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Chapter 1
Introduction
1.1

Quantum information processing: physics and implementation

Astonishing fundamentals of quantum mechanics provide outstanding opportunities in the
advanced technology, however, raise confusing questions in philosophical aspects. One of the
most concerned foundations is the Axiom of measurement claiming the wavefunction to be
collapsed upon measurement. Although this phenomenon — often referred as measurement
problem [1] — has still not been fully unraveled and subject of intense debate, it implies
highly advantageous quantum effects. Accordingly, no-cloning theorem as a no-go theorem
of quantum mechanics states that it is impossible to obtain an indistinguishable copy of
an unknown quantum state. Exploitation of this phenomenon is targeted by cryptography
aiming to develop intrinsic encryption of information in world-wide communication raising
the field of quantum communication [2]. In this way information is encoded to the quantum
state of a single photon instead of the physical properties of laser light pulses employed
today in fiber optics communication [3].
Another fundamental quantum property is quantum superposition with no counterpart
in classical physics. Accordingly, quantum state of a system can be expressed as linear
combination of basis states. Regarding a two-state quantum system, wavefunction can be
expressed as
|Ψi = α |0i + β |1i ,

(1.1)

where |Ψi denotes the state of the system, |0i and |1i are the basis states with the com6

plex coefficients α and β. Two-state quantum systems can be considered as analogues of
two-state classical systems that are used as physical representation of the basic unit of
information called bit. Hence, two-state quantum systems are referred as quantum bits or
qubits that may serve as basis of quantum computers. Advantage of quantum computers
against their well-known classical analogues lies in the significantly reduced calculational
time of certain tasks (e.g. prime factorization or quantum simulations) owing to the probabilistic quantum entaglement of qubits [4]. Necessary criteria for realization of quantum
computers were formulated by DiVincenzo [5] as follows:
1. Scalable and reproducible qubits with well-described physical properties.
2. Protocol for initialization.
3. Sufficiently long coherence times for quantum operations.
4. Universal quantum gates for qubit operations.
5. Protocol for readout of quantum states.
6. Conversion between local quantum nodes and quantum information carriers (flying
qubits).
7. Preservation of quantum information during transfer.
Basically, Point 1 is fulfilled by any systems with at least two eigenstates, however
scalability is a big technological challenge. The promise of quantum information processing
has induced a quest for searching suitable physical systems for realization of qubits and
single-photon sources. Over the years several candidates have been proposed as qubits
encompassing superconducting systems [4], quantum dots [6] and electron- and nuclear
spins in solid states [7–9]. On the other hand, single molecules and color centers in diamond
have proven to be efficient single-photon sources [10, 11].
In my thesis spin active point defects in silicon-carbide (SiC) as potential qubit and
single photon source candidates are in focus, hence from now on my thesis is restricted to
the aspects of these systems.

7

1.1.1

Motivation: realization of qubits and single-photon sources
via point defects

Focusing on electron and nuclear spins, point defects in wide band-gap semiconductors
have proven to be suitable platforms to realize qubits and to carry out operations on
them [7–9,12,13]. So far the most scrutinized member of this family has been the nitrogenvacancy (NV) center in diamond [14] proven to be a highly promising candidate for qubit
applications as it fulfills the requirements presented in Section 1.1. Accordingly, NV centers
have been succesfully obtained in diamond crystals in a reproducible form [15] (Point 1).
Initialization of the qubit state as required by Point 2, i.e. gathering the electrons into
the mS = 0 sublevel of the S = 1 spintriplet ground state has been demostrated
by employing optical spinpolarization (OSP) [14]. Point 3 is fulfilled as spin coherence
time of NV center may reach and even exceed 1 second [16]. By coupling more NV center
quantum gates can be constructed [17] as required by Point 4. The actual spin state can
be optically readout [18] where the information is encoded into the quantum state of the
emitted photon fulfilling requirements of Point 5 and 6. Transfering quantum information
in large distances as required by Point 7 was demostrated by Hensen et al. [19]. Especially,
they managed to entagle two NV centers lying 1.3 km far from each other known as
the loophole-free Bell test. Further applications of NV center have been demostrated as
ultrasensitive magnetic [20], electric [21] field sensors.
Despite the unique properties of the NV center in diamond its zero-phonon line (ZPL)
(described in Section 2.4.3) falls far from nowadays telecommunication wavelength bands
(1260 - 1625 nm) thus it is not a practical single photon source. Furthermore the socalled Debye-Waller factor (see in Subsec. 2.4.3) is around 0.024 [22] indicating weak ZPL
emission. Nevertheless, other point defects in diamond with stable spectral emission and
sharp ZPL(s) in the near-infrared region (NIR) have already been proposed [11, 23].
However, difficult processability of diamond in the semiconductor industry has induced
a quest for other technologically mature materials which are capable of incorporating point
defects and exhibit superior properties. Silicon-carbide (SiC) has proven to be a competitive candidate for this role with a wafer scale fabrication technology and straightforward
integrability to recent semiconductor devices. Main goal of my PhD research has been the
investigation of potential qubit and single-photon source candidates incorporated by SiC
by means of first principles atomistic simulations.

8

1.2

Point defects in silicon carbide

1.2.1

Lattice structure of silicon carbide

Silicon carbide is crystallized in various forms called polytypes. Polytypism is a special case
of polymorphism defined as the ability of a solid state system to exist in more than one
different crystal structures. Since they have distinct stabilities, one metastable form can
convert into the stable structure under appropriate conditions. In particular, polytypes
have crystal structures consisting of identical two-dimensional layers, while in the third
direction these layers have a different — but well-determined — sequence [24]. The unit
cell is the shortest periodically repeated part of the stacking sequence.
Although SiC consists of 50% carbon (C) and 50% silicon (Si) atoms, each polytype
has its own set of physical properties. While more than 250 polytypes are known [25], only
a few can be grown in reproducible form required for their application in semiconductor
industry. The most common polytypes of SiC — presently being developed for electronics
— are the cubic 3C-SiC, the hexagonal 4H-SiC and 6H-SiC, and the rhombohedral 15RSiC. Although all SiC polytypes consist of tightly fitting Si-C tetrahedrons, difference in
their lattice structure arises from the stacking sequence of the hexagonal Si-C biatom layers
perpendicular to the crystal axis (c-axis).
To address the polytypes three different notations are used: ABC-, Ramsdell- [26] and
Jagodzinski-notation [27]. Stacking sequence of the Si-C bilayers can be well-described by
the ABC notation. The three different arrangements of the Si-C units yielding three types of
bilayers (denoted by A, B and C) originates from the 60◦ rotation of the Si-C tetrahedrons
about the c-axis. Using these bilayers two symmetry inequivalent stacking sequences can
be constructed as ABA and ABC establishing hexagonal and cubic close packing systems,
respectively, as shown in Fig. 1.1. Here I note that notations of A, B and C are only for
distinguishing the bilayers and hence, for instance, ABA stacking sequence is equivalent to
ACA, BAB, BCB, CAC and CBC.
In this way, a particular polytype can be addressed by labeling all Si-C biatom layers
of its unit cell. Although ABC-notation is the most transparent addressing of polytypes, it
would be quite long to employ it in many cases, i.e. for polytypes with big unit cells and
shows no explicit information about the symmetry of the lattice structure. Consequently,
Ramsdell- and Jagodzinski-notations are much more widespread, since the former contains
information about the overall symmetry of the unit cell, while the latter addresses the local
symmetry conditions within a particular Si-C biatom layer. Namely, Ramsdell-notation
9

Figure 1.1: (a) Schematic figure of the ABA and ABC stacking sequences along the c-axis.
(b) Perpendicular view of the bilayers, where only the hexagonal arrangement of C (blue balls)
atoms are displayed [Si atoms (yellow balls) are behind them]. Size of the balls illustrate the third
dimension perpendicular to the plane of the paper. The c-axis is also indicated.

consists of one integer and a capital letter from the following: H, C, R. The integer denotes
the number of the bilayers contained by the unit cell and the letter specifies the symmetry
of the overall lattice, such as H = hexagonal; C = cubic; R = rhombohedral. On the
other hand Jagodzinski-notation provides insight to local symmetry conditions as each
polytype consists of quasi-cubic (k) or quasi-hexagonal (h) layers depending on the type of
the immediate neighboring layers. If there are more than one distinct cubic or hexagonal
10

layers, they are denoted as ki and hi , respectively, where the index i specifies the number
of the cubic/hexagonal layer. Notations and unit cells of the most important polytypes is
shown in Table 1.1 and on Fig. 1.2, respectively.

Figure 1.2: Stacking sequence along the c-axis of unit cells of SiC polytypes investigated in my
thesis. Labels of Si and C atoms and c-axis pointing in the z direction are indicated. Here I use
the usual depiction of the polytypes: a Si-C "line" within the perfect crystal connected by axial
bonds and basal bonds with equal projection to the xz (or yz) plane.

Table 1.1: Main notations for the most common SiC polytypes.

Ramsdell-notation
2H-SiC
4H-SiC
6H-SiC
3C-SiC
15R-SiC

ABC-notation

Jagodzinski-notation

AB
ABAC
ABCACB
ABC
ABCACBCABACABCB

hh
khkh
hk1 k2 hk1 k2
kkk
hk1 k2 hk3 hk1 k2 hk3 hk1 k2 hk3

Polytypes comprising symmetry inequivalent Si-C biatom layers lead to different configurations of point defects. Henceforward, I refer to chemically identical defects exhibiting
11

different local symmetry conditions as defect configurations. In this way, single point defects can form as many configurations as the number of symmetry inequivalent lattice sites
in a particular polytype. On the other hand, defect complexes consisting of more neighboring (and bonded) single point defects can form even more configurations. As a result,
this site selectivity may manifest itself in a set of characteristic behavior and may play
an important role in the underlying physics. Hence, I introduce notations where site selectivity is important as Xx (si ) for single and Xx Yy (si sj ) for defect complexes consisting
of two neighboring single defects (called pair defects), where X and Y are chemical symbols or V in the case of vacancy, x and y refer to the atoms replaced (Si or C) and si ,
sj stand for the symmetry in Jagodzinsky-notation. Here I note that insterstitial defects
may also be present in the SiC lattice, however in my thesis I have not investigated any
of them. As an example, nitrogen-vacancy defect in 4H SiC can introduce four different
lattice configurations as NC VSi (hh), NC VSi (hk), NC VSi (kh), NC VSi (kk) constructed by a
nitrogen atom substituting a C atom and a vacancy replacing a Si atom. For pair defects
(e.g. NC VSi or VC VSi ) relation of defect axis (i.e. the line connecting the components of the
pair defect) to the c-axis is often labeled with further notions. Accordingly, when defect
axis is parallel with the c-axis, i.e. for (si si ) configurations notation of axial or on-axis are
employed, otherwise defect configurations (si sj ) are called basal or off-axis defect. Possible
pair defect configurations in the 4H SiC lattice are shown in Fig. 1.3.
Energy of the corresponding (indirect) band gaps also shows difference among SiC
polytypes as shown in Table 1.2. Here I provide the experimental values along with values
calculated by PBE [28] (see in Subsection 2.3.3) and HSE06 [29] (see in Subsection 2.3.4)
functionals which I used to conduct my calculations. Obvious trend on values given in
Table 1.2 is that HSE06 reproduces the band gap more correctly than PBE, however
requires more computational costs. Detailed description of these functionals is given in
Subsec. 2.3.2.
Table 1.2: Experimental (exp.) [30] and calculated band gaps (Egap ) at low temperatures
for the most common polytypes of SiC

Polytype Egap (exp.) [eV] Egap (PBE) [eV] Egap (HSE06) [eV]
3C-SiC
4H-SiC
6H-SiC

2.39
3.26
3.02

1.34
2.22
2.02
12

2.25
3.17
2.94

Figure 1.3: Structure of pair defects in 4H SiC. (a) perfect lattice, (b) all four pair defect configurations possibly formed in the lattice of 4H SiC. Labels of defect atoms and the c-axis are indicated.
Axial (on-axis) defects are indicated as XSi YC (hh), XSi YC (kk) and XSi YC (hk), XSi YC (kh) stand
for the basal (off-axis) defects.

1.2.2

Defective silicon carbide

Intentional introduction of impurities to the pristine material, i.e. controlled doping of
intrinsic semiconductors is a widespread technique in order to modulate their electrical
and optical properties. In the semiconductor industry obtaining p- and n-type materials is
of high importance that can be reached by introducing shallow acceptor and donor levels
to the band gap, respectively. For SiC p-type conductivity is usually achieved by doping it
with boron (B) or aluminium (Al) while n-type SiC is obtained by introducing nitrogen (N)
or phosphorous (P) to the perfect crystal [31]. These dopants typically form substitutional
point defects in the SiC lattice. However, experimental investigations have shed light on
the possible presence of a huge set of further — unintentionally created — point defects
after applying the usual preparation processes.
Point defects encompassing single intrinsic defects (e.g. monovacancies, interstitials)
and external impurities (e.g. the usual dopants or TM atoms) usually created by particle
(e.g. electron or proton) irradiation or ion implantation. The consecutive thermal annealing
13

of SiC samples enables defect migration favoring the formation of defect complexes [32].
While optically and electrically inactive defects — e.g. carbon antisite (CSi ) [33] — exhibit
no direct effect regarding the corresponding applications, other ones as carbon monovacancy (VC ) [34–36] may highly influence the electronic properties of SiC semiconductor
devices. Furthermore, studies have revealed point defects that introduce deep levels in the
SiC band gap establishing paramagnetic electronic structures. In addition, superior properties of SiC ensure the protection and stability of the well-localized defect states. These
unique properties together paves the way towards applying certain SiC defects in quantum technology [7, 8], and raises the field of defect engineering. In the following I give a
brief review on SiC defects promising for quantum technology applications. Structure of
technologically the most important defects in SiC are depicted in Fig.1.4.

Figure 1.4: Defect structures of (a) VSi , (b) VSi VC , (c) CSi VC , (d) NC VSi , (e) TMSi and (f) TM
atom in a divacancy establishing asymmetric split vacancy (TM-ASV)

Native defects
3
Negatively charged silicon vacancy (V−
Si ) with its S = 2 electronic state has been proposed
as a suitable candidate for quantum computing [37–40] and quantum sensing [38, 41].
In particular, room-temperature spin polarization and coherent control of V−
Si have been
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demonstrated using electron paramagnetic resonsnce (EPR) [38, 42, 43] and optically detected magnetic resonance (ODMR) [42, 44, 45] techniques. During thermal annealing, at
high temperatures VSi defects become mobile together with other intrinsic point defects [32]
favoring the formation of defect complexes such as divacancy (VSi VC ) [7–9,46,47] or carbon
antisite-vacancy pair (CSi VC ) [48–50]. Both of them have proven to be promising for quantum technology applications. Especially, neutral charge state of CSi VC is stable in n-type
SiC and exhibits spintriplet (S = 1) electronic states. The corresponding optical emission
falls near 1500 nm [48] which is desirable for fiber optic communications.
On the other hand, VSi VC can also be formed upon annealing after irradiation or
implantation. In particular, at around 750 °C VSi [32] defects become mobile and may
associate with the present VC defects resulting in VSi VC . Presence of VSi VC have been
verified in the common polytypes of SiC such as 3C, 4H and 6H SiC [9, 47]. Electronic
structure of neutral VSi VC (VSi V0C ) is very similar to that of NV center in diamond with
S = 1 ground state spin providing a desirable platform for optical spin polarization as
demonstrated in the 3C [46] and 4H [9] polytypes. Advantage of VSi V0C over NV center
in diamond relies on the NIR emission of all divacancy configurations in the common SiC
polytypes [9, 46, 51] desirable for spin-photon interfacing. Although VSi V0C is confirmed to
be favorable for quantum technology applications there are still unanswered questions. One
of these is the so-called photoluminsescence (PL) quenching as observed in experiments
[52–54]. This phenomenon is the subject of my first thesis point, thus further detailed
discussion is provided in Section 3.1.
Nitrogen impurity in SiC
Nitrogen (N) atom is a common impurity in SiC polytypes incorporating during crystal
growth [55] or ion implantation [56]. It was shown earlier that N atom rather resides at
a C site than a Si site yielding the NC defect [57] and introduces shallow donor states to
the band gap causing n-type conductivity. Its neutral charge state exhibits spindoublet
S = 21 ground state, thus in high concentration it may establish a dense spin bath reducing
the spin-coherence time of other defects. Nevertheless it was also found in an earlier ab
initio study [57] that concentration of NC is saturated above a certain N-doping limit at
high temperatures (≈2500 K) implying the formation of (NC )n VSi [57, 58] and (NC )n CSi
(n = 1...4) [58] defects besides NC . Although concentration of (NC )n CSi is lower than that
of NC of at least 5 orders of magnitude, concentration of (NC )n VSi complexes even exceeds
that of NC beyond a certain N-concentration [57]. In particular, concentration of (NC )4 VSi
15

is expected to be the highest [57]. On the other hand, formation of NV center in remarkable
concentration is also implied by this study and may exhibit an exceptionally high impact in
quantum technology applications by unifying the advantages of its counterpart in diamond
and the superior properties of SiC.
Detailed discussion of formation, characterization and application possibilities of NV
centers in the most common polytypes of SiC are presented in Section 3.2 as my second
thesis point.
Transition metal defects
Transition metal (TM) defects in elemental and compound semiconductors may highly
influence the optical and electrical properties of the host due to their open d subshells. In
particular, certain TM defects in SiC have been proven to be favorable candidates acting
as quantum memories and single-photon sources. The promise of TM defects lies in their
bright transition in the NIR region accompanied by favorable spin properties as implied
by earlier PL [59–63] and EPR [63] studies.
In particular, chromium impurity in 4H SiC is identified as origin of efficient ZPLs at
1042 nm and 1070 nm exhibiting limited phonon sideband (PSB) [59]. On the other hand,
all-optical identification and coherent control of spin one-half molybdenum defects in 4Hand 6H SiC have been reported [61]. In this work, coherent population trapping (CPT)
upon two-laser excitation has been demonstrated on molybdenum ensembles in p-type 4H
and 6H SiC samples [61] that is fundamental in realization of quantum memories [64, 65].
Earlier works on vanadium impurity in 6H-SiC [66, 67] revealed a set of sharp ZPLs
in the region of 1300-1400 nm as yielded by ODMR experiments. Owing to their closely
related crystal structure vanadium in 4H SiC is also expected to have ZPL(s) in the NIR
region, however, corresponding results in the literature have not been available so far. In
my third thesis point I investigate the electronic structure and the very recently reported
experimental PL [62] spectrum of vanadium impurity in 4H SiC.

1.3

Objectives

Increasing our knowledge on possible solid state quantum bits and single photon emitter
candidates is of high importance in realization of quantum technology applications. Although a huge set of both theoretical and experimental studies are available, there are still
several unexplained phenomena concerning these systems. The strongly developing field of
16

ab initio methods have been proven to be powerful tools in describing solid states and hence
exploitation of their promising prospects may grant extensive understanding the physics
of spin active point defects in SiC.
In my PhD work I have carried out first principles quantum mechanical simulations by
means of Density Functional Theory (DFT) in order to understand the underlying physics
of possible quantum bits and single photon sources incorporated by SiC. In particular,
I have investigated characteristic properties of VSi VC in 4H SiC (first thesis point), NV
centers in the most common polytypes of SiC (second thesis point) and vanadium impurity
in 4H SiC (third thesis point). Here I note that all of my calculations are carried out for
defects in bulk SiC.
My PhD dissertation is structured as follows. In Chapter 2 I describe the theoretical
background of the applied methods and approximations closing with the technical progress
of calculations. In Sections 3.1, 3.2 and 3.3 within Chapter 3, I provide my results and
discussion on VSi VC , NV centers and vanadium point defects in SiC, respectively.
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Chapter 2
Methodology
In this Chapter I give a review on the theoretical background of the typical workflow of
the calculations — as depicted in Fig. 2.1 — and methods that I used for characterizing
the mentioned solid state systems. The basic task is to solve the Schrödinger equation of
the certain system discussed in Section 2.3. However, analytic solutions can be obtained
for only the simplest cases such as the well-known H-atom problem or perfect crystals
with translational symmetry allowing the exploitation of Fourier transformation. However,
introducing point defects to perfect crystals breaks the translational symmetry hampering analytic solution of the corresponding Schrödinger-equation, so it requires numerical
solution methods.
Although electronic calculations reproduce also the symmetry properties of a system,
physical properties can be reasonably predicted by crystal field theory discussed in Section 2.1, which contributed to the accurate description of defective solid state systems.
Further steps of my workflow encompass modeling of the geometry and the electronic
wavefunctions presented in Section 2.2 and conducting numerical electronic structure calculations described in Section 2.3 on the constructed model. Obtained physical quantities
are discussed in Subsections. 2.4.1- 2.4.4 along with further numerical approximations —
where needed — based on DFT results. Technical details of the computational process are
presented in Section 2.5.

2.1

Crystal field theory: the employed point groups

Energy levels of an atom can be multiply (orbitally) degenerate. However, the spherical
symmetry of atomic orbitals in a crystal is reduced due to the Coulomb potential originating
18

Figure 2.1: Flowchart of steps included by a typical workflow that I employed for characterizing
the corresponding solid state systems. Each part is described in this Chapter in detail.

from the sorrounding atoms leading to (partial) splitting of degenerate states. Crystal
field splitting of the energy levels are unambiguously governed by the lattice symmetry
which can be described by group theory, particularly by applying symmetry point groups.
Employing group theory to describe energy level splittings gives rise to the so-called crystal
field theory (CFT) developed by H. Bethe and J. H. van Vleck [68]. Although all possible
crystal symmetries correspond to a point group, in this Section I give a brief review only
on the C3v and C1h (or Cs ) point groups being characteristic for point defects characterized
in my Thesis. In particular, I listed in Table 2.1 the corresponding symmetry point groups
for the investigated defects in the common polytypes of SiC.
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Table 2.1: Symmetry point groups for point defects in SiC reported in my Thesis. Point
groups in braces refer to defect configurations that are not considered in this work. Pair
defects (VC VSi , NC VSi ) form axial and basal configurations, while vanadium forms substitutional defects at h/k Si sites [69].

Polytype

Configuration

VC VSi

NC VSi

VanSi

3C

kk

(C3v )

C3v

(Td )

4H

substitutional
axial
basal

C3v
C1h

C3v
C1h

C3v
-

6H

substitutional
axial
basal

(C3v )
(C1h )

C3v
C1h

(C3v )
-

Under C3v symmetry one-electron structure can consist of nondegenerate a1 and doubly
degenerate e levels, while upon C1h symmetry only nondegenerate a0 and a00 levels can take
place. An important consequence of the symmetry is that one-electron states transforming
according to different irreducible representations (irreps) cannot form chemical bond. Here
I used the generally accepted notation, i.e. symmetry of the total wavefunctions are denoted by capital letter, while lowercase versions stand for the one-electron states. I provide
character tables of C1h and C3v point groups in Tables 2.2 and 2.3, respectively.
Beyond the stationary electronic structure, electronic transitions can also be described
by CFT. Character of transitions can be determined by the direct product of initial and final
state irreps, Γi and Γf , respectively with that of the transition operator ΓT̂ as Γi ⊗ ΓT̂ ⊗ Γf .
If this direct product contains the totally symmetric representation of the corresponding
group (A1 in C3v point group) the transition is said to be symmetrically allowed otherwise
it is forbidden. In other words, by using CFT one can predict whether the corresponding
matrix element of the transition operator T̂ is zero (forbidden transition) or a finite value
(allowed transition). Regarding optical transitions governed by the transition dipole moment operator, polarization of the absorbed/emitted light, i.e. the direction of the transition
dipole moment vector can also be predicted. Accordingly, under C3v symmetry polarization
of absorbed/emitted light is perpendicular to the high symmetry axis (c axis) if ΓT̂ = E
and parallel in case of ΓT̂ = A1 . To describe transitions product tables can be very useful
as provided in Table 2.3 for C3v point group.
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Table 2.2: Character (left) and product (right) tables for C1h point group.

C1h
x, y
z

A0
A00

E

σh

C1h

A0

A00

1
1

1
-1

A0
A00

A0
A00

A00
A0

Table 2.3: Character (left) and product (right) tables for C3v point group.

C3v

E

2C3

6σv

C3v

A1

A2

E

z
A1
Rz
A2
(x, y), (Rx , Ry ) E

1
1
2

1
1
-1

1
-1
0

A1
A2
E

A1
A2
E

A2
A1
E

E
E
A1 + A2 + E

In order to describe spin dependent transitions (e.g. spin-orbit coupling), spin has to be
included to the electronic wavefunction yielding spinor functions. In this way, symmetry
representation of the wavefunction also changes giving rise to double groups. I provide
character table of C3v double group (CD
3v ) in Table 2.4 and the corresponding product
table in Table 2.5.
Table 2.4: Character table for the CD
3v double group.
CD
3v

E

2C3

6σv

Ē

2C̄3

6σ̄v

A1
A2
E

1
1
2

1
1
-1

1
-1
0

1
1
2

1
1
-1

1
1
0

E1/2
E3/2

2
1
1

0
-1
-1

0
i
−i

-2
-1
-1

-1
1
1

0
−i
i
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Table 2.5: Product table for the CD
3v double group.

