center in Zinc Oxide

- 9 GHz ZnO:N -
4 K
\(ﬁ/ = pu
2
‘L -
T
_E (b) x5
(n'd
o
LLl | .
3440 3450 3460 3470

Magnetic field (Gauss)

Figure 3.3: EPR spectra of the nitrogen center and a shallow donor in ZnO taken
at 4 K without (a) and with UV light illumination (b). The shallow donor signal
intensity was multiplied by 5.

In Figure 3.4 a detailed spectrum of the nitrogen center is shown. The EPR signal of
the shallow donor is also visible in this spectrum approximately at 3467 G. One can
clearly observe the 3 lines of the nitrogen center with the nuclear spin I = 1 (99.6 %
abundance) at 3442 G (N1), 3447 G (N2), and 3452.5 G (N3). These signals represent
the allowed EPR transitions with the selection rules Amg = +1 and Am; =0. It
appears that the 3 lines have a different EPR signal intensity, they differ in line width
AB and peak-to-peak intensity Al. But the signal with the smallest peak-to-peak
intensity has the biggest line width and since the EPR intensity is given by
Igpr~AI - AB? all the lines have the same EPR intensity.
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Figure 3.4: Detailed EPR spectrum of the neutral nitrogen center in ZnO
recorded at 4 K after illumination with UV light. The allowed hyperfine
transitions are marked N1, N2, and N3, whereas the “forbidden” transitions are

marked as V11, V12, V21, V22, V31, and V32.

For the EPR measurement shown in Figure 3.4 the angle of the c-axis of the crystal
was rotated 80° away from c||B to observe the EPR signals marked with V11, V12,
V21, V22, V31, and V32. They are due to “forbidden” EPR transitions not following
the selection rules stated above. For paramagnetic ions with a hyperfine structure and a
more than doubly degenerate ground state, which is split by the crystalline electric
field by amounts of 107 to 10" cm™, “forbidden” hyperfine lines can be observed
which are due to transitions in which the nuclear magnetic quantum m; changes by +1
and +2 [2]. They appear when the magnetic field is at an angle between the parallel
and perpendicular orientation toward the crystal axis. These transitions are caused by
second-order effects due to cross terms in the spin Hamiltonian between the fine
structure splitting and the hyperfine structure splitting. All allowed and forbidden

transitions for the neutral nitrogen center in ZnO are shown in Figure 3.5. The allowed
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hyperfine transitions with Am; = 0 are represented by the solid arrows, the
“forbidden” hyperfine transitions with Am; = +1 are depicted by the dashed arrows
and the ones with Am; = +2 are shown by the dotted arrows. Above the energy level
diagram a schematic EPR spectrum with all transitions is shown from which we can
assign V11, V12, V31, and V32 to the Am; = +1 transitions and V21 and V22 to the

Am; = %2 transitions.
The complete spin Hamiltonian to describe all the effects mentioned above is given by:

i hemati
| T |||
—

I ms—+/z m, =+1
m =+, m =0
'm =+1>, m =-1

Energ\
m_=-%2, m =-1
m =-1, mI 0
m =-1/, m; =+1

ﬁ
Magnetic field

Figure 3.5: Energy level splitting due to the hyperfine interaction for a system
with S =% and I = 1 with all allowed (solid arrows) and “forbidden” (dashed and
dotted arrows) hyperfine transitions. Above a schematic EPR spectrum for this

system is shown.

The values of the interaction parameters can be determined by angular dependent

measurements. The results of these measurements are shown in the following sections.
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The angular dependent behavior of all the nitrogen EPR signals is shown in Figure 3.6,
0° represents here c1B and 90° is c|[B. The EPR signal intensity is also angular
dependent. One can see that the “forbidden” transitions are only observable if the c-
axis of the crystal is at least 60° rotated away from the direction of the magnetic field.

For the orientations near c||B the intensity is too small.
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Figure 3.6: Angular dependent behavior for all EPR lines of the nitrogen center
recorded at 4 K after the illumination with UV light.

The angular dependence of the hyperfine coupling constant A recorded at 4 K after the
illumination of the sample with UV light is shown in Figure 3.7 together with the
magnetic field position of the central nitrogen line. From these measurements the
values of A are determined to A, =89 MHz and Ay = 81.1 MHz, as well as
g1 = 1.963 and g, = 1.995. They are in quite good agreement with previous studies
[16] and theoretical calculations [19]. With equations (2.34) to (2.36) the isotropic part
a = 33 MHz and the anisotropic part b = 24 MHz of the hyperfine coupling constant
can be calculated. From these values one can calculate the contribution of the nitrogen

2s and 2p electron orbitals to the electron spin density at the nucleus. The atomic
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parameters for the comparison to isolated atoms are given by Morton and Preston [28].
The isotropic hyperfine interaction parameter a = 33 MHz is compared to 1811 MHz
which yields a contribution of 0.02 for the '*N(2s) orbital. For the contribution of the
“N(2p) orbital the anisotropic hyperfine interaction parameter b = 24 MHz is
compared to 55.5 MHz, resulting in a contribution of 0.42. These values yield a 95 %
p-orbital contribution for electron spin density at the nucleus of nitrogen in ZnO. The
values of a and b could change, due to the fact that it is not possible to determine the
signs of the hyperfine interaction parameters from EPR measurements alone. Gallino
et al. [19] calculated 97 % for the p-orbital contribution using a negative sign for A, an
a positive sign for A;. The relative signs of the hyperfine interaction parameters were
in this case determined by HY SCORE measurements. Using the same relative signs as
given by Gallino et al. would yield also 97 % p-orbital contribution for the present
study. Anyway, the main statement of the analysis of the nitrogen hyperfine parameters

is the fact that the electron is located in the p-orbital.
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Figure 3.7: Angular dependence of the central nitrogen line (black circles) and
the hyperfine coupling constant A (blue circles). The measurements were carried

out at 4 K after the illumination with UV light.
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The sample was also mounted in a different position on the sample holder to perform
EPR measurements rotating it around the c-axis of the crystal. The EPR spectrum at
4 K shows after the illumination with UV-light the 3 lines of the I = 1 nitrogen center
in ZnO (see inset of Figure 3.8). One can also observe the “forbidden” transitions in
between the hyperfine lines. The angular dependence of the sample rotating it around
the c-axis is displayed in Figure 3.8, it reveals an isotropic signal with a g-value of
g = 1.966 and a hyperfine coupling constant of A = 10.2 MHz. These values are very
similar to the parameters obtained from the measurements with the c-axis of the crystal
perpendicular to the magnetic field direction. That implies that the defect is aligned
along the c-axis of the crystal.
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Figure 3.8: Angular dependence of the nitrogen center in ZnO rotating the sample
around the c-axis of the crystal measured at 4 K after the illumination with UV

light. In the inset the EPR spectrum is shown.
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Together with the data from the angular dependent measurements not rotating around
the c-axis it is possible to obtain the asymmetry parameter n = 0.02 and the
quadrupolar coupling constant K = —1.94 MHz. With these values e¢’qQ/h can be
calculated to 7.8 MHz. The very low asymmetry parameter gives a further hint that the

defect is orientated along the c-axis of the crystal.

Since the sample saturates very fast with increasing microwave power it is interesting
to record microwave power dependent EPR measurements. From these data it is also
possible to gather more information on the relaxation behavior of the defect. The
measurements were carried out at 4 K after the illumination with UV light. In Figure
3.9 the peak-to-peak amplitude of the EPR signal is plotted against the square root of
the microwave power. For low microwave powers there is a linear behavior between
the peak-to-peak amplitude and the square root of the microwave power, this is
indicated in the plot by a dashed blue line. The maximal peak-to-peak amplitude is
reached for a microwave power of 64 pW. From the microwave power dependent
saturation behavior of the EPR signal it is possible to calculate the spin-lattice
relaxation time T; and the spin-spin relaxation time T,. To do this one has first to
calculate the amplitude B;of the magnetic field component of the electromagnetic field

of the microwave. The connection to the microwave power is given by [29]:

B;2=2-1073Q,P (3.2)

With the microwave power P and the quality factor Q;, of the microwave cavity.
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Figure 3.9: The peak-to-peak amplitude yn,’ of the nitrogen center in ZnO is
plotted as a function of the square root of the microwave power P. The

measurements were taken at 4 K after the illumination with UV light.

The quality factor depends on the geometry of the cavity and the microwave
absorption of the sample and the sample holder [4]. Also the peak-to-peak line width
AH,,,, of the EPR signal has to be determined. The unsaturated value AHz(,’p of the peak-

to-peak line width is given by:

AHS, = lim AH,, (3.3)
1

With these parameters the relaxation times can be estimated as the following [4]:

AH?

T, = 1.97 - 10-7$ (3.4)
gbq

_13-1077 35

2 — gAng ( . )

This yield for the nitrogen center a spin-spin relaxation time T, = 3.4+ 1077 s. For the

spin-lattice relaxation time one obtains T; = 1.2 - 10™* s. The nitrogen center is after it
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is converted into its paramagnetic charge state stable up to several hours, this behavior
is also observed by Tarun et al. [21] and theoretically predicted by Lyons et al. [30].
One cannot draw conclusions whether the latter behavior depends on the relaxation
times, since there are no other results to compare with available. However, it would be
interesting to study the relaxation times for nitrogen acceptors in ZnO for thin films

and nanoparticles.

To determine the temperature dependence of the EPR signal the sample was cooled
down in the dark to 4 K and then illuminated with UV light to create the defect. Before
the first measurement the UV light was turned off. This was done to be sure that the
decrease of the EPR signal due to a temperature increase was not overlaid by the
charging effect of the UV light. The first measurement was carried out at 4 K, for the
second measurement the sample was heated up to 10 K and the measurement than was
taken again at 4 K. This procedure was repeated up to RT. The results are shown in
Figure 3.10, where the EPR intensity is plotted against 1000/T. In the inset the
representative spectra for 4 K and 200 K are depicted. With increasing temperature the
intensity of the EPR signal is decreasing. Compared to the EPR temperature
dependence of a shallow defect, the effect of the signal degradation is very small (only
a factor of 3), which indicates a high thermal stability of the center. This behavior
gives a further hint for the deep acceptor nature of the Ng center in ZnO. Since it was
not possible to observe the neutral nitrogen EPR signal at measurements with
temperatures higher than 15 K, a calculation of the thermal activation energy could
also not be done. For the same reason the temperature dependency of the relaxation

times could not be determined.
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Figure 3.10: The logarithmic EPR intensity of the nitrogen center in ZnO 1is
plotted versus 1000/T. In the inset the spectra recorded at 4 and 200 K are

shown.

To gain more information on the properties of the defect it is also valuable to study the
wavelength dependence of the creation of the paramagnetic nitrogen EPR-signal. A
xenon arc lamp together with bandpass filters was used to for the illumination of the
sample. To be sure that the intensity of the light on the microwave cavity was constant

grey filters were used.

For each of the measurements for a specific wavelength the sample was cooled down
from room temperature to 4 K in the dark to have the same initial state for each data
point. This was necessary to avoid photo induced effects from previous measurements.
The threshold wavelength to charge the defect into its paramagnetic state was 610 nm.
Figure 3.11 shows the intensity of the EPR signal plotted against the energy of the
incident light. But before one can do calculations with these data, one has also to take
into account that the absorption of the sample at 4 K is also wavelength dependent and

therefore the EPR intensity has to be corrected. A simple model to do this is given by
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Godlewski [8]. Since the EPR intensity is proportional to the square root of the light

intensity the correction factor is \/ 1 — exp(—ad) . The values of ad were obtained
earlier by optical absorption measurements (see Figure 3.15). To determine the
ionization parameters of the photo transitions the data of Figure 3.11 were fitted by
equation (2.48). The optical ionization energy is determined to E,,; = 2.11 eV and the
broadening parameter to I' = 0.22 eV. From theoretical predictions a value of 2.4 eV is

calculated for the optical ionization energy [30].

