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1. Introduction

With electrical hardware components becoming ever smaller and approaching the lim-
its of classical physics, the use of quantum effects for various applications came into
the focus of research in the recent decades [1]. The idea of using these effects is not new
[2]. However, the possibility of experimental feasibility has been long awaited. Today,
the production of devices taking advantage of these effects is closer than ever before.
Besides the famous applications like reducing algorithm complexity [3] with a quan-
tum computer consisting of electron or nuclear spin qubits [4] or securing communi-
cation channels by means of quantum communication [5] or cryptography [6], there
are many other possible applications. One of these applications with tremendeous po-
tential is quantum sensing, capable of boosting measurement precision from the shot-
noise limit to the Heisenberg-limit [7] and enabling magnetometry and thermometry
with high sensitivity on the nanoscale [8].

With the transition from classical electronics to quantum electronic devices on the
doorstep, the search for material platforms with suitable properties for the very de-
manding tasks involved is becoming increasingly important. A vast amount of candi-
dates is available, hence to find the most universal and powerful ones is an ongoing
task of today’s research.

One approach in which significant progress has been made in recent years is the ap-
plication of solid state spintronics. The manipulation and read-out of single, isolated
spins capable of performing quantum operations in a controlled manner has been ex-
tensively studied [9] [10] [11] [12].

One of these systems is the NV~ -center in diamond, standing for a vacancy right next
to a nitrogen impurity substituting a carbon atom [13] [14]. Its properties, like near-
perfect photostability [15] of single NV~ -centers and a long spin coherence up to 600 ms
[16], which is a prerequisite for a system of such kind, allow spin manipulation [17],
utilization as magnetometers [18], bio sensing [19] and the use as single photon source
[20].

As with every material system, there are also some drawbacks to the NV~ -center in
diamond. The processes to industrially fabricate diamond wafers are immature and

no mass production has been established. Further, the manufacturing of devices in-



1. Introduction

cluding diamond faces huge technological hurdles due to its large bandgap and con-
sequently high electric resistance. A material platform with the same quantum prop-
erties, but cheaper and easier to produce is highly desirable.

Color center defects in silicon carbide (SiC), namely the silicon vacancy (Vg;) or the di-
vacancy, hit this exact notch. They are attracting growing attention because of their ap-
pealing optical and spin properties. While the Vs; defects show slightly shorter spin co-
herence [21] [22], an existing SiC industry with mature fabrication processes provides
large scale production of SiC wafers. Unlike NV, they are intrinsic lattice defects and
allow the electrical control of the spin state, e.g. via photocurrent or electrolumines-
cence [23]. SiC represents a technologically advanced material, utilized in high-power
electronic components for decades. Quantum spintronics [24], single photon emission
[25] as well as coherent control of isolated Vg; defects have been demonstrated [26].

A very vibrant and successful research area, in which Vg; defects as well show huge po-
tential, is the development of a solid-state system for quantum sensing. In vivo quan-
tum sensing of the temperature [27] in bio organisms provides a nanoscale resolution
measurement technique, opening up completely new insights in medicine and biol-
ogy. With its emission spectrum in the near infrared regime, where biological tissue is
transparent, the Vg; defect in SiC is perfectly suited for applications of this kind. Mag-
netometry [8] and thermometry [28] have been demonstrated on Vg; defects in SiC and
the robustness of SiC against radiation and other effects enables sensing applications
with Vs; under extreme conditions, e.g. in space [29]. Another wide field of application
for Vs; defect based quantum sensors is opened up by the transition of the automotive
industry from internal combustion engine to e-mobility. The use of SiC in high power
electronic components in electric cars is steadily increasing. The intrinsic Vg; defect
potentially allows a very sensitive measurement of magnetic fields, electrical currents
and the temperature inside the electronic components with nanometer precision.
The mentioned fields of application of Vs; based quantum sensors are only a fraction
of the possible applications. What they all have in common, however, is that the Vs; de-
fects utilized for quantum sensing need to have certain properties. On the one hand,
a sufficiently high defect density is necessary to measure magnetic fields or tempera-
tures in reasonable times, while on the other hand a long spin coherence resulting in a
smaller linewidth is desirable, since this increases measurement precision [28].

In contrast to the well studied fabrication of SiC wafers, the influence of the Vg; defect
creation method on their quantum properties is not adequately studied. The Vs; de-
fects are commonly created by particle irradiation, predominantly electron or neutron
irradiation but no systematic studies of the effect of irradiation on the Vg; defect optical

and spin properties have been performed. This is grossly negligent, since the creation



process has a decisive impact on the Vg; defects’ spin and optical properties.

This thesis is dedicated to the filling of this gap in knowledge about the Vg; generation.
It is meant to provide an engineering guide of how to create Vs; defects with distinct
properties, that make them suitable for quantum sensing, but also other quantum ap-
plications. The three methods of Vg; creation in this thesis are the irradiation of a SiC
crystal with electrons, neutrons or protons. Each of these methods results in Vg; with
different properties, depending on the interactions of the particles with the crystal. The

engineering demonstrated in this thesis covers:

¢ Tuning of the emitter density by varying the irradiation fluence

e Targeted, three-dimensional writing of highly coherent Vg; by proton beam writ-

ing, scaled down to single Vg;
* Fine tuning of the Vg; spin coherence by varying the irradiation fluence

e Partial restoration of the Vg; photoluminescence and spin coherence in strongly

irradiated samples by sample annealing

e Demonstration of Ramsey interferometry on Vs; defects to increase quantum

sensing precision.

In chapter 5, the Vg; created with neutron, electron or proton irradiation were sys-
tematically analyzed with regard to their emitter density via photoluminescence (PL)
spectroscopy and quantitative electron paramagnetic resonance (EPR). In this man-
ner, optimal creation parameters for defects suitable for quantum sensing were estab-
lished. Further, proton beam (PB) writing was utilized for a targeted creation of Vg;
defects, enabeling defect writing into electronic structures. The fluence was reduced
until single Vs; were observed.

Subsequently, the spin coherence of Vg; created by electron, neutron or proton irra-
diation was determined by means of pulsed Optically Detected Magnetic Resonance
(pODMR) in a broad range of irradiation fluences in chapter 6. The results were com-
pared to results obtained by other groups, which gives a wide overview over the effects
of irradiation type and fluence on the coherence properties of the Vs; defects.

In chapter 7 several samples were annealed to explore the effect on the emitter density
and the coherence properties of the Vg; defects.

In chapter 8 room-temperature spectral hole burning (SHB) spectroscopy of the Vg;
defects in silicon carbide enriched with nuclear spin-free isotopes is presented. The
mechanisms of inhomogeneous broadening were investigated and a model to describe

the inhomogeneous broadening in the samples was developed. Further, two-frequency



1. Introduction

Ramsey interferometry was performed to demonstrate absolute dc magnetometry.

With the results obtained it is possible to create Vg; with desired properties, be it a high
density of optically active emitters, a sufficiently long spin coherence or targeted cre-
ation into an already existing electronic structure. They ultimately show, that Vg; spin
defects in SiC are a powerful quantum system for quantum sensing in a technologically
advanced material, providing the possibility of custom made sample fabrication with

predictable optical and quantum properties.
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2. Theory

2.1. Silicon carbide

In this chapter an overview of the silicon carbide properties is given with a focus on
crystal defects. After clarifying the basic physics and properties of silicon carbide, a

brief explanation of crystal defects in general and their categorization is given.

2.1.1. Silicon carbide in industry and technology

Silicon carbide underwent a slow but steady development from a cheap abrasive to the
technologically advanced material system it represents today. Already postulated by
Jons Jakob Berzelius in 1824 [30], it took another 70 years until it was first synthesized
by Edward Goodrich Acheson in 1893 [31]. Still today, 127 years later, silicon carbide is
the only known stable chemical compound of carbon and silicon. Its natural occurance
has, until now, only been reported in meteorites [32]. Its career as an actual high-tech
material took off in the 1990s [33] with the possibility of large scale wafer production
with sufficient quality and for a reasonable price.

SiC can be viewed as a hybrid between diamond and silicon, combining the advan-
tages of both materials. This leads to some extraordinary properties, some of which
are presented in tab. 2.1.

Being one of the hardest materials known in combination with its thermal robust-
ness make it a suitable material system for applications in extreme conditions: From
ceramic composite brakes in sports cars (e.g. BMW) [38] to bulletproof vests - SiC can
be found where other materials reach their limits. Not only its sturdiness, but also
the fact that SiC is a semiconductor with a high breakdown voltage is of great benefit.
Hence, SiC is widely used in high power electronics and can be found in a variety of
modern electronic devices.

Another recent research topic in which SiC produced headlines is also the topic of this
thesis: color center defects for quantum applications. The manipulation of their spin
via a microwave field [39] as well as optical [40] or electrical [23] read-out have been

demonstrated and they provide outstanding quantum properties for a wide field of
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2. Theory

Silicon Silicon Carbide Diamond

Hardness (Mohs) 6.5 9.5 10
Breakdown Field (MVcm™!) 0.3 2-3

Thermal Conductivity Wem™'K™!) 1.1 3.87 10-25
Band Gap (eV) 1.5 2.3-33 5.5

Table 2.1.: Comparison of the physical properties of Si, SiC and diamond [34] [35] [36] [37]

quantum applications and are therefore being intensively studied by many groups.
Especially sensing applications based on quantum defects in SiC have become a focus
of attention in recent years. Its radiation resistance makes it applicable in space and
provides the possibility of potentially using it for magnetic field and temperature sens-
ing applications in next generation exploration spacecrafts [41] [29].

In order to understand the nature of these crystal defects in SiC, a closer look at the

crystal structure is essential.

2.1.2. Crystal structure and polytypism

SiC is a wide band gap semiconductor consisting of silicon (Si) and carbon (C) atoms.
Each Si atom is surrounded tetrahedrally by four C atoms and vice versa. As displayed
in fig. 2.1, the crystal structure can be described by crystal layers with a bi-atomic basis
of one Si and one C atom.

While the arrangement in these layers is always hexagonal, the stacking order along

the c-axis may vary. Depending on this stacking sequence, SiC occurs in a variety of
different crystal structures. This phenomenon is called polytypism and one distinct
structure is referred to as a polytype. There are more than 250 polytypes of SiC known
so far [42]. While they all have the same chemical formula, the different stacking orders
result in slight differences of their physical properties (e.g. the bandgap).
Fig. 2.2 shows the systematic build-up of two different polytypes and their correspond-
ing stacking sequences. With the position of the first layer being A and the one of the
second layer being B, there are two possible positions for the third layer (A or C).

In order to uniquely name and simultaneously provide the main information about

each polytype, the systematic Ramsdell nomenclature was introduced [43]:

* The first part of the designation is the number of repeating crystal layers in the

sequence.

12



2.1. Silicon carbide

Figure 2.1.: left: Silicon atom in a SiC crystal, tetrahedrally surrounded by four carbon
atoms. right: Structure of a SiC crystal layer formed by two-atomic bases consist-
ing of a silicon and a carbon atom.

e The second part describes the phase of the polytype, e.g. cubic (C), hexagonal
(H) or rhombic (R).

The polytypes 3C- (ABC), 4H- (ABAC) and 6H-SiC (ABCACB) are the easiest to fab-
ricate and hence the most common. In this work, exclusively 4H- and 6H-SiC were

studied and all following theory refers to these two polytypes.

2.1.3. Crystal defects

Every genuine crystal contains irregularities in its crystal lattice, so called crystal de-
fects. While some of these defects have no practical use and only hamper the perfor-
mance of e.g. electrical components [44], other defects offer astounding possibilities
and are not meant to be avoided, but highly desired in certain application fields.