2.2

CD
3v

A1

A2

E

E1/2

E3/2

A1
A2
E
E1/2
E3/2

A1
A2
E
E1/2
E3/2

A2
A1
E
E1/2
E3/2

E
E
A1 ⊕ A2 ⊕ E
E1/2 ⊕ E3/2
E1/2

E1/2
E1/2
E1/2 ⊕ E3/2
A1 ⊕ A2 ⊕ E
E

E3/2
E3/2
E1/2
E
A1 ⊕ A2

Applied models

Exact numerical description of a realistic solid would require the solution of the Schrödinger
equation for ∼1023 atoms and electrons in infinite number of K-points. Obviously, this is
an impossible task thus modeling of the geometry, the wavefunctions and the K-point
sampling is necessary in order to diminish the enormous calculational costs.
All geometry models are based on a selected domain of the defective crystal with the
point defect in center and with size that sufficiently big allowing to neglect the effects of the
point defect (e.g. its Coulomb field, lattice distortion) at the boundaries. This crystal piece
is often referred as cluster. For treating boundary effects different models can be employed
as the embedded-, cyclic-cluster or supercell (SCM) models. I applied the supercell model in
my calculations which is a natural choice in describing bulk material thus I provide detailed
discussion in Subsection 2.2.1, while cluster models are not described in my Thesis.
In order to reduce the number of K-points, a number of methods have been introduced
for sampling the Brillouin-zone in the framework of SCM. To this end, I applied the socalled Monkhorst-Pack scheme [70] detailed in Subsection 2.2.2.
Total electronic wavefunction of many-particle systems is usually expanded in certain
function bases. The chosen basis mainly depends on the localization of the wavefunction.
Usually for single atoms or molecules linear combination of atomic orbitals (LCAO) basis is
used. However, in case of solids with ∼ 1023 particles valence part of the total wavefunction
is extended, in contrast, the part representing core electrons remains strongly localized. To
handle this duality I applied Plane Wave (PW) basis set to characterize the less-localized
valence electrons, while for treating core electrons I used the so-called Projector Augmented
Wave (PAW) [71] model. Both models are discussed in Subsection 2.2.3.
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2.2.1

Geometry: supercell model

In SCM, boundary effects acting on the cluster (or supercell) are avoided by obtaining
a three-dimensional tiling of the cluster, as depicted in Figure 2.2, fulfilling the periodic
boundary condition. In this way artificial translational symmetry is introduced to the system allowing accurate description of bulk materials containing defects in low concentrations.
The supercell is built up using the primitive cell of the perfect crystal.

Figure 2.2: Schematic representation of the supercell method. Empty box represents the cluster
(supercell) without the point defect depicted by red filled circle. Defective supercell is illustrated
by a box with a red filled circle in center. Periodic boundary condition is fulfilled by stacking
closely the supercell in each direction.
In this way, lattice vectors of the supercell (sc) can described by linear combination of
the primitive cell (pc) lattice vectors with integer coefficients as follows
Asc
ij =

X

(2.1)

Tik Apc
kj ,

k
pc
pc
sc
where Asc
ij and Akj are elements of A3×3 and A3×3 matrices containing the lattice vectors
as column vectors aisc and aipc , i = {1, 2, 3} of the supercell and the original primitive cell,
respectively, as











Asc = a1sc a2sc a3sc 













and Apc = a1pc a2pc a3pc  .
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(2.2)

In Eq. 2.1 Tik stands for elements of the T3×3 transformation matrix containing only integer
numbers as multiplication coefficients of the primitive cell. Determinant of T3×3 indicates
the multiplication degree of the original primitive cell.
Size of the supercell have to be chosen carefully. Underestimating cell size may lead
to significant interaction between the point defect and its periodic image in the adjacent
supercell (self-interaction), while the overestimation of that may unnecessarily increase
computational costs. In case of long-range interactions, e.g. Coulomb interaction of electrically charged defects infinite cell sizes would be required that is obviously impossible. In
order to remedy this issue charge correction schemes are introduced (discussed in Subsection 2.4.1) allowing the use of finite cells. On the other hand, in the absence of long-range
interactions and extensively delocalized defect states small supercells (∼100 atoms) may
be sufficient to describe the system accurately.

2.2.2

K-point sampling

Treatment of lattice-periodic physical properties of a crystal as functions of wavenumber
vectors (k) as K-points of the Brillouin-zone (BZ) provides significantly simpler description
than those of real space coordinates. Numerical calculations for the continuous set of Kpoints contained by the BZ is evidently inaccessible. In this way, finite set of K-points have
to be selected.
Charge density as function of real space coordinates [ρ(r)] can be calculated by integration over the continuous K-point set that can be approximated with discrete sum over
a finite set of special K-points as
ρ(r) =

Z

ρk (r)dk ≈

X

ω(Kq )ρKq (r)

(2.3)

q

BZ

with the weight factors of ω(Kq ) equal to the number elements of symmetry equivalent
Kq -points and
X
ω(Kq ) = 1.
(2.4)
q

The selected special Kq -points have to fulfill the following condition [72] of

X

ω(Kq ) ·

q


X
|R|=Rm
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eiKq R  = 0,

(2.5)

where the inner sum goes through lattice vectors with equal length related to each other
via the symmetry elements of the lattice and thus m = {1...N } determines "shells" in real
space. The more accurate the K-point selection the larger the value of N . In practice, good
approximations of ideal K-point set can be achieved with N = 2 or 3 depending on the
lattice symmetry [73].
For selecting K-point set fulfilling the condition formulated in Eq. 2.5 Monkhorst-Pack
(MP) scheme [70] is widely used. In the MP technique K-points residing within the BZ
are considered as
k = up1 b1 + up2 b2 + up3 b3 ,
(2.6)
where k is an element of the finite set of special K-points determined by the coefficients of
up i =

2pi − l0 − 1
.
2l0

(2.7)

In Eq. 2.7 i = {1, 2, 3} and pi = {1...l0 } with l0 denoting the size of the Γ-point centered
square MP mesh as l0 × l0 × l0 resulting in ω = l13 weight for each element of the generated
0
set. However, the finite K-point set generated via the MP scheme ({K}MP ) can be expressed
in terms of its conjugated classes containing symmetry equivalent k elements as
{K}MP =

X

{Kq }MP ,

(2.8)

q

with the weights of the previously defined ω(Kq ) = ω · |Kq |MP , where |Kq |MP stands for
the number of elements in conjugacy class of {Kq }MP . By selecting elements as one from
each conjugacy class, symmetry inequivalent, i.e. irreducible K-point ({K}irMP ) set can be
created with the number of elements of |K|irMP ≤ |K|MP .
Reciprocal lattice constant decreases by increasing the number of primitive cells contained by the supercell. In this way expanding the primitive cell certain K-points may
be projected into the Γ-point. Thus, employing sufficiently big supercell convergent wavefunctions by only Γ-point calculations might be achieved which significantly reduces the
computational costs. In case of the investigated point defects in all SiC polytypes, only
Γ-point sampling of the BZ in 400-600 atom supercells is sufficient to reach convergent
wavefunctions.
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2.2.3

Wavefunctions

Practical treatment of the total wavefunction of the system requires approximations in
order to reduce the high computational costs. One straightforward method is the BornOppenheimer (BO) approximation (discussed in Subsection 2.3.1) allowing the separation
of the total wavefunction into an electronic and a nuclear part. As nuclei are considered
as quantum harmonic oscillators with well-known wavefunctions and energy eigenvalues
within the BO approximation, further modeling of only the electronic part is required.
The set of the electrons in a semiconductor can be cataloged into two subgroups as core
electrons close to the nuclei remain strongly localized, i.e. almost atomic, while wavefunctions of valence electrons may extend to several nuclei or even the entire lattice establishing
the chemical bonds holding the atoms in the crystal together.
Turning to the valence electron states Bloch-theorem arising from the periodic boundary
condition introduced by the SCM (discussed in Subsection 2.2.1) have to be fulfilled by
the representing wavefunctions. Hence it is straightforward to use plane wave (PW) basis
set to model valence states. Accordingly, the wavefunction of a single valence electron can
be expressed as
ϕi,k (r) = eikr ui,k (r),
(2.9)
where k are wavenumber vectors within the BZ, i stands for the one-electron states and
ui,k (r) is a lattice periodic function that can be expanded in Fourier series as
ui,k (r) =

X

ci,Gj · eiGj r ,

(2.10)

j

where Gj denotes vectors in the reciprocal lattice. By comparing Eqs. 2.9 and 2.10 we
arrive to
X
ϕi,k (r) =
ci,k+Gj · ei(k+Gj )r .
(2.11)
j

In Eq. 2.11 j can be infinite which cannot be handled numerically. Hence a cutoff in the
expansion is need to be determined. In practice, jmax is determined via a predefined cutoff
energy (Ecutoff ) as
~2
|k + Gj |2 < Ecutoff .
(2.12)
2m
for all values of j implying jmax to be finite. The expansion and hence the wavefunctions
min
[ϕi,k (r)] is said to be convergent employing a certain Ecutoff
if calculational results show
negligible variation by increasing Ecutoff . With respect to calculational costs Ecutoff should
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min
be minimized (Ecutoff
) in order to reach the most efficient calculational setup but not to
violate the convergence of the wavefunction.
However, for modeling wavefunctions of core electrons near the nuclei the employed
cutoff energy should be greatly increased to reach sufficient accuracy in description of
high-frequency wavefunctions near the nuclei increasing the computational demands. To
avoid this, pseudopotentials have been introduced. Pseudopotential of an atom contains
the potential of the corresponding free nucleus screened by its core electrons (frozen core
approximation). In this approach, valence electrons moving in an effective potential are described by pseudo-wavefunctions which are smooth functions within a closed region around
the nuclei while exhibiting PW nature out of this region. Deficiency of this approach is the
violation of the core electron states cannot be described, not even the effect of the crystal
field. Consequently, pseudopotential technique may result in false physical quantities near
the nuclei, for instance, the Fermi contact term of the hyperfine interaction (discussed in
Subsection 2.4.2).
In order to reconstruct the all-electron system in the vicinity of the nuclei more accurately, Blöchl introduced the so-called Projector Augmented Wave (PAW) method [71].
In this framework, single particle wavefunctions (ϕi ) as yielded by DFT calculations (see
Subsection 2.3.2) are separated into two parts: within a designated region around the nuclei (PAW sphere) a pseudo wavefunction is considered which is smooth in any region (and
P
hence can be expanded in PW) and can be expressed as |ϕ̃i i = j cj |ϑ̃j i, while out of the
P
PAW sphere the original |ϕii = j dj |ϑj i wavefunction is taken into account. In these expansions |ϑj i and |ϑ˜j i are the all-electron and pseudo partial wavefunctions, respectively,
localized to the atoms and quantum numbers n, l, m along with the atomic coordinates
are merged into j. While inside the PAW sphere all-electron partial wavefunctions of |ϑj i
are obtained as solutions of the Schrödinger equation for an isolated atom, |ϑ̃i i can be
any smooth function, e.g. linear combination of polynomials or Bessel functions. Linear
transformation between the atomic and total wavefunctions are identical as |ϑj i = T̂ |ϑ̃j i
and |ϕi i = T̂ |ϕ̃i i, respectively, implying cj = dj in the previous expansions. Here I note
that |ϑj (r)i = |ϑ̃j (r)i for all j and |ϕi (r)i = |ϕ̃i (r)i for all i and hence T̂ = 1 in case of
|r| > |R|, where |R| is the radius of the PAW sphere. Owing to the linearity, coefficients
can be defined via projectors (p̃j ): cj = hp̃j |ϕ̃j i with hp̃j |ϕ̃k i = δjk .
The method described here is depicted in Fig. 2.3 and summarized in Eq. 2.13.

|ϕi = T̂ |ϕ̃i = |ϕ̃i −

X
j

|ϑ̃j i hp̃j |ϑ̃i +

X

|ϑi i hp̃j |ϕ̃i = |ϕ̃i +

j

(|ϑij − |ϑ̃j i) hp̃j |ϕ̃i (2.13)

X
j
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Figure 2.3: Symbolic equation of the PAW model where each pictogram can be associated with
terms in Eq. 2.13, respectively. Boxes stand for the supercell, balls represents the PAW spheres
where pseudo atomic wavefunctions (white balls) are exchanged by total atomic wavefunctions
(red balls).

and with Eq. 2.13 the transformation operator can be expressed as
T̂ = 1 +

X

(|ϑij − |ϑ̃j i) hp̃j | .

(2.14)

j

Matrix element of an observable (B) can be determined as follows
bi = hϕi | B̂ |ϕi i = hϕ̃i | T̂ † B̂ T̂ |ϕ̃i i ,

(2.15)

with the expectation value of B = ni=1 bi , where n is the number of electrons. In this
way, bi can be obtained in to ways: transforming the calculated pseudo wavefunction |ϕ̃i i
into the real one |ϕi i and taking the expectation value of B̂, or transforming B̂ as T̂ † B̂ T̂
to obtain the pseudo-B̂ operator and than taking the expectation values with the pseudowavefunction |ϕ̃i i which is in turn more effective.
Here I emphasize that although the PAW model is described here in the frozen core
approximation one can go beyond it [71] giving the opportunity to evaluate crystal fielddependent physical properties within the PAW spheres as well.
P

2.3

Approximations of the electronic structure

In order to describe a many-particle system, time independent Schrödinger equation as
ĤΦ({ri }; {RI }) = E0 Φ({ri }; {RI })

(2.16)

has to be solved yielding the total wavefunction Φ({ri }; {RI }) of the system as function
of the electronic coordinates {ri } and nuclear coordinates {RI } with i = {1...n} and
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I = {1...N }, where n and N are the total number of electrons and nuclei of the system,
respectively. Eigenvalue of the Hamiltonian Ĥ gives the corresponding total energy (E0 ).
Hamiltonian Ĥ of the system can be written as
Ĥ = T̂el + T̂nuc + V̂el-el + V̂nuc-nuc + V̂nuc-el ,

(2.17)

where T̂el , T̂nuc stands for the kinetic energy of the electrons and nuclei, respectively, while
V̂el-el , V̂nuc-nuc represents the electron-electron, nucleus-nucleus Coulomb repulsion, respectively, and V̂el-nuc denotes the Coulomb attraction between the electrons and nuclei. These
operators can be formulated as follows
T̂el =

n
X
i

T̂nuc =

~
∆i ,
2me

(2.18)

~
∆I ,
2MI

(2.19)

N
X
I

V̂el-el =
V̂nuc-nuc =
V̂el-nuc

n X
n
e2
1 X
,
4π0 i=1 j>i |ri − rj |

(2.20)

N X
N
1 X
ZI ZJ e2
,
4π0 I=1 J>I |RI − RJ |

(2.21)

N
n X
−ZJ e2
1 X
.
=
4π0 i=1 J=1 |ri − RJ |

(2.22)

In Eqs.2.18-2.22 me and e stand for the mass and charge of the electron, respectively. Mass
and atomic number of the Ith nucleus are represented by MI and ZI , respectively and 0
is the vacuum permittivity.
After establishing the appropriate model, electronic structure calculations can be launched
aiming to calculate the eigenvalues and eigenfunctions of the corresponding Schrödingerequation. However, to this end, employing a series of approximations is crucial and still
part of intense research since exact calculation and storage of the total wavefunction requires enormous computational costs. For instance, considering only a 10 atom supercell
one needs 10·3 = 30 coordinates to determine atomic positions. Along with this, taking 4
valence electron per atom explicitly (e.g. Si or C PAW projectors) requires 10·4·3 = 120
electronic coordinates. Since number these coordinates serves as degree of freedom of this
10 atom system, 30 + 120 = 150 dimensional space is required for the description of the
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total wavefunction even though PAW framework has already been included. Since numerical solution of Schrödinger equation is inevitable, spacing of each degree of freedom is
required in order to obtain numerical results. Taking only 10 points in each degree of freedom yields 10150 numbers. By assuming the ideal case that a single number can be stored
in the volume of 1 Å3 = 10−30 m3 , storage volume of 10150 ·10−30 = 10120 m3 is needed for
10150 number which is obviously inapplicable.
The most straightforward simplification of the (N + n) particle wavefunction is to obtain Φ({ri }; {RI }) as the product of an N - and an n-particle wavefunctions called BornOppenheimer (BO) or adiabatic approximation as discussed in Subsection 2.3.1. Although
the problem formulated by Eq. 2.24 is significantly alleviated by the BO approximation,
calculation of E0 and Φ({ri }; {RI }) is still overmuch complicated and hence further approximations need to be introduced. A straightforward method has been applied successfully
in the past decades that is decoupling of the n-electron part of Φ({ri }; {RI }) into n pieces
of independent single particle wavefunctions establishing the one electron picture. Methods using the one-electron approximation can be divided basically into two groups: the
Hartree-Fock(HF) method- and the Density Functional Theory(DFT)-based algorithms.
For the calculations I used DFT hence this approach is described in Subsections 2.3.2-2.3.6
in detail.

2.3.1

Born-Oppenheimer approximation

Computational costs of processing the total wavefunction [Φ({ri }; {RI })] of a many-particle
system can be highly reduced by separating Φ({ri }; {RI }) to an electronic [Ψ({ri })] and
a nuclear part [Θ({RI })] as formulated by the BO approximation. Physical basis of BO
approximation relies on the orders of magnitude higher velocity of the electrons (∼ 105 −
106 ms ) than that of the nuclei (∼ 102 − 103 ms ) originating from the ∼ 103 − 104 order of
magnitude difference between the electron and nuclear mass. In this way, stationary states
of the electrons follows immediately the movement of the nuclei.
After separating Φ({ri }; {RI }) as
Φ({ri }; {RI }) = Ψ({ri }) · Θ({RI }),

(2.23)

Schrödinger equation (Eq. 2.24) takes the form of
Ĥ[Ψ({ri }) · Θ({RI })] = E0 [Ψ({ri }) · Θ({RI })].
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(2.24)

Since Ψ({ri }) can be determined in all nuclear configurations, it only depends on the
momentary positions of the nuclei ({RI }) and not on their movement. In other words
Ψ({ri }) can be adiabatically decoupled from Θ({RI }). In this way, Ψ({ri }) contains nuclear
positions as parameters which are denoted henceforward in the subscript [Ψ{RI } ({ri })]. As a
consequence, ground state of the system can be determined by minimizing the total energy
of the system (Etot ) with respect to the nuclear configuration called geometry optimization
or relaxation. Here I note that Etot of any excited state can also be calculated via geometry
relaxation by constraining the electronic structure of the excited state in issue. Excited
state calculations are discussed in Subsection 2.3.6 in detail. Total energy of the system in
any nuclear configurations {RI } and for both ground and excited states can be calculated
by
nuc
el
,
(2.25)
+ Etot
Etot = Etot
el
stands for the total electronic energy that can be calculated as follows
where Etot
el
(T̂el + V̂el-el + V̂nuc-el )Ψ{RI } ({ri }) = Etot,{R
Ψ{RI } ({ri }),
I}

(2.26)

where T̂el , V̂el-el and V̂nuc-el are defined by Eqs. 2.18, 2.20 and 2.22, respectively, and {RI }
el
el
in the subscript of Etot,{R
implies that Etot
also depends on the nuclear coordinates.
I}
nuc
in Eq. 2.25 is the total nuclear energy that can be calculated by
On the other hand Etot
considering the nuclei as quantum harmonic oscillators embedded into an average potential
field with the Schrödinger equation of
nuc
(T̂nuc + V̂nuc-nuc )Θ({RI }) = Etot
Θ({RI })

with the energy of

3N −6
nuc
Etot

= Unuc-nuc +

X
f

1
nf +
,
2

(2.27)

!

~ωf

(2.28)

where Unuc-nuc is the eigenvalue of operator V̂nuc-nuc . Summation in Eq. 2.28 goes over the
3N degrees of nuclear freedom (f ) as displacements of all N nuclei in the 3 independent
x, y, z direction. In other words, total nuclear kinetic energy can be treated as the sum of
the kinetic energy of 3N independent harmonic oscillators with frequencies of ωf and occupation numbers of nf . However, in a solid state harmonic oscillators are coupled reducing
the degrees of freedom by 6 from which 3 correspond to translation along x, y, z direction
and 3 correspond to the rotation about x, y, z axes of the entire crystal.
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nuc
Substituting Etot
into Eq. 2.25 total energy of the system can be written as
3N −6

Etot =

el
Etot

+ Unuc-nuc +

X
f

~ωf

1
nf +
2

3N −6

!

= E(Q) +

X
f

1
nf +
,
2
!

~ωf

(2.29)

where Q is the configurational or generalized coordinate of the nuclei obtained with the
unification of all {RI } nuclear coordinates and E(Q) is the 3N -dimensional containment
potential in the field of electrons in a particular electronic state called adiabatic potential
energy surface (APES). For vibronically noninteracting electronic states with respect to
small deviation of Q from the equilibrium (Q = 0) APES is parabolic as shown in Fig. 2.4.

Figure 2.4: APESs for two, not vibronically coupled electronic states for small nuclear displacements in the (a) x − y and (b) x direction in harmonic approximation. Minima of the parabolae
represent the equilibrium configurations and horizontal lines illustrate the possible energy levels.

Validity of BO approximation covers up to cases where [74]
~ω  Ei (Q = 0) − Ej (Q = 0)

(2.30)

for all Ei/j (Q = 0), where Q = 0 represents the equilibrium position of the nuclei in a
particular electronic state, i.e. where E(Q) is minimal. In other words, BO approximation
is valid when lattice vibrations are not able to induce electronic transitions. However,
BO approximation might fail in case of degenerate or pseudo-degenerate electronic states
where vibronic (electron-phonon) coupling (discussed in Subsection 2.4.4) may take place
introducing conical intersection(s) and even distortion to the APES.
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2.3.2

Density Functional Theory

As mentioned in the introduction of Section 2.3, DFT is a one-electron approach treating
the n-coordinated wavefunction Ψ{RI } ({ri }) as product of n-pieces of independent oneelectron wavefunctions [ϕi (ri )] as
Ψ({ri }) =

n
Y

ϕi (ri ),

(2.31)

i=1

where (and from now on) subscript {RI } of Ψ{RI } ({ri }) is ignored. However, a closer
inspection on Eq. 2.31 implies Ψ({ri }) disobeying the Pauli exclusion principle for fermions.
To overcome this issue, Slater-determinant of Ψ({ri } was introduced [75] as
χ1 (x1 ) χ1 (x1 ) χ2 (x1 )
χ1 (x2 ) χ1 (x2 ) χ2 (x2 )
1
Ψ({xi }) = q
..
..
..
.
.
.
(n)!
χ1 (xn ) χ1 (xn ) χ2 (xn )

. . . χn (x1 )
. . . χn (x2 )
,
..
..
.
.
. . . χn (xn )

(2.32)

exhibiting the antisymmetry property required by the Pauli exclusion principle for fermions.
In Eq. 2.32 χj (xi ) refers to the spin-orbital wave function of the jth one-electron in coordinates of xi = (ri , σi ), where σi stands for the spin state. In DFT, rather electron
density than wavefunction is employed for solving the Schrödinger-equation (Eq. 2.24).
Total electron density [ρ(r)] is defined as
ρ(r) =

n
X

|ϕ(ri )|2 ,

(2.33)

i=1
+∞
with the property of −∞
ρ(r)dr = n. In Eq. 2.33 ϕ(ri ) is the one-electron orbital wavefunction and its connection to the Slater determinant (Eq. 2.32) can be written as χj (xi ) =
ϕj (ri )s(σi ), where s(σi ) = {α(i), β(i)} representing spin ↑ and ↓, respectively.
Hamilton operator of fermions can be defined by Eq. 2.26, however, for the recent
derivation it is more suitable to write

R

Ĥ = T̂ + Ŵ + V̂ ,

(2.34)

where T̂ is the kinetic energy operator, Ŵ stands for the electron-electron Coulomb potential. The external potential (arising from the nuclei in case of solid states) represented by V̂
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in Eq. 2.34 unambiguously defines the ground state electron density ρGS (r) resulting from
the Hohenberg-Kohn theorem [76], i.e. if ρGS (r) = ρ0GS (r), than V (r) = V 0 (r) + C, where C
is a constant, valid for also degenerate ground states. According to the second HohenbergKohn theorem (or the variational principle) energy functional of the many-electron system
defined as
Z
E[ρ(r)] = hΨ| T̂ + Ŵ + V̂ |Ψi = FHK [ρ(r)] + V (r)ρ(r)dr,
(2.35)
takes its minimum value if and only if ρ(r) = ρGS (r). In Eq. 2.36 FHK [ρ(r)] is the HohenbergKohn universal functional defined as FHK [ρ(r)] = T [ρ(r)]+W [ρ(r)], where T [ρ(r)] = hΨ| T̂ |Ψi
and W [ρ(r)] = hΨ| Ŵ |Ψi depending only on the number of electrons n and independent
from the external potential. In this way, the goal is to minimize the E[ρ(r)] with respect to
V (r). Employing the Lagrangian multiplier method on the variational principle we arrive
to

Z

δ E[ρGS (r)] − µ
ρGS (r)dr − n = 0,
(2.36)
where µ is the Lagrangian multiplier with an essential physical meaning, i.e. µ is the
R
chemical potential. In Eq. 2.36 constraint of ρGS (r)dr = n is used. From Eq. 2.36 one can
obtain the Euler-Lagrange equation of DFT as
µ=

δF [ρGS (r)]
δE[ρGS (r)]
= V (r) +
.
δρ(r)
δρ(r)

(2.37)

Consequently, once F [ρGS (r)] is known, ρGS can be determined. However, F [ρGS (r)] is not
known in general. A number of approaches have been developed in order to handle this
issue (e.g. Levy-Lieb approach [77] or the Thomas-Fermi approximation [78]), however
concept developed by Kohn and Sham [79] has been proven to be the most applicable.
In the Kohn-Sham (KS) framework of DFT effective Hamiltonian of a many-electron
R
system can be written as Ĥeff = T̂eff + V̂eff , where Veff [ρ(r)] = ρ(r)Veff (r)dr is an effective
external field containing the external (nuclear) potential and also the electron-electron
Coulomb potential. In this way, electrons that can be described by this Hamiltonian are
considered as non-interacting independent quasi-particles moving in the effective potential
of Veff (r), called KS electrons, allowing the total wavefunction to be described by a single
Slater-determinant. However, Ĥeff is required to yield the same ρGS (r) as in the interacting
case. Within the KS framework the universal functional can be expressed as
FKS [ρ(r)] = Teff [ρ(r)] + Veff [ρ(r)] −
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Z

ρ(r)V (r)dr,

(2.38)

where
Veff [ρ(r)] = J[ρ(r)] + Exc [ρ(r)] +
In Eq. 2.39

Z

ρ(r)V (r)dr.