EPR intensity (a.u.)

N center in ZnO

20 22 24 26 28 30 32 34 36
Photon energy (eV)

Figure 3.11: Energy dependence of the EPR intensity of the nitrogen center in
ZnO measured at 4 K. The solid blue line represents a fit of the optical cross

section with equation (2.48).

The next step is to derive the thermal ionization energy of the defect which is
connected to the thermal ionization energy by E,,; — Et, = Eye. At a first glance the
temperature dependence of I'(T) is the method of choice to determine E;;,, but one
should keep in mind that the amplitude and kinetics of light induced EPR signals
depend heavily on the rates of different capture processes. And due to the fact that

capture processes change with the temperature it is very difficult to obtain reliable
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values of E;; by this approach. However in the case of small or moderate lattice
relaxations which is granted in our case, the thermal ionization energy can be
estimated from the edge of the photo excitation process of the EPR signal [8]. So the
thermal ionization energy can be estimated to Ey; = 2 eV which results in a lattice

relaxation energy of E,.; = 0.11 eV.

Now that the energy level position of the (N,)”" charge state has been appointed to be
2.1 eV below the conduction band edge, the energy level position respective to the
valence band edge has to be determined. To achieve this, an EPR experiment at 4 K
was performed in which the sample was illuminated constant with 325 nm light from a
high pressure mercury lamp with a bandpass filter. Simultaneously infrared light
(980-660 nm) from a laser diode was coupled into the sample to lift an electron from
the valence band to the defect. The EPR spectrometer setup was changed to the time-
sweep mode in which the EPR signal intensity was recorded as a function of time at a
fixed magnetic field value. When the light has enough energy to lift an electron from
the valence band to the defect level the EPR signal should quench. Unfortunately it
was not possible to observe such quenching of the EPR signal. There are various
options why that have happened; the capture cross section for the photo transition from
the valence band to the defect could be much smaller than for the transition to the
conduction band. In this case the power of the laser diodes was too low to compensate
the effects of the capture cross section. The calculation of the electron spin density
contributions of the nitrogen 2s and 2p orbitals from the hyperfine interaction
parameters reveals that there is only a vanishing small contribution of the 2s orbital.
Thus the 2p orbital dominates the contribution to the electron spin density. Since the
ZnO valence band has also p character, due to the oxygen p orbitals, a transition from
the valence band to the defect is parity forbidden. Therefore the capture cross section is

vanishingly small and it is not possible to quench the (Np) EPR signal.

With the time-sweep measurement mode of the EPR spectrometer the time dependence
of the EPR intensity of the nitrogen EPR signal labeled N3 was tracked in Figure 3.12,
the measurement was taken at 4 K. The arrow indicates the time when the UV light

lamp was turned on to illuminate the sample. From this moment the EPR intensity
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increases until it reaches its maximum and stays at a constant value. This exponential

behavior was fitted using the equation:

t
Igpp =A-e T+ 1, (3.6)

From this fit the time constant of the creation process was determined to T; = 0.4 s.

9 GHz
4 K

EPR intensity (a. u.)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Time (sec)

Figure 3.12: Time dependence of the intensity of the EPR signal labeled N3 after
the light source is switched on. The blue line indicates a fit with a mono-

exponential behavior.

As the fitting equation suggests the growing behavior of the EPR intensity is mono-
exponential. This indicates that only one process is involved in this photo-transition.
One electron from the nitrogen center is lifted directly into the conduction band (see

below).

The mono-exponential behavior can be seen directly if the saturation value of the
photo-EPR signal minus the photo-EPR signal In(l,, — I) is plotted as a function of
the time. In this case the data points can be described by a linear slope (see Figure

3.13).
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Figure 3.13: Time dependence of the ZnO (Np) acceptor EPR signal intensity
after switching on the light source. The linear slope indicates a monoexponential

behavior.

With all the data gathered during the EPR measurements it is possible to draw an
energy level diagram of the nitrogen acceptor in ZnO (Figure 3.14). The (NO)O/ " charge
state of the nitrogen atom substituting an oxygen atom in ZnO is located 2.1 eV below
the conduction band edge, which is known from the photo EPR measurements. The
recombination path for the charging of the No center from its negative into the neutral

charge state i1s shown with the blue lines in Figure 3.13.
Ny 4+ hv >N, +e”

The electron lifted up into the conduction band can then be localized in a shallow

donor.
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Figure 3.14: Energy level diagram of the No acceptor in ZnO. The blue arrows

indicate the recombination path of the EPR signal creation.

The energy position of the defect respectively to the valence band could not be
determined by EPR measurements due to the fact, that it was not possible to elevate an
electron from the valence band to the defect level. However, the optical ionization
energy of the (No)O/ " defect level and the optical band gap of the ZnO sample is known,
therefore one can estimate the energy level position of the defect to be 1.3 eV above

the valence band.

3.2.3 Optical absorption spectroscopy

For the optical absorption spectroscopy measurements a Perkin Elmer Lambda 900
spectrometer was used together with an Oxford helium flow cryostat to adjust the
temperatures from 4 K up to room temperature. There are no special features to
observe in the transmission spectra of the sample. One can track the band gap from

room temperature down to 4 K.
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Figure 3.15: Optical absorption spectrum of the electron irradiated Eagle Picher
ZnO sample at a temperature of 4 K.

These measurements were performed from room temperature down to 4 K in order to
derive the dependence of ad from the energy. These values were necessary for the
corrections of the photo-EPR measurements to calculate the optical ionization energy
of the nitrogen acceptor in ZnO, which was done before in this chapter. Figure 3.15

shows ad in dependence of the energy at a temperature of 4 K.

3.3 Discussion

The neutral nitrogen acceptor (No) in ZnO could be observed with EPR measurements
after the sample was electron irradiated. With this treatment the position of the Fermi
level could be lowered, which leads to a decreased number of occupied shallow
donors. That the number of shallow donors was reduced by the electron irradiation was
proved by EPR. The neutral nitrogen acceptor shows up at low temperatures in EPR

after the illumination with UV light. Due to the illumination the defect is charged from
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its single negative charge state into the neutral charge state. The parameters of the g-
tensor are in good agreement with the ones known from literature [16]. The analysis of
the angular dependence reveals nearly the same hyperfine parameters Garces et al. [16,
18] and Gallino et al. [19] have shown in their works. However, there are some
deviations for the quadrupole interactions parameters compared to the theoretical
calculations and the experimental data of Gallino et al. [19]. The values for the
quadrupolar coupling constant and the asymmetry parameter measured in this work are
closer to the theoretical predictions than the experimental data from the other groups,
especially the asymmetry parameter, which is nearly zero. From the angular dependent
measurements rotating around the c-axis of the crystal and the asymmetry parameter of
0.023 it is obvious that the defect has to be aligned along the c-axis of the crystal. This
is again in coincidence with the theoretical predictions, which predict no asymmetry at

all.

With the wavelength dependent photo-EPR measurements the energy level position of
the (No)”" level could be determined to be 2.1 eV below the conduction band. This
value is close to the calculated value of 2.4 eV from Lyons et al. [30]. For the thermal
ionization energy a value of 2 eV can be estimated from the data, which leads to a
lattice relaxation energy of 0.1 eV. Here the theory predicts a somewhat larger value of
0.3 eV [30]. The time dependent EPR measurements of the photo transition show a
monoexponential behavior, therefore only one process is involved in the photo
transition from the defect level to the conduction band. This process happens on a

small time scale of 0.4 seconds.

The photoluminescence measurements give evidence for donator acceptor pair
recombination (DAP) which would be a sign for a shallow acceptor level. The
transitions from such a defect would be located in the broad unstructured PL band

centered at 2.45 eV. Thus there is a further support of the deep acceptor state model.
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4 Defects in Aluminum Nitride

4.1 Introduction

Aluminum Nitride (AIN) is a direct band gap semiconducting material. It crystallizes
in the wurtzite structure and has an energy gap of approximately 6 eV. Alone it is an
interesting material for optoelectronic devices operating in the UV range and as
substrate material for epitaxy of group-III nitrides. But together with the wurtzite
polytypes of InN and GaN it can form a continuous alloy system with a direct band
gap ranging from 0.7 eV (InN) up to 6 eV (AIN) (see Appendix) [31]. Thus, these
materials could potentially be used for the fabrication of optical devices that are active

in a wavelength regime from the infrared to the UV range.

State of the art AIN in most cases shows a yellow coloration due to intrinsic and
extrinsic defects. Due to these defects n-type AIN has a high resistivity caused by
compensation effects, which is a big drawback for its use in optoelectronic devices.
This chapter deals with the characterization of defects in AIN in order to assign them to

chemical elements and thereby help to optimize the growth processes.

4.2 Experimental Results

For the investigations presented in this chapter an
AIN bulk crystal from the University of Erlangen was
used. It was grown by the method of Physical Vapor
Transport (PVT) [32]. For more details on the
material system see Appendix B. The crystal was cut
from a larger boule and had a size of 5 mm x 3 mm x
1.5 mm. The coloration was yellowish (see Figure

4.1). XRD measurements showed that the crystal had

a polycrystalline structure.

The sample was characterized by means of Raman

) Figure 4.1: AIN crystal
spectroscopy, photoluminescence spectroscopy and

used for the investigations

in this chapter
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optical absorption spectroscopy. The results of these experiments are described in the

following sections.

4.2.1 Raman spectroscopy

The Raman measurements were performed with a Renishaw Invia Raman microscope.
Figure 4.2 shows a Raman spectrum recorded at room temperature with a 532 nm laser
used for excitation. The E, (low), A; (TO), E; (high), E; (TO) and E; (LO) phonon
modes, i.e. all allowed Raman modes, can be observed. The spectrum is dominated by
the A, (TO) phonon mode, which is different from Raman spectra in the literature [33].
Comparing the present spectrum with experimental data from Bickermann et al. [33]
the appearance of the Al (TO) and the E1 (LO) phonon modes indicates that the
sample was cut from the boule perpendicular to the growth direction of the crystal.
From the position of the E; (TO) Raman mode one can estimate the stress in the
sample along the c-axis of the crystal [34]. For increasing stress the peak position
generally shifts to higher wavenumbers. In this case, the peak position of the E; (TO)

Raman mode reflects a very low stress.

The full widths at half maximum (FWHM) values were determined for the A; (TO), E,
(high) and E; (TO) Raman modes. They are all 6 cm™ or smaller, which according to
the literature is an indication for a high crystal quality of polycrystalline samples [33].
The Raman measurements delivered no indications for other phases or for the presence

of high concentrations of impurities like oxygen [35].
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Figure 4.2: Raman measurement of the AIN crystal at room temperature. A laser

with a wavelength of 532 nm was used for the excitation.

4.2.2 Photoluminescence measurements

The photoluminescence measurements were performed with a self-assembled setup,
which consisted of an Omnichrome 3074 HeCd-Laser operating at a wavelength of
325 nm, an Oxford Helium bath cryostat with an adjustable temperature regime from

1.5 to 300 K and a Jobin-Yvon monochromator.

In Figure 4.3 a photoluminescence spectrum of the AIN sample is shown. It was
recorded at a temperature of 4 K and a 325 nm laser was used for excitation. A broad
asymmetric band centered at 2.75 eV can be observed as the only feature in this
spectrum. It is important to mention, that the observation of near band edge
photoluminescence signals was not possible because in the present measurements the

excitation energy was low compared to the AIN band edge energy.
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Figure 4.3: Photoluminescence spectrum (solid black line) of the AIN crystal at 4
K obtained using a 325 nm laser for excitation. The blue curves represent curves
with Gaussian line shapes centered at 2.5 eV (dashed line) and 2.86 ¢V (dashed
dotted line).