Keeping in mind the polytypism of SiC, one can already guess, that SiC offers a plethora
of these defects. They have to be distinguished with regard to their macroscopic and
microscopic effects on the physical properties of a crystal. One way to categorize them

is by their dimensionality:

e Three-dimensional defects: Large areas where the crystal is imperfect. They
may consist of clusters of impurities, like inclusions of foreign substances or
voids. They are generally created by growth failures. In high density, they may
impede the performance or stability of the host crystal, but are of no use for

quantum applications.

13



2. Theory

Figure 2.2.: Schematic build-up of two different SiC polytypes out of hexagonal crystal lay-
ers formed by a bi-atomic basis of one C and one Si atom. For every new layer there
are two possible orientations.

* Two-dimensional defects: Mainly grain boundaries in polycrystals or faults in
the stacking sequence of a polytype. Similar to the three-dimensional defects,
they may impede the performance or stability of e.g. electronic devices, but are

also not suitable for the experiments in this work.

* One-dimensional defects: Mostly edge or screw dislocations. They may be opti-
cally active and hence influence the optical pump cycle of quantum centers (See
2.2.5). Wafers produced nowadays, however, do not show a high density of these

dislocations anymore and therefore their influence can be neglected [45].

» Zero-dimensional defects: Point defects that can be categorized into extrinsic

and intrinsic defects:

14



2.2. The silicon vacancy defect

1. Extrinsic: Defects involving impurities. In the most common cases the for-
eign atom is either substitutional and replacing a lattice atom or interstitial
and located between the lattice sites. Extrinsic defects are often created on

purpose, e.g. in the form of dopands.

2. Intrinsic: Defects not involving impurities. There is a plethora of intrinsic

defects in SiC, the most important ones are listed below:
a) An interstitial is an atom positioned between the lattice sites.
b) An antisite occurs, when a Si-Atom sits on a C lattice site or vice versa.
c) AFrenkel pair consists of an interstital that is bound to a a vacancy.
d) Avacancy is an empty lattice site.

Also, combinations of a) to d) are possible. This, in combination with the
polytypism, gives again an idea of the immense variety of point defects in
SiC.

In addition to this variety, point defects may have several different charge states.

Since negatively charged, optically active point defects often change the color of

the crystal, they are commonly referred to as color center defects.

In our investigations, we are interested in a certain type of color center defects, more
precisely, in negatively charged silicon vacancies (Vg; defects) in 4H- and 6H-SiC. It was
demonstrated that they can be utilized for room temperature quantum metrology [39]
[46] [47] [48], including magnetometry [28] [8] [49] [40] [50] [51] and thermometry [28]
[52]. Moreover, single photon emission has been demonstrated [53] [25] and most re-
cently spin state manipulation of single Vs; has been accomplished [54] [26]. Also, Vg;
have the potential to be used as microwave amplifiers, bringing the idea of a defect
based MASER into reach [55]. Last but not least, the possibility to access Vgs; defects
optically or electrically and to manipulate their spin states via a microwave field make
them potential candidates as qubits for quantum information processing and quan-
tum computing [10] [56] [57]. The outstanding quantum properties of the Vg; defects
allowing all these applications are discussed in the following.

2.2. The silicon vacancy defect

After the crystal structure of SiC and the nature of its defects has been discussed, the at-
tention is focussed on the main cause around which this thesis revolves: The quantum
characteristics of the negatively charged Vs;-defect. First, the advantages of Vs; defects
compared to comparable material systems are highlighted. Then their energy scheme

15



2. Theory

and spin states are presented, which leads directly to their most extraordinary feature,

their optical pump cycle.

2.2.1. Benefits of the silicon vacancy

The Vg; defect is not the only color center defect suitable for the aforementioned quan-
tum applications. The first defect to show the possibility of this kind of quantum con-
trol was the NV~ -center in diamond [14] [16]. The NV~ -center and the Vg; defect share
very similar properties and the methods to engage them are almost the same. Besides
these two material systems, other systems like quantum dots [58], superconducting
Josephson junctions [59] or trapped ions [60] are promising candidates for application
fields like quantum computing or communication and low scale quantum operations
have already been performed with these systems. This raises the following question:
What are the advantages of Vs; defects compared to these systems that justify the eu-
phoria?

The main benefit of NV~ centers in diamond or the Vs; defect in SiC compared to the
other systems is the applicability at room temperature. Quantum dots, superconduct-
ing Josephson junctions or trapped ions usually need to be cooled to cryogenic tem-
peratures in order to work at all. Therefore, future large scale production or everyday
usability of these systems faces almost insurmountable hurdles.

Compared to the NV~ -centers, Vs; defects in SiC, too have several advantages. One
consists in the fact that SiC is a well established, technologically highly advanced ma-
terial. There exists a manufacturing industry and wafers can be bought for reasonable
prices, while the production of diamond is costly. As SiC is already used in high power
electronics, the industrial fabrication of Vs; implemented in electronic structures is
convenient compared to NV~ in diamond. Also, Vs; defects are intrinsic defects, which
again simplifies production a lot, because no foreign atoms need to be implanted in
the process.

Another advantage of Vs; over comparable material systems is the variability of ma-
terial parameters and defect types due to polytypism. As mentioned before, different
polytypes show slight differences in their physical properties, like bandgap, breakdown
field or thermal conductivity. Hence, polytypism can be seen as a tool to tune material
parameters custom-made for individual requirements. The color center defects fur-
thermore show slight differences in the emission spectrum and energetic structure in
the various polytypes, adding even more degrees of freedom to the material platform.
The emission spectrum itself too has benefits compared to e.g. the NV~ -centers’ red
emission. Vg; defects emit light in the near infrared regime (NIR), which is beneficial

for in vitro bioimaging, as biological tissue autofluorescence and attenuation are lower
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2.2. The silicon vacancy defect

in the NIR [61]. In terms of communication, a Vg; defect-based MASER could serve as
a low noise amplifier on the receiving end, e.g. for deep space communication [62].
All these properties underline why it is important and necessary to have a closer look
at these Vs; defects and that they rightly have their place in this research field.

2.2.2. Charge state and energy levels

As shown in fig 2.3, a Vg; defect is a free Si lattice site that is occupied by the four dan-
gling bonds of the surrounding carbon atoms.

In 4H-SiC, there are two unequal lattice places for a Vs; defect, in 6H-SiC three. The
slightly different direct environment results in small differences for their optical and
spin properties, although their general quantum properties are very similar. In the fol-
lowing it is sufficient to explain the physics of the Vg; defect in 4H-SiC. The differences
of Vg; defects in 6H-SiC will be highlighted at the necessary points.

Figure 2.3.: Schematic representation of a silicon vacancy in SiC. The wave functions of the
four dangling bonds overlap at the position of the Vs; defect.

According to the Cgy symmetry of the system, the environment of a Vg; defect gives
rise to discrete energy levels which the unbound electrons may occupy [63], the lowest
of which (a’l) is double degenerate and located inside the valence band. Two additional
levels (a; and e) lie within the band gap, with a; being double and e being quadruple
degenerate (See fig. 2.4) [63]. Since a] can host two electrons with antiparallel spins, a
triplet system with S = 1 is formed.

It was shown by our group, that the optically and spin active color center type of Vg;-
defects in 4H-SiC are spin quartets with S = 3/2 [39]. Hence, the Vg; defect must be

in the negative charge state in order to be suitable for spin manipulation. This is the
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2. Theory

VA Vsi

|GS) |ES)

conduction band conduction band conduction band

Figure 2.4.: Energy levels of the Vs; defect. left: Possible population of the energy levels
of a Vg; defect with no net charge. The levels a| and a; are double degenerate, e is
quadrupole degenerate. middle: Negatively charged Vs; defect in the ground state.

Two electrons populate a). right: Negatively charged Vs; defect in the excited state.
In this case, an electron is lifted from a’1 to a; ore.

case, if an additional electron is captured and a total of five electrons occupies the Vg;-
defect. Two of the electrons are again paired in the lowest energy level a}, which results
in a quadruplet spin system with S = 3/2. Since only this negative charge state is of
interest for this work, the term "Vg;-defect" refers to the negatively charged Vg; defect

in 4H-or 6H-SiC from this point on.

It is possible to optically excite negatively charged Vg; defects by exciting one of the
electrons from a) to a; or e. Describing quantum phenomena in a vacancy with five
electrons and complex geometry will ultimately lead to complex pictures. A more con-
venient approach is to describe the system in total, as illustrated schematically in fig.
2.5. In this simplified picture, an excitation of an electron from a] to a; or e is repre-
sented by an energetical jump of the complete system from a ground state |GS) to an
excited state |ES). Since a; and e are energetically located very close to each other, the
two electron jumps from a] to a; and a] to e can be treated equally in this picture.
Another circumstance that must be taken into account when describing the energetic
structure of the Vg; defects is the existence of two inequivalent lattice sites for a silicon
atom in 4H-SiC: One hexagonal and one cubic lattice site. Considering the stacking
order ABCB of 4H-SiC, a Vg; defect located between crystal layers with the same orien-

tation, i.e. in layer A or C, has a hexagonal geometry. One located between layers with
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2.2. The silicon vacancy defect

cubic hexagonal

conduction band

|ES) —
V1: 1.44 eV
v2:1.35ev |3-23eV

Energy

2 2 IGS) =
|

valence band

Figure 2.5.: Geometry and energetic location of a negatively charged Vg;. left and middle:
Cubic or hexagonal environment of a Vg; defect in a 4H-SiC crystal. Vg; with a hexag-
onal environment are denoted as V1, those with a cubic environment as V2. The
configuration of the next neighbour C atoms is equivalent for V1 and V2, but the
next nearest neighbour Si atoms are arranged differently. right: Schematic energetic
position of a Vg; quantum system between valence and conduction band. The exci-
tation of a Vg; defect in this picture is represented by a transition from a ground |GS)
into an excited state |ES). The energy gap between these states differs for V1 and V2.

varying orientation, i.e. layer B, has a cubic geometry (See fig. 2.5). In this work the
Vs; defects located at lattice sites with hexagonal environment are denoted as V1 and
the ones with cubic environment V2. Due to the varying local geometry, the energy be-
tween |GS) and |ES) also varies. Hence, there are two possible values for the energetic
gap between |GS) and |ES), which influences the photoluminescence spectrum of the

Vs defects.

2.2.3. Photoluminescence

When excited optically from |GS) to |ES), the Vgj-defects relax back into |GS) after a
while and emit photoluminescence (PL). A spectrum of this PL at room temperature
together with one at cryogenic temperature is presented in fig. 2.6.

At low temperatures the spectrum consists of sharp lines with high intensity. These
are the emission lines ("Zero-Phonon-Lines" (ZPL)) of various crystal defects accord-
ing to the respective energy difference Ezp;, = Ejgsy — E|gsy between an excited and a
ground state. In the case of the Vg; defect, there are two ZPLs, one for V1 at 862nm
and one for V2 at 917 nm, corresponding to the energy differences Ezpy, [64]. As in the
case of every crystal defect PL, the spectrum at room temperature does not show ZPLs,
but prominently consists of their phononic sideband. It arises, because the Vs; defects

interact with crystal phonons during relaxation. This process can be described using
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Al
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Figure 2.6.: PL spectrum of a Vg; ensemble in 4H-SiC at room temperature and 15 K. For
excitation a 632 nm He-Ne laser was used. The spectrum at 300 K is broadened due
to interactions of the Vg; with phonons. At 15 K the spectrum collapses into sharp
lines due to a low phonon density. These lines can be attributed to optically active
crystal defects and are called zero-phonon-lines (ZPL). The ZPL of V1 and V2 are
prominent in the spectrum, hinting at a high percentage of Vg;.

the model of vibronic states of |GS) and [ES) with deviating energy, according to the
Frank-Condon principle [65]. The phononic sideband is red-shifted in emission and
blue-shifted in absorption (See fig. 2.7). It only collapses into the ZPLs at low temper-
atures as a result of a low phonon density. Since the ZPL is characteristic for a certain
type of crystal defect, it can be used to identify defects and very roughly estimate the

ratio between the densities of the different defect types in a crystal.