(2.39)

1 e2 ZZ ρ(r)ρ(r0 )
drdr0
J[ρ(r)] =
2 4π0
|r − r0 |

(2.40)

is the Hartree energy arising from the classical Coulomb interaction between the electrons and Exc [ρ(r)] represents the exchange-correlation energy term originating from the
quantum Coulomb effects and from the difference between the kinetic energies of the interacting and non-interacting systems (T [ρ(r)]−Teff [ρ(r)]). By invoking the external potential
of V [ρ(r)] the energy functional of the system can be formulated as
E[ρ(r)] = Teff [ρ(r)] + J[ρ(r)] + Exc [ρ(r)] + V [ρ(r)].

(2.41)

By variating Eq. 2.41 with respect to ρ(r) we arrive to the direct spatial dependence of Veff
as
δJ[ρ(r)] δExc [ρ(r)]
e2 Z ρ(r0 )
Veff (r) = V (r) +
+
= V (r) +
drdr0 + Vxc (r),
δρ(r)
δρ(r)
4π0 |r − r0 |

(2.42)

where Vxc (r) is the exchange-correlation potential. Substituting the obtained form of Ĥeff
into the Schrödinger-equation (Eq. 2.24), KS equations can be obtained as
ĥϕi (r) = εi ϕi (r),

(2.43)

where ϕi (r) are the orbital wavefunctions of the KS quasiparticles and




~
e2 Z ρ(r0 )
ĥ =  −
∆ + V (r) +
drdr0 + Vxc (r).
2m
4πε0 |r − r0 |

(2.44)

Here I note, that functions of ϕi (r) are virtual functions with no explicit physical meaning as discussed later in this Subsection. System of equations described by Eq. 2.43, i.e.
the KS equations can be solved self-consistently as depicted in Fig. 2.5. Process of the
self-consistent iteration is stopped when difference between the total energies (Etot [ρ(r)])
obtained in the (k − 1)th and kth falls below a predefined threshold.
Including spin to the system, electron density is calculated separately in the two spin
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Figure 2.5: Schematic representation of obtaining observables from the starting wavefunctions by
solving the KS equations self-consistently. Dashed lines represent entering, exiting or restarting
the SCF cycle.

channels as
ρσ (r) =

n
X

|ϕiσ (r)|2

(2.45)

i=1

In the case of spin polarized calculations Hamiltonian of KS equations ĥ also changes, i.e.
ĥ becomes spin-dependent (ĥσ ) through the exchange-correlation potential. Accordingly,
ĥσ can be expressed as




~
e2 Z ρ(r0 )
ĥσ =  −
∆ + V (r) +
drdr0 + Vxcσ (r)
2m
4πε0 |r − r0 |

(2.46)

yielding spin dependent KS one-electron energies εσi . In Eq. 2.46
Vxcσ (r) =

σ
δExc
[ρ↑ (r), ρ↓ (r)]
,
δρσ (r)

(2.47)

σ
where, however, exact form of Exc
[ρ↑ (r), ρ↓ (r)] is unknown. Since eigenvalues of all other
terms in Eq. 2.46 can be exactly calculated one main challenge of DFT is to obtain suitable
σ
approximation for Exc
[ρ↑ (r), ρ↓ (r)]. In Subsections 2.3.3 - 2.3.5 the applied approaches for
exchange-correlation functional are discussed.
Note that, by including the described wavefunction models as discussed in Subsec-
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tion 2.2.3 Eq. 2.43, takes the form of
T̂ † ĥT̂ ϕ̃i (r) = εi T̂ † T̂ ϕ̃i (r),

(2.48)

where ϕ̃i (r) can be expanded in PW basis set, and T̂ can be determined employing the
PAW method. Observables then can be calculated as described by Eq. 2.15.
Although mathematical transformation of Schrödinger-equation into the KS equations
is unambiguous, attributing physical meaning to the obtained KS energies is not straightforward. Based on the following formula
εi =

δEtot [ρ(r)]
δni

(2.49)

as derived by Janak [80] variation of the total energy with respect to the occupation number
of the ith state yields the KS one-electron energy in the ith state. In Eq. 2.49 ni is the
P
2
occupation number of state i and can be defined as ρ(r) = m
i=1 ni |ϕi | , where m is the
P
total number of the occupied electronic states and n = m
i=1 ni . However, derivative of
Etot [ρ(r)] exhibits discontinuities at integer occupation numbers (derivative discontinuity)
which can be attributed to the term of Vxc (r) as pointed out by Levy and Perdew [81].
As a consequence, energy eigenvalues of the system (εi ) show a "jump" by variating the
total number of the electrons and hence corrupting the calculation of the magnitude of
the band gap in case of insulators (band gap discontinuity). This suggests that εi should
not exhibit real physical meaning. Here I note, that continuous approximations of the
exchange-correlation functional (discussed in Subec. 2.3.3) exhibit the lack of derivative
discontinuity impying the severe underestimation of the band gap [82].
However, the highest occupied level (HOMO) does possess physical meaning (at least in
case of exact [Vxc (r)] for finite systems) as it is equal to the negative of the first ionization
energy [83]. This statement is very similar to Koopmans’ theorem (KT) [84] formulated
within the HF framework, thus from now on I refer to this statement as DFT-Koopmans’
theorem (DKT).

2.3.3

Local and semi-local exchange-correlation functionals

Within the KS scheme of DFT local and semi-local approximations of Exc can be formulated, where Exc depends on ρ(r) and/or its derivatives.
The simplest approach proposed by Kohn and Sham [79] is the local (spin-)density
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approximation [L(S)DA] using the exchange-correlation energy of the (spin polarized) uniL(S)DA
form electron gas (UEG) in order to calculate Exc
as
LDA
[ρ(r)] =
Exc

LSDA
Exc
[ρ↑ (r), ρ↓ (r)]

=

Z

ρ(r)εUEG
xc [ρ(r)]dr

(2.50)

Z

ρ(r)εUEG
xc [ρ↑ (r), ρ↓ (r)]dr,

(2.51)

where the exchange-correlation potential can be written as VxcLDA [ρ(r)] = εUEG
xc [ρ(r)] for
UEG
stands for
LDA and VxcLSDA [ρ↑ (r), ρ↓ (r)] = εUEG
xc [ρ↑ (r), ρ↓ (r)] in case of LSDA, where εxc
the (spin-dependent) exchange-correlation energy per particle of an UEG with density of
ρ(r). Here I note that VxcL(S)DA is a local functional, since it depends only on the electron
density at position r. Exchange-correlation energy of the UEG can be separated for an exUEG
[ρ(r)]
[ρ(r)]. While the εUEG
[ρ(r)]+εUEG
change and a correlation part as εUEG
x
c
xc [ρ(r)] = εx
can be analytically expressed as
εUEG
[ρ(r)] = −
x

1
3e2
(3π 2 ρ(r)) 3 ,
4π

(2.52)

εUEG
[ρ(r)] can only approximated numerically. Accordingly, εUEG
[ρ(r)] have been generc
c
ated using various approaches yielding several LDA functionals, e.g. the Chachiyo functional [85], the Vosko-Wilk-Nusair (VWN) [86] functional or the Perdew-Zunger (PZ81) [87]
functional, and others [88, 89].
Application of L(S)DA may be successful in case of systems exhibiting slowly changing
ρ(r) in spatial coordinates, as simple metals containing delocalized electron system similar
to UEG. In order to treat the effect of changes in ρ(r) in a more accurate way, gradient of the
electron density can be introduced to to Exc establishing generalized gradient approximation
(GGA) of Exc as
GGA
Exc
[ρ↑ (r), ρ↓ (r)]

=

Z

f [ρ↑ (r), ρ↓ (r), ∇ρ↑ (r), ∇ρ↓ (r)]dr,

(2.53)

One of the most widespread implementations of the semi-local f is the PBE functional
developed by Perdew, Burke and Ernzerhof [28] which is used in my calculations.
Although GGA-based functionals show higher accuracy than the LDA-based ones, several deficiencies emerge such as self-interaction of the Kohn-Sham particles [87], the absence
of derivative discontinuity of the exchange-correlation potential at integer occupation numbers [81, 90, 91] and the qualitative errors appearing in highly correlated systems owing to
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the noninteracting treatment of electrons. These shortcomings result in underestimation
of band gaps of semiconductors and insulators [82] and over-delocalization of localized
states. Since these properties are crucial to be correctly reproduced in case of point defects
introducing deep levels to the band gap of SiC, further approaches are needed.

2.3.4

Hybrid density functionals

One way of getting improved description over local and semi-local approximations within
DFT is the use of hybrid functionals as developed by Axel Becke in 1993 [92]. In this
concept the exact (or Fock) exchange energy of the KS one-electrons is mixed with the
(semi-)local approximation of exchange energy of DFT while correlation energy is that of
hybrid
) can be written
yielded by GGA. In general, hybrid exchange-correlation energy (Exc
as follows
hybrid
Exc
= αExHF [Ψ(r)] + (1 − α)ExGGA [ρ(r)] + EcGGA [ρ(r)],
(2.54)
where
ExHF [Ψ(r)] = −

n ZZ
ϕ∗i (r)ϕj (r)ϕ∗j (r0 )ϕi (r0 )
e2 X
drdr0
4π0 i,j
|r − r0 |

(2.55)

is the Fock exchange energy known from the HF approximation. In Eq. 2.54 α is the mixing
parameter. In connection with the GGA-based PBE, the PBE0 [93] hybrid functional can
GGA
PBE
be obtained using the value of 0.25 for α and by replacing Ex/c
with Ex/c
. By using
α = 0.25 PBE0 is suitable for mainly description of sp hybrid states.
In hybrid functionals problematic treament of non-local exchange potential induced
the development of range-separated hybrid functionals. In the calculations I applied the
HSE06 range-separated hybrid functional developed by Heyd, Scuseria and Ernzerhof [29]
as described here. Range separation is achieved by introducing screened Coulomb-potential
in order to screen the long-range part of the Fock-exchange. In other words, the exact
exchange is mixed only short-range (sr) interactions, while for long-range (ls) interactions
the EXPBE,LR is used as follows

HSE06
= αEXHF,sr [Ψ(r)] + (1 − α)EXPBE,sr [ρ(r)] + EXPBE,lr [ρ(r)] + ECPBE [ρ(r)],
EXC

(2.56)

where α = 0.25. Range separation of the Coulomb potential reads as
1
1 − erf(ω) erf(ω)
=
+
,
r
r
r
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(2.57)

where the first and second terms are used to calculate sr and lr energies in Eq. 2.56,
respectively, with ω = 0.2 Å1 governing the range separation as argument of the gaussian
error function erf(x).
By employing hybrid functionals band gap of semiconductors and insulators containing
sp hybrid states are reproduced correctly (within the error of 0.1 eV [94]) along with the
proper localization of the one-electron wavefunctions. Although computational costs are
significantly higher using HSE06 than other LDA or GGA-based functionals (e.g. PBE), due
to its unique success HSE06 has become widely-used in quantum mechanical calculations.
However, screening of Coulomb potential is regardless to the character and energy of
the orbitals. As a consequence, systems containing sp hybrid states and strongly localized
d (or f ) orbitals (which is the case for TM impurities in SiC) a single α parameter is not
sufficient for the accurate and simultaneous descripiton of both the host and the impurity
states. To remedy this issue the hybrid-DFT + Vw scheme was introduced [95] as discussed
in Subsection 2.3.5.

2.3.5

The hybrid-DFT + Vw scheme

Accurate description of strongly correlated states is of high importance for TM impurities
in hosts containing sp states. In order to prepare LDA- and GGA-based (or collectively
DFT) functionals for treatment of such systems, DFT + U method was proposed [96–98].
Within this scheme the DFT energy functional (E DFT [ρ(r)]) is corrected by a Hubbard-like
on-site occupation dependent term for the case of highly-correlated d or f -states. Here I
discuss a widely used approach of the DFT+U method as proposed by Dudarev et al. [98].
In this framework, the total energy functional reads as
E

DFT+U

[ρ(r)] = E

DFT

[ρ(r)] +

X U DFT+U,I 
eff

2



2
nI,σ
nI,σ
m − (n
m ) ,

(2.58)

m,σ,I

where n σm stands for the diagonal on-site occupation matrix that is defined, in general, via
the overlap integral of each KS one-electron state (ϕi ) with the correlated orbitals φIm of
atom I as
X
n I,σ
hϕi |φIm i hφIm0 |ϕi i .
(2.59)
mm0 =
i
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DFT+U,I
In Eq. 2.58 the Hubbard-like on-site term can be expressed as Ueff
= U I − J I with

U I ≈ hφIm φIm1 | Ŵ |φIm0 φIm2 i

(2.60)

J I ≈ hφIm φIm1 | Ŵ |φIm2 φIm0 i ,

(2.61)

where m, m0 , m1 , m2 denote the projection of the orbital momentum quantum number used
to numbering the correlated states of atom I. The corresponding occupation dependent
effective potential for atom I can be formulated as the derivative of the total energy with
σ,I
as
respect to the diagonal element n σ,I
m of the occupation matrix n
VmDFT+U,σ,I (r)

=V

DFT

(r) +

DFT+U,I
Ueff



1
− n σ,I
m .
2


(2.62)

The second term only acts on the subset of the correlated states as the unoccupied correDFT+U,I
lated orbitals increase, whereas the occupied ones decrease the KS energies by Ueff
generating the so-called Hubbard-gap.
The hybrid-DFT + Vw technique was introduced as inspired by the standard DFT + U
framework [95]. By comparing hybrid-DFT and DFT + U methods one can conclude
that an on-site potential have already been included to the hybrid-DFT scheme (Uhybrid )
governed by the mixing parameter α. However, due to the universality of α for any oneelectron state in the investigated system, no specific on-site term is introduced for correlated
states, i.e. each KS state is treated by the same Uhybrid . In order to introduce correlated
state-specific on-site potential similar expression to that of Eq. 2.62 can be derived for a
single atom as follows


1
nσm ] = w
− n σm ,
(2.63)
Vw [n
2
DFT+U
where w = Ueff
− U hybrid is the strength of the correction potential.
Determination of w can be performed via first principles calculations by verifying that
the obtained hybrid-DFT + Vw functional obeys DKT [83] as discussed in the end of
Subsection 2.3.2. However, due to the enhanced self-interaction error in cases of highlycorrelated states DKT often fails yielding the non-Koopmans’ energy (ENK ) as

ENK = εHOMO − Ei = εHOMO − (En − En−1 ),

(2.64)

where En , En−1 are the energies of the n-electron and the (n − 1)-electron systems, respectively. Since w depends on the on-site potential that is atom specific, it has to be
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determined in each case when a defect with correlated states is investigated. To this end,
we can use the fact that the non-Koopmans’ energy varies linearly with w [95]. In this way
by linear extrapolation of the fitted curve on w(ENK ) datapoints obtained from ab initio
calculations, value of w(0 eV) can be obtained.

2.3.6

Excited state calculations: ∆SCF method

Describing optically excited states of solid state qubit- and single-photon emitter candidates is of high importance. Although DFT is valid only in the electronic ground state,
several approaches have been developed in the past years to handle excited states. In this
Subsection I give a brief review on the DFT-based ∆SCF (change in the self-consistent
field) method that I used for describing electronic excited states.
Within ∆SCF scheme the positions of the electrons are controlled by setting the occupation of the KS states by hand. In this way electron density of an excited state (e.g. the
lth excited state) can be constructed by promoting an electron from the highest occuped
(nth) state to a higher [(n + l)th] state in energy, that is [99]
ρex (r) =

n−1
X

|ϕ(ri )|2 + |ϕ(rn+l )|2 .

(2.65)

i=1

Solving the KS equations (Eq. 2.43) by using ρex (r) excitation energies might be obtained.
Since ∆SCF method lacks of theoretical underpinning, i.e. there are no analogues
of Hohenberg-Kohn theorems for excited states, accuracy along with convergence is not
granted. However, formal justification for general excited states was provided by Görling [100]. Accordingly, in order to describe general excited states a special unknown orbitaldependent exchange-correlation potential should be used. However, in practice, traditional
ground state exchange-correlation potentials are applied.
Although, ∆SCF method presents low computational costs and provides excitation energies matching surprisingly good with those yielded by the time-dependent DFT (TDDFT) [101]
or other well-justified approaches [99, 100, 102, 103], excitation to strongly delocalized KS
states are poorly described within this framework [99, 102]. Therefore, modifications of
∆SCF method have been developed (e.g. linear expansion of ∆SCF [99]). In case of the
investigated point defects introducing deep levels to the band gap of SiC excited states
are well-localized, hence traditional ∆SCF is able to describe (at least semi-quantitatively)
the excited state apart from convergence problems in certain cases and hence description
of other methods are beyond the scope of my thesis.
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2.4

Calculated physical quantities

After obtaining E[ρ(r)] and Ψ(r) expectation values of observables can be calculated. In
this Section, I describe the calculated physical quantities and their relevance in point defect
engineering.

2.4.1

Thermodynamical properties

Conditions of formation and stability of point defects and their charge states are of high
importance in order to control defect concentration and spin (or charge) state.
Concentration of single or complex point defects consisting of the atoms of {Xi } in
thermal equilibrium can be predicted via the formation energies that can be calculated as
follows [104]
µSi − µC − δµ
q
q
Eform
=Etot
− nSiC µSiC −
(nSi − nC )
2
(2.66)
X
−
nXi µXi + q(EF + EVBM ) + ∆V (q),
i
q
is the total energy of the defective system in charge state q; µSi , µC , µXi are
where Etot
chemical potentials of Si atom in bulk Si, C atom in diamond and defect atom(s) {Xi }
under appropriate conditions, respectively. In Eq. 2.66 EF stands for the Fermi-level, EVBM
represents energy of the valence band edge. If δµ is chosen to be the heat of formation of
SiC, i.e. δµ = µSiC − (µSi + µC ), then this provides the formation energy of defects under
stoichiometric conditions.
In case of supercell defect modeling, charged point defects may interact with its own
replicas embedded in the sorrounding supercells resulting in divergent total energy as
mentioned in Subsection 2.2.1. In order to overcome this self-interaction, jellium model
is applied introducing a uniformly smeared background charge obtaining a system with
overall neutral charge state. However, total energy needs to be corrected that is represented by the term ∆V (q) in Eq. 2.66. To this end, various charge correction schemes
have been introduced as the Makov-Payne [105], the Lany-Zunger [106] and the Freysoldt
methods [107]. The most simplified one is the Makov-Payne technique that extends the
Madelung model yielding the electrostatic energy of a periodically repeated point charge
within a jellium. In the Makov-Payne scheme not only point charges, but well-localized,
extended charge distributions can be treated yielding a correction term for the Madelung
energy. The Lany-Zunger technnique provides a more accurate formula for this correction
term, since it is calculated from the charge density difference of the neutral and charged
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system allowing the treatment of delocalized charge distributions. For the calculations I
used the Freysoldt method which can be reliably used for well-localized charge distribution, furthermore, character of the dielectric medium, i.e. the corresponding permittivity
tensor is also taken into account within this framework. Here I remark that the equivalence
of Makov-Payne and Freysoldt schemes have been demonstrated on charge distributions
embedded in vacuum [108].
Position of the Fermi-level where formation energies [Eq. 2.66] of two neighboring charge
states are equal, i.e.
q
q+1
Eform
= Eform

(2.67)

is called adiabatic charge transition level (Eq+1/q ). The expression for Eq+1/q can be derived
by expanding Eq. 2.67 using Eq. 2.66. By neglecting the identical terms in both sides one
may obtain

q
q+1
Etot
+ q(Eq+1/q + EVBM ) + ∆V (q) = Etot
+ (q + 1) · (Eq+1/q + EVBM ) + ∆V (q + 1) (2.68)

from which Eq+1/q can be expressed as
q
q+1
Eq+1/q = Etot
− Etot
+ ∆V (q) − ∆V (q + 1).

(2.69)

As a consequence, region between two charge transition levels corresponds to the stability
window of a given charge state of the defect that is crucial to know for quantum technology
applications. A typical graph of Eform (EF ) including the charge transition levels is shown
in Fig. 2.6.
Defects may be introduced during growth of the crystal. High quality silicon carbide is
typically grown via chemical vapor deposition (CVD) process that may be considered as a
quasi-equilibrium process. The concentration of a point defect in any charge state can be
then estimated in thermal equilibrium at the growth temperatures as the function of the
Fermi energy denoted as [Dq ](EF ). If the point defect forms different configurations (Dqi )
in the SiC lattice, then its concentration is the sum of the concentrations of the individual
P
configurations as [Dq ](EF ) = i [Dqi ](EF ). On the other hand [Dq ](EF ) can be calculated
by multiplying the number of possible defect sites per cm3 (NsD ) with the statistical weight
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q
Figure 2.6: Typical graph of Eform
(EF ), where EF falls into the [EVBM , ECBM ] region in case

of a semiconductor. Here EVBM and ECBM stand for the energies of the valence band maximum
and the conduction band minimum, respectively. Stability region of charge states and charge
transition levels along the x-axis are indicated.

ωDq coming from the spin multiplicity and with the Boltzmann factor as
1
[Dq ](EF ) = NsD
Z

X

Dq

E i (EF )
exp − form
,
kB T
!

(2.70)

i

where
Z =1+

X

Dq

ωDq

E i (Ef )
· exp − form
kB T

!

(2.71)

i,q

is the grand canonical partition function and the summation goes over all the individual
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defect configurations (i) and charge states (q) of defect D. In Eqs. 2.70 and 2.71 kB is the
Dq
Boltzmann constant and T is the temperature. For calculating Eform
(Ef ) (Eq. 2.66) Fermienergy has to be determined that can be performed via solving the neutrality equation as
follows
!
X
ECBM − EF
NC (T )exp −
+
|qD |[Dq ](EF ) =
kB T
D
q<0

EF − EVBM
NV (T )exp −
kB T
where

and

(2.72)

!

+

X

|qD |[D ](EF ),
q

D
q>0

2m∗e πkB T
NC (T ) = 2
h2

!3/2

2m∗h πkB T
NV (T ) = 2
h2

!3/2

(2.73)

(2.74)

are the effective densities of states of electrons in the CBM and holes in the VBM, respectively, and ECBM , EVBM label the conduction and valence band edges, respectively. The
electron and hole effective masses are denoted by m∗e and m∗h . In order to obtain Fermi
energy of the system, Eqs. 2.70 and 2.72 have to be solved self-consistently. For the calculations stochiometric ratio of C and Si atoms can be reasonably assumed. Since I have
carried out bulk calculations, SiC can be considered as an infinite host, thus band bending
near the surface and other kinetic effects were neglected.
Binding energies (Ebinding ) of defect complexes can also be useful in estimating their
concentrations. By using the formation energies of single defects A and B, binding energy
of the AB pair defect can be defined as
A
B
AB
Ebinding (EF ) = Eform
(EF ) + Eform
(EF ) − Eform
(EF ).

(2.75)

According to this definition Ebinding > 0 implies that the formation of AB complex is
favorable.