The line shape of the broad asymmetric band is well described by two overlapping PL
signals. The latter also explains the asymmetry of the PL signal. For the analysis of the
photoluminescence peaks a Gaussian line shape was assumed. The blue curves in
Figure 4.3 indicate the two overlapping PL signals, the dashed one with a peak position
of 2.5 eV and the dashed dotted curve peaking at 2.86 eV. In the literature, the broad
photoluminescence band ranging from 2 to 3 eV centered at 2.8 eV has been assigned
to an oxygen related defect [36, 37]. Results obtained by Lan et al. indicate that the
photoluminescence peak at 2.6 eV might be attributed to nitrogen vacancies, but these

results have not yet been confirmed by other groups [38].
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4.2.3 Optical absorption spectroscopy

The optical absorption spectroscopy measurements were performed with a Perkin
Elmer Lambda 900 spectrometer in combination with an Oxford helium flow cryostat.
The sample temperature could be adjusted between 4 K and room temperature. Several
transmission and reflection measurements were carried out at temperatures ranging
from 4 K up to 300 K. From the data of these experiments the ad values as a function
of the photon energy were calculated. These values are necessary for the interpretation

of the photo-EPR measurements.

A generic spectrum of ad versus the photon energy and the photon wavelength of the
AIN sample recorded at room temperature is shown in Figure 4.4. There are three
optical absorption bands at 2.85 eV, 3.6 eV and 4.7 eV indicated by the vertical blue
lines. Moreover, there is another absorption band in the shoulder of the 2.85 eV
absorption band with its center at 2.5 eV (also indicated by a vertical blue line).
Different models have been proposed in the literature to explain the broad absorption
band with peaks at 2.5 eV and 2.85 eV. In older publications it was connected to either
nitrogen vacancies, excess aluminum or oxygen related defects, but an exact
assignment was not possible [39-41]. However, recent results raised doubts about these
interpretations. For example theoretical calculations of the ionization levels [42] did
not show satisfying agreement with the experimental data. Furthermore, the model for
the oxygen vacancies was discarded and there are now evidences for a transition from
an aluminum vacancy to a shallow donor [43]. The absorption band at 3.6 eV is
possibly also caused by a transition from an aluminum vacancy, but in this case to the
conduction band [43]. Finally, the absorption band at 4.5 eV can be attributed to

oxygen vacancies [44].



52 Defects in Aluminum Nitride

Wavelength (nm)
800 600 400 200

L /— -
T |
_

15 20 25 30 35 40 45 50 55 6.0
Energy (eV)

Figure 4.4: Plot of ad versus the photon energy and wavelength of the AIN
crystal. The data were gathered during a transmission measurement at room

temperature. The blue lines indicate the centers of several absorption bands.

4.2.4 Electron Paramagnetic Resonance

The EPR setup used for all measurements is the same as in the previous chapter and is
described in the appendix. The EPR spectrum of the AIN sample without illumination
is shown in Figure 4.5 (a). For the measurement the crystal was cooled down to 4 K in
the dark to avoid ambient light effects. Apart from the signal of the microwave cavity
(marked by an asterisk) one cannot observe any other EPR signal. Hence, without
illumination there are no defects that are in a paramagnetic charge state. After
illumination of the sample with UV light of a UVP UV spot lite system (see appendix
for more information) a sharp signal at approximately 3400 Gauss appears (see Figure
4.5 (b)). The signal remains visible at low temperatures even if the UV light is
switched off and there is only a slight decrease in intensity (see below). The signal

only disappears after heating the sample up.
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Figure 4.5: EPR overview spectra of the AIN crystal at 4 K with (b) and without
(a) illumination with UV light. The signal caused by the microwave cavity is

marked by an asterisk.

A more detailed EPR spectrum is depicted in Figure 4.6. Here, one can see two EPR
signals that are close together. The first one is a sharp S= signal with a peak-to-peak
width AB of 5 Gauss and a high peak-to-peak amplitude Al. It is located at a g-value of
1.99. Based on the similarity of the g-value and the line shape to the signal observed
by Schweizer et al. it can be attributed to an isolated oxygen atom substituting a
nitrogen atom, i.e. a (Oy) donor [36]. The second feature is a broader signal with a
peak-to-peak width AB of 15 Gauss and a g-value of 2.003. The peak-to-peak
amplitude Al of the signal is smaller than the amplitude of the first one. The observed
g-value indicates that it represents an acceptor signal, which can possibly be assigned
to a defect complex consisting of an aluminum vacancy and an oxygen atom
substituting a nitrogen atom (V-On) [36]. The EPR signal intensity given by

Igpr~AI - AB? is similar for both signals.
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As a next step the angular dependence of these signals was investigated in order to
gain some more information on the defects. However, a rotation of the sample around
any of its crystal axes did not change the EPR signals. This means that the signals are

isotropic, which could be due to the polycrystalline character of the sample.
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Figure 4.6: Detailed EPR spectrum of the AIN crystal after UV light illumination
at 4 K. An acceptor signal at g =2.003 and a shallow donor signal at g = 1.99 are

observed.

Studying the temperature dependence of the EPR signal of a defect is a valuable tool to
gain more information on its properties. The temperature dependent behavior of the
donor and acceptor EPR signal intensity was measured from 4 K up to 240 K. For this
purpose, the AIN sample was cooled down in the dark and afterwards illuminated with
UV light in order to charge the defects into a paramagnetic charge state. Once the
defects were in their paramagnetic charge state the light source was turned off to study
the thermal decay of the EPR signals. In Figure 4.7 the AIN EPR spectra containing
the donor and acceptor signals are shown for 4 K (black line), 22 K (red line), 50 K
(green line) and 150 K (blue line). The intensity of the EPR donor signal decreases
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very strongly with increasing temperature because of a decrease of both the peak-to-
width and the peak-to-peak amplitude. The signal vanishes at 60 K. In contrast to this,
the acceptor signal decreases less strongly and is stable up to 240 K. In this case, the
peak-to-peak width remains constant and the peak-to-peak amplitude decreases with
increasing temperature. Due to the high thermal stability as indicated by the small EPR
signal intensity changes for the acceptor signal, it was not possible to calculate a
reliable activation energy value for the defect. In the case of the donor signal, a very

small value of 3 meV is obtained for the thermal activation energy (see below).
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Figure 4.7: Series of detailed EPR spectra of the AIN sample with increasing
temperature after illumination with UV light. The donor signal decreases
strongly, whereas the acceptor signal is much more stable and is observable up to

high temperatures.

The dependence of the AIN donor signal on the microwave power was investigated in
order to ensure that the results of the EPR measurements are not influenced by
saturation effects. Moreover, the relaxation times can be derived from these

measurements using equations (3.2) to (3.6). In Figure 4.8 the dependence of the AIN
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donor signal intensity on the square root of the microwave power is depicted for 4 K
(square symbols) and 17 K (triangle symbols). As before, the sample was cooled down
in the dark and then illuminated with UV light. The EPR signal intensity increases with
increasing microwave power. For a better overview, a logarithmic scale was used for
the EPR signal intensity, since for high microwave powers it quickly reaches high
values. To indicate the linear behavior of the data a linear fit was inserted, represented
by the blue lines. The fact that the linear behavior of the curve shown in Figure 2.1 is
maintained for all microwave powers the EPR spectrometer could achieve proves that
no saturation appears. While this behavior on the one hand makes it easy to choose the
right microwave power for the EPR measurements, it leads on the other hand to the
situation that it is impossible to derive the relaxation times using the saturation method

described in the previous chapter.
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Figure 4.8: Dependence of the AIN donor EPR signal intensity on the square root
of the microwave power for two different temperatures. The black squares show
the data at 4 K and the black triangles represent measurements at 17 K. The blue

lines indicate fits of the data points with a linear fit function.
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The dependence of the EPR signal intensities of the donor and acceptor on the photon
energy was also studied to gain a deeper insight into the photo transition processes. For
this purpose, an array of laser diodes with wavelengths ranging from 980 nm to 490
nm was used. With these wavelengths it was not possible to charge the (Va;-On)
acceptor from the negative A” state into the neutral A state (see below). However, the
dependence of the donor EPR signal intensity on the photon energy could be observed.
To avoid photo-induced effects from previous measurements, it was necessary to heat
the sample up to room temperature after each measurement at a specific wavelength
and to cool it down to 4 K in the dark. This way the same initial state was reached for
each data point. The results of these measurements are shown in Figure 4.9. The data
points are fitted using equation (2.48) after the EPR signal intensity correction with the
model proposed by Godlewski et al. [8]. The dependence of ad on the photon energy
used to correct the EPR data is shown in Figure 4.4. From the optical cross section fit
the ionization parameters can be determined. The optical ionization energy is E,; =
1.91 eV and the broadening parameter equals I' = 0.17 eV. In order to derive the
thermal ionization energy of the defect, which is connected to the thermal ionization
energy by Eope — Etp = Eyer, the temperature dependence of I'(T) could be measured,
but again one should keep in mind that the amplitude and kinetics of light-induced
EPR signals strongly depends on the rates of different capture processes. Moreover,
due to the fact that capture processes change with temperature it is very difficult to
obtain reliable values of E;; by this approach. Nevertheless, for small or moderate
lattice relaxations as in the present case, the thermal ionization energy can be estimated
from the edge of the photo excitation process of the EPR signal [8]. This way, the
thermal ionization energy is estimated to Ey, = 1.75 eV yielding a lattice relaxation

energy of E,,; = 0.16 eV.

After the donor EPR signal was created, the sample was also illuminated with infrared
light from diode lasers in order to quench the signal again. However, quenching could
not be observed. A possible explanation for this could be that the optical cross section

for the photo transition from the defect level to the conduction band is too low.
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Figure 4.9: Dependence of the shallow donor EPR signal intensity on the photon
energy measured at 4 K. The blue line indicates a fit of the optical cross section

of the photo transition using equation (2.48).

As a next step the time dependence of the shallow donor signal creation process was
observed. The sample was cooled down in the dark to 4 K and the EPR signal intensity
was tracked over time at a fixed magnetic field value. The resulting curve is shown in
Figure 4.10. The dataset was first fitted using a monoexponential function (see
equation (3.6)), which is indicated by the dashed red line in Figure 4.10. However, the
fit curve does not match the data points. In the inset of Figure 4.10, the saturation
value of the photo-EPR intensity minus the photo-EPR intensity In(I,, — I) is plotted
as a function of the time. If the photo-transition would follow a monoexponential
behavior the data points could be described by a linear slope. However, one can
observe a deviation from a linear behavior for the time regime shortly after the UV
light was switched on. Since a monoexponential increase indicates that only one
photo-transition process takes place, it is obvious that more than one photo-transition

process occurs in this case. The first possibility to explain this is that two or more
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photo transition processes are running in parallel. The mathematical description for
such a behavior would be a sum of monoexponential growth functions (see equation
(3.6)). The second option is that a certain number of photo-transition processes occur
in series. In the latter case, the mathematical description is given by the product of
monoexponential growth functions. The last option is a combination of both processes
taking place in series and such occurring in parallel. Thus, the corresponding

mathematical description is also a combination of both models.

v L] L] L] L] L] L] L] L] L] L]
AIN
9 GHz
(4 K
-
S L Time (sec) _
LU/ 0 10 20 30 40 50
=
(7)) - Jeeecccee ] =
C
(]
P -
£ = hv on
5 S -
o =
L hv on <
oo o
- L / L L L L L L L L L e

0 10 20 30 40 50 60 70 80 90 100 110
Time (sec)

Figure 4.10: Time dependent study of the AIN donor EPR signal creation after
the light source was switched on. The best fitting parameters are shown by the
blue line. In the inset the saturation value of the photo-EPR intensity minus the
photo-EPR intensity In(l,, — I) is plotted as a function of the time. The blue line

represents a linear fit.