2.2.4. Spin states and zero field splitting

The energy model in fig. 2.5 is very simplified and does not take a basic property of
electrons into account: their spin. As discussed above, the negatively charged Vg; de-
fect is a spin quartet system with S = 3/2. Hence, there are four magnetic quantum
numbers M = £1/2/ +3/2 possible for the ground state |GS) as well as for the excited
state |ES).

However, |GS) and |ES) are not energetically degenerate with regards to M;. EPR stud-
ies revealed that they are each splitinto a |+1/2) and |+3/2) spin sublevel, while |+1/2)

20



2.2. The silicon vacancy defect

2
@ zPL —
(] ————
< |ES)
m
T Vibronic states =
\ o
<
A\ 4
|GS) ———
Absorption Emission
phonon sideband phonon sideband
EzpL Wavelength

Figure 2.7.: Zero phonon line and phonon sidebands. The ZPL is the direct absorption/
emission line without phonon interaction. It is characteristic for a specific defect
type. Due to interactions with lattice phonons, the emission/absorption shifts and
forms an absorption/emission band according to the Franck-Condon principle. in-
set: Schematic representation of the vibronic states of the Vg;. They can be seen as
virtual states in a model to describe the interaction of Vs; and crystal phonons during
luminescent relaxation.

is energetically more favourable for the system (See fig. 2.8) [66]. The energy gap
Ezps = E.3/2 — E+1/2 between these spin states is called zero field splitting (ZFS). In

general, a ZFS of a quantum system can be described with a spin Hamiltonian given by

[26]:

S(S+1)

A

Hspin=D |8 - +E(§§—S§) 2.1)

with the spin operator S = (S o3 7 S z) " The ZFS can entirely be described by the pa-
rameters D and E. The parameter D describes an axial anisotropy and corresponds to

35MHz for the V2 Vg; defect with E << D [26]. The matrix form of the above Hamilto-

nian can be given as:

D 0 V3E 0

0 -D 0 +3E
V3E 0 -D 0

0 Vv3E 0 D

(2.2)
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2. Theory

The eigenvalues deliver the energies of the states

-V D2+3E2 for M;=+1/2
+VD2+3E%2 for M;=+3/2

and therefore the energy E g of the ZFS as a function of D and E:

2.3)

Ezps =2V D? + 3E2 (2.4)

Analogous to the energy gap Ezp;, between |GS) and |ES), Ezrg differs for V1 and V2

due to the local geometry. The value Ezpsv; = 0.17 peV of V1 is slightly smaller than the
one of V2 with Ezgs v, = 0.27 ueV [66].
Different theories, involving the reduction of group symmetry, crystal field deforma-
tion by a carbon vacancy in the vicinity of the Vs; defect and many-electron effects
exist regarding the exact nature of the ZFS and it is still the subject of ongoing research
[24] [67] [68]. For this study however, the exact origin of the ZFS is not of central impor-
tance. Hence, a more detailed discussion of this is waived.

2.2.5. Optical pump cycle

The fundamental feature of the Vg; defects with regard to all aforementioned quantum
applications involving spin manipulation is the possibility to generate a spin polar-
ization by optical excitation [24]. The theoretical description of this process is highly
complex and beyond the scope of this work. For detailed theoretical calculations it is
referred to [69]. However, based on certain assumptions, the process can be described
sufficiently with the energy model in fig. 2.8 [28].

After excitation into |ES), there are two main relaxation paths for a Vg; defect. The
first relaxation path is the already discussed photoluminescent optical relaxation un-

der spin preservation, e.g.:

|GS1/2) — |ES1/2) — 1GS1/2) (2.5)

The second relaxation path is non-luminescent and possible due to the existence
of several metastable states |[MS), energetically located between |GS) and |ES) [24]. In
contrast to the luminescent relaxation, spin preservation does not apply for the transi-
tions from |[MS) to |GS) and intersystem crossing is possible.

It has been shown that the ratios of the transition rates of luminescent and non lumi-
nescent transitions lead to one spin level (|+1/2) or [£3/2)) being preferentially pop-

ulated [24]. This process is called spin alignment. The polytype and geometry of the
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Figure 2.8.: Pump cycle model of a Vg; defect. After optical excitation with a laser (red ar-
rows) there are two possible relaxation paths. Optical relaxation (yellow arrows) hap-
pens under spin preservation. Intersystem crossing is possible for relaxation over a
set of metastable states (grey arrows). The transition rates between all states deter-
mine the properties of the Vsi: The [+1/2) spin sublevel is pumped under optical
excitation and the PL emission of a vacancy in the |+3/2) sublevel is higher than of
onein |+1/2).

GS

Vs; defect determine which of the two spin sublevels is preferentially populated. In the
case of V2 in 4H-SiC the |+1/2) state is preferentially populated. In this manner, the
optical pump mechanism enables the initialization of the system into |+1/2).

The interplay of the transition rates has a further effect: Vs; defects in the |£3/2) state
are brighter, i.e. they emit more PL than those in the |+1/2) state. This spin dependent
PL provides the possibility of reading out the spin state of an ensemble or a single Vg;
via PL. The optical pumping of |[+1/2) and the spin dependent PL represent the basic
principles of optically detected magnetic resonance (ODMR), which is the main exper-

imental method in this work and explained in 4.4.

2.2.6. Spin sublevels in an external magnetic field

The ODMR measurements in this thesis were conducted with a small external mag-
netic field applied to the sample. This small field supresses interactions that lead to
dephasing of the Vs; defect spin coherence, which will be thoroughly dicussed in detail
in6.3.
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2. Theory

If the Vg; defects are exposed to an external magnetic field By along the spin quantiza-
tion axis (i.e. B}, =(0,0,By)T), the spin Hamiltonian needs to be extended by a Zeeman
term [40]:

S(S+1)
3

+E (si - sﬁ) + gupBoS 2.6)

Where g is the isotropic Landé g factor (g=2.0028), up is the Bohr magneton and
S =3/2. This leads to four eigenvalues [70]:

gusBo

\/(gubBo+D)2+3E2+ for M, =+3/2

B
SHBDO  por M, =+1/2

\/(g,ubBo — D)’ +3E2 - :
2.7)

—/(eupBo+ D) +3E2+ 8FEBY o M= 12
gy
B
—\/(gubBo—D)2+3E2—% for M, =—3/2

If the Vg; defects are exposed to an external magnetic field, the spin sublevels of the

ground state |GS) as well as of the excited state |ES) are not degenerate anymore, but
split due to Zeeman interaction.
The spin sublevels of the Vs; defect are still doubly degenerate without external mag-
netic field, even in presence of electric and strain fields [28]. In contrast to S =1 sys-
tems, E does not result in an additional splitting for the S = 3/2 Vg; defect [70]. With
E =0 the spin Hamiltonian can be written as:

S(§+1

Another simplification can be reached, if the direction of By is along the c-axis By || c.
This was the case in all experiments in this thesis and leads to a linear evolution of the
energies of the spin sublevels with the magnetic field By:

3
D+§guhBo for s=+3/2
3
-D+—gupBy for Ms=+1/2
2
3 (2.9)
-D - Eg,ubBo for M;=-1/2
3
D - Eg,ubBO for M;=-3/2

The evolution of the spin sublevels in dependence of the magnetic field By is dis-

played in fig. 8.5.
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Figure 2.9.: Zeeman splitting of the |£1/2) and | +3/2) spin sublevels in an external magnetic
field B along the c-axis. The resonant transitions between the sublevels (blue arrows)
can be observed in the cwODMR measurements in 4.4.

Notably, this Zeeman splitting does not influence the optical pumping mechanism,
[+1/2) and |-1/2) are equally pumped. In a magnetic field, there are two resonant
transitions, one between |+1/2) and |+3/2) and one between |-3/2) and |-1/2) (blue
arrows in fig. 8.5), instead of only one at zero field. The transitions are denoted by v,

and v, and are observable in ODMR spectra of the form presented in 4.4.
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One claim of this thesis is to be a universal manual for the generation of Vs; defects
in 4H-SiC with certain properties for specific applications. It is therefore essential to
discuss the manufacturing process of SiC and the creation of Vg; defects in detail.

This chapter covers the preparation of the samples used in this work. At first, the focus
is on the growth of SiC crystals. Subsequently, the creation of Vg; defects in SiC by
particle irradiation is discussed. A number of methods are available, from ensemble
generation by electron or neutron irradiation down to the generation of Vg; defects at
desired locations in the crystal by proton beam writing. Finally, the process of crystal

annealing is explained.

3.1. Silicon carbide wafers

The common growth processes of SiC bulk crystals involve sublimation, since SiC does
not melt under atmospheric pressure, but sublimates at 1800°C [34]. Today, physical
vapor transport (PVT) growth methods are state of the art. In this case, the SiC in con-
densed phase (often a powder) is sublimated and then deposited to form a crystal [71].
The oldest method is the Lely method (1954), where SiC powder is placed in a graphite
crucible and sublimated at 2500°C [72]. In the middle of the crucible there is a cooled
graphite rod on which the sublimated SiC deposits and forms a crystal. Usually, an ar-
gon gas atmosphere is used to prevent reactions with nitrogen or oxygen. Since these
early stages the methods steadily improved. Today it is possible to commercially pur-
chase SiC wafers with near perfect quality. The densities of significant irregularities in
terms of electronic device performance, like micropipes and dislocations, are in the
low 10* cm ™3 range [73].

The majority of samples used in this thesis are high purity semi-insulating (HPSI) 4H-
SiC wafers purchased from Cree or Norstel. Semi-insulating semiconductors are semi-
conductors featuring a very high electrical resistivity. This is achieved by a large bandgap,
as given in SiC, and a low charge carrier density [74]. In the beginning of HPSI wafer
production, vanadium dopands were used as deep level traps to reduce the charge car-

rier density [75]. However, the absolute density limit of Vanadium atoms in SiC is in the
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3. Samples

mid 10} c¢cm™3 range [73]. To overcome this limit, the nitrogen, boron and aluminium
density were reduced by source purification and the use of high quality graphite for the
growth process. With this step vanadium dopands are not necessary and intrinsic de-
fects are sufficient as deep level traps [76] [71]. In case of the wafers used in this thesis,
the experiments were performed in high purity epitaxially grown layers in the wafer
with a very low residual dopand density of = 5 x 10'cm ™3,

In summary this means, HPSI SiC wafers are SiC crystals, containing a very low density
of already negatively charged Vs; defects. They therefore represent an optimal environ-

ment to investigate their spin and coherence properties.

3.2. Defect creation by particle irradiation

The two most frequently used methods for the introduction of intrinsic defects in SiC
are specific adjustments of the growth conditions [24] or high energy particle irradia-
tion after growth. However, controlling the growth process in such way, that a homo-
geneous defect density distribution is achieved, is quite challenging. Also, since the
results should be application oriented, it was more in the spirit of this thesis to use
commercially available wafers. Therefore, the method of choice in this work was irra-
diation with electrons, neutrons or protons. There is no optimum irradiation method,
as they all have their own advantages and disadvantages, which are schematically pre-
sented in fig. 3.1.