2.4.2

Magnetic properties

Magnetic splittings and the corresponding substates are of high importance in quantum
technology applications. Due to their uniqueness providing fingerprint to the corresponding
point defect, magnetic properties are very useful also in defect identification.
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In the KS equations (Eq. 2.43) no spin-related interaction have been explicitly introduced so far, however, KS Hamiltonian (Eq. 2.44) can be complemented by adding the
corresponding spin-Hamiltonians. In this Subsection, I describe spin-related intrinsic magnetic splittings in the electronic structure in the absence of external magnetic field, i.e.
calculation of the Zeeman effect is not discussed here.
Spin-orbit splitting
Fine structure of the electronic energy levels arises from the interaction between the electronic spin and its angular momentum called spin-orbit interaction (SOI). Hamiltonian
of the SOI can be derived from the relativistic Schrödinger equation, i.e. from the Dirac
equation as
ĤSOI =

1
1 ∂V (r)
L̂Ŝ = λL̂Ŝ,
2
2(me c) r ∂r

(2.76)

where me is the mass of the electron, c is the speed of light, L̂ = i~(r×∇) and Ŝ = ~2 (σ̂x , σ̂y , σ̂z )
(σ̂i are the Pauli matrix operators) stand for the angular momentum and spin operators,
respectively. In Eq. 2.76 V (r) = eU (r), where U (r) is the spherical electric potential field
felt by the electron and λ is the SOI constant. Spherical potential field is a good approximation for isolated atoms, however in case of systems with a reduced symmetry, i.e. in
solids, λ become a 3 × 3 matrix implying that the potential is different in each direction.
Since ĤSOI is required to obey the symmetry point group of a crystal λ can be diagonalized
with the eigenvalues of λxx , λyy and λzz . Under C3v symmetry the diagonal terms of λ are
λxx = λyy = λ⊥ and λzz = λk , while under Td symmetry λxx = λyy = λzz and hence λ is
isotropic.
By rewriting the L̂Ŝ term in Eq. 2.76 introducing the total electronic angular momentum operator as Ĵ = L̂ + Ŝ one may obtain
1
1
L̂Ŝ = (Ĵ2 − L̂2 − Ŝ2 ) = [J(J + 1) − L(L + 1) − S(S + 1)],
2
2

(2.77)

where J(J+1), L(L+1) and S(S+1) are eigenvalues of operators Ĵ2 , L̂2 and Ŝ2 , respectively.
Since J can take the values of J = |L − S|, |L − S| + 1, ..., L + S, ĤSOI splits the energy
levels of fixed L and S with respect to J as depicted in Fig. 2.7.
Calculation of the SO coupling can be carried out within the non-collinear magnetism
approximation [109] as implemented in Vienna An Initio Simulation Package (VASP) [110].
By complementing the KS Hamiltonian (Eq. 2.44) with ĤSOI , total energy as well as the KS
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electron energies may be modified. In this way matrix elements of ĤSOI can be calculated
and hence SO splittings can be explicitly determined.
Hyperfine interaction
Introducing nuclear spins to the system further may further splits the electronic structure
yielding the hyperfine (HF) structure. The notation hyperfine refers to the typically 3 orders
of magnitude difference between SOI and HF splittings, where the latter is smaller. Nuclear
spins in solid states may be coupled to electronic angular momenta or spins establishing
the HF interaction. The corresponding Hamiltonian can be formulated as
ĤHF = ÎAĴ,

(2.78)

where Iˆ and Jˆ stand for the nuclear spin operator and the total electronic angular momentum, respectively, and A is the hyperfine tensor. Similarly to the SO sublevels, HF
sublevels are addressed by the total angular momentum as F̂ = Î + Ĵ with the eigenvalues
of F = |J − I|, |J − I| + 1, ..., J + I. In this way term of ÎĴ can be rewritten as
1
1
ÎĴ = (F̂2 − Î2 − Ĵ2 ) = [F (F + 1) − I(I + 1) − J(J + 1)],
2
2

(2.79)

where eigenvalues of operators F̂2 , Î2 and Ĵ2 are F (F +1), I(I +1) and J(J +1), respectively.
Consequently, degenerate state in F corresponding to fixed I and J quantum numbers are
split by ĤHF as shown in Fig. 2.7.
If SO coupling between the electronic orbital momentum and nuclear spins are negligible
HF interaction can be reduced to the interaction between the electron and nuclear spins
and ĤHF can be expressed as
ĤHF = ÎAŜ,
(2.80)
where the HF tensor can be decoupled to an isotropic and an anisotropic term as A = Aiso + Aani ,
where
Z
2µ0 γI γe
Aiso
=
δ
δ(r − RI )ρs (r)dr.
(2.81)
ij
ij
3 hStot i
is the so-called Fermi contact term arising from the HF interaction between the nucleus
and the electrons at the corresponding nuclear position, and
Aani
ij

µ0 γI γe Z
3(r − RI )i · (r − RI )j − δij |r − RI |2
=
ρs (r)dr
dr
4π hStot i
|r − RI |5
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(2.82)

is the anisotropic dipole-dipole term. In Eqs. 2.81 and 2.82 hStot i denotes the expectation
value of the electron spin exhibited by the net spin density of ρs (r) = |ρ↑ (r) − ρ↓ (r)|, γI
and γe are the gyromagnetic (or magnetogyric) ratios of the Ith nucleus in the position of
RI and the electron in the position of r, respectively, and µ0 is the vacuum permeability.
Nuclear and electronic gyromagnetic ratios can be determined as follows
γI =

gI µN
~

γe =

ge µB
,
~

(2.83)

where gI is the nuclear g-factor of the Ith nucleus and ge stands for the electron g-factor,
µN and µB are the nuclear and Bohr-magnetons, respectively.
The HF tensor A can be diagonalized under the symmetry of the corresponding system. For C3v symmetry the eigenvalues of A or in other words the HF constants are
Axx = Ayy = A⊥ and Azz = Ak , similarly for λ. Energy of the HF substates can be
determined by taken into account ĤHF in the KS equations (Eq. 2.43).

Figure 2.7: Schematic figure of fine and hyperfine electronic structure of the n = 1, 2 energy
levels of the H atom. Due to the central potential field SO constant λ is scalar, while in case of
n = 1, L = 0 and hence the HF tensor is also a scalar for this state, notwithstanding in case of
L = 1, when it is a tensor. Energy splittings of SOI and HF interaction are calculated by using
Eqs. 2.76 - 2.77 and 2.78 - 2.79, respectively.
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Zero-field splitting
Zero-field splitting (ZFS) in the electronic structure appears in the absence of external
magnetic field and spin-active nuclei. Thus, ZFS involves two contributions: the direct
dipolar spin-spin interaction between electron pairs and the previously discussed SOI. Here
I discuss the spin-spin contribution (SOI interaction was described earlier in this Section)
which can be comparable to that arising from the SOI. The corresponding Hamiltonian
reads as
ĤZFS = ŜT DŜ,

(2.84)

where D is the so-called D-tensor. For calculating the D-tensor I have utilized the housebuilt code developed by Ivády et al. [111]. In this implementation, elements of the D-tensor
are determined via the two-particle density matrix that is defined as
1
ρ(2) (r1 , r2 ) = |ϕi (r1 )ϕj (r2 ) − ϕi (r2 )ϕj (r1 )|2 ,
2

(2.85)

where ϕi/j (r1/2 ) are KS eigenfuctions. With this Dab elements of the D-tensor can be
calculated as follows
µ0 2
Dab =
γ
4π e

n
X

χij

ZZ

|r2 − r1 |2 δab − 3(r2 − r1 )a · (r2 − r1 )b
ρ (r1 , r2 )
dr1 dr2 ,
|r2 − r1 |5
(2)





i<j

(2.86)
where the summation goes over every pairs of occupied KS states and χij is +1 for parallel
and -1 for antiparallel spins. By an inspection to Eq. 2.86 one may notice that ZFS emerges
only in cases when S ≥ 1.
Hamilton operator of ZFS (Eq. 2.84) can be rewritten by using the diagonalized form
of the D-tensor as
D=

Dxx Sx2

+

Dyy Sy2

+

Dzz Sz2

=D



Sz2

1
+ S(S + 1) + E(Sx2 + Sy2 ),
3


(2.87)

where S 2 = Sx2 + Sy2 + Sz2 , D and E are the ZFS parameters used to characterize the
D-tensor and can be expressed as
3
D = Dzz
2

E=
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Dxx − Dyy
,
2

(2.88)

where Dxx , Dyy and Dzz are the eigenvalues of the D tensor. Under C3v symmetry Dxx = Dyy
implying E = 0 and hence E provides a measure for geometry distortion from C3v symmetry, e.g. in case of C1h symmetry. Here I note that, D and E parameters as well as ĤZFS
1
should be multiplied by the term of C = hStot i(2hS
[112]. In particular, hStot i = 12 for
tot i−1)
vanadium and hence no ZFS occurs, while hStot i = 1 for divacancy and NV center implying
C = 1.

2.4.3

Optical emission and absorption spectra

Application of optical qubit manipulation requires knowledge on the photon absorption and
emission spectra of the corresponding solid state qubit. Both absorption and emission imply
electronic dipole transition between two well-determined states, i.e. ground state (GS) →
excited state (ES) for absorption and ES → GS in case of emission or, in other words,
photoluminescence (PL). If no lattice vibrations (phonons) are involved in the transition
(zero-phonon transition) than the transition energy, i.e. the position of the zero-phonon line
(ZPL) in the PL or absorption spectra (see in Fig. 2.8) can be calculated as the difference
of the ES and GS total energies as EZPL = EES − EGS . In order to obtain EES by DFT I
employed the ∆SCF method as described in Subsection 2.3.6.
A semi-classical theory of electronic transitions using the BO approximation (see in
Subsection 2.3.1) as fundamental assumption was developed by Franck and Condon [113,
114] referred as Franck-Condon (FC) principle. In the FC principle electronic transitions
are assumed to be orders of magnitude faster then relaxation of the lattice structure from
the GS equilibrum geometry to that in the ES. At T = 0 K the luminescence spectrum,
i.e. the absolute limunescence intensity with respect to the photon energy [I EM (~ω)] can
be expressed as [115]
I

EM

(~ω) = C

EM

ω 3 µ2EG

X

n
Θm
ES (Q) ΘGS (Q)

2

m
n
δ(EES
− EGS
− ~ω),

(2.89)

n,m

where the transitions from the corresponding vibronic substates of the ES (m) to those of
the GS (n) (as depicted in Fig. 2.4) are also considered establishing the phonon sideband
(PSB) besides the ZPL in the PL spectrum (see Fig. 2.8). If m = n = 0, I EM (~ω) denotes
the lineshape of the the ZPL. In Eq. 2.89 µ EG is the corresponding matrix element (which
is now a three component vector with the length of µEG ) of the transition dipole moment

51

operator, µ̂ EG = q

P

j

r̂j defined as




µ EG = ΨES (ri ) µ̂ EG ΨGS (ri ) .

(2.90)

and ~ω is the photon energy. The prefactor ω 3 in Eq. 2.89 consists of the photon density
of states (DOS) causing spontaneous emission (∼ ω 2 ) and the perturbing field of those
photons (∼ ω). In contrast, the absorption spectrum is related linearly to ω since no spontaneous emission is involved in this case. Thus the absorption spectrum can be expressed
as
I

ABS

(~ω) = C

ABS

ω

X



µ2EG

Θn=0
GS (Q)

2

Θm
ES (Q)

m
n=0
δ(EES
− EGS
− ~ω),

(2.91)

n=0,m

where, however, n = 0 owing to the no-phonon modes in the ground state at T = 0 K.
In Eqs. 2.89 and 2.91 C EM and C ABS are the corresponding constants of the emission and
absorption, respectively. By normalizing I EM/ABS (~ω) one may obtain the probability density function (PDF) of the corresponding electronic transition for both emission (Eq. 2.92)
and absorption (Eq. 2.93) as
PES→GS (~ω) =

µ2EG

X

Θm
ES (Q)

2

ΘnGS (Q)

m
n
δ(EES
− EGS
− ~ω),

(2.92)

n,m

PGS→ES (~ω) =

µ2EG

X

Θn=0
GS (Q)

Θm
ES (Q)

2

m
n=0
δ(EES
− EGS
− ~ω).

(2.93)

n=0,m

In Eqs. 2.89 and 2.91 - 2.93 the overlapping integral of the GS and ES vibrational states
n
denoted by Θm
ES (Q) and ΘGS (Q), respectively, is called the FC factor, however determining
its value may be a difficult task.
To this end, I employed the so-called Huang-Rhys (HR) approximation [115, 116] as
implemented by Thiering [117]. In the HR framework three basic assumptions are established as: (i) normal modes and (ii) vibrational frequencies are identical in the GS and ES,
and (iii) the equilibrium configuration is shifted by ∆Y in the ES with respect to the GS
nuclear configuration. Generalized nuclear configuration weighted by the nuclear masses
1
(Y) can be defined as Y = M 2 X, where X = (R1 , ..., RN ) = (X1 , Y1 , Z1 , ..., XN , YN , ZN )
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is a vector constructed by the nuclear coordinates and




M1

M=















M1
M1
M2

..

.
MN















(2.94)

is the mass tensor. Using this definition the partial HR factor (S) can be calculated as the
scalar product of the normal vectors of mode k (Y0k ) and the displacement vector of ∆Y
as
Sk = (∆YT Y0k )2 .
(2.95)
By Eq. 2.95 the (total) HR factor (S) can be defined as
S=

3N
−6
X

(2.96)

Sk .

k

While the partial HR factor indicates the weight of phonon mode k in the corresponding
electronic transition, total HR factor gives a measure for the strength of the overall electronphonon coupling. Accordingly, in case of S = 0 no phonon sideband 
appears in the PL

n
Θ
(Q)
spectrum, only the ZPL. By using the HR factors overlapping integral of Θm
(Q)
GS
ES
can be written as [117]



Θm
ES (Q)



ΘnGS (Q)

=

Y

hmk |nk i,

(2.97)

k

where mk and nk stand for the phonon occupation of mode k in the ES and GS, respectively,
and
S m−n
hmk |nk i = e−Sk k
(2.98)
(m − n)!
for both emission and absorption (n = 0). In this way - within the HR framework - the PL
and the absorption spectra are reflections of each other where the mirror axis is the center
line of the ZPL as depicted in Fig. 2.8.
Experimental determination of the S can be via the so-called Debye-Waller (DW) factor (w) [118, 119] which can be directly read out from the PL or absorption spectra. DW
factor represents the ratio of the ZPL and total intensities in the emission/absorption spectra and can be expressed using S as w = exp{−S}. Regarding the emission/absorption
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Figure 2.8: Calculated HR PL and absorption spectra for the hh defect configuration of VSi V0C
in 4H SiC at T = 0 K. Both spectra are normalized giving rise to the PDF of the corresponding
electronic transition. The ZPL and PSBs are indicated.

PDF (Eqs. 2.92 and 2.93, respectively) of the corresponding electronic transition DW factor is the magnitude of the area locked in by the ZPL. Hitherto I have only described the
emission/absorption spectra at zero temperature. To account for temperature dependence,
emission/absorption spectra obtained at T = 0 K are multiplied by the Boltzmann distribution as the high temperature and low concentration limit of the Bose-Einstein distribution
describing the phonon occupation of a certain mode.
Although phonon assisted electronic transitions are treated within the FC approximation and hence within the HR approximation, electron-phonon coupling is not considered
in these frameworks, however it may remarkably influence the emission/absorption spectra.
I describe the treatment of the electron-phonon coupling in Subsection 2.4.4.

2.4.4

Electron-Phonon coupling: the Jahn-Teller approach

In many cases the BO (and so the FC) approximation fails to model correctly the electronic
structure and the corresponding transition due to the emerging strong electron-phonon (or
vibronic) coupling. One way of getting a more improved description is to introduce the
Jahn-Teller (JT) approach in such cases. In this Subsection I give a brief review on the JT
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theorem, especially on the so-called E ⊗ e JT effect persisting for the investigated point
defects. In this recent description I follow the leads of I. Bersuker presented in Ref. [74].
The JT effect arises in case when a molecule in a high-symmetry configuration with orbital degeneracy exhibits two or more electronic distributions with the same energy. Since
these distributions transform as a nontotally symmetric irrep of the corresponding symmetry point group, one of them distorts the configuration lowering its energy and resulting in
symmetry reduction of the nuclear configuration. Symmetry reduction manifests itself in
the coupling of the electrons to phonons transforming as nontotally symmetric irrep, while
totally symmetric displacements have no effect on the symmetry. Jahn and Teller turned
to the group theoretical approach of vibronic coupling by examining all degenerate terms
in all point groups and concluded that if the APES of a nonlinear polyatomic system has
several sheets coinciding at one point, (giving rise to conical intersection(s) in the APES)
at least one of them has no extremum at this point, the cases of Kramers degeneracy being exceptions. In the harmonic approximation valid for small nuclear displacements one
sheet of the noninteracting APES of an electronic state is a single parabolae as depicted
in Fig. 2.4 or Fig. 2.9 (a) and (d).
The simplest case of the JT effect is when the system contains doubly degenerate energy
level is with 1 or 3 electrons. For instance a system exhibiting C3v symmetry — which is
the case for many defects in hexagonal SiC (cf. Tab. 2.1) — may introduce non-degenerate
a1 and doubly degenerate e levels. If the e state is occupied by 1 or 3 electrons establishing an electronic structure transforming as E (cf. left table of Tab. 2.3), JT instability
may emerge manifesting in coupling to phonons introducing nontotally symmetric displacements, i.e. phonons with e character in this case. As a result the corresponding geometry
becomes distorted, i.e. the symmetry is getting lowered from C3v to C1h exhibiting the
lowest total energy in the corresponding electronic state. This is the so-called E ⊗ e JT
problem. Consequently, the corresponding APES also becomes distorted as depicted in
Fig. 2.9. Accordingly, when the APES exhibit no saddle points the JT effect is called linear
[cf. Fig. 2.9 (b) and (e)], while if it does the JT effect is said to be quadratic. In the linear
JT effect the infinite minima points of the APES fitting on a circle [cf. Fig. 2.9 (b)], i.e. the
GS is infinitely degenerate in geometry. Notwithstanding, three minima separated by three
saddle points occur for the quadratic JT effect. Minima of the APES are separated from
the conical intersection (C3v point) by the JT energy (EJT ), while energy of the saddle
points are higher by the barrier energy (δJT ) from the minima.
To account for the JT effect emerging in certain electronic configurations for all inves55

Figure 2.9: Schematic illustration of APES of a C3v system in (a)-(c) 3D and (d)-(f) 2D views,
where the latters were obtained as meshes of the 3D parabolae along the Qx axes. Undistorted
[(a) and (d)], linear JT [(b) and (e)] and quadratic JT [(c) and (f)] APESs are also depicted with
the indication of the energy separations and the trivial points.

tigated defects, I calculated the corresponding electronic structure on static JT distorted
geometries which can be reached by manipulating the coordinates of three atoms residing in the xy-plane (which are three C atoms for all investigated defects) next to the
defect atom(s) (cf. Fig. 3.7 for the case of NV center). Six arrangements of the three C
atoms — determining six triangles — realize the C1h symmetry from which three belong
to the saddle points and three to the minima of the corresponding (quadratic) APES
[(cf. Fig. 2.9 (c) and (f)]. These triangles are depicted in Fig. 2.10. Since the three triangles
for the minima (saddle) points can be transformed into each other by rotating the system
about the c-axis by 120◦ only two calculations have to be carried out with different triangles (i.e. one for a minimum and one for a saddle point) along with one further calculation
for the C3v geometry to determine the APES. Further physical properties of the GS are
calculated by using the lowest-energy C1h geometry, i.e. in the minimum of the APES.
If δJT = 0 eV than the JT effect is linear, while its quadratic for δJT > 0 eV which is
the case for all defects investigated in this recent work. If δJT  EJT than the system may
undergoes quantum tunneling from one minimum to another, i.e. rotates around the high
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Figure 2.10: Illustration of the arrangements of the three C atoms (blue balls) surrounding the
defect atom(s) corresponding to the minima (red circles) and the saddle points (green circles)
situated on a regular hexagon (dashed hexagon) on the Qx − Qy plane. Triangles determined by
the C atoms can be transformed into each other by rotating them about the c-axis by 120◦ . Blue
circle represents the minima curve for the linear part of JT effect. All geometries corresponding
to the vertices of the hexagon exhibit C1h symmetry, while that of the center of the hexagon and
the blue circle shows C3v symmetry.

symmetry point with a certain frequency. If this frequency is sufficiently high, the system
exhibit C3v average symmetry and the JT effect is said to be dynamic (DJT effect). On the
other hand if δJT ≈ EJT , than the system sticks into one minimum and hence it is subject
of static JT effect. Here I note that, the defects in SiC investigated in my thesis exhibit
DJT instability.
As a result of the electron-phonon coupling, observables depending only on the position
of the electrons might be severely reduced known as the Ham effect [120]. For instance,
angular momentum might undergo such reduction that often manifests in the quenching
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of the SO splitting. Ham reduction in the SO interaction can be formulated as
red
= pλL̂Ŝ,
ĤSOI

(2.99)

where p is the ham reduction factor. During my work, I calculated p as implemented by
Thiering [117].

2.5

Process of calculations

I carried out the calculations on the computer clusters of the Semiconductor Nanostructures "Lendület" Research Group [121], and on those of the National Information Infrastructure Development (NIIF) [122] by employing the Vienna Ab Initio Simulation Package
(VASP) [110].

Figure 2.11: Block diagram of a typical calculation. Input files setting the initial geometry, the
K-point mesh and the control files are mandatory for launching a calculation as denoted by blue
the exclamation mark. Important output files are also listed.

Mandatory input files for a general calculation encompass the Cartesian coordinates of
the initial geometry (supercell) generated by only using the symmetry properties of the
corresponding point defects, the applied K-point sampling and the so-called control file as
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illustrated in Fig. 2.11. The control file contains all setting used in the calculations as, for
instance, the applied exchange-correlation functional, the wavefunction basis set, the interatomic force threshold for the geometry relaxation. I provide all settings in detail for each
investigated point defect in Subsections 3.1.2, 3.2.2 and 3.3.2. Further input files might be
necessary in special cases, e.g. when one intends to include preconverged initial wavefunction contained in the so-called WAVECAR file instead of the randomly generated, default
initial wavefunction. After the SCF cycles solving the KS equations, relaxed geometry is
written in the CONTCAR file, while all important physical parameters (e.g. KS energy
levels, interatomic forces or magnetic constants) are contained by the major output file,
i.e. the OUTCAR. The converged wavefunction is written to the WAVECAR file, while
total energies in steps of the SCF cycles are included in the OSZICAR file. In special cases
other output files become in focus, however these are not listed here.
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Chapter 3
Results
3.1

Photoluminescence quenching of the divacancy in
4H SiC

Owing to the lattice structure of 4H SiC, VSi VC may form 4 different lattice configurations
as hh, kk, hk and kh as depicted in Fig. 1.3. Indeed, the corresponding four ZPLs were observed in PL experiments denoted as PL1-4, furthermore, each of them was unambiguously
attributed to the neutral charge state of VSi VC (VSi V0C ) [47,123] as listed in Table 3.1. The
corresponding KS electron transition is illustrated in Fig. 3.1. Accordingly, the axial VSi VC
configurations (hh, kk) introduce a fully occupied a1 and a half-filled degenerate e level
[cf. Fig. 3.1 (a)] to the band gap, while three nondegenerate ingap levels are given rise by
the basal configurations (hk, kh) establishing S = 1 spin state in each case. The electronic
relaxation from the ES to the GS manifesting in the ZPLs is accomplished by promoting
from the degenerate e level to the lower lying a1 state resulting in a photon with energy of
EZPL [cf. Fig. 3.1 (a)].
In this Section I present my results on the VSi V0C -related PL quenching phenomenon in
4H SiC. In Subsection 3.1.1 I give a review on the corresponding experiments and on the
motivation of my research. I describe the details of the calculations in Subsection 3.1.2.
PL quenching of VSi V0C might be attributed to the charge state switching of VSi V0C that is
discussed in Subsection 3.1.3. To overcome this issue protocol for controlling the (0) charge
state is of high importance which is discussed in Subsection 3.1.4. Finally, I sum up my
results in Subsection 3.1.5.
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3.1.1

Motivation and preliminary experiments

In recent PL excitation (PLE) studies [52–54] excitation threshold energies of the GS being
remarkably higher than those of the VSi V0C -related ZPLs are reported. Below the excitation
threshold energies the corresponding ZPLs disappear from the PL spectrum, while above
those the ZPLs are recovered. Excitation threshold energies for each PL signals [52] are
listed in Table 3.1. Although authors of all corresponding Refs. [52–54] agree that the origin
of the PL quenching phenomenon is the charge state switching of VSi V0C upon excitation
below the reported thresholds (cf. Table 3.1) being the reionization energies (Erei ), the
resultant charge state has been part of debate. Accordingly, while authors in Ref. [54]
−
addresses the uknown charge state as VSi V+
C , in Ref. [53] VSi VC is associated with this
phenomenon.
Table 3.1: Identification of the VSi V0C -related PL signals with positions of the ZPLs (EZPL )
and the corresponding threshold energies (Erei ).

Signal
PL1
PL2
PL3
PL4

Configuration EZPL [eV]
1.095
1.096
1.119
1.150

hh
kk
kh
hk

Erei [eV]
1.310
1.310
1.321
1.281

In order to resolve this apparent contradiction, we set up a microscopic model aiming to
reveal the underlying physics [52]. In this study, ensembles of VSi VC defects were created in
4H SiC samples by employing different preparation processes creating different types (and
charge states) of native defects (e.g. VSi , VC ) besides VSi VC and the originally possibly
present shallow donors and acceptors, N and B, respectively. In particular, three samples
were subjected to electron irradiation and subsequent annealing, while one sample was
an as-grown 4H SiC produced by CVD. Based on the experiments electron irradiated
and annealed samples exhibit the VSi V0C -related quenching effect, however the as-grown
4H SiC show strong VSi V0C PL also below the reported threshold energies without any
quenching. According to the established microscopic model, optical excitation below the
threshold energies may generate free electrons and/or holes by ionizing part of the defects.
These can be (re)captured by the present point defects establishing a new equilibrum of
defects with different charge states. Detailed analysis of these processes is provided in
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Figure 3.1: (a) Electronic structure of the axial VSi V0C configurations and one-electron transition

manifesting in the VSi V0C related ZPLs in the PL spectrum and (b) one electron transition of
reionization of VSi V−
C . Black arrows represent the electrons fixed during the corresponding transitions, while dashed arrows stand for the electrons being promoted. Red dashed arrows indicate the
direction of the electron transitions and red wavy arrows represent the photon emitted/absorbed
during the process. VB, CB and character of the ingap KS levels are also indicated.

Ref. [52] resulting in the accumulation of VSi V−
C . Passing the corresponding excitation
threshold energies VSi V−
C defects may be reionized by promoting an electron from the
ingap degenerate e state to the conduction band (CB) as depicted in Fig. 3.1 (b) and thus
the threshold energies are equal to the reionization energies, i.e. energies of the VSi V−
C →
0
VSi VC transition for all VSi VC configurations. Note that, lack of the quenching in case
of the as-grown sample implies the absence of free charge carriers upon the investigated
excitation energy range that can be nicely explained by the high ionization energies of the
present defects in those samples [52].
In order to support the previously discussed physical model being rather qualitative
at this point, I carried out DFT calculations on the (+/0) and (0/-) adiabatic charge
0
transition levels providing reasonable estimations for the energies of VSi V+
C → VSi VC and
0
VSi V−
C → VSi VC transitions, respectively. I provide my results in Subsection 3.1.3.
Regarding quantum technology applications, charge state control of VSi V0C (0), i.e. assur0
0
ing the VSi V−
C → VSi VC transition and simultaneous excitation of VSi VC is of high importance. However, the ideal excitation wavelength of VSi V0C is around 1000 nm (1.25 eV) [52]
that is, in general, lower than the Erei energies listed in Table 3.1 and thus reionization
of VSi V−
C cannot be fully carried out by using this excitation energy. To remedy this is62

sue phonon-assisted reionization may take place. In particular, by raising the temperature
phonons appear at lower energies with respect to the ZPLs and by absorbing phonon(s)
during excitation Erei might be achieved, i.e. Eex +Ephon ≥ Erei , where Eex is the excitation
energy of VSi V0C and Ephon is the energy of the absorbed phonon. In order to model the
phonon assisted reionization of VSi V−
C , I calculated the temperature dependent HR spectra
−
0
of the VSi VC → VSi VC transition for all four VSi VC defect configurations where the corresponding reionization energies are the "ZPLs" of the spectra. My corresponding results are
presented in Subsection 3.1.4.