The slope of the EPR donor signal intensity curve is best described by the blue line in
Figure 4.10 and was obtained with a complex model including two processes in series
occurring in parallel to another process. However, the only thing that can be stated

without any doubts is the fact that in this case there is involved more than one process.
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After the light source has been switched off, one can observe a slight decay of the EPR
signal intensity of the donor signal. The EPR signal intensity decreases by about 20 %
of the initial value. To obtain more information on the decay process, the time
dependence of this effect was studied (see Figure 4.11). The measurement was
performed at 4 K after cooling down the sample in the dark. After that the sample was
illuminated to create the EPR signal and subsequently the light source was switched
off. One can observe an exponential change of the EPR signal intensity with time.
Again, various fits using all three models described in the paragraph above were
performed. In this case, a multi-exponential decay assuming two processes running in
parallel delivers the best results. The corresponding fit curve is indicated by a blue line
in Figure 4.11. The fit yields the time constants of Ty = 4.9 s and T, = 68.6 s. Thus,
the decay process consists of a slow and a fast process. Fast photo-transition processes

are usually non-radiative, whereas fast ones are radiative.
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Figure 4.11: Time dependence of the AIN donor EPR signal intensity after
switching off the light source. The blue line indicates a fit based on a multi-

exponential decay model.
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By the means of the information collected in all the EPR experiments described in the
last section it is possible to draw an energy level diagram (see Figure 4.12). Since the
donor signal is not observable in an EPR measurement in the dark its energy level
position has to be above the Fermi energy level. After illumination with wavelengths
shorter than 710 nm (corresponding to 1.75 eV), the donor signal appears in the EPR
spectra. Considering that the band gap of AIN is nearly 6 €V, it is obvious that the
electron charging the donor into its paramagnetic charge state does not come from the
valence band. From the photo-EPR data one can conclude that there is another defect
state located 1.9 eV below the conduction band, most likely also a donor. This
hypothesis is supported by the results of the time dependent photo-EPR measurements,
which suggest two photo transitions for the creation process of the EPR donor signal.

Such a recombination path is shown in Figure 4.12 with the blue arrows.
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Figure 4.12: Energy level diagram of the donor and acceptor levels in AIN

investigated in this chapter.

A drawback on this model is the fact that the (D?) defect could not be observed in the

EPR experiment, no matter if the sample was illuminated or in the dark.
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The only information gathered about the energy level of the (VA-Ox) acceptor is the
fact that it becomes observable in the EPR experiment after the illumination with UV
light, therefore it was in a non-paramagnetic charge state before the latter. Due to the
high thermal stability of the acceptor, which is revealed from the temperature
dependent measurements, one can conclude that it is a deep acceptor level. However,
another possibility is to assume that the (V4-Ox) acceptor is the defect from which the
electron being transferred to the (Ox) donor originates. In this case, the (VA-Ox) defect
level would be located 1.9 eV below the conduction band edge. This could be a reason
why the (D?) defect could not be observed in the EPR experiment with or without
illumination. A strong argument against this is the fact that the (Va-On) acceptor
appears only in EPR spectra after the sample is illuminated with UV light from a UVP
spot light system with 254 nm. This corresponds to an energy of 4.9 eV and gives one
limit of the energy regime in which the (V4-On) acceptor is located. The other energy
limit is given by the minimal wavelength of the bandpass filters used for the photo-
EPR measurements, which equals 2.53 eV. Together with the value of the optical band
gap (Egp= 6 €V) attained from the optical absorption measurements, one can estimate
the energy level position of the (V-Ox) acceptor to be at least 1.1 eV but not more
than 3.5 eV above the valence band edge. The corresponding recombination path is

shown in Figure 4.12 by the dashed blue arrow.

(V= On)~+hv = (Vg —0y)° + e

4.3 Discussion

After illumination of the AIN crystal with wavelengths shorter than 710 nm an S=
EPR donor signal with a g-value of 1.99 becomes observable. Based on the similarity
of the g-value and the line shape of the EPR signal observed by Schweizer et al. the
donor signal could be assigned to a defect containing an oxygen atom substituting a
nitrogen atom (Oy) [36]. This assignment is in accordance with the photoluminescence
results, which also indicate the presence of oxygen related defects because of the
appearance of a PL band at 2.85 eV [37]. Furthermore, the optical absorption band at
4.7 eV is connected to the presence of oxygen related defects [44]. Additionally,
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oxygen is a common extrinsic defect in AIN that can be easily incorporated during the

growth of the crystals.

From the temperature dependent behavior of the (Oy) defect one can see that the EPR
signal already vanishes at 60 K. The activation energy is estimated to be approximately
3 meV. A possible explanation for this behavior is a negative correlation energy U of
the (On) donor in AIN. The paramagnetic donor appears to be unstable. It is
energetically preferred for the donor to accept another electron from a donor, which
leaves the former donor in the non-paramagnetic d* state. The donor, which now
possesses two electrons, transforms into the non-paramagnetic DX state. Since there is
a strong coupling between the electronic and vibrational system the energy level of the
DX center drops deep into the band gap [45-47]. Together with the photo-EPR data
which show a non-paramagnetic donor state 1.9 eV below the conduction band it
seems obvious to assign the unknown (D?) donor level to the DX center. The

corresponding configuration diagram is shown in Figure 4.13.

a E

DX

Configuration coordinate Q

Figure 4.13: Configuration coordinate diagram for DX centers in AIN after [46].
The DX center is more stable than the (Oy) center.

On the right side is the parabola of the DX  center shown and on the left side the

parabola of the metastable donor which generates the (Ox) donor EPR signal; they are
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separated by the energy E,. Note that there is a large Stokes shift between the optical
ionization energy E,p and the thermal ionization energy Ew = E; + Ey of the DX
center. Due to illumination at low temperatures the stable but non-paramagnetic d” and
DX states transform by the capturing of the free electron by the d state into two
metastable d° states. With Electron Nuclear Double Resonance (ENDOR) experiments
it can be proved that the donor signals correspond to coupled pairs with an exchange
interaction in the lowest triplet state [45, 46]. However, with EPR measurements alone
it is not possible to resolve S=)% and S=1 states, since the EPR spectra are identical in
both cases. There is an energy barrier E; between the metastable state and the DX state
which prevents a counter reaction from the DX  state back to the stable state. By an
increase of the temperature the energy barrier can be overcome and the (On) EPR
signal disappears. With the temperature dependency of the (Ox) EPR signal intensity a

value of E; can be roughly estimated to 3 meV.

A further evidence for this model is the lack of defects in AIN with recombination

energies in the range of 1.9 eV [42, 43].

For the acceptor found in the EPR measurements the attribution to a (V4-Ox) defect
complex is due to the similarity of the g-value and line shape of the EPR signal
observed by Schweizer et al. the most likely one [36]. The 2.8 eV optical absorption
band confirms the presence of aluminum vacancies in the sample and from theoretical
calculations it is known that the formation energy of (V4-Ox) defect complexes is very
low what gives a further support for this model [42, 48]. The energy level position is
located in a range from 1.1 eV above the valence band edge to 3.5 eV above the
valence band edge. Bickermann at al. attributed an optical absorption with an energy of
4.4 eV to a transition from (V-Ox)™* to the conduction band [43]. The latter energy is
in the energy range estimated for the (V-On) defect.
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5 Characterization of Gallium Oxide

5.1 Introduction

The compound semiconductor gallium oxide with its thermodynamically stable [3-
Ga,0s phase is a wide band gap material with an band gap Eqy = 4.9 eV [49]. When
synthesized or annealed under reducing conditions, gallium oxide shows n-type semi-
conductive behavior. That originates from oxygen vacancies acting as shallow donors
with ionization energies in the range of 20 to 40 meV [50, 51]. Thus B-Ga,0O; is a
suitable material for deep UV transparent conducting oxide (TCO) applications [52,
53]. Due to the fact that the electrical conductivity of f-Ga,0O3; changes in oxidizing
and reducing atmospheres noticeably and reversibly at high temperatures, it can be
used as gas sensor [54, 55]. Anther applications is as luminescent phosphors [51].
From the technological point of view one would prefer to control the electrical and
optical properties by doping, but up to date only rare information exists on the nature
of elements causing either n- or p-type conductivity in f-Ga,0O;. By a substitution of
gallium, which is three times positively charged in the crystal, group II elements such
as Zn, may act as p-type dopants and group IV elements may cause n-type
conductivity. Considering the oxygen sub-lattice, one may expect group V elements to
cause acceptors, and group VII elements to cause donors. Surprisingly, information on

such potential donors and acceptors in Ga,0Os3 is very limited.

This chapter deals with the characterization of B-Ga,O; bulk crystals and powder by

electron paramagnetic resonance (EPR) and optical spectroscopy.

5.2 Gallium Oxide bulk crystals

The B-GayOs bulk crystal used for characterization in this section was grown by the
Czochralski technique by the Leibniz institute for crystal growth in Berlin. The crystal
boule had a maximum diameter of 20 mm and was cut into slices, 5 mm in thickness.
Since B-Ga,0s has a natural (100) cleaving plane, it is very easy to cleave smaller
samples from the crystal along this plane. Obtaining suitable surfaces for optical
measurements perpendicular to this plane is problematic, because the crystal is cleaved

unintentionally along the (100) plane when small forces are applied. Therefore
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polishing is also difficult. Since surface properties are not that important for a volume
technique like EPR, a sample with a splinted surface and a size of 6 mm x 3 mm x 1.5
mm was used for the EPR measurements. For XRD, Raman and optical absorption
measurements small thin plates (3 mm x 2 mm x 0.2 mm) with surfaces as smooth as

possible were cleaved from the large crystal.

5.2.1 X-ray diffraction measurements

The x-ray diffraction measurements were performed with a Siemens D 5000
diffractometer with Cu Kal-radiation (40 kV, 20 mA). Effects due to Cu Ka2-radiation
and background radiation were eliminated from the experimental data by the analysis
software (X-Pert Highscore Plus). An x-ray diffractogram of the B-Ga,Os; sample is
depicted in Figure 5.1. It is dominated by 3 reflexes which can be assigned to the
crystallographic (400), (112) and (800) axes [56].

10’

10°

112

800

XRD intensity (a.u.)

35 40 45 50 55 60 65 70
2 theta (°)

Figure 5.1: X-ray diffraction measurement of a 3-Ga,0O; crystal.
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Therefore the a-axis points out of the surface of the crystal, which coincides with the
fact that the crystal was cleaved along the natural (100) cleaving plane. There are some
small reflexes (marked by asterisk symbols) at least 2 orders of magnitude smaller in
intensity, which could not be assigned to -Ga,0;. An explanation for these reflexes
could be given by crystal twins. Foreign phases seem to be unlikely, since in XRD
reflex databases there are no indicators found for reflexes located at the given 2v
values, at least for reasonable elements and compounds. However, the presence of non-
crystalline foreign phases cannot be excluded due to the results of the XRD

measurements.

5.2.2 Raman spectroscopy

To further ensure the absence of foreign phases the B-Ga,O; crystal was investigated
by Raman spectroscopy. The measurements were performed with a Renishaw Invia
Raman microscope. A room temperature Raman spectrum of a $-Ga,0; crystal with a
laser operating at 633 nm used for excitation is depicted in Figure 5.2. In total eleven
Raman modes in three groups can be observed. According to Dohy et al. [57] the
modes at 114 cm™, 147 cm™, 169 cm™ and 199 cm™, respectively are attributed to the
libration and translation of the doubly connected straight chains of GaOg edge shared
octahedra running along the b-axis of the crystal. The Raman modes at 318 cm™, 346
cm™, 415 cm™” and 475 cm™, respectively are connected to the deformation of the
GaOs octahedra. The origin of the last group of Raman modes located at 628 cm™, 657
cm™ and 763 cm™ represents the stretching and bending of GaO,. Since only allowed
B-Ga,0O3; modes can be observed in the Raman measurements, there are again no

indicators for additional phases in the samples.
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Figure 5.2: Raman spectrum of the B-Ga,O; crystal measured at room

temperature with a 633 nm laser used for excitation.