While neutrons create a completely homogeneous defect distribution [53] [77], elec-
trons show a certain energy dependent penetration depth, resulting in a defect density
gradient [78] [79]. Protons interact according to the quantum mechanical Bethe equa-
tion and create a layer of defects with the layer depth being a function of the energy of

the protons [80].

3.2.1. Neutron irradiation

In combination with high irradiation fluences, neutron irradiation allows to create high-
density Vs; ensembles, as required for the realization of room-temperature masers [39]

and highly sensitive magnetic field sensors [28]. Since neutrons are not charged, they
lose almost all of their energy in collisions with nuclei in the lattice and hence consid-

erably damage the SiC crystal [81]. This leads to the creation of a multitude of defect

types other than Vg; up to the formation of defect clusters.

The samples used in this thesis were irradiated in two different research reactors. Dur-

ingirradiation, all neutron irradiated samples were cooled to avoid heating by the neu-
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3.2. Defect creation by particle irradiation

Figure 3.1.: Schematic generation of Vg; defects in SiC by MeV particle irradiation. left:
Neutron irradiation leads to a homogeneous distribution of Vg; defects in the crystal.
middle: Electrons show a penetration depth depending on the electron energy. In
case of thick samples, this may lead to a gradient of the Vs; density with highest
density close to the surface. right: Ion irradiation (with e.g. protons) results in the
formation of a Vg; layer at a depth depending on the ion energy.

trons. The fluence could be tuned by varying the irradiation time and fission power
of the reactor. The sample Set S1 consists of pieces of a HPSI wafer purchased from
CREE that was cut and irradiated with fluences from ®y =4 x 10> cm™2 to @ = 8.5 x
10'® cm™2. The irradiation was performed in the chambers DBVK and DBVR at the BER
II reactor at the Helmholtz-Zentrum Berlin. In case of SiC the crystal damage caused
by neutrons with an energy below 0.18 MeV is neglectably small [82]. Hence, the dis-
placement of thermal neutrons is not counted in the fluence calculation, but only ep-
ithermal and fast neutrons are considered.

Two additional samples N1 and N2 were cut from a HPSI wafer purchased from Norstel
and irradiated in the TRIGA Mark II fission reactor (General Atomics, San Diego) of the
Atominstitut, TU Wien [53]. The neutron energies in the TRIGA reactor are distributed
evenly in the range between 100eV and 100MeV, with a peak in flux density around
2.5MeV followed by a sharp cut-off [83] [84]. Again, only epithermal and fast neutrons
above 0.18 MeV are considered for the fluence.

The measurement on two wafers from different manufacturers allows a comparison of
the quality of the wafers and investigates both the generality of the results as well as the

extent of wafer quality on the spin coherence.
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3.2.2. Electron irradiation

As in case of neutron irradiation all samples were cooled during irradiation to avoid
sample heating. For the sample series S2 of electron irradiated samples a HPSI wafer
was purchased from Norstel, cut and irradiated with 2MeV electrons in a fluence range
from ®, = 1 x 101" cm™2 to ®, = 1 x 10'®cm™2. The irradiation was performed at the
electron beam irradiation facility at QST Takasaki (Japan). One piece was left pristine,
with an as-grown Vs; concentration of 2 x 1013cm™3. Another piece was irradiated with
a varying electron energy of 1 MeV and a fluence of ®, = 1 x 1017cm™2.

Furthermore, two samples were irradiated with electron energies of 20MeV (sample
El) and 25MeV (sample E2) at the electron accelerator ELBE in HZDR (Germany). The
beam was extracted through a 300 ym Beryllium vacuum window and passed 150 mm
through air before hitting the sample. The incident beam distribution and the small
angle scattering in the vacuum window and air leads to a Gaussian shaped beam dis-
tribution on the sample. The beam profile was measured at the position of the sample
with a Roos ionisation chamber (IC)N34001. The certificate calibrated IC and a Fara-
day cup were used for the dose and current calibration. From the profile measurement,
the irradiation parameters were deduced. In order to monitor the current stability of
the electron gun as well as dark current contributions the edge field of the beam was

constantly measured and stabilized during the irradiation.

3.2.3. Proton irradiation

In contrast to the aforementioned methods proton irradiation does not create homoge-
neously distributed crystal damage. The passage of accelerated ions through a crystal
and their displacement energy deposition location is governed by the interactions de-
scribed by the quantum mechanical Bethe Bloch equation for charged heavy particles
[85]:

dE_ AnnZz? ( e? )
dz  mec2f?

n(i(nze—_czﬁéj) —ﬁZI 3.1)

Here, E is the Energy of the Ion, z is the distance travelled through the crystal, n is the

47eg

electron density of the material, e the electron charge, Z the multiple of the electron
charge, m, the electron mass, = v/c, where v is the velocity of the particle and c is
the speed of light and €, the vacuum permittivity. As can be seen, the particle energy
is a function of the particle speed, which itself is a function of distance. The quantity

—dE/dz can be considered as linear electronic stopping power for a given particle type
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3.2. Defect creation by particle irradiation

and material. Fig. 3.2 shows the stopping power of protons penetrating a SiC crystal as

a function of their kinetic energy plotted from the Bethe equation.
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Figure 3.2.: Stopping power of protons as a function of proton energy (qualitative) accord-
ing to the Bethe formula. The protons lose most of their energy right before they
stop.

The stopping power and thus the energy transfer of the protons to the crystal de-
pends strongly on the kinetic energy. If a fast proton enters the crystal, it is initially
in the high kinetic energy range and is only slightly slowed down. While being slowed
down to lower kinetic energy, it releases more energy per distance to the crystal. Right
before it comes to a standstill, the stopping power reaches its maximum and the pro-
ton releases all its remaining energy to the crystal in one burst. Hence, protons create
crystal damage nearly solely at the position of maximum stopping power, resulting in a
layer of crystal defects at this certain depth. This position of maximum stopping power
zp is called the Bragg peak. The depth of the Bragg peak depends on the initial energy
of the protons. Faster protons create a defect layer at greater depths, slower protons
create layers closer to the surface.

Proton irradiation was done at the TIARA irradiation facilities in Takasaki, Japan. A
piece of a 4H-SiC wafer purchased from CREE was placed on an aluminum plate and
irradiated with a focused proton beam generated by a single-ended particle accelerator
with a typical spotsize of 1 um x 1 um. The irradiation beam current was monitored by

a beam dump (Faraday cup) connected to a picoampermeter before and after irradia-
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tion. The exact layout of the samples P1 — P5 will be discussed in detail in the sections
concerned.

To predict the depth of the Bragg peak and therefore the depth in which the defects
are created, the well established software SRIM [86] was used. It calculates displace-
ment statistics, lateral ion straggle and Bragg peak position by means of a Monte Carlo

simulation.

3.3. Sample annealing

Irradiation creates a variety of crystal defects which potentially shorten the spin co-
herence of the Vs; defects. Using crystal annealing, the concentration of the unwanted
crystal defects can be reduced. Hereby the crystal is heated and cooled down again in a
controlled manner to temporarily provide lattice atoms with high thermal energy. De-
fects, like interstitials or Schottky defects, begin migrating through the crystal at these
high thermal energies until e.g. an interstitial meets a free lattice place and the defect
is removed.

In order to investigate the effect of annealing on the properties of Vg;, several samples
were annealed after irradiation. The exact annealing protocols of the samples A1-A4
are discussed in chapter 7.

For annealing the samples were placed in a small boat-shaped piece of ceramic, which
itself was then placed into a quartz tube furnace provided by the Bayerisches Zentrum
fiir angewandte Energieforschung (ZAE Bayern). Annealing was performed under ar-
gon atmosphere to prevent chemical reactions of the samples with oxygen. The tem-

perature was controlled and monitored by a Eurotherm PID controller.

3.4. Overview

In total, two systematically irradiated sample sets S1 and S2 were used in this work. In
addition, several samples with varying properties were examined. The neutron irra-
diated samples are listed in tab. 3.1, the electron irradiated samples in tab. 3.2. The
irradiation procedure and properties of the proton irradiated samples (P1 —P5) and

samples H1 and H2 will be discussed in the sections concerned.
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Fluence @
(1/cm™2)

Em. Density Ny
(1/cm™3)

S1 4x10®-85x101% 1

x 10 -1.3x 106

N1 1x10'6 2.5x 10"
N2 8x10'6 5.9 x 10
Al 1x10'8 1x10'6
A2 1x10'8 1x10'6

3.4. Overview

Table 3.1.: List of neutron irradiated samples. The emitter density was obtained via the PL

measurements presented in 5.1

Energy Fluence ®
MeV (1/cm™2)

Em. Density Ny
(1/cm™3)

S2 2 1x107—-1x1018

3.9x 104 -9x 101

S2 1 1x10' 1.5x 10
S2 - - 2x 1013
El 49 9x 107 6 x 10°
E2 49 1 x 816 4.8x10"
A3 49 1x10'8 6.1 x 1015

Table 3.2.: List of electron irradiated samples. The emitter density was obtained via the PL

measurements presented in 5.1
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4. Methods

This chapter covers the principles of the different measurement techniques, as well as

the setups used. Five measurement techniques were utilized in this thesis:

Photoluminescence spectroscopy was used to measure PL spectra of the Vg; de-

fects and determine the Vg; density.

e PL scans and photon-antibunching were used to resolve proton beam written

defect structures and identify luminescent spots as single Vg; defects.

EPR was used to determine the density of Vs; defects.

cwODMR was used to identify the Vg; defects and find the resonant transitions.

pODMR was used to explore the coherence properties of the Vg; defects.

Laser ]

Objective

Sample

Figure 4.1.: Schematic representation of a confocal measurement setup. Instead of observ-
ing a complete image at once, as is the case with a conventional microscope, confo-
cal microscopy always observes only a small area in the focus of the objective. In the
case of Vg; defects, they are excited in the area of the laser focus. The PL is collected
by the same objective.
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Apart from EPR all measurements were obtained with a confocal geometry, where
the excitation laser light was focused through an objective onto the sample as shown
in fig. 4.1. In contrast to classical microscopy, where a full image of an object is taken,
confocal microscopy at any time only probes one distinct small volume in a sample.
This is at the location of the microscope objective focus, where the laser light is focused.
Hence, the source of PL coincides with the microscope focus and the PL is captured
by the objective again. It can afterwards be separated from the laser light and guided
through a pinhole before it is detected.

Depending on the objective, confocal microscopy can very precisely probe a desired,
small volume in a sample. Thus, it is possible to measure e.g. spatially resolved down
to single Vg; defects with very low background luminescence. In combination with an
automatic stage this can be used to resolute profiles of the emitter density and proton

beam written structures by scanning the sample with the laser focus.

4.1. Photoluminescence spectroscopy

As discussed in 2.2.3, excited Vs; defects emit PL in the NIR range when relaxing into the
ground state. For the PL measurements in this thesis the commercial confocal micro
Raman spectrometer LabRAM HR800 from HORIBA (see fig. 4.2) was used.