3.1.2

Methodology

Calculations were carried out by means of HSE06 range-separated hybrid functional [29].
All defect configurations were modeled in a 576-atom 4H SiC supercell. Although, in general, Γ-point sampling of the BZ provides convergent results with such supercell size, in this
case the accuracy is not sufficient to distuingish the correct order of the adiabatic charge
transition levels of the different VSi VC defect configurations. Thus, in order to enhance the
accuracy, I employed Γ – point centered 2 x 2 x 2 MP [70] K-point mesh. For expansion
of the KS states plane wave basis set with a cutoff of 420 eV was employed. Fully relaxed
geometries were achieved by setting the force threshold of 0.01 eV/Å. Appropriate treatment of core electrons was provided by applying the PAW [71] method. Charge correction
+
in the total energies of VSi V−
C and VSi VC is obtained by using the Freysoldt charge correction [107] scheme. Since the (-) and (+) charge states are JT unstable in their ground
state I employed the method described in Subsection 2.4.4 to account for this effect.

3.1.3

The quenching mechanism: photoionizaton of VSi V0C

According to preliminary ab initio studies [124–126] three charge transition levels of VSi VC
fall into the band gap of SiC as (+/0), (0/-) and (-/2-) levels valid for all inequivalent VSi VC
configurations. According to my calculations — and the previously reported data [126] —


VBM
the energy separation between the (+/0) level and the VBM E+/0
≈1.1 eV is somewhat




VBM
smaller than that between the (0/-) level and the CBM E+/0
≈1.2-1.3 eV in each case.

h

i

VBM
CBM
As a result photons with energy falling in the interval of E+/0
, E0/−
may convert VSi V+
C
0
to VSi VC , however the negative charge state cannot be reionized by the absorption of these
photons. Consequently, one may assume that the single negatively charged state is the dark
state maintaining the PL quenching of VSi V0C upon optical excitation energies below the
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threshold energies (cf. Tables 3.1 and 3.3), since VSi V+
C should have already been reionized
0
and thus PL of VSi VC should have been restored below the reported threshold energies.
Nevertheless, to confirm this assumption I conducted DFT calculations in order to
VBM
CBM
obtain E+/0
and E0/−
for all VSi VC configurations as these values can directly be compared with the reported threshold energies. In order to reveal the important role of charge
correction in this case I also provide the uncorrected values (Ē) which can be calcu(0)
(+)
lated by neglecting the charge correction terms in Eq. 2.69, i.e. Ē+/0 = Etot − Etot and
(−)
(0)
(−)
(0)
(+)
Ē0/− = Etot − Etot for (+/0) and (0/-) levels, respectively. Here Etot , Etot and Etot
stand for the total energies of the system embedding VSi VC in its (-), (0) and (+) charge
states, respectively. Charge corrected values were calculated according to Eq. 2.69. Energy separations between the (+/0) and (0/-) levels and the VBM and CBM, respecVBM
CBM
tively, were calculated as E+/0
= E+/0 − EVBM and E0/−
= ECBM − E0/− , where
ECBM and EVBM were determined by using the experimental band gap of 4H SiC, that
exp.
= ECBM − EVBM = 3.26 eV [127]. Uncorrected values were obtained similarly.
is Egap
The corresponding values along with the experimental threshold energies are reported in
Table. 3.3.
Table 3.2: Positions of (+/0) and (0/-) charge transition levels of VSi VC configurations
referenced to the CBM and VBM, respectively. Charge corrected values (E) and those
neglecting the correction terms (Ē) are also presented. Experimental threshold energies of
photoionization are also provided.

Signal
PL1
PL2
PL3
PL4

Configuration Erei [eV]
hh
kk
kh
hk

1.310
1.310
1.321
1.281

CBM
Ē0/−
[eV]

CBM
E0/−
[eV]

VBM
Ē+/0
[eV]

1.429
1.386
1.456
1.345

1.245
1.209
1.307
1.174

1.131
1.067
1.108
1.136

VBM
E+/0
[eV]

1.070
1.010
1.051
1.081

CBM
Accordingly, E0/−
are systematically lower by 0.02-0.11 eV than the experimental
CBM
threshold energies. Nonetheless, the calculated E0/−
values are in the correct order with
the lowest value corresponding to PL4 (hk) and the highest to PL3 (kh) and, in general,
CBM
theoretical values agree very well with the experimental ones. In addition, all values of E0/−
VBM
are higher than those of E+/0
which are all below 1.1 eV for each defect configuration.
This trend supports the qualitative explanation described in Subsection 3.1.1, that is, the
−
0
concentration of VSi V−
C is robust and the transition of VSi VC → VSi VC cannot be achieved
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by excitation energies up to ≈1.28 eV and the experimental threshold energies can be
identified as the energy separation of the (0/-) level from the CBM, i.e. the reionization
energy of VSi V−
C . Along with this, the (+) charge state can be excluded as dark state of
VBM
the quenching contradicting the claims in Ref. [54], since E+/0
are remarkably lower than
the values of Erei for all VSi VC configurations.
The important role of the employed Freysoldt charge correction scheme [107] is also
CBM
revealed by the numerical results. In particular, while the uncorrected values of Ē0/−
are
higher by about 0.1 eV than the observed excitation thresholds, values including charge
correction are lower than that by about the same amount. Possibly, this indicates that
the Freysoldt charge correction overestimates the correction in the total energy of the
negatively charged system in the applied 576-atom supercell.

3.1.4

Control of the neutral charge state

Cumulative transition probability (CTP) of a system upon excitation can be determined
as the integral of the corresponding PDF (cf. Subsection 2.4.3) from 0 to the excitation
energy (Eex ). This relation is defined by Eq. 3.1 as
CTP(Eex ) =

Z Eex
0

PDF(ε)dε.

(3.1)

Consequently, for a resonant excitation at T = 0 K, i.e. when the excitation energy is
exactly coincide with the corresponding ZPL energy CTP(EZPL ) = w/2 (where w is the
DW factor) assuming symmetrical broadening of the ZPL in the absorption spectrum (cf.
orange graph in Fig. 2.8). However, by raising the temperature phonon-assisted transitions
may be given rise manifesting in PDF(ε) ≥ 0 also for energies below the ZPL energy, i.e.
R
for ε ≤ EZPL in the absorption spectrum while 0∞ PDF(ε)dε = 1 still holds. As a result,
CTP of w/2 may be reached at lower excitation energies.
0
Normalized HR spectra (or PDFs) of the VSi V−
C → VSi VC transition for all VSi VC defect
configurations are depicted in Fig. 3.2. I note that spectra are calculated in 0.5 meV steps.
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0
Figure 3.2: Calculated HR spectra of the VSi V−
C → VSi VC transition for (a) VSi VC (hh), (b)

VSi VC (hk), (c) VSi VC (kk) and (d) VSi VC (kh) at 0 K (black lines), 150 K (red lines), 300 K
(blue lines), 450 K (green lines) and 600 K (magenta lines). PSB below the ZPLs given rise at
elevated temperatures are enlarged and the corresponding reionization threshold energies (THR)
are indicated by vertical dashed lines, whereas the CTP of w/2 are represented by shaded undercurve areas.
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First I consider the PSB at higher energies, beyond the ZPLs which are set to the corresponding experimentally determined values of the reionization threshold energies (Erei )
listed in Table 3.3. Sharp features appearing in the ≈ 100 meV phonon energy range at
higher energies beyond the ZPLs are present at even 600 K for hh and hk configurations,
while those of kk and kh configurations almost completely disappear indicating that contribution to these features of VSi at the h site is more significant than that of VSi at the k
site. Furthermore, features are more dominant for VSi VC (hh) than for VSi VC (hk) implying the same trend for VC . In summary, based on the spectra hexagonal environment of
VSi/C allows the presence of more localized phonons and hence a stronger electron-phonon
coupling.
At elevated temperatures CTP of w/2 (shaded areas under the curves) can be reached
at excitation (or threshold) energies (dashed vertical lines in Fig. 3.2) below Erei . The
corresponding threshold energies are listed in Table 3.3 and depicted in Fig. 3.3.
Table 3.3: Reionization energy thresholds (Erei ) for all VSi VC defect configurations at 0
and elevated temperatures with CTP set to w/2 at each temperature.

hh
Temperature (K) Erei
(meV)

hk
Erei
(meV)

kh
Erei
(meV)

kk
Erei
(meV)

hh
(T =0)
Erei
hh
Erei
(T =0)
hh
Erei (T =0)
hh
(T =0)
Erei
hh
Erei (T =0)
1308.6
1291.6
1283.1
1259.6
1224.6

hk
(T =0)
Erei
hk
Erei
(T =0)
hk
Erei (T =0)
hk
(T =0)
Erei
hk
Erei (T =0)
1320.1
1316.1
1301.6
1281.1
1247.6

kh
(T =0)
Erei
kh
Erei
(T =0)
kh
Erei (T =0)
kh
(T =0)
Erei
1280.1
1263.6
1251.6
1238.1
1208.6
1165.1

kk
(T =0)
Erei
kk
Erei
(T =0)
kk
Erei (T =0)
kk
(T =0)
Erei
1308.1
1288.6
1278.6
1265.1
1237.1
1195.1

0
50
100
150
200
250
300
350
450
600
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Figure 3.3: Reionization threshold energies [Erei (T )] with respect to temperature for all VSi VC
defect configurations.

Accordingly, reionization threshold energies up to 150-200 K are equal to that of at 0 K.
The reason behind is that below 150-200 K the PSB below the ZPL is so weak that CTP
of w/2 can only be reached by completing the PSB with a fraction of the ZPL contribution
and the corresponding Erei (T ) values are beyond the resolution of the spectra (0.5 meV),
i.e. Erei (T = 0)−Erei (T ) ≤ 0.5 meV for T ≤ 150-200 K. Above 150-200 K Erei (T ) decreases
and at room temperature (300 K) it reaches 1250-1320 meV (940-990 nm) which is around
the usually applied energy to excite VSi V0C .

3.1.5

Summary

In this Section I presented my results on the PL quenching of VSi V0C in 4H SiC. In particular,
below a certain excitation threshold energy (Erei ) VSi V0C -related ZPLs are absent in the
corresponding PL spectrum. Surprisingly, Erei is far above the corresponding ZPLs for all
VSi VC defect configurations. According to the established microscopic model [52] VSi VC
accumulates in its single negative charge state upon illumination with energy below Erei
due to the free charge carriers generated by other defects and hence VSi V−
C provides a
"dark" state in this context. In contrast, in other studies [54] the single positive charge
state was proposed for this role.
In order to validate this concept I calculated the corresponding adiabatic charge transi68

tion levels. As a result I found that VSi V+
C can be excluded as candidate for the dark state
since the difference between the VBM and the (+/0) energy level providing the VSi V+
C →
VSi V0C transition energy is systematically lower by about 0.2 eV from the experimentally
observed values of Erei . On the other hand, difference between the CBM and the (0/-) level
0
representing the energy of the VSi V−
C → VSi VC transition agrees well with the experimental
findings supporting that the dark state is indeed VSi V−
C.
However, the suitable platform for the qubit applications is realized by the electronic
structure of the neutral charge state. In this way, control of the neutral charge state upon illumination is pivotal. Since all observed reionization threshold energies are than the usually
applied excitation energy for the qubit manipulation of VSi V0C , phonon-assisted reionization
of VSi V−
C at elevated temperatures may take place reducing the threshold energy. To this
0
end I calculated the temperature dependent HR spectra of the VSi V−
C → VSi VC transition
for all defect configurations. As a result I found that simultaneous charge state control and
qubit manipulation of the neutral charge state can be carried out by using 1250-1320 meV
(940-990 nm) excitation at room temperature (300 K) with the CTP of w/2 .

3.2

NV centers in common SiC polytypes

NV defects in SiC might exhibit such outstanding properties as its counterpart in diamond
as described in Subsection 1.1.1. Constituents of NV defects in SiC may be either NC -VSi
or NSi -VC based on only the geometry of the SiC lattice, however due to the remarkable
formation energy difference between these complexes, formation of NC -VSi against that
of NSi -VC is extremely preferenced [8, 128]. Lattice structure of the most common SiC
polytypes (3C, 4H and 6H) offers a set of NC VSi defect configurations. In particular, NC VSi
forms a single configuration in 3C (kk), four configurations in 4H (hh, kk, hk, kh) and six
configurations in 6H polytype (hh, k1 k1 , k2 k2 , hk1 , k1 k2 , k2 h) as depicted in Fig. 3.4. Axial
configurations exhibit C3v symmetry, while basal ones show C1h symmetry.
In the followings, I describe the motivation of my research and the corresponding preliminary experiments in Subsection 3.2.1 and the computational methodology in Subsection 3.2.2. Detailed analysis of the electronic structure, the magneto-optical properties
and formation of NV centers besides other intrinsic defects in 4H SiC are presented in
Subsections 3.2.3, 3.2.4 and 3.2.5, respectively. Based on the experimental data and my
computational results, I discuss the application of NV centers as qubits in Subsection 3.2.6
and finally I give a summary of this Section in Subsection 3.2.7.
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Figure 3.4: Defect configurations of NC VSi in (a) 3C, (b) 4H and (c) 6H SiC. Labels of atoms
and the c-axis are indicated.

3.2.1

Motivation and preliminary experiments

Recently, the NC VSi centers have been identified in the most common polytypes (3C,4H,6H)
of SiC via PL and EPR measurements [128–134]. In the negative charge state they are
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S=1 centers with optical emission occured at the NIR region (around 1200 nm of wavelength) that is almost compatible with the transmission wavelength of optical fibers. Moreover OSP of the 3 A2 ground state has been demonstrated in all three polytypes at room
temprature [129, 130, 132]. However, some of their optical properties and excited state
configurations have not yet been fully resolved either in experiments [129, 131] or in theory [8,126,131,135] and thus further investigations are required. Since qubits are individual
quantum objects, thorough characterization of the individual NV defects in SiC is required
to optimize the conditions of qubit operation. To this end, I carried out DFT calculations
for nitrogen-vacancy defects in 3C, 4H and 6H SiC. I provide detailed results concerning
their electronic structure and magneto-optical parameters in Subsections 3.2.3 and 3.2.4,
respectively. I also discuss the possible formation processes of NV defects in the presence
of other native defects in SiC and briefly compare the formation and ionization energies of
NV center and divacancy in SiC in Subsection 3.2.5. I summarize and conclude my results
in Subsection 3.2.7.

3.2.2

Methodology

For atomistic modeling of defect structures, I applied 512-atom supercell for 3C, 576-atom
supercell for 4H and 432-atom supercell for 6H polytype. For sampling the Brillouin-zone
I employed Γ-point only for 3C and 4H polytypes, while Γ-centered 2 × 2 × 2 MP [70]
K-point mesh was used for 6H SiC. In addition, to reach sufficient accuracy for ZPL values
I employed 2 × 2 × 2 K-point mesh in each case. Plane wave expansion of Kohn-Sham
wavefunctions with a cutoff of 420 eV was applied. Relaxed geometries were achieved by
minimizing the total energy with respect to the nuclear coordinates of the lattice using the
force threshold of 0.01 eV/Å. Core-electrons were treated by projector-augmented wave
(PAW) [71] potentials as implemented in VASP code [110]. In case of charged defects
Freysoldt correction [107] in total energy was applied.
Electronic structure calculations were carried out by means of HSE06 range-separated
hybrid functional [29] as described in Subsection 2.3.4. Parameters of the HF coupling
(see in Subsection 2.4.2) were calculated by taking into account the spin polarization of
the core electrons. In order to characterize ground and excited state ZFS, I calculated the
D and E parameters using convergent wavefunctions yielded by PBE [28] calculations as
implemented by Ivády et al. [111] (see in Subsection 2.4.2). For calculation of the excited
state electronic structure I applied the ∆SCF method as described in Subsection 2.3.6.
Excited state of on-axis defect configurations is subject of DJT effect arising from the
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corresponding KS electron structure as discussed in Subsection 3.2.3 thus I applied static
JT distorted geometries in these calculations as described in Subsection 2.4.4.
DJT effect in the excited state also influence the magneto-optical properties by distorting the corresponding spin density. Thus ZFS constants calculated in the minimum
of the APES, i.e. under C1h symmetry were averaged to show a dynamic C3v symmetry
implying E = 0 MHz. As for the HF coupling parameters, I provide numerical values for
the ground state of the axial defect configurations where — due to the lack of JT effect
— no such averaging is needed. To this end I used the nuclear gyromagnetic ratios of
γ(13 C) = 6.7283 · 107 rad
, γ(29 Si) = −5.3188 · 107 rad
and γ(14 N) = 1.9338 · 107 rad
, where I
Ts
Ts
Ts
considered the most abundant spin-active isotopes of the corresponding nuclei [136].
For calculation of defect concentrations in thermal equlibrium I solved Eqs. 2.70 and 2.72
self consistently by using m∗h = 1.26m0e and m∗e = 0.39m0e [30], where m0e is the electron rest
mass. For the chemical potentials I obtained the values of µSiC = -17.47 eV, µSi = -6.43 eV,
µC = - 10.55 eV and — assuming stoichiometric SiC — δµ = -0.49 eV as calculated by
HSE06. I determined the chemical potential of the N atom, µN , via total energy calculations of the hexagonal β-Si3 N4 as the most stable form of Si3 N4 that can be considered as
the solubility-limiting phase in SiC. In this way I obtained µN = -12.22 eV. Here I note
that chemical potentials are calculated as the total energy divided by the number of atoms
contained by the particular supercell. According to my results effect of the applied supercell size is negligible on the values of the chemical potentials. Defect concentrations are
calculated at temperatures of 1600, 1700, 1800, 1900, and 2000°C considering all relevant
charge states of all possibly abundant native defects.

3.2.3

Electronic structure

Based on the HSE06 DFT results I found that on-axis (or axial) configurations of NV
center with C3v symmetry in each polytype introduce two a1 levels and a degenerate e
level to the electronic structure of SiC. One of the a1 levels falls in the valence band,
whereas the other is lying in the fundamental band gap and both are fully-occupied. In
the single negative charge state — establishing the qubit state — the degenerate e level is
occupied by two electrons with parallel spins providing S = 1 triplet spin state. For off-axis
(or basal) configurations exhibiting C1h symmetry the degenerate e level splits to an a0 and
an a00 states while the a1 states transform into a0 states. In summary, the one-electron
structure of the ground state is a1 (2)a1 (2)e(2) for on-axis and a0 (2)a0 (2)a0 (1)a00 (1) for offaxis configurations. The optically excited state is established by an electron promoted
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from the ingap a1 level to the degenerate e level for axial defect configurations yielding
the a1 (2)a1 (1)e(3) electronic structure. However the partially filled degenerate e implies
the system to be JT unstable and hence the symmetry is reduced to C1h along with the
splitting of the degenerate e level to one a0 and an a00 states. For basal configurations
the symmetry is C1h by nature also in the excited state yielding qualitatively the same
electronic structure as a0 (2)a0 (1)a0 (2)a00 (1). Ground and excited state electronic structures
as described here are illustrated in Fig. 3.5.
In order to understand electron spin-related interactions, knowledge on the localization
of the spin density can be very useful. To this end I calculated the ground and excited state
spin densities for all NV center configurations yielding strong localization on the core atoms
of the defect for each configuration. The ground state spin density of the hh configuration
in 4H SiC is depicted in Fig. 3.6. Accordingly, the vast majority of the ground state spin
density is localized on the neighboring C atoms for all axial NV center configurations.
Nevertheless, in the excited state the spin density is partially localized on the N atom
owing to the unpaired electron remained at the ingap a1 state (or the lower a0 state in case
of basal configurations) after the transition [cf. Fig. 3.5 (c)-(d)] that is strongly localized
on the N atom.
As a consequence of the described electronic structure, symmetry of the total wavefunction in the ground state is 3 A2 under C3v defect symmetry, where I denote spin multiplicity
in the superscript. This can be derived by using the product table of the C3v point group
(cf. Table 2.3) as 2 E ⊗ 2 E = 1 A1 ⊕ 3 A2 ⊕ 1 E, where only the 3 A2 irrep shows spintriplet
multiplicity. As for the excited state 2 A1 ⊗ 2 E = 1 E ⊕ 3 E, where the 3 E is the ’bright’
excited state, i.e. optical excitation leaving the spin multiplicity invariant results in the 3 E
state.

3.2.4

Magneto-optical properties and defect identification in 4H
SiC

Magnetic and optical properties of NV centers can provide fingerprints in identification of
the individual NV center configurations. First I discuss the ground state HF signatures
based on the calculated results presented in Tables 3.4 and 3.5 for the 14 N nuclei compared
with experimental data and for the adjacent Si and C nuclei, respectively.
Majority of the ground state spin density is localized on the neighboring three C atoms
(from now on denoted as 3 × 13 C) as discussed in Subsection 3.2.3. Since magnitude of
the HF interaction depends mostly on the localization of the spin density, relatively low
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Figure 3.5: Electronic structure of NV centers in the (a)-(b) ground and (c)-(d) excited state for
axial [(a),(c)] and for basal [(b), (d)] configurations indicating only the ingap KS states. Dashed
lines stand for the crystal field splitting of the KS states going from C3v to C1h symmetry. Black
arrows denote the electrons, dashed arrows represent the electrons being promoted during the
excitation carried out by an incoming photon with the energy of the ZPL labeled by red wavy
arrows. Valence and conduction bands are also indicated.
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Figure 3.6: Symbolic summation of the ground state spin densities yielding the total spin density
localized on the three C atoms. Isosurface of the spin densities are presented in (a) top view and
(b) side view with respect to the c-axis. Isovalues of the individual e states are set to 0.035 1/Å3 ,
whereas that of the total spin density is 0.015 1/Å3 . The supercell structure is shown in perspective
view in each case and atoms in the core of the defect are highlighted. The corresponding atom
types are labeled.

values for the HF parameters can be reasonably expected for the 14 N nucleus and also
for its adjacent 3 Si nuclei (3 × 29 Si). Indeed, results presented in Table 3.4 show weak
HF interaction with the 14 N, and even weaker contribution on the 3 × 29 Si nuclei that is
≈ 1 MHz in each case. In addition, the small values of the 14 N HF constants is due to
the only indirect HF interaction, i.e. the HF constants on the 14 N nucleus arise from the
spin density localized on the valence orbitals of the 3 × 13 C atoms. As the spin density
follows more tightly the positions of the 3 × 13 C nuclei than that of the 14 N nucleus,
the 14 N-related HF constants are way more sensitive to its position resulting in a lower
computational accuracy than for those of the 3 × 13 C and their adjacent 9 × 29 Si nuclei. For
the same reason, I also expect a lower accuracy in the HF constants on its adjacent 3 × 29 Si
nuclei, though corresponding experimental data have not yet been available for comparison.
Nevertheless, the calculated values are in good agreement with the experimental ones as
shown in Table 3.4. Here I note that in traditional EPR measurement it is not possible
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Table 3.4: Calculated HF constants (Aii ; i = x, y, z) in the ground state of on-axis NV
center configurations as yielded by HSE06 functional for the 14 N nucleus. Experimental
data available for 14 N isotope are also listed [128].
Polytype
3C
4H
6H

Config. Aiso
exp [MHz] Axx , Ayy , Azz [MHz]
kk
1.26
-1.67, -1.67, -1.72
hh
1.23
-1.57, -1.57, -1.64
kk
1.12
-1.71, -1.69, -1.71
hh
1.32
-1.61, -1.61, -1.80
k1 k1
1.21
-1.76, -1.75, -1.76
k2 k2
1.26
-1.73, -1.73, -1.76

to determine the sign of the HF parameters, thus experimental values in Table 3.4 should
be considered as absolute values. On the other hand, relatively high values for the HF
Table 3.5: Calculated HF constants (Aii ; i = x, y, z) in the ground state of on-axis NV
center configurations as yielded by HSE06 functional for the 3 ×13 C and their adjacent
9 ×29 Si nuclei.
Polytype

Config.