5.2.3 Optical absorption spectroscopy

The optical absorption measurements were carried out with a Perkin Elmer Lambda
900 spectrometer in combination with an Oxford helium flow cryostat. Thus the
sample temperature was adjustable between 4 K and room temperature. Several
transmission and reflection measurements were performed using the full temperature
range available. In Figure 5.3 is a transmittance spectrum of a f-Ga,0O; crystal shown.
The measurement was performed at room temperature and one can observe two
absorption edges in B-Ga,Os;. The fundamental absorption edge is dependent on the
orientation of the electric field vector E of the incident light. In fact the orientation
towards the b-axis of the crystal is relevant (for more information on the B-Ga,0Os
crystal structure see appendix); therefore the observed absorption edges are marked as
E||b and E||c An explanation for this behavior is given by Ueda et al. [58, 59]. By
tight-binding band calculations they consider the electronic structure of B-Ga,0Os as it

is depicted in the inset of Figure 5.3. The conduction band minimum at the center of
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the Brillouin zone is mainly constituted by Ga 4s orbitals with a I} symmetry.
However, the top of the valence band has an oxygen 2p character and according to the
group theory the direct allowed transition to the I} state occurs only from the I']” state
for E || ¢ and from the I, state for E || aand E ||b Since the only observed transitions
originate from the I';” and I; valence band states to the " conduction band state, the
valence band maximum has to have a [J symmetry and the next valence band with I,
symmetry is just beneath it. The transitions from the I} and I';” valence band states to

the conduction band minimum with I symmetry are direct forbidden.
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Figure 5.3: Transmittance spectrum of the B-Ga,O; crystal measured at room
temperature. In the inset is a schematic diagram of the band structure of B-Ga,03

depicted showing the different band gap energies for E || band E || c [59].

A generic reflection spectrum measured at room temperature of the f-Ga,O; sample is
depicted in the inset of Figure 5.4. The measurements show a constant I.s value of
about 20 % over the complete range from 250 nm to 650 nm (corresponding to 2 eV to

5 eV). The refection remains constant for a temperature regime ranging from 4K up to
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room temperature. To estimate the band gap energy one first has to calculate ad which

is given by:
100% — Lo r (%
ad = 20070 ~ Irer (%) (5.1)
It‘rans (%)

The ad value is then modified according to the transition behavior of the absorption. In

the present case it is a direct allowed transition, therefore the modification of ad is an
exponent of 2. Now (ad)? is plotted versus the photon energy, such a graph is shown in
Figure 5.4 for room temperature. The band gap energy can be determined through
linear extrapolation, indicated by a dashed blue line for the orientation E || b and a solid

blue line for E|| c. In both cases the energy position on the x-axis of the graph is

marked by vertical blue lines.
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Figure 5.4: (ad)® of the p-Ga,O; sample is depicted as a function of the photon
energy. The band gap energy is determined by linear extrapolation (indicated by

dashed and solid blue lines). The inset illustrates the reflectance plotted versus

the photon energy for a room temperature measurement.
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The band gap energy was tracked from room temperature down to 4 K for E ||b and
E || c. The temperature dependence of the band gap energies of the respective

orientations is shown in Figure 5.5. The curves can be described by a model given by

O’Donnel et al. [60]:

Ey=Eg—S )
g = Ego — S(hw) | coth T -1 (5.2)
B

In this case E,o defines the band gap energy at zero temperature analogously to the
Varshni model [61], whereas S is a dimensionless coupling constant and (hw)
describes the average phonon energy. This notation was adopted by O’Donnel et al.

from the vibronic model of Huang and Rhys [62].
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Figure 5.5: Temperature dependence of the band gap energy of B-Ga,Os. The
behavior is shown for E ||b (parallel to the GaOg¢ octahedron chains) as well as
E || ¢ (perpendicular to the GaOg octahedron chains). The blue lines indicate fits

using equation (5.2).
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The blue lines in Figure 5.5 indicate fits using equation (5.2) with the following

parameters:
E |l b: Ego =49eV, S =54, (hw) = 24.5 meV

Ellc: Ego =476V, S =8.5, (hw) = 21.5 meV

The values determined for E4 are in agreement with the values known from the
literature [49]. The determined Huang Rhys factors (S > 5) indicate a moderate
electron phonon coupling. Similar values are observed by photoluminescence
measurements for chromium in B-Ga,0O; by Nogales et al. [63]. The phonon energies
of the measured B-Ga,O; crystal range from 14 meV to 94 meV with an average value
of 47 meV. But one has to take into account that the model of O’Donnel et al. [60] is

no exact determination of the phonon energies.

5.2.4 EPR measurements

The EPR measurements were performed with the Bruker spectrometer described in the
appendix. The B-Ga,0; crystal was mounted on the sample holder in a way that the
rotation was around the b-axis of the crystal. For all EPR measurements described in

this section the sample was cooled down in the dark to avoid ambient light effects.

An EPR overview spectrum of a B-Ga,Oj; crystal is depicted in Figure 5.6. The
measurement was taken at 10 K with the a-axis of the crystal parallel to the magnetic
field. Three signals in the EPR spectrum marked as I, II and III can be observed. The
resonance due to the microwave cavity is indicated by an asterisk. Signal I consist of 8
equidistant lines centered at 1070 Gauss. Signal II and III each consist of only one line,

they are located at 2875 Gauss and 3457 Gauss.
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Figure 5.6: EPR overview spectrum of a -Ga,0O; crystal measured at 10 K with
the a-axis of the crystal parallel to the magnetic field. Three EPR signals marked
as I, IT and III can be observed. The effect due to the cavity is indicated by an

asterisk.

The illumination with UV light of a UVP spot light lamp (minimal wavelength 254
nm) did not alter the EPR signals in any form. The origins of these signals in particular

will be discussed in the following sections.

Signal I and signal II show a distinct angular dependent behavior, however signal III
does not. In Figure 5.7 several overview spectra are depicted for a rotation of the
sample around the b-axis. The measurements were taken at 10 K rotating the sample
by 180°, starting at a position with the a-axis parallel to the magnetic field. The

resonance due to the microwave cavity is again marked by an asterisk.
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Figure 5.7: EPR overview spectra of $-Ga,O3; measured at 10 K. The crystal was
rotated around the b-axis by 180° starting from a parallel B. The angular

dependent behavior of signal I, signal II and signal III was tracked.

Signal I

A detailed EPR spectrum measured at 10 K with the a-axis of the crystal parallel to the
magnetic field is shown in Figure 5.8. Signal I consists of 8 equidistant lines (marked
by a black rake) indicating a hyperfine interaction with a nuclear spin I = 7/2 and
100 % natural abundance. The origin of this hyperfine interaction will be discussed
later in this section in conjunction with the data from the angular dependent EPR
measurements. The 8 signals have the same peak-to-peak intensity Al and a line width
AB of 9 Gauss. If the sample is heated up, signal I can be observed up to temperatures

of 35 K. Beyond this value it vanishes.
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Figure 5.8: Detailed EPR spectrum of Signal I measured at 10 K with the a-axis
parallel to the magnetic field. The hyperfine splitting with a hyperfine coupling

constant of 62 Gauss due to a nuclear spin I = 7/2 is indicated by a rake.

To determine the full set of parameters necessary to describe this defect with a spin-

Hamiltonian in the form of

I- gN.UNEI, (5.3)

angular dependent measurements of signal I were performed at a temperature of 10 K.
Therefore the sample was rotated around the b-axis of the f-Ga,Os crystal by 240° in
5° steps. The measurement was started from a position with the a-axis of the crystal
parallel to the magnetic field. The results of these measurements are depicted in Figure
5.9. The magnetic field position of signal I is plotted versus the rotation angle, whereas
the perpendicular and parallel orientations of the a-axis towards the magnetic field are
indicated by vertical dashed lines. Hence, the g-values and the hyperfine coupling

constant are determined to the following:

Jaip = 6.4, ga1p = 2.8, Agp = 62 Gauss and A, 5 =~ 107 Gauss
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The EPR signal intensity is also angular dependent, it reaches its maximum value for
a||B, whereas for alB the intensity is extremely slight. Therefore the exact g-value
and hyperfine coupling constant are only approximate values for the latter orientation.
Due to this fact it was not possible to calculate reliable values for the isotropic and
anisotropic hyperfine coupling constants. Furthermore, the angular dependence yields
the information that the defect is aligned along the a-axis of the crystal. Due to the
natural (100) cleaving plane it was not possible to prepare an appropriate sample for a
measurement around another axis of the crystal. Therefore the full set of spin-Hamilton

parameters could not be determined.
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Figure 5.9: Angular dependent magnetic field position of signal I measured at 10
K. The orientations of the a-axis of the crystal towards the magnetic field are

indicated by vertical dashed lines.

To be sure that the EPR measurements are not distorted by saturation effects, it is
useful to investigate the microwave power dependence of the EPR signals. From that
data it is also possible to gather more information on the relaxation behavior of the

defect electrons. The spin-lattice relaxation time T; and the spin-spin relaxation time
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T, can be calculated from the microwave power dependent saturation behavior of the
EPR signal. The following measurements were carried out at 10 K. In Figure 5.10 the
peak-to-peak amplitude y,,’ of signal I is plotted against the square root of the
microwave power. For low microwave powers a linear behavior between the peak-to-
peak amplitude and the square root of the microwave power can be observed (indicated
by a dashed blue line). The maximum peak-to-peak amplitude is reached for a

microwave power of 10 mW, thereafter saturation occurs.
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Figure 5.10: The peak-to-peak amplitude yn’ of signal I in B-Ga,0Os is plotted as
a function of the square root of the microwave power P. The measurements were

performed at 10 K. The dashed blue line indicates a linear behavior.

The calculations of T; and T, are performed in the same manner as described in
chapter 3.2.2. This yields T; = 9.5 - 107 s for the spin-lattice relaxation time of signal
I in B-Ga)Os;. For the spin-spin relaxation time one obtains T, = 3.6-107%s.
However, it was not possible to follow the temperature dependence of the relaxation of
signal I, since it already vanished at 35 K and the peak-to-peak intensity decreased fast

with increasing temperature.
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Signal II

A detailed EPR spectrum of signal II measured at 4 K is depicted in Figure 5.11. The
line width AB and the peak-to-peak intensity Al are indicated by black arrows. Signal
IT consists of one line with a line width AB of 40 Gauss. The signal is stable up to
room temperature and the EPR signal intensity is only decreasing by a factor of 10
from 4 K up to room temperature. Due to the high thermal stability coming along with
low changes of the EPR signal intensity, it was not possible to calculate a reliable
activation energy value for signal II. The line width is constant over the complete

temperature range.
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Figure 5.11: Detailed EPR spectrum of signal II measured at 4 K. The line width
AB and the peak-to-peak intensity Al are indicated by black arrows.

In Figure 5.12 the peak-to-peak amplitude of signal II is plotted versus the square root
of the microwave power. For low microwave powers a linear behavior between the
peak-to-peak amplitude and the square root of the microwave power can be observed
(indicated by a dashed blue line). The maximum peak-to-peak amplitude is reached for

a microwave power of 10 mW. After that value saturation occurs. The calculations of
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T, and T, are performed in the same manner as described above. This yields
T, = 1-107* s for the spin-lattice relaxation time of signal I in B-Ga,Os. For the spin-

spin relaxation time one obtains T, = 2.6 - 1072 s.
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Figure 5.12: The peak-to-peak amplitude y,,’ of signal II in B-Ga,Os is plotted as
a function of the square root of the microwave power P. The measurements were

performed at 10 K. The dashed blue line indicates a linear behavior.