In this setup excitation is accomplished with a 632 nm HeNe laser that is focused via
a 100X magnifying Objective onto the sample. The confocally collected PL is seperated
from scattered laser light by a dichroic mirror. Subsequently, the PL is guided into the
direction of a spectrometer. A lense and a small pinhole are mounted in front of the
detection to increase the resolution. The spectrometer is in Czerny-Turner configu-
ration with two available gratings (600 or 1800 grooves/mm) and 0.8 m focal length.
The detector is a peltier-cooled silicon based charge coupled device (CCD). The de-
tectors spectral sensitivity profile is taken into account by the measurement software
LabSpec. For low temperature measurements an optically accessible cold finger cryo-
stat (MicrostatHe from Oxford Instruments) can be mounted to cool the sample. In
this configuration the working distance of the 100X objective is too small and a long
working distance objective 50XLWD is used. All PL spectra in this work were measured

at this setup.

4.2. Single photon counting

The ability to measure single photons under time correlation is a powerful tool to de-

termine the nature of a light source. A distinct feature of single photon sources is that
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Figure 4.2.: Scheme of the LabRAM setup. All PL spectra in this thesis were measured at this
setup. The laser is focussed onto a small collection volume through the objective.
The PL from this volume is collected by the same objective, filtered from the laser

light by a dichroic mirror and guided to a spectrometer in Czerny-Turner configura-
tion.

after photon emission a subsequent photon can be emitted after a certain time pe-
riod only. This behaviour is called anti-bunching and can be experimentally verified
by time correlated photon detection [87], where the delay times between two consec-
utively detected photons are recorded. This can be mathematically described with the

second order correlation function g? (r) [88]:

(I(0)i(t+71))

4.1)
(i(1)?

g9 =

where i(#) is the number of detected photons for given time ¢ and delay time 7. It

describes the expected value for a second photon to be detected after a first one. The
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anti-bunching manifests itselfin a sharp minimum at 7 = 0 with g(z) 0) < g(z) (c0). Since
it is typical for systems with a shelving state to show not only anti-bunching, but also
bunching, the Vg; defects’ g® function shows both features due to the presence of their
metastable shelving state [53]. A g® function with bunching and anti-bunching can be
fitted in the form

gPM=1-Q+c)-e 4. elTlm (4.2)

with fit parameters c and 7, » [53]. A fit of this form is schematically shown in fig. 4.3.

1.0
bunching
E
Teo 05—
anti-bunching
0.0 — I
0
Delay Time t (a.u.)

Figure 4.3.: Second order correlation function for quantum emitters featuring bunching
and anitbunching. Qualitative g® function of a single photon emitter. The criterion
for a single photon emitter is a bunching dip below g (0) = 0.5. Quantum systems
with a shelving state, like the Vg; defects, additionally show bunching.

Not only isolated single photon emitters, but also other quantum mechanic systems
can show anti-bunching in their correlation function. The number n of quantum emit-

ters in a system determines the value of g? (0):

(n(n-1))

@ gy —
8- O0="0g

(4.3)

For single photon emitters with 7 = 1 this leads to a minimal value of the g®® function

@) = ®) 820 . . .
of g*“(0) = 0. In general, g'“’(0) < =—— is a sufficient experimental evidence that a

light source is a single photon emitter, since detector dark count rate and background

light increase g (0).
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4.3. Electron paramagnetic resonance

The electron paramagnetic resonance (EPR) technique is a generic term that covers
many different methods and has many variants. The classical electron paramagnetic
resonance (EPR) technique is a direct measurement technique, where the absorption
of a resonant transition of a spin system is detected.

In EPR, radio frequency (RF) or microwaves (MW) are used to detect resonant transi-
tions, while usually a magnetic field is applied. To conduct the EPR measurements,
a SiC sample was placed into a resonator, by means of which RF waves of fixed fre-
quency f = 9.2GHz were applied. In contrast to the ODMR measurements, not the
MW frequency but the magnetic field was swept. As discussed in 2.2.6, this leads to a
change of the Zeeman splitting of the sublevels. At a certain magnetic field the applied
MW frequency meets the resonance between the sublevels and MW are absorbed by
the Vg; defects. Commonly, the derivative of the absorption curve is plotted in classical
EPR.

Fig. 4.4 shows a typical EPR spectrum of the V2 Vg; defect in SiC. Three different tran-

sitions can be observed.

Center transition
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Figure 4.4.: EPR spectrum of Vg; defects in SiC. The absolute number of Vg; defects can be
derived from the side transitions.
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The center transition corresponds to |-1/2) — |-1/2) superimposed with a variety
of spin active systems with g = 2. The side transitions, called low- and high-field tran-
sitions, can be attributed to v; and v, of the Vg; defect, respectively. EPR represents a
powerful measurement technique, widely spread in many research fields. In this thesis
quantitative EPR was used to determine the total number of resonant spins inside SiC

samples.

4.4. Optically detected magnetic resonance
(ODMR)

Initializing and reading out a spin state is quite challenging, but this task has been
tackled for several decades and the developments are immense. The pioneering work
of Alfred Kastler on the optical spectroscopy of mercury atoms in a static magnetic field
with the simultaneous application of a radio- frequency field in the 1950s led to the dis-
covery of optically detected magnetic resonance (ODMR) [89]. ODMR is a variation of
the electron paramagnetic resonance (EPR) and a collective term for double magnetic
resonance methods in which detection takes place in the optical frequency range and
not at the actual resonance frequency. It is an indirect detection method, where, as
opposed to the microwaves used in the detection of classical EPR spectrometers, the
detected signal can be fluorescence, phosphorescence, absorption of light etc. There
are various possibilities for ODMR measurements, based either on the change in fre-
quency of an optical transition associated with different spin orientations or, like in
case of Vs; defects, on the spin dependent PL due to selection rules and transition rates.
An advantage over classical EPR is the high detection sensitivity for photons in the op-
tical range compared to microwave photons. The option of selecting a suitable excita-
tion wavelength, e.g. at the ZPL of the Vg; defect, also distinguishes it from other EPR
methods. Furthermore, ODMR can be measured confocally, which provides the pos-
sibility of measuring ODMR spatially resoluted. High sensitivity and spatial selection
hence enable ODMR profiles of samples as well as measurements of single isolated spin
systems. Commonly, a magnetic field is applied to conduct ODMR measurements. In
this work, only zero field ODMR and low field ODMR up to 15mT were performed. In
the following continuous wave (cw)ODMR on Vs; defects is described. In this section
|+1/2) and [+£3/2) refer to the spin sublevels of the ground state |GS).

The basic process of the ODMR measurement on Vs; defects is their optical pump
mechanism. An ODMR experiment can be divided in the three typical stages of quan-

tum operations: Initialization of a system, manipulation and read out. When excited
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4.4. Optically detected magnetic resonance (ODMR)

with a laser, a Vg; defect is optically pumped into the [+1/2) spin sublevel, which rep-
resents the initialization of the spin system. To manipulate the spin state of the Vg;
defect, a radio frequency (RF) field in resonance to the transition from the |+1/2) to the
|+3/2) sublevel is applied. For V2, this RF frequency is 70 MHz according to the ZFS. By
absorbing a RF photon, a transition between |+1/2) and [+3/2) is induced. Since Vg;
defects in the |+3/2) sublevel have a stronger PL emission, the current spin state can
be read out optically via PL.
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Figure 4.5.: Principle of ODMR of a Vg; ensemble. Resonant transitions between the spin
sublevels are stimulated by applied RF waves after the Vs; defects are optically
pumped into the |+1/2) state. A transition from the |+1/2) sublevel into the |+£3/2)
sublevel results in an increased PL emission, which is detected.

All of the ODMR measurements in this work were performed on ensembles of Vg;
defects, where a statistical approach is necessary. Fig. 4.5 schematiclly shows the pop-
ulation of the ground state spin sublevels of the Vs; defect ensemble during cwODMR.
A grey point on the [£1/2) level represents a vacancy in this spin state, the same applies

for a grey circle on the |+3/2) level. Without any interaction, the population difference
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between |£1/2) and |+£3/2) is Boltzmann distributed. Due to the small ZFS the levels
can be assumed evenly populated. With optical excitation of the Vs; defects the [+1/2)
has a higher population due to optical pumping. The population difference that can be
achieved via optical pumping depends on various parameters, like the defect density,
the crystal quality, excitation and MW power, isotope density, temperature etc. [55]. It
is a very important property with regard to the development of a MW amplifier. Ad-
ditionally to the continuous optical excitation, the RF field is applied. Since |+1/2) is
higher populated due to optical pumping, more transitions from |+1/2) to |£3/2) are
induced than from [+3/2) to [£1/2). Hence, an applied resonant RF field leads to an
increased population of |+3/2) and higher PL emission.

For the cwODMR measurements in this thesis the MW frequency was swept and the
PL was detected with RF switched on (PLyy,) and off (PL.g) several times for each ap-
plied RF frequency with a Lock-in amplifier. The change APL = P L, — P Ly of the PL
is plotted against the frequency. This results in a peak at the resonance, as can be seen

in fig. 4.6.
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Figure 4.6.: ODMR spectrum of Vg; defects in a neutron irradiated sample. The resonance
peak occurs at the posistion of the ZFS.

The ODMR spectrum serves as a fingerprint of a defect, since it directly shows the
energy of the ZFS. A resonance peak at 70 MHz serves as evidence for the existence of

V2 Vg; in the measured sample.

4.5. Pulsed ODMR

A crucial characteristic of crystal defects with potential regarding quantum applica-
tions are their coherence properties. More precisely, the spin-lattice relaxation time T
and the spin-spin coherence time 7>, are decisive factors in terms of usability. To ex-

plore the coherence properties of Vg; defects in this work, pulsed ODMR (pODMR) with
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4.5. Pulsed ODMR

established pulse sequences well known from NMR was used. Laser and RF pulses are
applied to control the Vg; defects’ spin states.

Analogous to cwODMR every pulse sequence can be devided in three steps:

* The initialization of the V; defects’ spins is achieved by means of optical pump-

ing via a laser pulse.
e The manipulation of the Vs; defects’ spins happens via RF pulses.
¢ The read out of the current spin state is attained via detection of the PL intensity.

The RF pulses are created using an RF switch Mini-Circuits ZASWA-2-50DR+. To
create the laser pulses, an acousto optic modulator (AOM) is placed in the path of the

excitation laser beam. This is schematically presented in fig. 4.7
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Figure 4.7.: Scheme of an acousto optic modulator (AOM). Density fluctuations in a quartz
lattice caused by a sound wave create an optical grid. Scattering of the incoming
laser beam on this grid results in the presence of maxima of higher order. These
reflexes can be switched on and off very precisely by switching on and off the sound
wave.

A piezo electric transducer produces an ultrasonic wave in a quartz crystal, which is

absorbed by an acoustic absorber. The sound wave induces a periodic deformation of
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the crystal with layers of different density. These density variations cause a periodic
variation of the refraction index. Hence, the quartz crystal can be seen as optical grid,
when the ultrasound is switched on. Analogous to Bragg scattering, there is positive
interference at an angle 8 depending on the wavelength of the laser light. A first order
maximum occurs at an angle double the angle of incidence 26. This maximum is only
present with the transducer being switched on. Using the first order maximum for
optical excitation, it is thus possible to switch the laser beam on and off very fast and
create very sharp laser pulses.

In the following, pODMR is explained on the example of the pulse sequence applied
to measure Rabi oscillations. Every two level quantum mechanic system driven with a
resonant force field performs Rabi oscillations. In case of Vg; in SiC this resonant force
is the B; field of the RF waves. Fig. 4.8 shows a segment of the pulse sequence used in

this work to measure Rabi oscillations of a Vg; ensemble.