3C

kk
hh
kk
hh
k1 k1
k2 k2

4H
6H

9 ×29 Si
3 ×13 C
Axx , Ayy , Azz [MHz] Axx , Ayy , Azz [MHz] Axx , Ayy , Azz [MHz]
11.93, 11.91, 12.31
9.64, 8.47, 10.48
48.23, 47.49, 119.38
11.80, 11.72, 12.14
9.95, 8.77, 10.79
45.49, 44.86, 116.78
12.77, 12.39, 13.26
10.56, 9.60, 11.32
42.23, 41.48, 112.79
11.95, 11.84, 12.30
9.81, 8.74, 10.69
42.40, 41.81, 113.84
12.94, 12.63, 13.48
10.93, 10.17, 11.74 37.00, 36.33, 108.14
12.05, 12.00, 12.48
10.51, 9.51, 11.39
42.44, 41.78, 114.36

parameters can be reasonably expected for the 3 × 13 C and also for their adjacent 9 Si
nuclei (9 × 29 Si) that is indeed the case based on the listed results in Table 3.5. Due to
these strong HF fingerprints they are already resolved which distinguish them from other
defects in SiC.
I also determined the ZFS parameters (D and E) for the NV center configurations
assuming electron-spin—electron-spin dipolar interaction in the 3 A2 ground state for all
the considered polytypes as listed in Table 3.6. According to Eq. 2.86, D varies as D ∼ 1/r3
with r being the distance between the point dipoles. In the ground state, the spin density
is localized on the 3 × 13 C atoms near the Si vacancy and thus distance between these
C atoms (cf. Fig. 3.7) may give the trend for the variation of the D constants. Following
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Figure 3.7: (a) Defect structure of the hh NV center configuration with the indication of the
N-C distance [d(N-C)] and the triangle connecting the three C atoms. (b) Position of the three C
atoms in case of C3v symmetry and the two JT distorted geometries — one for the minima and
one for the saddle points of the corresponding quadratic JT APES (see in Subsection 2.4.4) —
exhibiting C1h symmetry with the indication of the corresponding C-C distances (d1 , d2 ). Labels
of atoms and direction of the c-axis are also illustrated.

the same argument for excited state ZFS constants listed in Table 3.7, I provide the N-C
distances being the centers of the excited state spin density.
Trends in D values listed in Tables 3.6 and 3.7 are well-explained by the corresponding
d1 , d2 and d(N − C) distances as the smaller is the C-C or N-C distance the larger is the
corresponding D constant. As for the E parameters governed by the deviation between d1
and d2 as |d1 − d2 | presented in Table 3.6, the larger the |d1 − d2 | value is the larger is
the E parameter. I discuss further the excited state ZFS constants listed in Table 3.7 in
Subsection 3.2.6. Here I note that SO splitting might contribute to the ZFS as mentioned
in Subsection 2.4.2. However, for on-axis NV center configurations with 3 A2 ground state
SOI is forbidden in first order due to the zero effective angular momentum (Leff
z = 0) being characteristic for all spin triplet systems established by two unpaired electrons at a
degenerate e level. In contrast, for basal configurations first order SOI may contribute to
the ZFS along with second order SOI which may also persist for axial configurations. Although trends in the experimental data are correctly reproduced in the numerical results,
a systematic discrepancy of ≈ 100 MHz between the calculated and the experimentally
determined D constants can be recognized that might be partially attributed to the ne77

Table 3.6: Ground state ZFS constants (D, E) of NV center configurations (Config.) in
3C, 4H and 6H polytypes of SiC. Experimental data (Dexp , Eexp ) recorded at cryogenic
temperature are also provided [128,129]. In the ground state the two unpaired electrons are
localized on the 3 × 13 C atoms near the Si vacancy, thus C-C distances (d1 ) are also given
under C3v symmetry. For the off-axis configurations, two different C-C distances occur
where the second distance is listed in the d2 column.
Polytype
3C
4H

6H

Config. D [MHz] E [MHz] d1 [Å]
kk
1409
0
3.34
kk
1377
0
3.36
hh
1427
0
3.33
hk
1331
110
3.38
kh
1404
44
3.34
hh
1404
0
3.34
k1 k1
1348
0
3.36
k2 k2
1432
0
3.33
k1 k2
1404
145
3.35
k2 h
1386
9
3.33
hk1
1352
14
3.34

d2 [Å]
3.35
3.33
3.33
3.34
3.35

Dexp [MHz] Eexp [MHz]
1303
0
1270
0
1313
0
1193
104
1328
15
1328
0
1278
0
1345
0
-

Table 3.7: Excited state ZFS constants (D, E) of NV center configurations (Config.) in
3C and 4H SiC. Average distances between N and the 3 × 13 C atoms (N-C) around the Si
vacancy are also provided
Polytype
3C
4H

Config.
kk
kk
hh
hk
kh

D [MHz]
707.3
483.0
537.2
624.2
666.0

E [MHz]
0
0
0
242.4
286.9

d(N-C) [Å]
3.42
3.46
3.44
3.49
3.44

glect of the (second-order) spin-orbit interaction in the calculations. This assumption is
supported by the experimentally determined g-tensor anisotropy [129, 130] implying that
the second-order SOI may not be negligible in case of axial NV center configurations.
The intracenter optical transition of the NV centers as depicted in Fig. 3.5 is a key
parameter for all quantum applications. I calculated the corresponding ZPL energies that
are associated with the 3 A2 → 3 E transition. The results are shown in Table 3.8. The
discrepancy between calculated and measured ZPL energies for each configuration is within
0.1 eV, that is expected from HSE06 hybrid density functional method [94]. With this in
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mind I found good agreement between the calculated and the experimental [131] ZPL
values.
Table 3.8: Positions of ZPLs of individual NV center configurations in 3C and 4H SiC
as calculated by HSE06 functional. Calculated ZPL values and the experimental ZPL
signals [131] are also presented.
Polytype
3C
4H

Config.
kk
hh
kk
hk
kh

ZPL[eV]
0.87
0.966
1.018
1.039
1.056

Signal
PLX1
PLX2
PLX3
PLX4

ZPLexp [eV]
0.998
0.999
1.014
1.051

The magneto-optical parameters of a large ensemble of NV centers in 4H SiC are known
from EPR and PL studies [128–130], however future quantum technology applications will
be based on the spectroscopy of individual NV centers. Therefore, it is of high importance
to identify the individual NV centers. Thus, now I discuss the identification of the individual NV center configurations in 4H SiC based on the previously described magneto-optical
properties. First I focus on the magnetic properties. In the ground state the D constant is
larger for the NV(hh) than that for NV(kk) and the former value is the highest among all
configurations. Off-axis configurations can be well-distinguished through the E parameter,
as NV(kh) exhibits smaller E constant than that of NV(hk) (cf. Table 3.6). The axial
configurations can also be differentiated via their strong 3× 13 C and 9× 29 Si ground state
HF parameters as the corresponding 3× 13 C HF parameters are higher whereas the 9× 29 Si
HF constants are smaller for NV(hh) than those for NV(kk) (cf. Table 3.5). In summary,
ground state HF and ZFS parameters of NV centers allow the unambiguous resolution of
all configurations in 4H SiC. Here I note that I calculated the ground state ZFS parameters
also for NV centers in 6H SiC as listed in Table 3.6. Accordingly, the NV(k2 k2 ) configuration exhibits the largest D constant which is followed by those of NV(hh) and NV(k1 k1 )
configurations in descending order. These can be directly compared to the experimental
assignments [130]. Regarding the basal configurations, NV(k1 k2 ) has the highest E values
which is followed by those of NV(hk1 ) and NV(k2 h) configurations in descending order.
Turning to the corresponding optical properties, I found that NV(hh) and NV(kk)
configurations share the two lowest ZPL signals (cf. Table 3.8) PLX1, and PLX2, as was
previously suggested in other papers [129, 130]. However, due to the extremely small difference (1 meV) between PLX1 and PLX2 they cannot be distinguished by solely the
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calculated ZPLs carrying 0.1 eV inaccuracy by the HSE06 functional [94]. In analogy with
the divacancy in 4H SiC, for which ODMR measurements under resonant excitation have
been performed, NV(hh) configuration should have the lowest ZPL energy and the largest
D constant [137]. By assuming the same trends for NV center, I conclude that NV(hh)
configuration should be associated with the PLX1 and NV(kk) with the PLX2 spectrum.
Origins of the PLX3 and PLX4 signals should be the NV(hk) and NV(kh), respectively,
as implied by the numerical results.

3.2.5

Formation of NV centers in SiC

For quantum technology application it is pivotal to create NV centers in a reproducible
form. To this end, detailed knowledge on the formation of NV centers is required. Thus, I
calculated the adiabatic charge transition levels for the NV centers in all considered polytypes as listed in Table 3.9 along with the formation energies as plotted in Figs. 3.8 and 3.9.
Table 3.9: Charge transition levels for individual on-axis NV center configurations referenced to the valence band maximum (EVBM ).
Polytype

Config. E+/0 [eV]

E0/− [eV]

E−/2− [eV]

3C

kk

-0.08

1.48

2.31

4H

hh
kk
hk
kh

-0.24
-0.26
-0.34
-0.30

1.54
1.46
1.49
1.55

2.65
2.63
2.42
2.50

6H

hh
k1 k1
k2 k2

-0.29
-0.33
-0.25

1.54
1.51
1.53

2.59
2.64
2.62

Accordingly, I found that the (+/0) charge transition levels fall in the VB of all SiC
polytypes as all corresponding values exhibit minus sign in the pertinent column of Table 3.9. Neutral and negative charge states of all NC VSi defect configurations are stable in
all the polytypes, whereas the double negative charge state exists in only the hexagonal
polytypes. In contrast, the value obtained for the single NC VSi defect configuration in 3C
3C
SiC of E−/2− = 2.31 eV is larger than its band gap of Egap
= 2.25 eV as calculated by
HSE06 functional (cf. Table 1.2) and thus the (-/2-) level falls in the CB. Focusing on the
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NV centers, i.e. the single negative charge state, it is stable in moderately of highly ndoped 3C SiC, while for hexagonal SiC it occurs in nondoped or slightly n-doped crystals.
In highly n-type hexagonal SiC all NC VSi defect configurations turn to double negatively
charged. These results imply that engineering of the Fermi level in cubic and hexagonal
polytypes requires different strategies in order to create and maintain the negative charge
state, i.e. the NV center.

Figure 3.8: Formation energy as function of the Fermi level of NV center and divacancy configurations in 4H SiC. The insets show the blow up of the curves near the charge transition levels.
4H = 3.18 eV was used as yielded by HSE06 functional (cf. Table 1.2).
Band gap of Egap

By comparing the stability of the NC VSi defect configurations in the investigated polytypes, I found that their formation energies varies slightly in the hexagonal polytypes: the
values agree within ≈0.1 eV. In addition, the maximum difference between the corresponding charge transition levels does not exceed ≈0.2 eV. I also depicted the formation energy
as function of the Fermi level for the VSi VC defect configurations in 4H SiC, since they are
always present besides NV center and may affect its physical properties as discussed later
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Figure 3.9: Formation energies as functions of Fermi-level for NV center configurations in (a)
3C and (b) 6H SiC. The insets in (b) show the blow up of the curves near the charge transition
3C = 2.25 eV and E 6H = 3.02 eV were used as yielded by HSE06 functional
levels. Band gaps of Egap
gap
(cf. Table 1.2).

in this Subsection and further in Subsection 3.2.6.
For the formation of NV centers in 4H SiC I considered two scenarios: (i) formation of
NV centers as native defects related to growth conditions and (ii) NV centers formed by
thermal diffusion or irradiation induced Si vacancies in N-doped 4H SiC.
The NV center formation in case (i) can be carried out by chemical vapor deposition
(CVD) process that is generally used for the growth of homo- and hetero epitaxial highquality thins films of SiC. I considered defect formation in thermal equilibrium during the
CVD process, however I neglect the kinetic effects on the surface of SiC which might play a
role in this case. Concentration of the in-grown defects formed in thermal equilibrium can be
estimated via their formation energies according to Eq. 2.70. For the calculations I assumed
that 4H SiC is doped only with N-atoms allowing the incorporation of NV centers and other
N-related defects [NC and (NC )4 VSi ] besides the intrinsic defects that generally formed
during CVD as VC , VSi , VSi VC and the carbon antisite-vacancy pair (CSi VC or CAV). Here
I note that although lattice structure of SiC allows (NC )k VSi complexes with k = 1, 2, 3, 4
to be formed, formation energies of those with k = 2, 3 are high [57] implying extremely low
concentrations and thus these complexes are not considered here. I summarize all charge
states and configurations of the considered defects in Table 3.10. The simulations were
carried out at different growth temperatures between 1600 and 2000 °C, i.e. in the typical
temperature region of CVD. Results are plotted in Fig. 3.10.
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Table 3.10: Ingap charge transition levels of all considered defect configurations in 4H SiC
indicating the stable charge states taken into account in the concentration calculations.
For (NC )4 VSi defect configurations no charge transition level falls into the band gap and
the neutral charge state is stable at any position of the Fermi level within the ban gap [58].
Defects
NC
VSi
VC
CSi VC (CAV)

VSi VC

NC VSi
(NC )4 VSi

Config.
h
k
h
k
h
k
hh
kk
hk
kh
hh
kk
hk
kh
hh
kk
hk
kh
h
k

E2+/+ [eV]
1.64
1.67
1.28
1.35
1.34
1.36
-

E+/0 [eV]
3.11
3.03
0.05
0.02
1.85
1.75
2.25
2.34
2.19
2.09
1.07
1.05
1.03
1.07

-

-

-

-

E0/− [eV]

E−/2− [eV]

E2−/3− [eV]

-

-

-

1.29
1.26
2.60
2.63
2.84
2.83
2.78
2.69
2.22
2.11
2.06
2.15
1.54
1.46
1.49
1.55

2.59
2.47
2.57
2.53

2.85
2.74

-

-

2.30
2.47
2.32
2.40
2.65
2.63
2.42
2.50

-

-

-

-

-

Accordingly, the concentration of in-grown Si vacancies, CAV complexes and divacancies
is the lowest, particularly, it is about four to six orders of magnitude smaller than that
of NV center. The lowest formation energy is exhibited by (NC )4 VSi (0) that is ≈ 1 eV as
yielded by my calculations implying the highest concentration (over 1019 cm1 3 ) among all the
investigated defects which explains the doping limitation of nitrogen in SiC [57]. However,
the (NC )4 VSi (0) defect is electrically inactive with S = 0 spin state and hence it is not
detrimental for the qubit application of the NV center. The next defect in descending order
in concentration is NC which is also present in high concentration, ≈ 1017 − 1018 cm1 3 , in its
both charge states that is about 6-8 orders of magnitude higher than that of NV center.
While NC (0) has zero spin, NC (+) introduces spindoublet (S = 12 ) ground state establishing
an undesirable electron-spin bath for qubit applications of NV center. VC defects in (0),
(-) and (2-) charge states are also present in somewhat higher concentration than that
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Figure 3.10: Defect concentrations of the technologically important defects as (a) NC , (b) VSi ,
(c) VC , (d) CAV, (e) VSi VC and (f) (NC )k VSi (k = {1,4}) in 4H SiC as functions of the growth
temperature. All relevant charge states and defect configurations are considered. I applied logarithmic scale on the axes of defect concentration. I also note, that concentration of each charge
state is obtained by summing up those of the relevant configurations in the relevant charge state
as formulated by Eq. 2.70.
of NC VSi (-). Among these charge states VC (-) is paramagnetic along with the NC VSi (2-)
defects both exhibiting S = 12 spin state further contributing to the unfavorable spin bath
which may significantly reduce the electron-spin coherence time. Furthermore, majority of
the NC VSi defects is in the (2-) charge state under these doping conditions and not in the
favorable (-) charge state. Here I note that NV centers forming during CVD have not yet
been reported in experiments.
The second approach (ii), the one which has been successfully used in the past, is ion
84

implantation or particle irradiation with subsequent annealing of N-doped (1016 cm1 3 ) SiC
samples. The first experimental results of NV centers in 4H SiC were obtained on proton
irradiated N-doped samples [129, 130]. Lattice structure of the perfect SiC is damaged
by the implantation/irradiation creating vavancies, interstitials and possibly other native
defects in both sublattices. Regarding the monovacancies, VC defects are expected to be
present in higher concentration than VSi defects due to the lower displacement energies of
C atoms with respect to to the Si atoms [94]. The NC VSi center formation is initiated by
thermal annealing in the temperature range where Si vacancies become mobile at around
750 °C [32, 138]. However, owing to the higher amount of C vacancies, VSi VC defects may
also be formed in a concentration close to that of NC VSi . In order to study the formation
of NV centers, I calculated the binding energies of NC and VSi versus that of VC and
VSi as depicted in Figs. 3.11 and 3.12. By comparing Fig. 3.11 (d) and Fig. 3.12 (d) the

Figure 3.11: Formation energies as functions of Fermi level showing (a)-(c) formation of axial
VC VSi defect configurations in 3C and 4H polytypes. Shaded areas represent the binding energies
in each case that is plotted in (d) where the dashed line stands for the VBM of the 3C polytype.

binding energy of divacancies is always higher than that of NV centers resulting in a higher
probability of divacancy formation. Indeed, based on previous EPR and PL studies [129,
130] VSi VC is always present besides NV centers. Since divacancy introduces paramagnetic
electronic structure in its various charge states being optically active, they can influence
the electron-spin coherence time and the photostability of the NV center. However, if the
initial concentration of N is higher than that of VC then the relative concentration of VSi VC
and NC VSi may be tuned toward the preferential formation of NV centers. This scenario
is the one that successfully used for the formation of large ensembles of NV centers.
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Figure 3.12: Formation energies as functions of Fermi level showing (a)-(c) formation of axial
NC VSi defect configurations in 3C and 4H polytypes. Shaded areas represent the binding energies
in each case that is plotted in (d) where the dashed line stands for the VBM of the 3C polytype.

3.2.6

Application of NV centers in SiC as qubits

In this Subsection I discuss the possibilities of applications of NV centers as qubits in
the 3C, 4H and 6H polytypes of SiC in the light of the experimental data and calculated
results discussed in Subsections 3.2.3, 3.2.4 and 3.2.5. Optically induced ground-state spin
polarization, i.e. initialization of the qubit state has been observed by EPR for all NV
center configurations in all three polytypes [129, 130]. This feature is a particularity for all
NV centers (and divacancies) in SiC and diamond which enables the initialization of the
ground state spin by an optical pulse. It is related to the existence of intermediate singlet
states (1 A1 , 1 E), which modify the recombination processes between the 3 A2 ground and
3
E bright excited states as depicted in Fig. 3.13. Calculation of the highly correlated
intermediate singlet states which can be described by invoking more than a single Slaterdeterminant (mutideterminant states) is highly challenging by employing only DFT and
hence it is out of the scope of my thesis. Nevertheless, the OSP loop of NV centers in
SiC is expected to show close similarities to its counterpart in diamond [139] that has
already been successfully exploited in applications [15–21]. In particular, after the optical
excitation from the 3 A2 ground state to the 3 E excited state (yellow upward arrows in
Fig. 3.13) electrons are scattered to the 1 A1 singlet state (green and orange dashed arrows
in the upper branch in Fig. 3.13) via a spin-selective intersystem crossing (ISC), i.e. a nonradiative transition between electronic states exhibiting different spin multiplicity. The ISC
between the between the 3 E triplet and 1 A singlet states is mediated by the phonon-assisted
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spin-orbit interaction. After relaxation via a radiative and/or non-radiative transition from
1
A1 to 1 E (yellow downward arrow in Fig. 3.13), the OSP loop is closing by another ISC
(green and orange dashed arrows in the lower branch in Fig. 3.13) between the 1 E and 3 A2
states. Here the scattering rate is shifted towards the mS = 0 sublevel of the ground state
realizing the OSP which has been observed for NV center in SiC [129, 130]. Nevertheless,
deeper understanding of the OSP (e.g. scattering rates in the ISCs) of NV center in SiC
requires further theoretical and experimental investigations.

Figure 3.13: Schematic illustration of the OSP loop for axial NV centers in SiC and diamond.

Relaxation from the mS = ±1 sublevel of the 3 E excited state via the intermediate singlet states
(orange dashed line) enables the spin polarization of the ground state by gathering the electrons
into the mS = 0 ground state sublevel.

In Subsection 3.5 I showed that majority of the electronic spin density is localized on the
sorrounding 3 × C nuclei which may be spin active for 13 C isotopes. The transfer of electronspin polarization to the neighboring nuclear spins is principally feasible for NV center in 4H
SiC as in diamond [140] and thus allows the realization of quantum memories. One possible
way to polarize the proximate nuclear spins is the optical dynamic spin polarization via
the ground or excited state level anticrossing (GSLAC or ESLAC) where coupling of the
electronic and nuclear spin is the strongest. LAC of the mS = 0 and mS = −1 states can be
induced by switching on external magnetic field with the strength of DGS for the GSLAC
and DES for the ESLAC. By comparing Tables 3.6 and 3.7, DES < DGS for all NC VSi (-)
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configurations and hence gap of the mS = 0 and mS = ±1 in the 3 A2 ground state is
DGS − DES > 0, i.e. the ground state is still far from the GSLAC. Consequently, after the
electronic relaxation the electron spin and nuclear spin will be weakly coupled (or even
decoupled) in the ground state conserving both the ground state OSP and the nuclear spin
polarization established via the ESLAC. Here I emphasize that the excited state is subject
of DJT effect and thus the corresponding physical properties as the ZFS parameters may
be highly temperature dependent. Values in Table 3.7 are valid for T = 0 K.
Creation of stable NV center population with the elimination of any detrimental factors
is pivotal for the exploitation of its highly promising electronic structure and magnetooptical properties as described above. Thus, now I discuss photo- and spectral stability of
the NV centers along with the comparison of the investigated polytypes as hosts for NV
centers. Photostability of NV centers might be compromised by photoionization during the
optical qubit manipulation — which is a one-photon process — by two-photon processes,
however, with significantly lower probability. Photoionization energies can be reasonably
approximated by the corresponding charge transition levels as presented in Table 3.9 for
NV centers in 4H SiC. Accordingly, the single negative charge state of the NC VSi (-) defect
configurations, i.e. the NV centers can be photoionized to neutral charge state NC VSi (0) by
4H
−E0/− ≈ 1.7−1.8 eV.
promoting an electron to the CB with an energy of about at least Egap
This energy is sufficient to reionize NC VSi (0) to NC VSi (-) by promoting an electron from the
4H
VB to the ingap e level since E0/− < Egap
−E0/− for all NC VSi configurations. This scenario
is illustrated in Fig. 3.14. In the case of single defect spectroscopy, confocal microscopy is
applied with high excitation power that can result in two-photon absorption processes.
According to the calculated ZPL values pinning the minima of the excitation energy, the
4H
two-photon process may give rise to photoionization since 2 · EZPL > Egap
− E0/− for
all configurations. Here I note that, ionization of NC VSi (-) to NC VSi (2-) is unlikely, since
2 · EZPL < E−/2− in each case. Consequently, protocol for charge state control of the single
negative charge state is required by reionizing NC VSi (0) that takes place in two steps:
GS → ES and ES → I(0), where I(0) denotes the ionization state of NC VSi (0), i.e. the
ground state of NC VSi (-). Unfortunately, excitation energy of NC VSi (0) is not known and
cannot be calculated within the KS DFT framework. Therefore the threshold energy to
reionize NC VSi (0) to NC VSi (-) is not known as well. If the ZPL energy of NC VSi (0) is higher
than that of NC VSi (-) then NC VSi (-) should be excited to the PSB, in order to reionize
NC VSi (0) to NC VSi (-) by two-photon absorption.
Spectral diffusion in the emission of the single NC VSi (-) defect might also occur upon
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photoexcitation when nearby defects are simultaneously excited (or ionized) resulting in
fluctuating charge density in the proximity of the NV center. These fluctuating charges
may slightly shift the ZPL (Stark shift) energy of NC VSi (-) as depicted in Fig. 3.14 (b)
which is undesirable for quantum technology applications. Divacancy defects always form
together with NV centers under implantation or irradiation induced formation as discussed
in Subsection 3.2.5. If divacancies are excited by about 1.1 eV, two-photon absorption can
also occur leading to the ionization of the VSi VC (0) (cf. Fig. 3.8) defects. The same photon
energy is sufficient to excite NC VSi (-) into its PSB. My calculations imply that excitation
energy lower than 1.1 eV should be applied in order to avoid the photoionization of the
VSi VC (0) defects and thus the spectral diffusion of the NV center (cf. Fig 3.14).

(b)

I(-)

I(0)

3E

2A

~1.65 eV

~1.50 eV

1

~1.0 eV
3A

e -> CBM

2E

2

Intensity (a.u.)

(a)

NV(-)

1.0

VV(0)

1.1

1.2

Energy (eV)

VBM -> e

Figure 3.14: (a) Sketch of ionization (left) and reionization (right) mechanisms of NV center in
multiplet picture. I(-), I(0) stand for the ionization level of NV(-) and NV(0), respectively. (b)
Scheme of PL spectrum indicating ZPL of NV center and divacancy. (Re)Ionization of NV center
gives rise to an alternating Coulomb field which results in Stark effect, i.e. perturbative shifting
and splitting of ZPL line of divacancy.

Now I discuss the photo- and spectral stability of the NV centers in 3C and 6H SiC. In
3C SiC, the calculated acceptor level lies at about 1.5 eV with respect to the VBM, similarly
to the NC VSi defects in the hexagonal polytypes. Since the band gap of 3C SiC is smaller
than that of the hexagonal polytypes, 2.39 eV at low temperatures (cf. Table 1.2), the ZPL
energy of the intracenter transition and the ionization energy of NC VSi (-) almost coincide.
Thus excitation of the NV center in 3C SiC results in an excited state resonant with the
CBM. In this case the photostability of NC VSi (-) in 3C SiC may be difficult to maintain,
particularly, at elevated temperatures. Nevertheless, I note that ensembles of NV centers
could be efficiently optically spin polarized in N-doped 3C SiC [130]. However, this process
might involve recapture of free electrons created by photoexcitation that may not efficiently
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work at the single defect level. On the other hand, if a spin-selective photoionization occurs
for this defect then photoionization based detection of magnetic resonance could be the
appropriate methodology [141] to read out the spin of the single NV qubit.
Turning to the 6H SiC, the band gap is about 0.25 eV lower than that of 4H SiC
(cf. Table 1.2). The acceptor level with respect to the VBM and the excitation energy
are very similar for NV centers hosted by the two hexagonal polytypes (cf. Table 3.9).
As a consequence, the two-photon absorption of the NC VSi (-) defect in 6H SiC may be
more effective than that in 4H SiC because of the larger density of states in the CB of
6H SiC [30]. Thus, the relative rates of ionization and reionization of NC VSi (-) centers in
6H SiC may shift toward the ionization and compromise the stability of NV centers in 6H
SiC. If NC VSi (-) is excited with an energy above the ZPL energy of the divacancy the twophoton ionization of neutral divacancy can take place because of the relatively low-lying
CBM of 6H SiC.
In summary, my numerical results imply that 4H SiC with the largest band gap among
the investigated SiC polytypes is the most optimal SiC host for NV center qubit applications with optical readout. In addition, optimal readout process of NV qubits in 4H SiC
requires two conditions: protocols for (i) for efficient reionization of NC VSi (-) and (ii) conserving spectral stability by avoiding ionization of the divacancy by two-photon absorption.