The temperature dependence of the spin-spin-relaxation time can be estimated by the

temperature dependence of AB&, which is given by [64]:

(5.4)

However, the line width is constant over the whole temperature range and therefore T,
is also constant from 4 K up to room temperature. The spin-lattice relaxation time T} is
connected to the EPR line width by equation (3.4):
AH)
T, =197-1077 —22

Gh
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One can see that for a temperature independent EPR line width the spin-lattice

relaxation time T, remains constant, too.

The angular dependence of signal II was studied in order to obtain the g-values of the
defect and information on its orientation towards the crystal axes. Therefore the sample
was rotated around the b-axis of the B-Ga,Os crystal by 240° in 5° steps. The
measurement was started from a position with the a-axis of the crystal parallel to the
magnetic field. The results of these measurements performed at 10 K are shown in
Figure 5.13. The magnetic field position of signal II is plotted versus the rotation
angle, whereas the perpendicular and parallel orientations of the a-axis towards the

magnetic field are indicated by vertical dashed lines.
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Figure 5.13: Angular dependent magnetic field position of signal II measured at
10 K. The orientations of the c-axis (solid blue lines) and the a-axis (dashed
black lines) of the crystal towards the magnetic field are indicated by vertical

lines.
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One can see that in this case the minimum and maximum magnetic field position
values are not correlated to the a-axis of the B-Ga,O; crystal. There is a deviation from
the position of the a-axis which equals exactly the difference between an orientation
perpendicular to the a-axis and parallel to the c-axis of B-Ga,Os;. The orientations
parallel and perpendicular to the c-axis are indicated by solid blue lines. Hence
according to signal II, the defect is aligned along the c-axis of B-Ga,0;. The g-values

are determined to the following:

geip = 143 and g, 5 = 2.41

Signal III

A detailed EPR spectrum of signal III measured at 100 K is depicted in Figure 5.14.
The line width AB and the peak-to-peak intensity Al are indicated by black arrows.
The S='2 EPR signal is very sharp with a line width of 5 Gauss. Due to the g-value of

1.96, the signal can be classified as a shallow donor.
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Figure 5.14: Detailed EPR spectrum of signal III measured at 100 K. The line width
AB and the peak-to-peak intensity Al are indicated by black arrows.
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An EPR signal in B-Ga,O3; with very similar properties is known from the literature, it
is attributed to an oxygen vacancy (Vo) [51]. The small deviation of the g-value from
the free electron g-value is caused by spin-orbit coupling due to a slight contribution

from gallium 4p orbitals to the bottom of the conduction band.

The dependence of the B-Ga,Os shallow donor signal on the microwave power was
also investigated to assure that the results of the EPR measurements are not influenced
by saturation effects. Also the relaxation times can be derived from these

measurements using equations (3.2) to (3.6).
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Figure 5.15: The peak-to-peak amplitude y,,’ of signal III in B-Ga,0O; is plotted
as a function of the square root of the microwave power P. The measurements

were performed at 4 K. The dashed blue line indicates a linear behavior.

Figure 5.15 shows the dependence of the peak-to-peak intensity of signal III on the
square root of the microwave power measured at a temperature of 4 K. The EPR signal

intensity linearly increases with increasing microwave power, as indicated by the
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dashed blue line in Figure 5.15, hence no saturation occurs. While this behavior makes
it easy to choose the right microwave power for the measurements, it leads to the

situation that it is not possible to derive the relaxation times with the saturation method

described in the chapter before.

The temperature dependence of signal III was measured in order to determine the
thermal activation energy. Therefore the EPR intensity of signal III was plotted versus

the temperature (see Figure 5.16).
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Figure 5.16: Temperature dependency of signal III. The best fitting parameters for
equation (5.3) are indicated by the blue curve. In the inset the dependencies of the

line width AB and the peak-to-peak intensity Al are depicted.

To calculate the activation energy the curve was fitted with the following equation:

Eq
[=1, -eksT (5.5)

With the activation energy E, and the Boltzmann constant kg.
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The best fitting parameters are indicated by the blue line in Figure 5.15 and yield an
activation energy E, = 38 meV. This value is in good agreement with the shallow donor
ionization energy of 20 — 40 meV for B-Ga,0O3 determined by Lorenz et al. and Binet et

al. [50, 51].

Signal III is observable up to room temperature. In the inset of Figure 5.16 are the
dependencies of the EPR line width AB and the peak-to-peak intensity Al of signal III
on the temperature shown. The peak-to-peak intensity decreases from 4 K up to 25 K
and beyond 25 K Al increases with increasing temperature. The line width decreases
with increasing temperature and reaches a constant value of approximately 5 Gauss at

150 K.

5.2.5 Discussion

The characterization of a Czochralski grown -Ga,0; crystal reveals 3 defects from the
EPR measurements. Signal I consist of 8 equidistant lines (I = 7/2) with the spin-
Hamilton parameters gg 3 = 6.4, gaip = 2.8, Agp = 62 Gauss and Ay p =
107 Gauss. It can be observed for temperatures up to 35 K and is orientated along the
a-axis of the B-Ga,Os crystal. Only the elements scandium (Sc), vanadium (V), cobalt
(Co), holmium (Ho) and tantalum (Ta) are known from the periodic table which fulfill
the requirements. Sc>* has a 3d' electron configuration and g-values of gy = 1.94 and
g1 = 1.98 can be found in the literature [5]. These values are very different from the
experimental data, therefore scandium can be excluded. V** in the 3d’ electron
configuration can also be neglected due to its g-value of 1.98 [5]. Holmium in the 2+
and 3+ charge state has a very large hyperfine splitting, as observed by Boyn et al. [65]
and Shakurov et al. [66], what differs significantly from the hyperfine splitting
observed for this center. In case of tantalum only little information on EPR data is
available. Irmscher et al. observed a center in EPR they labeled as Ta** which shows a
g-value around 2 and has a very large nuclear quadrupole moment what is not the case
for signal I [67]. The last element to consider is Co®" with a (3d") “Fo,, electronic
ground state configuration. Cobalt has a nuclear spin I = 7/2 with 100% natural

abundance. If one assumes a purely octahedral crystal field, the lowest orbital state is a
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triplet (labeled as I'4). That is split by means of spin-orbit splitting consisting of three
orbitally degenerated states each with a fourfold spin degeneracy. In the model given
by Abragam and Pryce [68] these 12 levels split, in zero magnetic field, into a doublet,
a quadruplet and a sextet, where the doublet is lying lowest. Resonance can be only
observed for the lowest doublet. The evaluation of the Zeeman effect within this

doublet using the spin-Hamilton operator §;l + g,S yields the isotropic g-factor [5]:

. 5 2
9=39—39 (5.6)

This results in S = ' EPR signals with g ~ 4.3 and A ~ 0.01 cm™* [3]. Due to the
presence of a large amount of orbital angular momentum in the I's triplet, there is a
large deviation of the ground state g-factor from the free electron value of 2.00232.
However, the most cobaltous salts show very high anisotropy, in the case of octahedral
coordination the g-values are g, = 2.95 and g; = 6.24 (see Abragam and Bleaney [5]
or Pilbrow [3]). That behavior is caused by small trigonal or tetragonal distortions of
the octahedron. One can describe this effect by adding terms to the energy matrices
what results in a splitting of the quadruplet and sextet. The parallel and perpendicular

g-values are then given by [3]:

5 2 (4/5a ~
f=39-35+\— (295 — g1) (5.7)

5 2 (2v/5a ~
9.=39s—30—|—3 (295 — g0 (5.8)

Here g, describes the electron spin g-factor which equals 2. The effective orbital g-
factor g, equals -3/2 for the triplet orbital ground state with a fictitious angular
momentum [ = 1. The parameter a is a measure of the distortion and small compared
to unity. From the experimental g,-value the distortion parameter a was calculated to
0.23 using equation (5.7) what is in agreement with the values for several cobaltous

salts showing a value of 0.2 [5]. The g-factors follow roughly the relation:
g1 +29.~59s—2g,~ 13

In this case a value of 12 is achieved what is quite close to the model.
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Cobalt on the tetrahedral gallium site is less likely due to nearly isotropic g- values
around 2.4 [3, 5]. Therefore signal I can most likely be assigned to Co>" located on the
octahedral gallium site (0.62 A lattice space). This position seems more preferable
compared to the tetrahedral gallium site (0.477 A lattice space), since there is more
space for the Co™" (0.75 A ion radius) which has a larger ion radius compared to the

Ga®" ion radius of 0.62 A.

Signal II consists of one line and can be observed from 4 K up to room temperature. A
further identification of the defect is difficult, since no fine structure or hyperfine
structure could be observed. The g-values g, p = 1.43 and g.,p = 2.41 are observed
for the center which is orientated along the c-axis of the B-Ga,O; crystal. A similar
defect in Czochralski grown B-Ga,Os crystals with the same angular behavior is
observed by Galazka et al. [69]. They associated the EPR signal with native defects
like oxygen vacancies, but gave no further explanation. However, it is a very
uncommon behavior that the g-value crosses the border of g = 2 due to anisotropy.
Such a behavior was only observed for transition metal ions. Cu®’ in tetrahedral
symmetry was observed in hexagonal BeO by de Wit et al. and showed such a
behavior with g, = 1.7 and g, = 2.38 [70]. Fourfold coordinated Co*" shows also
such a g-value behavior [3, 5]. A further connection to cobalt is given by the similarity
of the spin-spin relaxation times of signal I and signal II. The relaxation times remain
constant over the complete temperature range, since the EPR line width does not
change with temperature. This behavior is not unexpected since signal II has a high

thermal stability.

Signal III can be attributed to an oxygen vacancy (Vo) shallow donor with an
activation energy of 38 meV. Binet et al. [51] observed a very similar defect in (-
Ga,03; which was attributed to conduction band electrons located in a (Vo) donor
impurity band. They support this model by the temperature dependence of the DC-
conductivity, which varies only slightly from 4 K up to 300 K. Further the spin-lattice
relaxation time shows the same temperature behavior as the conductivity [64]. That
behavior is typical for free electron spins relaxing via the Elliot mechanism [71]. The
defect observed in this work has the same small line widths for temperatures above

100 K, below 100 K the EPR signals are much broader (see the inset of Figure 5.16).
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However, in the graphs shown by Binet et al. [51] a similar behavior of the
temperature dependence of the line width can be observed when compared to signal I1I
in this work. For low temperatures (20K) the line width is 10 Gauss and it decreases to
2 Gauss with increasing temperature. The same line width behavior of the conduction
band electrons in B-Ga,O3 was presented by Vincent et al. [72]. Therefore, signal 111
can most likely be attributed to conduction band electrons, located in an oxygen
vacancy impurity band. Another indicator is given by the fact that signal III can be
observed for temperatures up to 300 K. That is quite unusual for shallow donors, since
the thermal energy is high enough to lift the electron from the donor state to the
conduction band and therefore charge the defect into a non-paramagnetic state. In
addition the microwave power dependent saturation behavior of signal III is quite
uncommon for shallow donor EPR signals. The microwave power dependence for
shallow donors would appear with an apparent saturation behavior like the ones for
signal I and signal II (see for instance Figure 5.10 of Figure 5.12). The behavior

observed in this case is characteristic for delocalized electrons.

5.3 Ammonolysis of Gallium Oxide powder

A common way to synthesize Gallium Nitride (a-GaN) is the ammonolysis of Gallium

Oxide (B-Gay0s). It is described by the following reaction:

Ga,05 + 2NH; — 2GaN + 3H,0 (5.9)
The process is performed by flowing ammonia over -Ga,Os powder in a temperature
regime ranging from 600 °C to 1100 °C [73, 74]. To study the effect of the
ammonolysis at elevated temperatures for different times a set of 4 commercially
available B-Ga,0O; powder samples was first caked for 3 days at 1250 °C and
afterwards treated with ammonia at 780 °C for 5, 18, 30 and 120 minutes. One sample

was kept untreated as reference. The ammonolysis was performed in the group of Prof.