- = B

PLa PLg
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Figure 4.8.: Segment of the pulse sequence applied to obtain rabi oscillations in pODMR
experiments. The complete pulse sequence consists of many segments of this kind
with the length 7 of the first RF pulse of every segment being increased

The segment contains two laser pulses of constant length and two RF-pulses, with
one of them being increased at every iteration (For a better understanding the last laser
pulse of the previous segment is also shown). The pulse lengths are not to scale, the RF
pulses have typical lengths of 7 = 100 ns, the laser pulses a constant length of 10 us.
The first laser pulse initializes the Vs; defect ensemble into the |+1/2) sublevel. After
the laser is switched off, the RF pulse is switched on. In contrast to cwODMR, the RF
frequency is not swept, but fixed at the resonance between |+1/2) and |+3/2). Conse-
quently, the RF wave pulses induce transitions between these two sublevels, while the
polarization can be read out via the ODMR contrast.

The laser pulses have two functions: Firstly to initialize the system for the next segment
and secondly to read out the spin state via PL after each segment. Therefore, the PL is
monitored in the first moments of each laser pulse. The time window for this is typi-
cally 1 us.

The complete pulse sequences used in this work consist of many of the segments shown
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in fig. 4.8, with 7 being increased from a minimal length to a maximal length. The se-
quences used for the Rabi measurements in this work consisted of 400 segments. For
each RF pulse length two values of PL are recorded, one after the iteratively increasing
RF pulse PL, and another one as reference after a RF pulse with constant pulse length
PLg.

While measuring, the sequence was run over and over again and the values of PL, and
PLp were integrated. Successively, the ODMR contrast

APL/PL = (PLa — PLp)/(PLA + PLp) was calculated which corresponds to the spin polar-
ization. To display the time resolved spin polarization, the ODMR contrast was calcu-
lated for each RF pulse length 7.

The measurement of Rabi oscillations is a demonstration of coherent control of the
system concerned. Additionally, they provide the possibility to determine the pulse
lengths needed for advanced pulse sequences to measure 77 and T». They hence rep-

resent a fundamental measurement recurring in the upcoming chapters.

4.6. Experimental ODMR-setup

The cwODMR, pulsed ODMR, as well as single photon counting and PL scans were
carried out with a home-built setup with home-written software. Its scheme is pre-
sented in fig. 4.9. The setup is a very versatile confocal setup and can be adapted for
each of the three measurement techniques. At first the configuration for cWwODMR is
explained.

For optical excitation, the beam of a 785 nm laser diode from Thorlabs (LD785-SE400)
is coupled into a 50 um optical fibre and directed into an optical tower made of Thor-
labs cubes. Behind the fiber a lense is mounted to make the divergent beam parallel. It
isreflected on a 45° mirror and passes a 45° 850nm SP dichroic mirror before it reaches
the objective. The beam is focussed onto the sample using a 10X objective (Olympus
LMPLN10XIR), with the laser spot measuring approximately 10 ym in diameter. The
laser power at the surface of the sample during the measurements was 10 mW. The
PL is then collected through the same objective and separated from the scattered laser
light by the dichroic mirror and two 800 nm long pass filters. Behind the filter it is cou-
pled into a 600 um optical fibre and detected using a Si avalanche photodiode (APD)
(Thorlabs APD120A). The microwaves are generated by a signal generator (Stanford Re-
search Systems SG384) and amplified by an amplifier (Vectawave VBA1000-18). They
are applied to the Vs; defects by a 0.5 mm wide copper-stripline the sample is placed
on. The MW are on-off modulated with 666 Hz and ODMR is detected using a Signal
Recovery 7230 lock-in amplifier. The magnetic field By is generated by a permanent
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Figure 4.9.: Scheme of the home-built zFODMR setup. In addition to the confocal mode, it
can be also used as classical microscope. All cwODMR measurements on the neu-
tron and electron irradiated samples were performed in this configuration. The RF
source modulated the RF waves with 666 Hz and the spin dependent change in PL is
detected by the Lock-In, that received a trigger signal from the RF source.

magnet below the stripline.
For pulsed ODMR the same optical and MW components were used. The MW source
is operated in continuous mode instead of on-off modulation and a MW switch (Mini-
Circuits ZASWA-2-50DR+) is added between the MW source and the stripline to gener-
ate the pulses (see fig. 4.10).

The laser pulses are generated by an AOM (Opto- Electronic MT250-A02-800) before
the laser is coupled into the fiber. The MW switches and the AOM are controlled by
a PulseBlaster ESR-PRO 500MHz card from Spin-Core, that sends TTL pulses to the

components. For signal processing an oscillator card from GaGe Compuscope is used.

For the single photon counting and PL scan measurements the APD is replaced by a
much more sensitive APD from Laser Components able to detect single photons (see
fig. 4.11). The signal is processed by the digital converter quTau from quTools, where
pulses given out by the APD are counted and digitalized. For the measurement of the
g@- function, a beam splitter is placed between PL collection and detection and the
photons are detected by two APDs (See fig. 4.12). The time correlation is processed by
the digital converter unit quTau.

The self-built beam splitter consists of a birefringent, transparent dice mounted on

rotatable stage as depicted in fig. 4.13. The entering light is separated according to its
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Figure 4.10.: Configuration of the zFODMR setup for pPODMR. In contrast to the configura-
tion for cwODMR, the RF source runs in coninuous mode, while a PulseBlaser card
sends TTL pulses to the AOM and the RF switch that create the laser and RF pulses.
Instead of a Lock-In, an oscillator card is used for signal processing.
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Figure 4.11.: Configuration of the Zf-Setup to conduct 3D PL scans. The objective was ex-
changed to a higher magnification to achieve better resolution and an APD able to
detect single photons was mounted. The signal was processed by a photon counting
unit, which was, like the RF source, triggered by a function generator.
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Figure 4.12.: Configuration of the Zf-Setup to measure Hanbury Brown- Twiss. The PL en-
ters a 50:50 beam splitter before being detected in two APDs.

polarization. The two light beams with different polarization are then fiber coupled
and guided to the APDs. The beam splitter is tuned to a 50:50 configuration by moni-
toring the signals of both APD while turning polarization filters before the fibres.
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Figure 4.13.: Photograph of the fiber-coupled, self-built beam splitter with the birefringent
crystal in the center.
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silicon vacancy optical

properties

A crucial property of a Vg; defect ensemble suitable for quantum sensing are its optical
properties. A high PL emission leads to a low signal-to-noise ratio of the ODMR spec-
trum for given integration time. Since the magnetic field, temperature, etc. are derived
from the ODMR spectrum, a low signal-to-noise ratio is required to perform quantum
sensing within reasonable time scales. The intensity of the PL of the generated ensem-
ble must therefore be considered and planned before the creation process.

It turned out that at low Vg; defect densities the PL intensity increases with the abso-
lute number of Vg; defects and hence with the fluence of the chosen irradiation parti-
cle. Above a certain limit of the Vs; defect density, however, the PL emission is not only
connected to the Vg; defect density. The behaviour is more complex and the number of
active PL emitters is not monotonically increasing with the irradiation fluence.

In order to enable the prediction of the PL emission of a Vg; defect ensemble created
by particle irradiation a systematic analysis of the emitter density as a function of the
irradiation fluence is presented in 5.1. The density of optically active emitters is in-
vestigated for a wide range of electron and neutron fluences via PL spectroscopy and
quantitative EPR. The results show an optimal fluence with a maximum density of op-
tically active emitters.

Additionally, the targeted creation of Vs; defects by proton beam writing is investigated,
necessary for e.g. the targeted creation of Vg; defects in nano scale electronic structures
in 5.2. This offers the potential for quantum sensing on the nano scale featuring elec-
trical read-out.

The results in this chapter allow the prediction of the Vs; defect location and emitter
density created by particle irradiation for quantum sensing and related quantum ap-

plications. They were published in [80] and [90].
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5. Influence of irradiation on the silicon vacancy optical properties

5.1. Emitter density in neutron and electron

irradiated silicon carbide

In order to systematically analyze the influence of the Vg; density on the Vg; coher-
ence for the three different irradiation particles, it is necessary to first determine the
Vs;i densities in the samples. To do so, it is assumed that the PL emitted by a sample is
proportional to the number of created Vg; defects. However, most, but not all emitters
are Vsi. Therefore, the obtained values are denoted as emitter density Ny. With the
geometry of the defined collection volume of the confocal setup, the emitter density
was subsequently derived.

In the following the emitter density as a function of the fluence is determined. In gen-
eral, a higher irradiation fluence leads to more crystal damage. Naturally, it is expected
that this results in a higher number of emitters and a higher PL emission. Already
viewed with the naked eye, the crystal damage after irradiation is apparent: Fig. 5.1
shows neutron irradiated SiC samples of S1 for different irradiation fluences. The crys-
tals irradiated with a lower fluence are transparent, while the crystals irradiated with
a higher fluence are opaque due to the presence of optically active, absorbing crystal
defects. In the next two sections, the determination of the emitter density by PL and

EPR measurements is presented.
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Figure 5.1.: Photographs of SiC samples irradiated with different neutron irradiation flu-
ences. Samples irradiated with high fluences become opaque due to the creation of
optically active defects.

5.1.1. Photoluminescence emission

In this section, the emitter density Ny in all samples determined from their PL emis-
sion is outlined. In order to do so, PL spectra were recorded at the LabRam setup with

633 nm excitation and compared to a reference sample. The basic principle here is that

50



5.1. Emitter density in neutron and electron irradiated silicon carbide

the emitted PL is proportional to the number of emitting defects. For the integrated PL
intensity, only the spectral range of the phononic side band (PSB) of the Vg; defects is

considered.

Neutron Fluences
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Figure 5.2.: PL spectra of Vs; defects for different neutron irradiation fluences. The PL emis-
sion increases with the fluence due to creation of emitters. From a certain emitter
density on, non-optical relaxation becomes dominant and the PL decreases.

Fig. 5.2 shows the PL spectra of several neutron irradiated samples with different
fluences. For low fluences, the emission is low due to only marginal crystal damage
and corresponding low Ny. With increasing fluence, the PL increases as well, proving
an increase of the generated emitter number. For very high fluences, the PL intensity
drops rapidly. As indicated by this drop of PL at high fluences and is backed up by the
results in 5.1.2, the assumption of a direct proportionality between created emitters
and PL emission only holds for low fluences. For high fluences and defect densities the
PLisreduced by non luminescent relaxation of potential emitters induced by spin-spin
interactions. The spin-spin interactions also govern the spin coherence of the Vg;. As
will be presented in 6.3, reasonably long spin coherence of Vg; created with neutron
irradiation was only given in samples with Ny < 101%cm™3. The experiments on the
spin coherence were therefore performed in a range, where Ny and PL emission are
assumed to be proportional and the determination of Ny via PL is valid. However, for
the sake of completeness, the behaviour of the PL at high fluences is investigated in

this section as well.
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5. Influence of irradiation on the silicon vacancy optical properties

In previous works of our group, E Fuchs et al. established a formula to calculate Ny as

a funtion of the neutron irradiation fluence [53]:

Ny =C-(®n)*

(5.1)

Here C is a constant and a = 0.8. A sample from this work with known Ny was used

as reference to calibrate the PL intensity. All PL measurements, including the one of

the reference sample, were done in the confocal LabRam in one run.
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Figure 5.3.: left: Variation of the PL intensity and corresponding emitter density as a func-
tion of the irradiation fluence with epithermal and fast neutrons. right: Same as left,
but for 2 MeV electrons. The dashed line is a fit of the form presented in eq. 5.1.

Figure 5.3 shows the integrated PL as a function of the neutron or electron irradia-
tion fluence, measured in the sample sets S1 and S2. The blue dashed line is a fit to
eq. 5.1. As pointed out in 3.2.1, only epithermal and fast neutrons are considered in
the fluence. The energy of the electrons was E, = 2MeV.