3.2.7

Summary

In summary, I carried out DFT calculations in order to characterize the negatively charged
NC VSi defect, i.e. the NV center in 3C, 4H and 6H SiC in detail. Electronic structure
of the axial NV center configurations in all polytypes is very similar to its counterpart
in diamond introducing spin triplet 3 A2 ground and 3 E optical excited state along with
the intermediate 1 A1 and 1 E intermediate states (cf. Fig. 3.13). In this way NV center in
SiC also provides a suitable platform for the OSP, i.e. for the qubit state manipulation as
already demonstrated by experiments [129, 130]. In addition, my calculations imply that
spin polarization of the nearby nuclei can also be feasible via the ESLAC opening the gates
towards realization of quantum memories by employing NV centers in SiC.
Regarding defect identification in the 4H polytype, I calculated the magneto-optical
properties, i.e. the HF, ZFS parameters and the corresponding ZPLs. Although, defect
configurations can be distinguished owing to the good agreement between the trends in the
numerical and experimental ZFS constants, ZPL energies — which are expected to support
the identification — are extremely close to each other in the experiments that cannot be
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resolved by solely the ZPLs yielded by HSE06 functional. Nevertheless a future ODMR
spectrum connecting the ZFS constants with the ZPL signals along with the numerical
results presented in this Section might provide a solid ground for unambiguous defect
identification.
I also investigated the formation of NV centers in 4H SiC by CVD as a thermal equilibrum process and by irradiation/implamantation induced defect formation. I found that,
spin active as-grown defects as NC (0), VC (-) and NC VSi (2-) may form in higher concentration than that of NC VSi (-) (cf. Fig. 3.10) establishing an undesirable dense spin
bath which may significantly reduce the spin coherence time of NV center. On the other
hand, the subsequent annealing of particle irradiation VSi VC (0) defects are expected form
in a higher concentration than that of NV center owing to their higher binding energy
(cf.Fig 3.11 and 3.12). Nevertheless, ratio between their concentration might be shifted
towards that of NV center enhancing the N concentration of 4H SiC before particle irradiation. Here I note that, in a very recent study [134] preferential formation of NV centers
over divacancies has been reported in ion irradiated 4H SiC samples by using annealing
temperature of 1000 ◦ C. Since divacancy is optically active and have nonzero spin in its
different charge states, it may compromise the initialization and readout of the qubit state
of the NV center. Further difficulties might arise by photoionization via two-photon absorption of the NV center and divacancy reducing the spectral- and photostability of the NV
center. In this way, I formulated two conditions for the efficient qubit manipulation of NV
center as (i) efficient reionization of NC VSi (-) and (ii) avoiding ionization of the divacancy.
In addition, I compared the most common (3C, 4H and 6H) SiC polytypes as hosts for the
NV center and found that 4H SiC is the optimal choice for the effective exploitation of NV
centers as qubits.

3.3

Vanadium point defects in 4H SiC

Vanadium substitutes a Si atom (VanSi ) in the lattice of 4H SiC as implied by earlier
results [69]. The particular Si-C bilayer packing of the 4H polytypes allows the formation
of two distinct VanSi -related defect configurations: VanSi (h) and VanSi (k). Vanadium is
neutral in a wide range of doping levels as reported earlier in theoretical [142] and experimental [143] studies. The corresponding charge transition levels are listed in Table 3.11.
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Table 3.11: Charge transition levels of VanSi defects in 4H SiC. Values are referenced to
the VBM. Calculated values for VanSi (h) were taken from Ref. [142] and experimental data
from Ref. [143] are also listed. Charge transition levels for VanSi (k) are expected to be close
to those of VanSi (h) which is supported by the single experimental value for each level,
i.e. charge transition levels of the individual VanSi defects have not yet been resolved in
experiments.

Charge transition level

VanSi (h) [eV]

Experiment [eV]

(+/0)
(0/-)

1.57
2.29

1.69 ±0.09
2.15 ±0.08

In this Section, I describe the preliminary experiments related to VanSi in 4H SiC and
the motivation behind my research in Subsection 3.3.1. The particular methodology used
for the calculations is described in Subsection 3.3.2. I report and discuss my computational
results along with the corresponding experimental data on the electronic structure and
the corresponding PL spectrum in Subsections 3.3.3 and 3.3.4, respectively. I describe the
inherent potential of VanSi to act as a single photon source in quantum communication in
Subsection 3.3.5. I summarize my work on VanSi in 4H SiC in Subsection 3.3.6.

3.3.1

Motivation and preliminary experiments

Earlier PL and EPR measurements were carried out on vanadium-doped in 6H SiC [144].
Accordingly, three ZPLs denoted as α, β and γ have been observed in 6H SiC and associated with the neutral charge state of vanadium impurity (Van0Si ). All ZPLs fall into
the 1.3µm-1.4µm region at which wavelengths the optical fibers employed in long-distance
communications exhibit low scattering losses. Splitting in each ZPL have been observed in
magnetic circular dichroism (MCD) measurements and in conventional PL absorption and
emission spectra. In particular, four components for the α (α1−4 ), three for the β (β1−3 )
and two components for the γ (γ1−2 ) line have been resolved [67, 144, 145] as listed in Table 3.12. Polarization measurements for the α line are also available in these studies as α1
exhibits both polarizations, α2,3 show perpendicular and α4 show parallel polarization to
the c-axis. Here I note that similar results have been reported in a very recent study [146].
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Table 3.12: Vanadium-related ZPLs in 6H-SiC and their identification.

Signal EZPL [eV]

EZPL [nm]

Defect

α1
α2
α3
α4

0.9453
0.9460
0.9475
0.9482

1311.6
1310.6
1308.5
1307.6

VanSi (h)

β1
β2
β3

0.9171
0.9197
0.9201

1351.9
1348.1
1347.5

VanSi (k1,2 )

γ1
γ2

0.8933
0.8928

1387.9
1388.7

VanSi (k1,2 )

Origin of the α signal — the one with the largest ZPL in eV units — was tentatively
identified as VanSi (h), however unambiguous identification of β and γ signals has not yet
been reported. Detailed structure of the α signal, i.e. the electronic structure of VanSi (h)
and the corresponding transitions have been revealed by employing CFT [66, 67, 145, 147–
149] as depicted in Fig 3.15. Correspondingly, under C3v symmetry the atomic d-orbitals
of vanadium occupied by a single electron form three Kramers doublet (KD) states. The
ground and the first excited state are doubly degenerate states with 2 E character which
split due to the SOI by 2.17 meV and 0.71 meV in the ground and first excited state,
respectively. In addition, the second excited state exhibits 2 A1 symmetry. Remark that,
by including SOI electronic states will transform according to the irreps of the CD
3v double
group (cf. Table 2.4). However, in the literature assignment of these states, i.e. the SO
sublevels is contradictory.
Nevertheless Van0Si defects in 4H SiC is expected to show very similar electronic structure and properties to those in 6H SiC owing to the closely related crystal structure of these
hexagonal polytypes. Recent PL measurements were carried out on a single-crystal 4H SiC
sample produced by crystal growth assisted by vanadium tetrachloride [62]. Since no other
dopant was present, the 4H SiC sample can be considered as an intrinsic semiconductor.
In this way it is reasonable to assume that the incorporated vanadium is in its neutral
charge state (cf. Table 3.11). The PL experiments revealed three sharp lines, a doublet at
wavelengths of 1278.0 nm (0.970 eV) and 1279.9 nm (0.989 eV) denoted as α2 and α3 , respectively, and a smaller feature at 1334 nm (0.929 eV) labelled as β. In this study the light
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Figure 3.15: Level shceme for the electronic structure of VanSi (h) as proposed in Ref. [148],
however assignments of the SO sublevels was later questioned by Kaufmann et al. [66]. Blue color
indicates the ground, red color indicates the excited states. Yellow arrows represent the radiative
transitions corresponding to the α1−4 PL lines.

collection axis was parallel with the c-axis therefore all detected signals show perpendicular
polarization to the c-axis [62]. Based on the results on VanSi defects in 6H SiC described in
the previous paragraphs one may attribute the α lines to Van0Si (h) while the singlet β line
may be assigned to Van0Si (k). Fluorescence decay lifetimes are also reported for the α and
β signals [62]. Experimental data for the α doublet line show very good agreement with
a single exponential decay with lifetime of τ α = 164.2 ± 1.5 ns. However, description the
singlet β line related decay requires a double exponential function yielding two lifetimes as
τ1β = 43.3 ± 4.3 ns and τ2β = 158.5 ± 5.1 ns. The unusual biexponential decay of the β line
is given rise by the broad PSB associated with the α doublet which extends beyond the β
ZPL. In other words, the two lifetimes may account for photons from the β ZPL (τ1β ) and
the α-related phonons-assisted luminescence (τ2β ).
In the followings, I provide detailed DFT results for the electronic structure (see in
Subsection 3.3.3) for the unambiguous identification of the VanSi -related ZPLs. I also give
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assignment for the phonons-assisted sharp peaks in the PL spectrum and I report the
calculated lifetimes in Subsection 3.3.4. Based on the experimental data and my computational results I discuss the relevance of VanSi in SiC as a single-photon source in quantum
technology applications in Subsection 3.3.5. Summary of this Section is given in Subsection 3.3.6.

3.3.2

Methodology

I carried out DFT calculations on the two possible configurations of VanSi embedded in a
576-atom 4H SiC supercell. Geometries are relaxed by minimizing the total energy with
respect to the coordinates of the atoms until the magnitude of the calculated forces was
smaller than 0.01 eV/Å. The KS wavefunctions are expressed in PW basis using the cutoff
of 420 eV where I treated the ions within the PAW [71] framework. I applied Γ point
sampling of the Brillouin zone providing convergent values with high accuracy in this case.
Since VanSi introduces strongly correlated d orbitals to the SiC as host containing
sp hybrid states, I tried to utilize the hybrid-DFT + Vw [95] scheme manifesting in the
HSE06 + Vw functional. In order to find the exact form of the HSE06 + Vw functional, I
determined the strength of the on-site correction potential (w) — as defined by Eq. 2.63 —
for the VanSi (h) defect via ENK as described in Subsection 2.3.5. In particular, I calculated
for w = -1 eV and w = -3 eV the ground state total energies for the (0) and (-) charge
states along with the corresponding charge correction energy of the (-) state yielded by
the Freysoldt charge correction method [107]. I also calculated the HOMO level in the
(-) charge state for the afore-mentioned w values. The corresponding results are presented
in Table 3.13. By fitting a linear curve on the w(ENK ) datapoints I obtained the graph
depicted in Fig. 3.16. Accordingly, I found that ENK = 0 eV when w = −2.157 ≈ −2.2 eV
Table 3.13: Data for calculation of the w parameter in case of VanSi (h). The test w parameters, total energies (Etot ), HOMO level with respect to the VBM (EHOMO ) in the
neutral charge state, and charge correction in the total energy [∆V (q)] of Van−
Si and the
corresponding NK energies (ENK ) are listed.
w[eV]
-1
-3

Charge state Etot [eV] EHOMO [eV]
(-)
-5024.32
9.12
(0)
-5033.69
(-)
-5025.88
9.81
(0)
-5035.30
-
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Ecorr [eV]
0.13
0.12
-

ENK [eV]
-0.38
0.27

Figure 3.16: Data points (red squares) of w(ENK ) function and its linear fit (blue line). The
fitted line intersects ENK = 0 eV (black line) at w = −2.157 eV, where the intersection point is
denoted by red circle.

for VanSi (h). Although, w is expected to be independent from the occupied lattice site, i.e.
w should take the same value also for VanSi (k), I double-checked w = −2.2 eV for both
VanSi configurations by explicitly calculating the NK energy as presented in Table 3.14.
Table 3.14: Calculated NK energies (ENK ) for both VanSi configurations by using
w = −2.2 eV. The corresponding total energies (Etot ), HOMO levels with respect to
the VBM (EHOMO ) in the neutral charge state, and charge correction [∆V (q)] in the total
energy of Van−
Si are listed.
Site[eV]
h
k

Charge state
(-)
(0)
(-)
(0)

Etot [eV] EHOMO [eV]
-5025.24
9.56
-5034.66
-5025.25
9.56
-5034.68
-

Ecorr [eV]
0.13
0.13
-

ENK [eV]
0.01
0.00

For excited state calculations I used the ∆ SCF method as described in Subsection 2.3.6.
However, I was not able to obtain convergent wavefunctions by using the HSE06 + Vw
scheme along with the ∆ SCF technique for excited state calculations. To remedy this issue,
I tested the computationally less costly PBE functional yielding mostly convergent results
for excited state calculations. To this end, I calculated the ground state electronic structure
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under C3v symmetry employing PBE functional and compared energies and localization
of the ingap KS states to those yielded by HSE06 + Vw functional. The corresponding
results are presented in Table 3.15. I found that the order of defect levels for the two
Table 3.15: Energy levels (KS energy) and characters (Char.) of the ingap KS levels for
both VanSi defects calculated with PBE and HSE06 + Vw (w = -2.2 eV) functionals. I also
provide localization (Local.) on the vanadium atom, i.e. the part of the corresponding KS
electron density within the PAW sphere of the vanadium.
PBE
KS energy [eV] Local.
9.36
0.66
9.36
0.66
VanSi (h)
10.15
0.12
10.18
0.07
10.18
0.07
9.36
0.69
9.36
0.69
VanSi (k)
10.19
0.09
10.19
0.09
10.23
0.03
Site

Char.
e
e
a1
e
e
e
e
e
e
a1

HSE06 + Vw
KS energy [eV] Local.
8.84
0.66
10.08
0.64
10.74
0.09
10.76
0.06
10.78
0.03
8.80
0.68
10.06
0.68
10.76
0.09
10.78
0.04
10.80
0.02

Char.
e
e
a1
e
e
e
e
e
e
a1

defect configurations agrees for the two methods apart from the lifted degeneracies with
HSE06+Vw method arising from the Fock exchange. I also note that although SO splitting
is not yet considered in Table 3.15, I calculated the corresponding ground state SO splittings within the non-collinear magnetism approximation [109] by using the HSE06 + Vw
functional as discussed in Subsection 2.4.2 and I present these results in Subsection 3.3.3.
Localization of defect wavefunctions on the vanadium atom agrees within approximately
10 % for both VanSi defect configurations as obtained by the two methods. Moreover,
the somewhat stronger localization of each presented KS wavefunction on VanSi (k) is also
well-reproduced by both functionals. Therefore, I conclude that PBE functional can provide semiquantitative results for both investigated VanSi defects in the ground state and
hence I use this functional in the ZPL calculations. Although this method is not expected
to provide the correct absolute values for excited state energies, trends in ZPLs should be
reproduced correctly. The corresponding ZPLs are reported in Subsection 3.3.4.
I also calculated the radiative lifetime (τrad ) of the corresponding excited sates defined
as
3π0 ~c3
,
(3.2)
τR = 3 3
n ω |µEG |2
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where n and 0 are the refractive index and permittivity of 4H SiC, respectively, ω is the
frequency of the photoexcitation and µEG stands for the expectation value of the transition
dipole moment. Radiative lifetime is related to the fluorescence decay lifetime as
1
τPL

=

1
1
+
τR τNR

(3.3)

where τPL is the fluorescence decay lifetime and τNR represents the non-radiative lifetime
of the corresponding excited state.

3.3.3

Electronic structure

According to group theory analysis the KS electronic structure introduced by Van0Si defects
under C3v symmetry is a1 (2)a1 (2)e(4)e(1)e∗ (0)a∗1 (0)a∗1 (0) in energy order, where the asterisk
labels the antibonding states. My calculations imply that all the fully occupied states fall
in the VB, while the atomic like e(1) KD state lies in the band gap establishing the 2 E
ground state. Among the empty states, one a∗1 state falls in the CB while the other a∗1
and the e∗ are gap states very close to the CBM. Moreover, according to my results the

Figure 3.17: Defect-molecule diagram for Van0Si point defect in 4H SiC. Electronic structure of

Van0Si (blues inset) originates from the combination of the VSi orbitals (yellow inset) and those
the isolated vanadium atom under C3v symmetry (gray inset). Orbital ordering for both Van0Si
defects emphasizing the interchange of the empty antibonding e∗ and a∗1 levels.
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order of the ingap empty levels depends on the defects site: e∗ a∗1 for Van0Si (k) and a∗1 e∗
for Van0Si (h). KS energy scheme of the afore-described electronic structure is illustrated in
Fig. 3.17. To understand this effect, it is illustrative to derive the electronic structure from
that of Van0Si in 3C SiC exhibiting Td symmetry (cf. Table 2.1). Accordingly, vanadium
introduces a doubly degenerate e level to the band gap and a triply degenerate t∗2 level
resonant with the CBM. Under the C3v crystal field of the defect in 4H SiC, the t∗2 state
splits into a doubly degenerate e∗ and a nondegenerate a∗1 level as illustrated in Fig. 3.18.
The energy order of these states can be determined by closer inspection on the defect
environment as depicted in Fig. 3.19. My results imply that charge density of the e∗

Figure 3.18: Electronic structure of Van0Si in 3C SiC (gray inset) and splitting of the empty t∗2

state in case of Van0Si (h) (green inset) and for Van0Si (k) (orange inset) illustrating the opposite
ordering of the e∗ and a∗1 states. The smaller conduction band for 3C SiC arises from the lower
position of the CBM, whereas the VBM is the nearly same for both polytypes [150].

state exhibits negligible extension along the c axis, while the a∗1 showing strong atomic
like dzz character is sensitive to the environment along the c axis. Owing to the crystal
structure of 4H SiC, spin density of the a∗1 state is more confined along the z-direction for
Van0Si (k) than that for Van0Si (h). Confinement of the a∗1 state is illustrated by dashed lines
in Fig. 3.19. Consequently, the stronger confinement at the k site over the h site pushes
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Figure 3.19: Spin density (orange surfaces) of the empty a1 ∗ state localized on VanSi (h) and
VanSi (k). Spin densities are generated by using the same isovalue. The greater confinement for
VanSi (k) results in a stronger delocalization of the a1 ∗ state pushing it toward the CB in energy.

up the empty a∗1 level for Van0Si (k) with respect to that for Van0Si (h), whereas the effect on
the the corresponding e∗ levels are the same for both Van0Si defects.
These differences, i.e. the site dependence of the Van0Si related electronic structure have
remarkable consequences for the nature of the corresponding PL spectrum. To analyze
this effect I establish the total energy level scheme for both Van0Si defects as illustrated in
Fig 3.20. Correspondingly, while the first excited state of Van0Si (h) is a nondegenerate 2 A1
state, that for Van0Si (k) is a doubly degenerate state exhibiting 2 E character. Now I discuss
the basic effects on the PL spectrum arising from the electronic structure. These are the
(i) fine structure of the ground and excited states, (ii) polarization of the emitted photons
and (iii) the relative positions of the VanSi related ZPLs.
Fine structure [effect (i)] is established by the SOI as depicted in the green parts of
Fig. 3.20. Accordingly, SOI splits the degenrate 2 E states to SO sublevels transforming
2
according to the irreps. of the CD
3v double group. While the A1 states necessarily transform
as E1/2 , ground state 2 E state will transform as E1/2 and E3/2 where the former one is
lower in energy for both VanSi (h/k) defects. However, determination of the characters of the
excited state 2 E state SO sublevels via ab initio results is not straightforward and needed
further investigation. On the other hand, considerations can be made for these states
based on the polarization of the corresponding spectral lines provided in Subsec. 3.3.4.
Relations between the SO splittings and the corresponding transition energies are listed in
Table 3.16. Nevertheless, electronic structure of the 2 E ground and excited states contain
a partially filled degenerate e state that gives rise to JT effect which may quenches the SO
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Figure 3.20: Level schemes for (a) Van0Si (h) and (b) Van0Si (k) with (green insets) and without
(orange insets) SO splittings. Ground state parameters is indicated by blue color, whereas those
of the excited state labeled with red color. The two radiative transitions for Van0Si (h) and four of
those for Van0Si (k) are represented by yellow arrows. Assignments of the 2 E state SO sublevels in
the excited state are not yet determined (see main text). In this way x and y can take the values
of {1/2; 3/2}, however x 6= y within a particular 2 E state.

splitting. Degree of the quenching is represented by the Ham reduction factor (p) [74, 120]
introduced in Subsection 2.4.4 and can be extracted from the corresponding APESs [139].
In order to map the corresponding APES, I also calculated the JT energies (EJT ) and the
barrier energies (δJT ) for both VanSi defects employing static JT distorted geometries by
modifying the triangle determined by the three neighboring C atoms in the Qx − Qy plane
as described in Subsection 3.2.2. I listed my numerical results for the SO splittings [62]
for the ground state for both Van0Si defects in Table 3.17 that are indicated in the lower
part of the green insets in Fig. 3.20. Accordingly, intrinsic and reduced SO splittings in
the ground state of Van0Si (k) is two orders of magnitude larger than that of Van0Si (h). This
remarkable difference may be attributed to the deviation in the local symmetry of the h
and k lattice sites. According to previous studies the h site in 4H SiC mimics the high
symmetry site of the cubic 3C SiC [151] exhibiting Td symmetry. Thus C3v crystal field
may be considered as a weak perturbation on the Td field in the local environment of
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Table 3.16: Relation of the SO splittings to the corresponding ZPLs. For the simplicity ZPL
energies are denoted by labels of the corresponding transitions.

Defect

SO splitting

VanSi (h)

Relation

GS
ESO

β1 − β2

GS
ESO

α4 − α2
α3 − α1

ES
ESO

α2 − α1
α4 − α3

GS
ES
ESO
+ ESO

α4 − α1

GS
ES
|ESO
− ESO
|

|α3 − α2 |

VanSi (k)

Table 3.17: Parameters of the VanSi related APESs as the JT energy (EJT ) and the barrier
energy (δJT ) from which the Ham reduction factor (p) can be calculated. Intrinsic and reduced
red = pE
SO splittings in the ground state denoted as ESOI and ESOI
SOI , respectively, as yielded by
HSE06 + Ww calculations are also presented.