Martin at the RWTH Aachen.

The samples were investigated by Electron Paramagnetic Resonance (EPR) in order to
find traces of nitrogen incorporated in the B-Ga,Os; powder after short nitridation

times.



88 Characterization of Gallium Oxide

5.3.1 EPR measurements

A Bruker ESP 300E spectrometer, described in detail in the appendix, was used for the
EPR measurements. A representative overview spectrum of the nitridated B-Ga,0;
powder samples measured at 15 K is shown in Figure 5.17, in this case the sample
treated for Smin with ammonia was taken. All the features found in this spectrum were
observed for the other samples, too, albeit with different EPR signal intensities. One
can see 4 EPR signals marked as A, B, C and D. The spectrum is depicted in two parts
for a better overview, whereby the EPR signal intensities on the high field side of the
spectrum were multiplied by a factor of 10 since the intensity of signal D is very high
compared to the other ones. Signal A consists of 2 signals with a further structure
superimposed to them. The origin of these signals will be discussed further below

together with a detailed EPR spectrum.
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Figure 5.17: EPR overview spectrum measured at 15 K of a B-Ga,O; powder
sample treated with ammonia for 5 min at a temperature of 780 °C. There are 4
EPR signals marked as A, B, C and D. The part on the right side of the EPR

spectrum was multiplied by a factor of 10.
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The EPR signal marked as B is located at a g-value of 2.002 and consists of only one
single line, hence it is a S = 4 defect. This defect can be assigned to surface dangling
bonds because the g-value equals the free electron g-value [75]. There is another signal
with S = % marked as C, at a g-value of 1.96. This defect is well known from the
literature and can be attributed to free electrons located in an oxygen vacancy donor
impurity band [51, 76]. Signal D can be ascribed to Fe'™ with the following spin
Hamilton parameters S = 5/2, g = 2.0043, D = 0.2212 cem” and E = 0.06965 cm’ [77,
78].

For the measurement of a more detailed EPR spectrum of signal A the sample with the
largest EPR signal intensity, i.e. the untreated f-Ga,Os; powder reference sample, was
chosen. 20 measurements taken at 15 K were accumulated to further increase the
signal intensity. The results of these measurements are shown in Figure 5.18 (a). In the
EPR powder spectrum one can observe 2 groups of signals, each consisting of 4 EPR
transitions at g-values of 2.4 and 2.08 (indicated by the black rakes). These g-values
are characteristic for acceptor centers. The 4 lines are caused by a hyperfine interaction
with a nuclear spin I = 3/2, since the distance between them is too small for a fine-
structure splitting. The possible candidates with a nuclear spin of 3/2 are the group 1
elements Li, Na and K as well as Ga, As and Cu. However, on the low field side of the
spectrum another group with 4 lines can be observed (indicated by the blue rake). It is
superimposed to the first group of signals at g = 2.4. The intensities of these EPR
signals are smaller and cannot be resolved in case of the second group at g = 2.08. A
possible explanation for these signals could be the presence of an element with 2
isotopes and a nuclear spin I = 3/2. By comparing the signal intensities from both
groups the isotope ratio can be estimated. The calculation yields 71 % for the signals
marked by a black rake and 29 % for the other ones. Figure 5.18 (b) shows a simulated
EPR powder spectrum of a defect with I = 3/2 with the following simulation

parameters:
gy =208, g, =24, A =200MHz and A, = 184 MHz

The simulation describes the experimental data of 2 groups with each 4 lines (indicated

by the black rakes) quite well.
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Figure 5.18: Detailed EPR spectrum of signal A of the -Ga,Os powder reference
sample (a). The measurement was taken at 15 K and repeated 20 times to
increase the signal intensity. Below, a simulated powder spectrum for an S = 15,

I =3/2 defect is depicted (b).

For the group of signals marked by the blue rake the spin-Hamilton parameters can be
estimated to g, = 2.38 and A, = 246 MHz. For the EPR signal group at g = 2.08 it
was not possible to observe any differences to the first group marked by the black
rakes. Therefore, the same values as used for the EPR signal group with 71 % natural
abundance were used for the EPR signals with 29 % natural abundance. A simulated
powder spectrum for an S = % defect with [ = 3/2 and the natural abundances of 71 %
and 29 % using the spin-Hamilton parameters given for the EPR signals mentioned
above is depicted in Figure 5.19 (b). The simulation fits the positions of the EPR

signals shown in Figure 5.19 (a) quite well.
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Figure 5.19: Detailed EPR spectrum of signal A of the B-Ga,O3 powder reference
sample (a). The measurement was taken at 15 K and repeated 20 times to
increase the signal intensity. Below, a simulated powder spectrum for an S=Y%

defect with 1=3/2 (71 % and 29 % natural abundances) is depicted (b).

After all the defects observed in the samples have been described, it is time to study
the effect of the ammonolysis on the B-Ga,Os; powder. For this purpose, the EPR
intensities of signal A (depicted by black dots) and signal C (indicated by blue
triangles) have been tracked over the nitration time (see Figure 5.20). The
measurements were performed at 4 K. With increasing nitridation time the EPR
intensity of signal A decreases, whereas the EPR intensity of signal C increases with
increasing nitridation time. However, the intensity of signal B is not correlated to the

nitration time.
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Figure 5.20: Dependence of the EPR intensities of signal A and signal B on the

nitridation time measured at 4 K.

5.3.2 Discussion

A set of 4 B-Ga,03; powder samples was nitridated for up to 2 hours at 780 °C and
characterized by EPR spectroscopy. Before and after the ammonolysis Fe*” could be
found as a residual impurity. This can be explained by the impurity of the gallium used
for the preparation of the gallium oxide. Possible origins of signal A are lithium,
sodium, potassium, gallium, arsenic and copper, which all fulfill the prerequisite of a
nuclear spin I = 3/2. However, the neutral group I elements Li, Na and K all have s-
type electron wave functions, which leads to nearly isotropic g-values near the free
electron g-value of 2. Hence, the group I elements can be excluded as possible origins
of signal A. Gallium has two isotopes with a nuclear spin I =3/2 (“’Ga with 60.1 %
natural abundance and ’'Ga with 39.9 % natural abundance). The presence of Ga could
explain the second group of signals at g = 2.4, but the isotope ratio of gallium does not
match the experimentally observed isotope ratio (71 % and 29 %). Ga*" as well as Ga*"

are the possible charge states for an acceptor in gallium oxide. The electron
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configuration of Ga®" would be an 4s' state with g~2, see for instance gallium
interstitials in GaAs [79]. Ga*" would be detected by EPR spectroscopy as a hole in a
gallium bond; it would require a thermal or optical excitation and a distant defect to
compensate the charge. However, the EPR experiment was performed in thermal
equilibrium and recharging of the defects was not noticed. Thus gallium, both in the
fourfold or in the twofold positive charged state, can also be excluded as the origin of
signal A. As’ would be located in the oxygen sub lattice and has a nuclear spin I = 3/2
with 100 % natural abundance. The electron configuration is 3p° with g, < 2.002 and
g1 > 2 [80], which is in conflict with the experimental data. Furthermore the As’
acceptors would be compensated by shallow donors and therefore could not be
observed in EPR spectroscopy under equilibrium conditions. The last candidate is Cu*
with a 3d’ electron configuration located in the gallium sub lattice. The isotopes are
%Cu (69.2 % natural abundance) and “Cu (30.8 % natural abundance). These isotopic
abundances are in quite good coincidence with the experimental data of the isotope
ratio (72 % and 28%). One possible location for the Cu”" ion is the tetrahedral gallium
position. However, in this case the g-values should be similar to the g-values of Cu*" in
GaN or in ZnO (g; < 0.7 and g, ~1.5) [22, 81] and thus very different to the g-values
observed for the center in this experiment. On the other hand, Cu®" located at the
octahedral site shows g-values (g,~2.4 and g, ~2.1) very similar to the ones obtained
from the experimental data, see e.g. Abragam and Bleaney (3d° Cu®" in an octahedral
field) [5] or Keeble et al. (Cu*" in PbTiOs) [82]. Thus, signal A can most likely be

assigned to Cu”" located on the octahedral gallium site.

During the ammonolysis, the EPR intensities of signal A and signal C change with
time. The EPR intensity of the shallow donor (signal C) increases with increasing
nitridation time. Due to the reducing effect of the ammonia, oxygen vacancies (Vo)
acting as shallow donors are created. The increasing number of shallow donors causes
the acceptors to be more and more compensated with increasing nitridation time,

which leads to the decrease of the Cu®" acceptor signal.
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6 Summary

In this thesis the material systems zinc oxide, aluminum nitride and gallium oxide were
investigated by electron paramagnetic resonance and optical spectroscopy in order to
gain insight into the point defects in these materials which are affecting the optical and

electrical properties.

For a long time doping with nitrogen was thought to be the best possibility to create p-
type conducting ZnO. However, recently there were doubts whether nitrogen forms a
shallow acceptor or not. That acceptor level and the corresponding photo-transition
process were characterized by EPR and photo-EPR. The photo-transition process
charging the nitrogen acceptor from the negative charged non-paramagnetic state into
the neutral paramagnetic, was found to be a direct process to the conduction band with
an optical ionization energy Eqy = 2.1 eV. Therefore, it was proven, that the defect
caused by a nitrogen atom substituting an oxygen atom in ZnO, forms a deep acceptor

level.

The characterization of aluminum nitride bulk crystals by EPR reveals two defects, a
donor and an acceptor. The donor which originates most likely from an oxygen atom
substituting a nitrogen atom has a negative U-behavior and forms a DX center. The
optical ionization energy of the DX center was determined to 1.9 eV and the formation
energy was estimated to 3 meV. A (V-Oy) defect complex is most likely the origin of
the acceptor observed in the EPR measurements. The presence of (Va;) and (Oy) is
confirmed by optical spectroscopy and further the formation of (Va-On) defect
complexes is thermodynamically favored over the isolated defects. The energy level

position is estimated to be 1.1 eV to 3.5 eV above the valence band.

Transition metal ions are often incorporated in semiconductors as residual impurities
and form deep level defects. In the case of gallium oxide two 3d transitions metals
could be identified by EPR. Co”" with a 3d’ electron configuration, located at an
octahedral gallium lattice site, could be identified in bulk crystals due to its strong
anisotropic g-values and its hyperfine interaction. In B-Ga,O3; powder Cu”>" with a 3d’
electron configuration, the isotopes *Cu (69.2 % natural abundance) and ©Cu (30.8 %

natural abundance), located on an octahedral gallium site, could be identified.
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Appendix
A Zink Oxide

Zinc oxide (ZnO) is an II-VI compound semiconductor crystallizing in the wurtzite,
zinc blende, and rocksalt structures. For ambient conditions, the thermodynamically
stable phase is the wurtzite structure. ZnO in the zinc blende structure can be stabilized
only by growth on cubic substrates, and the rocksalt NaCl structure may be obtained at
relatively high pressures [83]. In the hexagonal wurtzite structure with the P63mc space
group each anion is surrounded by four cations at the corners of a tetrahedron, and vice
versa (Figure A.1). That tetrahedral coordination is typical for sp3 covalent bonding,
but materials with this structure also have a substantial ionic character. In the case of
ZnO the ionicity is located at the borderline between covalent and ionic
semiconductors. ZnO has the lattice parameters a = 0.52042 nm and ¢ = 0.32496nm
[84]. The c/a ratio of ZnO is 1.6018, whereas the c/a ratio of an ideal wurtzite structure

equals 1.633 [83]. Therefore, the tetrahedral structure is distorted.