For neutron irradiation, a, = 0.8 (dashed line) is in accordance with [53]. The maxi-
mum PL can be observed at ®,, ,, = 6.7 10! cm™2 and the corresponding maximum
emitter density is Ny, = 1.3-10'®cm™3. For increasing fluence, the aforementioned
rapid collapse of the PL intensity is readily apparent due to the increasing density of
defects other than Vg;. During irradiation, a plethora of defect types with many of
them providing non-luminescent relaxation paths for the Vg; is created. This is called
quenching and can be observed in all fluorescent materials. With high defect densities,

the probability for another kind of defect to be in the vicinity of a Vs; defect increases
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5.1. Emitter density in neutron and electron irradiated silicon carbide

and thus the probability of quenching. This results in low PL emission for heavily ir-
radiated samples. The density of potential emitters is therefore underestimated by the
value of Ny determined via PL. In order to determine by how much, additional quanti-
tative EPR experiments were performed on several samples. The results are presented
in5.1.2.

The samples irradiated with electrons demonstrate a qualitatively similar behaviour
for low fluences, but no PL drop at high fluences occurs. The maximum PL is reached
at the highest fluence of @, ,, = 4.0-10'8cm™2 and a corresponding emitter density
Ny =1.0-10"%cm™3. From this it can be deduced that more electrons than neutrons
are needed to cause the same crystal damage. This lower creation yield of electrons
is to be expected due to their lower mass and preferred interactions with crystal elec-
trons rather than crystal atoms, while the uncharged, heavy neutrons lose most of their

energy in collisions with the atoms [91] [92].

5.1.2. Quantitative electron paramagnetic resonance

In order to examine the conformity of Ny determined via PL reduced due to quench-
ing in strongly neutron irradiated samples with the actual density of potential emitters,
quantitative EPR was measured on several samples. The typical EPR reference
1,3-bis(diphenylene)-2-phenylallyl (BDPA) —a molecular radical with one spin per molecule
was used. The molecular weight is known and the sample weight was carefully mea-
sured for achieving an absolute spin standard. Fig. 5.4 shows the EPR spectra of the
BDPA reference sample and the low field transitions of one neutron and one electron
irradiated SiC sample. The spectra were obtained at room temperature in the dark with
the same setup and same conditions to provide comparability. The low field transition
was used, as at this magnetic field range no other EPR transitions were present which
resulted in undistorted, background-free spectra. Both the transitions of the neutron
irradiated SiC as well as the one of electron irradiated SiC show satellite peaks originat-
ing from hyperfine interaction of the Vs; defects with surrounding 2Si and '3C isotopes
(55].

The absorption is proportional to the absolute number ny,; of spins in the sample.
It is given by the integral of the absorption spectrum ¢y, (B). By comparing it to a ref-
erence with known spin number, the absolute number can thus be determined. When
considering the spin S = 3/2 of the V; defects, the spin number ny,;, is found by com-
paring the integrated absorption of the SiC sample to the integrated absorption spec-

trum &((B) of the BDPA reference sample:
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Figure 5.4.: Determination of the defect density Ny, from quantitative EPR spectra at room
temperature. left: Reference sample of molecular BDPA radicals with known abso-
lute spin number ngpps = 3.6 x 10'7. middle: Low-field EPR transition of the V2 de-
fect for a neutron irradiated sample irradiated with a fluence of ®,, = 1.6 x 106 cm =2
and corresponding defect density of Ny = 4.5 x 10" cm ™. The ratio of the dou-
ble integrated spectral fits (dashed lines) yields absolute V2 defect numbers. right:
Same as middle for an electron irradiated sample with ®, = 1 x 10!8cm™2 and
Ny, = 8.6 x 1019 cm™3. The dashed lines are fits as described in the text.
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Since the EPR signals = are recorded as the derivative of the absorption, they need to

ae 0 (5.2)

be integrated twice to find the total absorption:

ffEVSi (B)de

3/ [EoB)dB? " o3

v =

The integral [ f Evy (f )d B? was carried out with the fits of Ev,, (B) represented by the
black dashed lines in the spectra. The fits also consider the hyperfine peaks. From the

total number of spins ny;, the Vs; density Ny, can be calculated as:

Ny,
Ny, = VS (5.4)

with V being the sample volume.

Figure 5.5 shows the emitter densities determined by PL, extended by the emitter
densities obtained via quantitative EPR for both neutron and electron irradiated sam-
ples. The values for electron irradiated samples and samples irradiated with low neu-
tron fluences correspond well. The values of Ny;; determined by quantitative EPR are
higher than those of Ny determined via PL measurements for high neutron fluences.
This is due to the fact that EPR directly measures the MW absorption. Effects such as
PL absorption and especially quenching have no influence on the results. Therefore it
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Figure 5.5.: Ny and Ny, as a function of the irradiation fluence in samples irradiated with
neutrons or electrons.

could also be expected that only the values of the densities at high neutron fluences
differ. Only for these samples the quenching becomes such a dominant factor, that the
density of potential emitters is dramatically underestimated in PL experiments. How-
ever, the density of actual emitters Ny is always precisely determined by PL measure-
ments.

These findings are taken into account in the later chapters when comparing the co-
herence properties. The majority of the neutron irradiated samples examined with
pODMR, however, were irradiated with low fluences in the regime where the emitter

densities determined via PL and EPR show good correspondence.

5.2. Targeted creation of silicon vacancies

The production of hybrid quantum systems with Vg; defect spins integrated into elec-
tronic or opto-electronic circuits for on-chip manipulation is a goal of ongoing re-
search. Itis indispensable for the production of reasonably sized and electrically adress-
able sensors and devices that use the Vg; spin [23]. Spin-opto-electronic interfaces as
well as electric control and read-out of Vg; have been demonstrated in recent years [93]
[78] [94] [23]. In all these demonstrations the Vs; were created randomly in a crystal,
with some being created inside an already existing electronic or photonic structure. It

is rather a gamble whether a Vg; is generated at the desired position in the structure
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5. Influence of irradiation on the silicon vacancy optical properties

or not. Many iterations are necessary to finally obtain a few structures where Vg; are
generated at the right location. A method in which the generation of a few or even
single Vg; is targeted is therefore highly desirable. The approach in this work is the dis-
placement of Si atoms, not with electrons or neutrons as before, but with a focused ion
beam, in this case protons. While the two transverse dimensions are controlled by the
x-y position of a proton beam (PB), the lateral position can be controlled by the en-
ergy of the protons according to 3.2.3. This allows a deterministic, three-dimensional
control of defect generation at the nanoscale. Furthermore, it provides a high degree
of scalability from a high proton fluence creating a dense ensemble down to a small
number of protons capable of creating isolated spins. The control of the location and
the spin density are both prequisites for facilitating a targeted Vg; generation for the
fabrication of spin-based quantum hybrid interfaces.

In 5.2.1 the creation of luminescent spots written with a PB is verified. Luminescent
layers and a pattern were written into an ultrapure epitaxially grown SiC layer and re-
vealed by confocal PL xy-scans. The PL of these was identified to be the one of Vg;
defects. In 5.2.2 PB written Vs; spots with varying fluence and emitter density were
scanned with nm resolution and the existence of single photon emission of an isolated
Vsi was verified by means of a Hanbury-Brown-Twiss experiment. The results of this

chapter were published in [80].

5.2.1. Three-dimensional proton beam writing.

In order to provide the possibility of Vg; creation at a desired position, controlled de-
fect generation in all three spatial dimensions must be achieved. Thus, the first step
from bulk to defect engineering was the creation of defect layers in a SiC crystal. For
this purpose, a HPSI wafer was cut and irradiated with protons. Three pieces were
irradiated with E; = 1MeV and the doses @y = 1 x 101 em™2, @ = 1 x 10'%cm™2 or
@ =1x103cm™2 (samples P1-P3). Another piece was irradiated with two different
energies E = 1MeV and E = 2MeV and dose @y =1 x 1013¢cm™2 (sample P4). The sam-
ples were scanned in x-direction (transversal to the surface) and z- direction (lateral
to the surface) after irradiation. The xz-scans of the three proton irradiated samples
P1-P3 with E; = 1MeV are presented in fig. 5.6.

The scans show the formation of luminescent layers in all three samples at the same
depth. The PL spectrum on the right side of fig. 5.6 of such an emitting layer shows the
typical Vs; PL emission in the NIR. It is safe to say that the majority of emitters in the
layers are Vs; defects. In that sense the PL scans with the APD show accurate mappings
of the Vg; distribution, which will be verified by a cwODMR spectrum in section 6.4.
Nonetheless, the emitted PL is filtered by a band pass before detection so that no light
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Figure 5.6.: Depth-dependent Vg; creation with PB writing. left: PL xz-scan of three SiC crys-
tals irradiated with 1 MeV protons and decreasing fluence from left to right. right: PL
spectrum of the emissive layer created with the highest fluence @, = 108 cm™2. It
emits the typical NIR PL spectrum of the Vs; defects.

of emitters in other spectral ranges is detected.

The connection between irradiation dose and induced crystal damage and hence bright-
ness of the emitting layer is also evident from the xz-scans. It is recognizable that a
stronger irradiated sample shows higher PL emission due to a higher number of irradi-
ation induced emitters. In order to validate the predictability of the layer depth, sample
P4 was irradiated with two proton energies. Additionally, the sample was coated with a
1 um thin layer of the luminescent organic molecule poly-3-(hexylthiophene) (P3HT)
to identify the sample surface. The PL xz-scan of sample P4 is presented on the left side
of 5.7.

The irradiation with two proton energies resulted in the formation of two individ-
ual emitting layers of Vg; defects. The theoretical depths of the protons’ Bragg peaks,
obtained with Monte Carlo simulations used in the software SRIM, are calculated to
Zsim(1MeV) = 10.8 um and Zg,y (2MeV) = 31.9 um. The depth of the layers in the ex-
periment is derived from the profile of the PL xz-scan, as shown on the right of fig. 5.7
by measuring the distance of the Vg; layers to the P3HT-layer. It has to be mentioned,
that the z-axis needs to be adjusted in all z-scans. When the motor of the stage moves
1 um in z-direction, the laser focus travels 2.6 um due to the refraction index n = 2.6
of SiC. The depth in the graph shows the travel distance of the laser focus and thus

shows the actual position in the crystal. The layer positions obtained from the pro-
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5. Influence of irradiation on the silicon vacancy optical properties
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Figure 5.7.: Multi-energy Vs; layer creation with PB writing. left: PL xz-scan of a SiC crys-
tal irradiated with 1 MeV and 2 MeV protons and coated with a layer of P3HT. right:
Profile of the PL scan on the left to determine the depth and FWHM of the layers.

file of the PL scan are Z(1MeV) = 12+5um and Z(2MeV) = 34 + 9um. These depths
are in good agreement with the Monte Carlo simulations. The layers can therefore be
attributed to crystal damage and Vs; creation at the depths of the Bragg peaks. This
provides predictability of the depth of the created Vg;, which is a crucial factor for sam-
ple production.