Site

EJT [meV]

δJT [meV]

p

VanSi (h)
VanSi (k)

9.4
13.1

5.6
7.1

0.63
0.60

red
ESO [GHz] ESO
[GHz]

18.63
819.21

11.42
490.37

VanSi (h), while VanSi (k) exhibits strong C3v character. Since SO splitting in the 2 E state
of TM point defects under pure Td symmetry is entirely quenched (ESO = 0), strength of
the local C3v field of VanSi (h/k) in 4H SiC governs the magnitude of the SO gap. Based
on the discussed fine structure, four radiative transitions between the 2 E ground and 2 E
excited states of VanSi (k) while two of those between the 2 E ground and 2 A1 excited states
of VanSi (h) can be expected yielding four ZPLs originating from VanSi (k) and two from
VanSi (h).
Polarization of the emitted light [effect (ii)] can be determined by CFT as discussed
in Section 2.1. First I derive the orbital selection rules. To this end I formulate the direct
product of the initial (excited) and final (ground) states as E ⊗ E = A1 ⊕ A2 ⊕ E for
VanSi (k) and E ⊗A1 = E for VanSi (h). Consequently, irrep of the transition dipole moment
µEG ) operator should take the form of A1 or E for VanSi (k), whereas that should be E
(µ
for VanSi (h). I note that irrep of µ EG can also be A2 for VanSi (k), however no operator
depending only on the spatial coordinates to the first order can transform as A2 . In this
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way, both polarizations of the emitted photons from Van0Si (k) are symmetrically allowed,
while Van0Si (h)-related photons should be polarized perpendicular to the c-axis. In order
to gain further insight to the selection rules of the fine structure transitions, SOI and thus
irreps of the CD
3v double group have to be included. Spin selection rules for all possible
transitions can be derived by analyzing the direct products of E1/2 ⊗ E1/2 ; E3/2 ⊗ E3/2 and
E1/2 ⊗ E3/2 . As a result the allowed transitions should exhibit both A1 and E symmetry
for E1/2 ↔ E1/2 transitions, A1 for E3/2 ↔ E3/2 transitions and E symmetry for E1/2 ↔
E3/2 type transitions. By putting together the orbital and spin selection rules I listed
the characters of the symmetrically allowed transitions in Table 3.18. By comparing the
Table 3.18: Orbital and spin selection rules for the transition dipole moment of all possible Van0Si -related transitions depicted in Fig. 3.20. The resultant symmetry of the dipole
transition and thus the polarization of the emitted photon with respect to the c-axis are
also presented.
Transition
Orbital
Spin

Selection rules
Orbital
Spin

Symmetry

Polarization

E↔E

E1/2 ↔ E1/2
E1/2 ↔ E3/2
E3/2 ↔ E3/2

A1 ⊕ E
A1 ⊕ E
A1 ⊕ E

A1 ⊕ E
E
A1 ⊕ A2

A1 ⊕ E
E
A1

both
perpendicular
parallel

E ↔ A1

E1/2 ↔ E1/2
E3/2 ↔ E1/2

E
E

A1 ⊕ E
E

E
E

perpendicular
perpendicular

experimentally detected polarizations as reported in Subsection 3.3.1 with those yielded by
the group theory analysis (see in Table 3.18) I conclude that the order of the SO sublevels
in the ground and excited state of Van0Si (k) should be identical (see in Fig. 3.20). Thus
energy order of the SO sublevels for the excited state 2 E should be E1/2 E3/2 based on
solely the polarization analysis.
Relative positions of the ZPLs [effect (iii)] can be estimated by the positions of the
empty ingap e∗ and a∗1 states. Both the ingap half filled e and empty e∗ levels are nearly
in the same position for the two VanSi defects. In contrast, the a∗1 KS state is below the e∗
level for Van0Si (h) in contrast to Van0Si (k) implying a lower energy transition for Van0Si (h)
than that of Van0Si (k). Consequently, the corresponding ZPLs should show the same trend,
i.e. I expect lower energy Van0Si (h)-related ZPL. I note that, in this derivation I assume
the same Stokes shift in the emission process for both defects arising from the different
vibrational relaxation in the excited state than that in the ground state.
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3.3.4

Photoluminescence spectrum and identification of the vanadium emitters

Positions of the corresponding ZPLs are listed in Table 3.19 as yielded by PBE calculations.
In the ZPL calculations I ignored the SO splitting and I used static JT distorted structures
in order to find the geometry that corresponds to the lowest total energy (cf. Fig. 2.9)
as discussed in Subsection 2.4.4. ZPL of Van0Si (h) is lower than that of Van0Si (k) that is
expected from the electronic structure as discussed in Subsection 3.3.3 as effect (iii) on the
PL spectrum. The absolute values of the calculated ZPL energies are within 0.1 eV. More
importantly though, difference between the numerical Van0Si (h)- and Van0Si (k)-related ZPLs
is 0.06 eV which is close to the experimental value of 0.04 eV. I also provide the ground
state SO splittings in Table 3.19. The corresponding value for Van0Si (k) is two orders of
magnitude larger than that of Van0Si (h) as discussed in Subsection 3.3.3 which agrees well
with the corresponding experimental values. These results strongly imply that α and β
emitters are VanSi (k) and VanSi (h) in their neutral charge states, respectively, as indicated
also in Table 3.19. This identification, however, contradicts the previous considerations in
the literature presented in Subsection 3.3.1. Group theory analysis implies four ZPLs for the
Table 3.19: Energies of the VanSi related ZPLs as calculated calculated by PBE functional
exp
DFT
). Experimental data for the ZPLs (EZPL
(EZPL
) are also provided in [nm] and [eV] units
DFT
and
as well. I also list here the SO calculated and experimental splittings denoted as ESO
exp
ESO , respectively. The last column contains the assignments of the α and β lines.
Signal
α
β

exp
EZPL
[nm]

exp
EZPL
[eV]

1278.0 (α2 )
1279.9 (α3 )
1334

0.970 (α2 )
0.969 (α3 )
0.929

DFT
EZPL
[eV]

exp
ESO
[GHz]

DFT
ESO
[GHz]

Assignment

0.845

≈540

490.37

VanSi (k)

0.785

≤40

11.42

VanSi (h)

α and two for the β lines with polarizations given in Table 3.18. However, the employed
experimental setup allowed capturing only the photons with perpendicular polarization
to the c-axis [62]. In this way three α lines (α2 , α3 , and the perpendicular part of α1 )
and two β ZPLs should be observed in the corresponding PL spectra (cf. Table 3.18).
Although, all expected α lines have been observed, only a single β line has been detected
in experiments [62]. This might be attributed to the extremely low ground state SO splitting
for Van0Si (h) (cf. Table 3.19) which is below the resolution of the applied spectrometer (≈35
GHz) in the experiments [62] resulting in the merging between β1 and β2 manifesting in a
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single β ZPL.
Investigation of the VanSi -related PSB is of high importance as it gives further insight
into the corresponding optical properties and, on the other hand, it presents pathways
for off-resonant excitation. Sharp peaks in the corresponding PL spectrum arise from the
phonon-assisted electronic transitions, where the corresponding phonons are expected to
be strongly localized on the core atoms of the defect. In order to identify these peaks I
calculated the corresponding phonon energies and compared to the experimental spectrum
where 7 sharp peaks have been found in the PSB [62] as listed in Table 3.20. The total PL
spectrum and thus the PSB can be treated as the sum of the α and β emitter related PL
spectra or PSB as PSBtot = PSBα + PSBβ . In Table 3.20 I provide the identification of
the observed sharp peaks and also the corresponding PSB (PSBα or PSBβ ). In particular,
Table 3.20: Positions of the experimentally observed sharp phonon peaks given in [nm] and
also in [eV] units. Identification of the features and the corresponding PSBs are also listed.
PSB
PSBα
PSBβ

Position [nm]

Phonon energy [meV]

Assignment

1152
1173
1163
1295
1244
1219

22
89
98
29
69
89

VanSi (k)
4×C
4×C + VanSi (k)
VanSi (h)
4×C + VanSi (h)
4×C

I identified three different phonon-assisted features in both PSBs where the contributing
phonons localized on VanSi (h/k) and/or the sorrounding 4 × C atoms. Nevertheless, a
further peak has been found in the experiments — observed at 1275 nm (45 meV) and
P
denoted by
[62] — that cannot be assigned to a particular oscillatory mode. Here I
recall that DFT calculations are based on the BO approximation where no electron-phonon
coupling is involved. In this way features that cannot be described solely by the FranckCondon DFT method might be attributed to manifestation of electron-phonon coupling
that is significant in this case (cf. Table 3.17). Especially, due to the strong electronphonon coupling the electronic transition dipole moment should depend also on the nuclear
coordinates that is not the case within the BO nor in the FC frameworks. This effect is
known as the Herzberg-Teller effect [74] and has already found in earlier PL spectra, e.g.
P
for NV center in diamond [152]. Hence we ascribed the
feature to the Herzberg-Teller
mechanism.
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I also calculated the radiative lifetimes (τRDFT ) for both Van0Si defects. By comparing
exp
these values to the experimentally observed fluorescence decay lifetimes (τPL
) the nonraDFT
) can be calculated according to Eq. 3.3. I listed the corresponding
diative lifetime (τNR
values in Table 3.21. Correspondingly, all lifetime parameters are larger for Van0Si (k) than
those for Van0Si (h).
DFT ) and experimentally observed fluoTable 3.21: Calculated radiative (τRDFT ), nonradiative (τNR
exp
rescence decay (τPL
) lifetimes for both VanSi related emitters.

Signal
α
β

3.3.5

exp
Assignment τPL
[ns]

Van0Si (k)
Van0Si (h)

τRDFT [ns] τNR [ns]

163
43

704
277

212
47

Application of vanadium in 4H SiC as single-photon source

Properties of VanSi defects in 4H SiC show promise for the application of vanadium in the
emerging field of quantum technologies. With growing demand for efficient single-photon
emitters in the telecommunication wavelength regime that is key for the implementation
of quantum cryptography protocols or the generation of large entangled photon states,
vanadium in silicon carbide is of great interest as it forms color centers with optical emission
falling in the O-band of the telecommunication wavelength region (1260 nm - 1360 nm)
with ZPLs of around 1280 nm [Van0Si (k)] and 1330 nm [Van0Si (h)] as listed in Table 3.19.
The corresponding HR and DW factors, S and w, respectively, as calculated on ab initio
grounds along with experimental DW factors are listed in Table 3.22 where I also present
the corresponding optical efficiencies. Radiative efficiency (ηR ) can be calculated as the
ratio of the radiative rate (RR = τ1R ) and the total emission rate (RPL = τ1R ), i.e.
ηR =

RR
τPL
=
.
RPL
τR

(3.4)

From here the total efficiency of the ZPL transition can be calculated as ηZPL = W ηR .
Our co-authors in Ref. [62] have calculated the parameters of a cavity enhanced single
photon source containing vanadium in SiC by using the parameters listed in Table. 3.22.
This can be realized by fabricating photonic crystal in SiC or by using Fabry-Perot optical
resonator. In such devices the photon collection can be strongly enhanced along with the
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Table 3.22: Calculated HR and DW factors denoted as Sth and wth , respectively. DW factors
extracted from the experimental PL spetrum (wexp ) are also provided. Radiative and ZPL efficiencies denoted as ηR and ηZPL , respectively, are also presented. I note that ηZPL was calculated
by using wexp . All values are taken from Ref. [62].

Defect

Sth

wth

wexp

Van0Si (k) 0.66 0.52
Van0Si (h) 0.79 0.45

0.39
0.22

ηR [%] ηZPL [%]
23
15

8.9
3.3

realization of spin readout by state dependent reflectivity. Cooperativity (C) is a figure of
merit of such cavity enhanced systems, i.e. of a resonator partially filled by an optically
active crystal. Cooperativity is the measure of the photon scattering probability within
the cavity, i.e. the coupling of the optically active crystal to the cavity. When the optically active crystal is 4H SiC with VanSi defects the cooperativity is calculated as C =
134 [62]. This value is promising for optically interfaced qubit networks [153], since it delivers near-unity cavity reflection for quantum state readout [154]. Further optimization of
the corresponding parameters (e.g. size of the resonator, transmission of the mirrors) yields
an emission probability per excitation of 70 %, that might be further increased even up to
90 %. Detailed calculations can be found in Ref. [62]. These values indicate that vanadium
in 4H SiC may serve as a fast and highly efficient cavity-enhanced single-photon source
with performace at or beyond the state of the art [155].
Electronic structure of Van0Si defects in 4H SiC introduce ground state lying deeply
within the band gap enabling strong localization of the electronic wavefunction as discussed in Subsection 3.3.3. This points to long spin coherence lifetimes, which have indeed
been observed on vanadium ensembles [144]. The α emitter identified as Van0Si (k) in Subsection 3.3.4 is particularly promising for spin-based applications as its large ground state
splitting (cf. Tables 3.17 and 3.19) will likely allow longer spin coherence times at moderate cryogenic temperatures. Moreover, vanadium offers a large hyperfine Hilbert space
which is desirable in creating nuclear spin polarization pointing toward efficient quantum
information storage and manipulation [156,157] which is pivotal in realization of solid-state
quantum memories. In particular, 51 V isotope exhibit nuclear spin of I = 7/2 which — together with the strong localization of the ground state wavefunction — implies remarkable
hyperfine coupling parameters as listed in Table 3.23.
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Table 3.23: Experimental HF constants of VanSi defects taken from Ref. [146].
Assignment Axx [MHz] Ayy [MHz] Azz [MHz]
Van0Si (k)
Van0Si (h)

3.3.6

103
165

188
165

174
232

Summary

In this Section I reported experimental data [62,66,67,144,145,147–149] and my numerical
results aiming to identify the vanadium related PL signals in 4H SiC and to characterize
the neutral VanSi defects as single-photon emitters for quantum technology. To this end I
determined the w parameter for the exact HSE06 + Vw functional for these defects yielding
w = −2.2 eV. Nevertheless, convergence of this functional excited state calculations cannot
be reached, instead I used PBE functional in this context as discussed in Subsection 3.3.2.
I calculated the one-electron structure by using both functionals yielding qualitatively very
similar picture: an ingap e state filled by a single electron and an empty a∗1 and e∗ states
for which the energy order turns out to be site dependent owing to the different crystal
environment for Van0Si (h) and Van0Si (k) (cf. Figs. 3.17, 3.18 and 3.19). Site dependency of
the KS electronic structure implies remarkable effects on the corresponding PL spectrum,
as different number and polarization of ZPLs for Van0Si (h) and Van0Si (k) and the lower-inenergy ZPL for Van0Si (h) than that for Van0Si (k). Experiments and my calculations have also
revealed a two orders of magnitude larger ground state SO splitting for Van0Si (k) than that
for Van0Si (h). These unique properties of the electronic structure along with the rich PSB
exhibiting sharp lines of phonon-assisted electronic transitions allowed the unambiguous
identification of the vanadium-related emitters as presented in Table 3.19.
Quantum optical properties of vanadium point defects in 4H SiC are promising for their
application as a single-photon source. In particular, the Van0Si -related ZPLs fall into the
O-band of the telecommunication wavelength region accompanied by DW factors of 0.22
for Van0Si (h) and 0.39 for Van0Si (k) (cf. Table 3.22). Experimental fluorescence decay lifetimes and calculated radiative lifetimes together with the DW factors enabled to calculate
the corresponding radiative efficiency of the ZPLs. According to further calculations [62]
future cavity enhanced single photon source based on vanadium doped SiC crystals might
operate with 70 % emission probability per excitation and beyond. Furthermore, hyperfine
Hilbert space of vanadium introduce well-separated quantum states (cf. Table 3.23) point-
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ing towards realization of VanSi based solid state quantum registers. Application of this
system in quantum technologies is further supported by the coherent driving of the spin
state as demonstrated in a very recent study [146].
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Chapter 4
Summary
During my PhD research I carried out atomistic simulations on point defects in SiC which
may be promising for quantum technology applications. In this work I report my results
in the following topics:
• Photoluminescence quenching of the divacancy in SiC (see in Section 3.1, first thesis
point);
• NV centers in common SiC polytypes (see in Section 3.2, second thesis point);
• Vanadium point defects in 4H SiC (see in Section 3.3, third thesis point).
In Section 4.1 I present my thesis points summarizing this recent work.

4.1

Thesis points

1. Photoluminescence quenching of divacancy in 4H SiC.
Quenching of the neutral divacancy-related ZPLs in the corresponding PL spectra in 4H
SiC has been reported in earlier studies [52–54]. Divacancy in 4H SiC forms 4 different
defect configurations, namely hh, kk, hk, kh configurations, where the first letter denotes
the site of Si vacancy (VSi ) while the second stands for the site of carbon vacancy (VC )
as h - hexagonal and k - cubic. All the four corresponding ZPLs exhibit the quenching
mechanism. Recovery of the ZPLs is observed under illumination with excitation energies
(threshold energies) of 1.310 eV (hh and kk), 1.321 eV (hk) and 1.281 eV (kh) [52].
Two competing models are available in the literature explaining the quenching mechanism. Both models assume that VSi VC is not present in its neutral charge state (qubit
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state) resulting in the absence of the corresponding ZPLs. The recovery process occurs
after the reionization of VSi VC to its neutral charge state and hence the reported threshold
energies correspond to the reionization energies from the so-called dark state to VSi V0C .
However, identification of the dark state is contradictory: in Ref. [54] the positive charge
state [VSi V+
C ] is proposed, while in Ref. [53] the dark state is identified as the negative
charge state [VSi V−
C ].
I studied the quenching mechanism at different temperatures by DFT calculations.
For modeling the lattice structure I utilized 576 atom supercell along with HSE06 hybrid
0
functional to describe the electronic structure. Reionization process of VSi V+
C → VSi VC can
be carried out by promoting an electron from the valence band to the ingap e state, while
by electron transition from the e state to the conduction band is needed for the VSi V−
C →
+
0
0
VSi VC process. In this way, energy required for the VSi VC → VSi VC reionization process
can be approximated as the energy difference between the valence band edge and the (+/0)
0
charge transition level, while that for the VSi V−
C → VSi VC process can be estimated by
the energy gap between the (0/-) charge transition level and the conduction band edge. I
report my results in the following 2 thesis points.
(a) Quenching of divacancy-related features in the PL spectrum at T ≈ 0 K.
0
For energies of VSi V−
C → VSi VC transition I obtained 1.245 eV (hh), 1.209 eV (kk),
0
1.174 eV (hk) and 1.307 eV (kh). For the VSi V+
C → VSi VC process I obtained 1.070 eV
(hh), 1.010 eV (kk), 1.051 eV (hk) and 1.081 eV (kh).
0
Calculated values for the VSi V−
C → VSi VC transition show good agreement with the
0
experimental threshold energies in contrast those for the VSi V+
C → VSi VC process. Thus, I
conclude that the dark state of the divacancy is VSi V−
C [P1].
(b) Quenching mechanism at elevated temperatures (T > 0 K).
0
At elevated temperatures the reionization process of VSi V−
C → VSi VC may be influenced
by phonons lowering the excitation threshold energies. I calculated temperature dependent
0
HR spectra of the VSi V−
C → VSi VC for all VSi VC defect configurations by means of density
functional plane wave supercell calculations. According to my results, reionization with
the cumulative transition probability of half of the DW factor can be achieved at room
temperature (300 K) by employing the excitation energy used for the optical readout VSi V0C
qubit. This enables the charge state control and simultaneous qubit manipulation of VSi V0C .

111

2. Nitrogen-vacancy (NV) center in SiC.
Negatively charged nitrogen-vacancy defect (NV center) in 4H SiC is promising solid state
qubit candidate. NV center in 4H SiC forms 4 different defect configurations as: hh, kk, hk,
kh configurations, where the first letter denotes the site of N atom (NC ) while the second
stands for the site of Si vacancy (VSi ). Novel PL and EPR centers have been assigned to
NV centers in 4H SiC and all four signals have been observed [129–131]. The measured
ZPLs are 0.998 eV (PLX1), 0.999 eV (PLX2), 1.014 eV (PLX3) and 1.051 eV (PLX4) while
the corresponding D constant values are 1193 MHz, 1270 MHz, 1313 MHz and 1328 MHz.
Magneto-optical properties provide unambiguous fingerprints for defect indentification.
Hence I determined the ZPLs, constants of hyperfine coupling assuming 29 Si and 13 C isotopes (Ak , A⊥ ), and zero-field splitting (ZFS) parameters D and E by means of density
functional plane wave calculations.
I also investigated the fabrication procedure of NV centers in 4H SiC. To this end I
considered two mature processes: (i) the chemical vapor deposition (CVD) and the (ii)
ion implantation procedure followed by annealing at high temperatures. While the (i)
procedure was approximated as an equilibrium process, the (ii) one was treated as nonequilibrium mechanism in my calculations. Regarding case (i), I considered maximum N
concentration. In this way intrinsic defects, substitutional N defects (NC ), NC VSi defects
and N-precipitate [(NC )4 VSi ] may be formed. For calculating the concentrations I considered the usually applied temperatures (between 1600 ◦ C and 2000 ◦ C) and applied the
charge neutrality equation with assuming thermal equilibrium of the considered defects
in 4H SiC. Via applying the (ii) procedure, vacancies and interstitial atoms are possibly
created in the lattice of 4H SiC. Follow-up annealing mobilizes these defects giving rise to
different defect complexes. According to experiments divacancy in its neutral charge state
is always formed besides NV center as a result of process (ii) [129, 130]. In order to predict
concentration relations, I calculated the binding energies of these two complexes.
In quantum technological aspects, optical stability (or photostability) of NV center
is crucial for accurate initialization and read-out processes realized via optical excitation.
This can be violated by two phenomena that may emerge under illumination: by ionization
of NV center, or by the Stark effect causing spectral diffusion, i.e. shift of the corresponding
ZPLs. Stark effect is given rise by charge fluctuations originating from ionization of other
defects around the NV center. The most important defect accompanying NV center in
ion-implanted 4H SiC samples is the divacancy. In this context I investigated two-photon
processes which possibly occurs in confocal microscopy measurements and may result in
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ionization of the NV center and/or the divacancy.
For the calculations I employed PBE and HSE06 functionals and 576 atom 4H SiC
supercell. I group my results into 3 thesis points.
(a) Identification of defect configurations in the 4H polytype.
I unambiguously identified the NV center configurations via the comparison of the
calculated and observed ZPLs and D constants. The calculated ZPL values are 0.966 eV
(hh), 1.018 eV (kk), 1.039 eV (hk) and 1.056 eV (kh) while those for the D constants are
1427 MHz (hh), 1377 MHz (kk), 1331 MHz (hk) and 1404 MHz (kh). Based on the obtained
numerical results for the magneto-optical parameters I associated the corresponding PL
signals (PLX1-4) [131] as hh - PLX1; kk - PLX2; hk - PLX3; kh - PLX4 [P2, P3].
(b) Formation of NV center in 4H SiC.
My results for the simulation of CVD preparation imply that concentrations of intrinsic
defects are smaller by orders of magnitude than those of the other investigated defects.
Concentration of the neutral (NC )4 VSi (S = 0 spin state) and NC (S = 21 spin state) is
higher by about 9 and by about 7 orders of magnitude, respectively, than that of NV center.
While the former defect is spinless and hence indifferent, dense spin bath is established by
the neutral NC in such high concentration being detrimental for the spin manipulation of
NV center. Concentration of the doubly negative NC VSi (S = 12 spin state) defect is also
slightly higher than that of NV center introducing a further drawback with respect to the
potential applications. Based on the results for implantation, binding energy of divacancy
is higher than that of NV center by about ≈ 2-3 eV depending on the position of the Fermi
level in 4H SiC. As a consequence, divacancy always forms besides NV center in samples
prepared with implantation or irradiation.
Consequently, I conclude that preparation with ion implantation is the better strategy
for fabrication NV center. In particular highly N-doped 4H SiC sample prepared by ion
implantation may result predominant accumulation of NV center over divacancy [P3].
(c) Photostability of NV center in ion-implanted 4H SiC.
According to my results based on HSE06 hybrid density functional theory calculations,
ionization threshold of NV center i.e. energy of the NV(-) → NV(0) transition is around
≈ 1.7-1.8 eV in 4H SiC. On the other hand ionization threshold of neutral divacancy, i.e.
energy of the VSi V0C → VSi V−
C process is about ≈ 2.1 eV. Excitation energy of NV center
is ≈ 1.0 eV while that of divacancy is ≈ 1.1 eV. Consequently, by photo-excitation into
the phonon-sideband (PSB) of NV center (≥ 1.1 eV) two-photon absoprtion process may
occur for both NV center and divacancy resulting in ionization of both defects, which in
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turn reduces the photostability of the NV center.
Based on my results I conclude that the best strategy to maintain the photostability
of NV center is to employ excitation energies below 1.1 eV avoiding the divacancy to be
ionized by two-photon processes [P3].

3. Vanadium point defect in 4H SiC
Vanadium impurity in 4H SiC has been proven to be a suitable single photon emitter
candidate for quantum communication owing to its NIR emission falling into the O-band
(1260-1360 nm) of telecom wavelength region [62, 146]. Preliminary studies reveal that
vanadium forms substitutional defects at a Si site [69] that are neutral in the investigated
intrinsic 4H samples (Van0Si ). Structure of the 4H lattice support formation of two kinds
of VanSi defect as VanSi (h/k) depending on the occupied hexagonal/cubic site. Based on
previous experimental results electronic structure of Van0Si defects in 6H SiC has already
been described by employing crystal field theory [66, 67] that can be expected to closely
related to that of Van0Si defects in 4H SiC. Novel PL spectra [62] of Van0Si in 4H SiC are
also available, where two ZPLs have been observed: the so-called α line at 0.971 eV and the
β line at 0.929 eV. The α line shows single exponential decay, however the β line exhibits
double exponential decay. Moreover, several sharp lines take place in the PSB.
On the other hand, results from ab initio calculations were not available before neither
for 6H nor for 4H SiC. Therefore, I calculated the electronic structure of Van0Si defects in
4H SiC by means of the HSE06+Vw technique [95] assisted with PBE [28] functional in a
576 atom supercell.
I provide my results in the following 4 thesis points.
(a) Electronic structure of vanadium defect in 4H SiC
Vanadium related ingap states are formed by the atomic d-orbitals which remain
strongly localized even in the 4H SiC lattice. Characters of the one-electron states in energy
order are e(1)e(0)a1 (0) for Van0Si (k) and e(1)a1 (0)e(0) for Van0Si (h), where the occupation
numbers are denoted in brackets. Consequently, Van0Si introduces 2 E spin doublet ground
state. The a1 (0) and the higher-energy e(0) states are resonant with the conduction band
edge in both cases, however for Van0Si (k) the a1 state shifts upward due to the stronger
crystal field confinement along the c-axis [P4].
(b) Identification of the vanadium-related ZPLs.
Based on the differences between the Van0Si (h)- and Van0Si (k)-related electronic structures and the calculated ZPLs I identified the Van0Si -related ZPLs. Accordingly, calculated
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ZPL energies are 0.785 eV for Van0Si (h) and 0.845 eV for Van0Si (k). Consequently, I assign
the lower-in-energy β line to Van0Si (h) and the α line to Van0Si (k) which contradicts the
previous interpretations in the literature [66, 67] [P4].
(c) Identification of the vanadium-related features in the PL spectrum.
I calculated the energy and localization of the VanSi -related local phonon modes in the
PSB giving the possibility to identify the other features present in the PL spectrum at
energies of 0.840 eV - β (4 × C); 0.860 eV - β [4 × C + VanSi (h)]; 0.872 eV - α [4 × C +
VanSi (k) )]; 0.882 eV - α (4 × C); 0.902 eV - β [VanSi (h)]; 0.949 eV - α [VanSi (k)]. Atoms
vibrating in the corresponding phonon modes are denoted in brackets as VanSi - Vanadium
atom; 4 × C - neighboring 4 C atom [P4].
(d) Radiative lifetimes
By DFT calculations I verified that the biexponential decay of the β singlet line is giving
rise by the α-related PSB extending beyond the β ZPL. Decay of the ZPL lines are governed
by the corresponding total fluorescence decay lifetimes which had been determined from
experiments. In addition, I calculated the radiative lifetimes of both Van0Si defects that is
704 ns for VanSi (k) (α) and 277 ns for VanSi (h) (β). By taking the observed optical lifetimes
and computed radiative lifetimes, the non-radiative lifetimes can also be determined that
are 212 ns for VanSi (k) (α) and 47 ns for VanSi (h) (β) [P4].
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