Zn0O
c=0.52042 nm
a=0.32496 nm
c/a=1.6018

Figure A.1: Hexagonal wurtzite crystal structure of ZnO after [85].
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Currently, the three main methods used for the growth of ZnO bulk crystals are high
pressure melt, hydrothermal, and chemical vapor transport [83]. Each of these methods
has advantages and limitations on their own. In general, it is important to know how a
crystal was grown, since this knowledge provides information on the relative types of
point defects that may be present. A comprehensive review paper on ZnO, also going
into the details of ZnO bulk single-crystal growth techniques, has been published by
Ozgur et al [83].

A summary of the spin-Hamilton parameters of known donors and acceptors in ZnO is
given in Table A.l. The spin-Hamilton parameters of the 3d transition metals are

summarized on their own in Table A.2.

Table A.1: Spin-Hamilton parameters of donors and acceptors in ZnO

Center Electron spin  Hyperfine interaction  Fine structure =~ Reference
g-factor
Shallow g| =1.955 Not observed [86]
donor g1 =1.953
(S=1/2)
Shallow g| =1.957 Not observed [87]
donor g1 =1.956
(S=1/2)
Shallow g=1.956 Not observed [87]
halogen
donor
(S=1/2)
ShallowIn g =1957  A('"In)=36.6G [88, 89]
donor g1 =1.956
(S=1/2)
Shallow Ga g =1.957 A®Ga)=42G [88]
donor g1=1956 A(®Ga,*Ga)=6.7G [16]
(S=1/2)
Shallow Al  g=1.9595  A(‘’Al)=1.45 MHz [90]
donor
(S=1/2)
Shallow H g =1.9569  A('H)=1.4 MHz [91]
donor g1 =1.9552
(S=1/2)
Shallow Zn  g| = 1.9605 Not observed [92]
interstitial g1 =1.9595

(S=1/2)
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Table A.1 continued
Center Electron spin  Hyperfine interaction  Fine structure =~ Reference
g-factor
Oxygen g| = 1.9945 Axial: [93, 94]
vacancy F' g, =1.9960 A| =57.34 MHz
(S=1/2) A1 =423 MHz
Non-axial:
A =76.6 MHz
Ay =759 MHz
A, =94.8 MHz
Oxygen g|=1.984 Not observed D=0.026 cm™" [25]
vacancy g1 =2.025
S=1
Zinc vacancy g = 1.927 Not observed [95]
related gyy = 1.952
(S=1/2) g,,=1.853
Zinc vacancy gy = 1.927 Not observed |D| = 1465 MHz [95]
related gyy = 1.952 |E| =58 MHz
(S=1) g, =1.853
Deep Li Axial: Axial: [96]
acceptor g| =2.0028 A =0.61 MHz
(S=1/2) g1 =2.0253 A1 =5.12 MHz
Non-axial: Non-axial:
g = 2.0223 Axx=5.1 MHz
gyy = 2.0254 Ayy=5.1 MHz
g,, =2.0040 A,,=0.81 MHz
Deep Na Axial: Axial: [97]
acceptor g| =2.0029 A|=38.1 MHz
(S=1/2) g1 =2.0315 A1 =4.49 MHz
Non-axial: Non-axial:
g = 2.0250 Axx=4.57T MHz
gyy = 2.0309 Ayy=4.04 MHz
g,,=2.0036 A, =11.64 MHz
Deep N g| = 1.9953 A) =813 MHz [16-18]
acceptor g1 =1.9633 A1 =9.5MHz
(S=1/2)
Ny acceptor  g|| =2.0036 Al =9.8 MHz [18, 98]
(S=1/2) g1 =1.9935 A1 =20.1 MHz
(Zn"-No) g =2.020 Not observed [99]
(S=1/2) g1 =2.006
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Table A.2: Spin-Hamilton parameters of 3d transition metals in ZnO

Center Electron spin Hyperfine interaction ~ Fine structure =~ Reference
g-factor
v g[=1945  |Aj/=68x10"cm”  |D|=0.075cm’ [100]
(S=1/2) 21 =1937  |A=93x10" cm™
Ni** g|=2.143 Not observed [101]
(S=1/2) g1 =4.318
Fe'' g=2.0060 |A]=9.02x10"cm’ D =-0.0594 cm’ [102]
(S=5/2) F =0.0004 cm™
a=0.0039 cm™
Mn” g=2.016 A=-76x10"cm’ D=-0.0217 cm™ [103]
(S=5/2)
Co™" g| =225 AI=153G [104]
(S=1/2) g1 =4.55 A =28G
Cu™" g[=0.74  |Aj|=195x10" cm’ [105]

(S=1/2) g1 =153  |AL=231x10" cm’
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B Aluminum Nitride

Aluminum nitride (AIN) is an III-V compound semiconductor crystallizing in the
wurtzite structure with the P6smc space group under normal pressure. For high
pressures (P > 17 GPa) it transforms to the rocksalt structure (Fm3m space group) and

becomes metastable at ambient pressure [106].

The wurtzite structure of AIN is hexagonal with four atoms surrounding a lattice site in
form of a distorted tetrahedron. Three equivalent neighboring atoms are located in the
basal plane, while the fourth one with a different bond length defines the c-axis of the
crystal. The crystal structure of AIN is depicted in Figure B.1. One can see that each
aluminum atom is surrounded by four nitrogen atoms forming a distorted tetrahedron
around the aluminum atom. In the same manner the nitrogen atoms are surrounded by
aluminum atoms. AIN has the lattice parameters a = 0.4982 nm and ¢ = 0.3112 nm
[85]. The c/a ratio of AIN is 1.600, whereas the c/a ratio of an ideal wurtzite structure

equals 1.633 [83].

AIN
¢ =0.4982 nm
a=0.3112 nm
c/a =1.601

GaN
¢c=0.5185 nm
a=0.3189 nm
c/a=1.626

© Alor Ga atom
O N atom

Figure B.1: Hexagonal wurtzite crystal structure of AIN and GaN [85].
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A common technique to grow AIN bulk crystals is sublimation growth. This method
has become prevalent towards other techniques like vapor cracking, plasma torch, flux

growth and chemically aided vapor transport [32, 40, 41].

Aluminum Nitride (AIN) has a direct band gap of approximately 6 eV. Together with
the wurtzite polytypes of InN and GaN it can form a continuous alloy system with a
direct band gap ranging from 0.7 eV (InN) up to 6 eV (AIN). The dependence between
band gap energy and lattice constant a of AIN, GaN, InN and their alloys is depicted in
Figure B.2 for the wurtzite structure (solid black lines) and the zinc blende structure

(dashed black lines).

wurtzite

Band gap energy (eV)

1| zinc blende

3.0 3.1 3.2 3.3 3.4 3.5 3.6
Lattice constant a (A)

Figure B.2: Relation between band gap energy and lattice constant a for wurtzite

structure AIN, GaN, InN, and their alloys (solid black lines). The same relation is

depicted for the zinc blende structure with a = a,5/v2 (dashed black lines)
[31].
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C Gallium Oxide

B-Ga,O; is under ambient conditions the thermodynamically stable phase in the
gallium-oxygen system [107]. It crystallizes in the base centered monoclinic crystal
structure with the C2/m space group, as depicted in Figure C.1 [56]. Doubly connected
straight chains of edge shared GaO¢ octahedra run along the b-axis of the crystal and
are connected by GaQO, tetrahedra to one another [59]. One can see two cation
positions, the tetrahedrally coordinated one marked as Ga(I) and the octahedrally
coordinated Ga(Il) position. In the case of the anion sites there are three
crystallographically different positions. The first position, marked as O(I) is trigonally
coordinated and is located at the intersection of two octahedra and one tetrahedron.
Each O(II) is also trigonally coordinated and is shared between one octahedron and
two tetrahedra. The third position, indicated as O(III) is tetrahedrally coordinated and
lies at the corner of three octahedra and one tetrahedron [108]. f-Ga,Os has the lattice

parameters a = 1.223 nm, b = 0.304 nm, ¢ = 0.580 nm and = 103.7° [56].

(100)

Figure C.1: Crystal structure of B-Ga,O3 [108].
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A summary of spin-Hamilton parameters of impurities in -Ga,Os is given in Table

C.1.

Table C.1: Spin-Hamilton parameters of impurities in 3-Ga,03

Center Electron spin Hyperfine interaction  Fine structure =~ Reference
g-factor
Shallow gx = 1.9601 Not observed [51]
donor gy =1.9629
(S=1/2) g, =1.9649
Tio g« =1.927 Super-hyperfine [58]
(S=1/2) gy =1.952 splitting with Ga
g,=1.853 neighbors was
resolved by ENDOR
Cr’ g« =1.976 Not observed D =-14.03 GHz [109]
(S=3/2) gy =1.9787 E=6.157 GHz
g,=1.9797
Fe' g=2.0043 Not observed D=02212cm’ [78]
(S=5/2) E =0.0696 cm™ [77]
Mn”" g,=2.014 |A|=827x10"cm”’ D=0.0510cm’ [110]
(S=5/2) gy =2.012 |Aj|=80.7x10*ecm”" E=0.0116cm’ [111]
g,=2.001
Er'’ g,=5.75 Hyperfine splitting [72]
(S=3/2) g, =9.45 with '"Er (1="7/2)
g.=0.9 was observed
Co™" gla=2.8 A s = 107 Gauss This work
(S=1/72) ga=64 |A1a] = 62 Gauss
Cu™ SCu: This work
(S=1/2) g| =2.08 |A|| =200 MHz
Powder g =24 |AL| =184 MHz
spectrum
5Cu:
g| =2.08 |A|| =200 MHz

g1 =238 AL| = 246 MHz
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D EPR spectrometer setup

The EPR measurements presented in this work were performed with a commercial
available Bruker ESP 300E spectrometer. A klystron was used as microwave source,
providing microwave frequencies ranging from 9.2 GHz up to 10 GHz with a
maximum power of 200 mW. An Oxford Instruments helium flow cryostat, controlled
by an ITC4, allowed measurements at temperatures ranging from 3.8 K up to 295 K.
Figure D.1 shows a drawing of a Bruker ER 4102 ST universal x-band rectangular
resonator, operating in the H;¢, mode, which was used as microwave cavity. There are
two apertures in this resonator allowing the illumination of the sample. The first one is
located on the front side of the resonator. Through that window it was possible to shine

light of a laser diode array on the sample (see Table D.1 for wavelengths and powers).

UVP spot lite lamp

&P Suprasil light guide
—l

Resonatoremslp

' ]

Windowess® Magnetic field

Laser diode array

Figure D.1: Schematic drawing of the EPR resonator together with the available

illumination sources.

The second aperture to the microwave cavity is realized through the sample holder,
which is made of Herasil 102 (providing over 90 % transmittance from 200 nm up to

2000 nm) from the Heraeus Company in Germany. Through the latter light of an UVP
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spot lite lamp, operating at 254 nm with a maximum power of 1 W per cm? was
coupled into the sample. To assure that the light intensities were constant for all
wavelengths, the intensity for a given wavelength at a certain distance was measured

with a laser power meter and then adjusted to a fixed value by the use of gray filters.

A more detailed description of the EPR setup is given by [112].

Table D.1: Wavelengths and corresponding powers of the laser diode array.

Wavelength (nm) Power (mW)
980 50
960 30
905 100
850 50
830 50
808 100
780 50
685 50

660 50
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E Fundamental constants and useful

conversion factors

Table E.1: Fundamental constants

Speed of light c 2.9979x 10°ms™
Bohr magneton UB 9.2740 x 10**J T
5.7883x 10° eV T
Planck constant h 6.6260 x 10°*J s
4.1356x 10" eV s
Boltzmann constant kg 1.3806 x 10 JK!
8.6173x 10° eVK''
Free electron spin g-factor g 2.0023
Nuclear magneton UN 5.0507 x 1077 )T
Vacuum permeability Lo 12.5663 x 10" Hm™
Free electron gyromagnetic ratio Ye 1.7608 x 10" s T

Conversion factors:

107%.cm™1 = 2.9979 MHz

A (MHz) = 2.80247 (gi)A (Gauss)
e
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