The FWHM of the layers in the xz- scans is broadened due to the resolution limit of the
objective. The layers are, in reality, much thinner. With the numerical aperture N.A. of
the objective and the excitation wavelength A, the optimal axial resolution of a confocal

microscope can be calculated as

0.881
n—vn2-—N.A2

Here, n is the refraction index of the sample. For the ZfODMR confocal setup this

RZ:

gives an optimal resolution of R, = 4.9um. The FWHMs of the layer created with lower
energy in the PL scans is Zy(1MeV) = 11 um and the one of the layer created with
higher energy is Zy(2MeV) = 17 um. This suggests that the confocal resolution of our
setup in z-direction is approximately a factor of three above the theoretically achiev-

able. The resolution in lateral direction can be calculated as

0.511
YT NA,
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5.2. Targeted creation of silicon vacancies

This gives a lateral resolution of Ry, = 0.5 um for our setup.

After control in one dimension has been shown, the second step from bulk ensem-
ble creation to defect engineering is the lateral control of the Vg; creation. This was
achieved by using a focussed proton microbeam with a spot size of 1 yum and a posi-
tion resolution of 15nm. In such way, very detailed defect structures were created. A
pattern was written in an ultrapure epitaxially grown SiC layer (sample P5). The proton
energy was E = 1.7MeV resulting in a calculated Bragg peak at Z(1.7MeV) = 26 um.
The pattern design is shown in fig. 5.8.
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Figure 5.8.: Layout of the PB written pattern in sample P5. The black dots represent the
irradiation sites. The sites at the top are irradiated with a higher fluence compared
to the sites at the bottom. Markers with higher fluence are added for orientation.

It consists of several rows of proton beam written Vg; spots with a fluence gradient
along the columns in each pattern. The patterns differ in the absolute values of the
fluences. They are in the range of 1 x 108 — 8.8 x 10! cm™2. Large markers with higher
fluence =~ 10'2 cm™2 are written on the edges of the patterns for orientation.

An overview xy-scan of a complete pattern at the depth of the Bragg peak is shown in
fig. 5.9.

An array of clearly separated spots emitting PL in the NIR is visible. The gradient of
fluence and hence defect density along the rows is also readily apparent. After demon-
strating 3D writing of Vs; ensemble spots, the structure of the actual irradiation sites is
examined. The bright spots in the scan, like the one on the right, show a normal distri-

bution with high PL emission, hinting at a high number of Vg; at these sites. The partic-
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Figure 5.9.: PL xy-scan of the pattern written in sample P5. left: xy-scan of the complete
pattern. The gradient in fluence of the irradiation sites is readily apparent. right:
close up xy-scan of one of the stronger irradiated spots.

ular one shown in 5.9 was written with a fluence of =~ 5 x 101! cm2, which corresponds
to = 5000 protons per site. Consequently, the sites irradiated with lower fluences were
scanned to find spots with single Vg;.

5.2.2. Single silicon vacancies

Close up xy-scans of high fluence spots, as presented in fig. 5.9, suggest that the num-
ber of created defects in these spots is too high to observe single defects. To detect
single Vg; defects, a number of irradiation sites with lower fluences was scanned. Fig.
5.10 shows xy-scans of this type.

As expected, the maximum PL drops with the number of protons per site. For 1000
protons, the maximum of the scan is at 12000 cts/s, for 200 protons, it is at 2000 cts/s.
In contrast to the spot shown in fig. 5.9, the spots irradiated with a low fluence show
a structure: Additional small, darker spots are present in the vicinity of the actual irra-
diation site. The maxima at the center of the sites consist of a conglomerate of these
small spots. In order to explore the nature of these small spots, photon correlation was
measured on a site with even lower fluence. The chosen spot was in the vicinity of an
irradiation site, irradiated with 100 protons. The spot, as well as the time-correlated

photon detection are presented in fig. 5.11.

60



5.2. Targeted creation of silicon vacancies

10000

7500

s/s1)

5000

2500

7500

5000

s/s1)

2500

2000

1500

s/s1)

1000

500

Figure 5.10.: High resolution xy-scans of irradiation sites irradiated with low fluences. In
all cases, the maximum is at the center of the site. However, they consist of smaller,
darker spots, which are additionally scattered around the center. These are single
Vg; defects, as will become evident in the following.
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Figure 5.11.: Conglomerate of single Vg; defects. top: PL xy-scan of an irradiation site irradi-
ated with = 100 protons. The small, individual spots are single Vg; defects. bottom:
Photon correlation measurement of the orange circled center, with g'® function fit
(solid line).

It is no surprise that the maximum count rate is lower than the ones in fig. 5.10. In-
terestingly, the emitters are only concentrated in the center, unlike in the case of the
irradiation sites with higher fluences, where single dots are scattered around the actual
sites. This phenomenon was observed in several scans of irradiation sites with low flu-
ences. It is assumed that this is a statistical effect. The more protons enter the crystal,
the higher is the probability for a proton to be significantly distracted from the straight
path. These protons can then create defects in a lateral distance from the center. This
is also supported by the decreasing emitter density as a function of the fluence in the
immediate vicinity of the more strongly irradiated spots in fig. 5.10.

The g® function was measured on the small PL spot marked with the orange circle in
fig. 5.11. The g@ function clearly indicates anti-bunching with g‘® (0) well below 0.5,

identifying the dot as a single photon emitter. Furthermore, the g function shows

62



5.2. Targeted creation of silicon vacancies

bunching. As eludicated in 4.2, this is characteristic for single photon emitters involv-
ing a shelving state. With this and the NIR PL spectrum, it is safe to say that the small
dots are PB written single Vs; defects. This is backed up in the following by a cwODMR
spectrum recorded on a PB written PL spot in 6.4, which shows the characteristic fin-
gerprint of the V; defect.

In order to investigate the z-profile of the irradiation sites, a confocal PL xyz-scan was
conducted on several irradiation sites. The xy confocal scans of one of these xyz-scans
are exemplary presented in fig. 5.12. Taking into account the z-resolution of the setup,
they give proof that most of the single Vs; defects are localized within a few ym at the
depth of the Bragg peak.

Cts/s 1000 2000 3000

Figure 5.12.: PL xy-scans of an xyz-scan of a PB written spot of Vg;. The depth Z is in um.
Almost all Vg; are located at one depth, the depth of the Bragg peak.
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5. Influence of irradiation on the silicon vacancy optical properties

The numbers are multiples of 1.3 um because the motor steps of 0.5um were cor-
rected by the refraction index. The highest Vg; density occurs around the depth of the
Bragg peak at z = 0. Below the Bragg peak, at positive z, a drastic drop in PL can be
observed. Above the Bragg peak, closer to the sample surface, some Vg; defects were
created. This is in accordance with the results of the SRIM simulation.

In a systematic analysis of the irradiation sites of the pattern, a creation yield of 0.1 Vg;/H*
was determined (for further information see SI of [80]). In theory, this allows down-
scaling to nearly deterministic production of single defects. Combined with the irradi-
ation of low energy protons this enables engineering of isolated defects on the nano-
scale. The use of a pierced atomic force microscope tip can push the lateral control
even further, providing a lateral resolution down to 10 nm, similar to that demonstrated
for nitrogen implantation into diamond [95]. PB writing of Vg; in SiC hence paves the
way for a targeted positioning of single defect spins in SiC with nanometer precision in

three dimensions without the need of pre- or post-sample-treatment.
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6. Influence of irradiation on the
silicon vacancy coherence

properties

A decisive characteristic of material platforms suitable for quantum applications is
their coherence. For example, quantum information processing heavily relies on qubits
coherently controllable for a sufficiently long time. Further the sensitivity of quantum
sensors is limited by the linewidth of the ODMR resonance peaks [96] and therefore ul-
timately by the spin coherence of the system [28]. Hence, the usability of the Vg; defects
in room-temperature SiC-based quantum sensing devices rises and falls with their spin
coherence [97].

With that being said, different applications lead to different demands. As discussed in
the last chapter, a high density of Vg; defects resulting in a higher signal-to-noise ratio
is desirable for sensing applications. Similar applies to the use of Vg; defects in SiC as
gain material for a MASER. In certain cases, targeted creation of Vg; defects is required.
For each type of application there is therefore a trade-off between the optical proper-
ties the Vg; defects or a device needs to possess on the one hand and their coherence
properties on the other hand. In order to decide how to create the Vs; with these desired
properties, it is indispensable to have a guideline of how their coherence is affected by
their creation method, commonly particle irradiation.

Hence, in this chapter the coherence properties of Vs; defects created by electron, neu-
tron or proton irradiation with regards to the emitter density are explored. By using the
pulsed optically detected magnetic resonance (pODMR) technique, the spin-lattice re-
laxation time (77) and spin coherence time (7>) of Vs; defects created by neutron, elec-
tron or proton irradiation in a broad range of fluences from dense ensemble down to
isolated defects are investigated. In 6.1 the pulses used in the pulse sequences for mea-
suring 71 and T> are calibrated. The frequency of the pulses is calibrated by cwODMR
and the length by measuring Rabi oscillations with pODMR. Subsequently, T; and 7>
are measured as a function of the emitter density via pPODMR in 6.2 and 6.3, respec-

tively. The spin coherence of a small ensemble created by proton beam irradiation is
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6. Influence of irradiation on the silicon vacancy coherence properties

presented in 6.4. This chapter gives a broad overview over the effects of irradiation and
the interplay of the emitter density on the spin coherence of Vg; defects with the re-
sult of a universal formula for the 75> time for all investigated irradiation particles. The

results were published in [90].

6.1. RF pulse calibration

In order to measure the 77 and 7, time with pODMR, certain pulse sequences well
known from NMR and consisting of RF and laser pulses were applied to the Vs; defects.
The frequency of the RF waves equals a resonance between the spin sublevels of the
ground state and their lengths were calibrated very carefully in order to get the desired
spin manipulation and extract T; and T». The frequency fr was determined by means
of cwODMR for the Vg; in each sample. The crucial lengths of a 7/2, 7 and 37/2 pulse

were calibrated on the basis of Rabi oscillations.

6.1.1. Pulse frequency calibration via cwODMR

The relaxation times 77 and T» were determined by means of pODMR. In the exper-
iments presented in this work, a laser pulse was used to initialize the Vg; defects, RF
pulses to manipulate them and again a laser pulse to read out the spin polarization via
PL (see 4.5). The laser wavelength of 787.5nm is chosen close to the center of the ab-
sorption band of the Vg; defects. It is necessary to apply the RF pulses with a frequency
fr according to one of the resonance transitions between the spin sublevels of |GS) of
the Vg; defects. Only in that case the chosen transition can be RF driven and the spin
polarization manipulated.

In zero magnetic field By = 0mT the RF pulses are in resonance if fr corresponds to
the ZFS. In the pODMR experiments presented in this work, a moderate magnetic field
of By = 15mT along the c- axis of the SiC crystal was applied in order to suppress in-
teractions with the surrounding spin bath of nuclei. A discussion regarding this topic
follows in 6.3. In a magnetic field, the spin sublevels split due to Zeeman interaction
according to 2.2.6, resulting in two resonances v; and v, which are eligible for the RF

pulses in pODMR. The frequency f, of a resonant transition can be calculated as [8]:

_|ZFS—gelipBo

fo=|—="
(6.1)

ZFS+ geltpBo

fo= |
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6.1. RF pulse calibration

However, By might marginally change during a switch of samples due to a slightly
different positioning. Since slight changes in the external magnetic field By lead to
a change of the frequencies of the resonances, the RF pulse frequencies were recali-
brated prior to each T; or T, protocol. The frequencies of the resonance transitions
were derived from cwODMR spectra. The deviation of By for all measurements was

determined as By = 15+ 0.4mT.

ODMR, APL/PL(%0)

450 500 550 600 650 700 750 800
Microwave frequency (MHz)

Figure 6.1.: Room temperature cwODMR spectrum of Vg; in an external magnetic field of
By = 15mT. The peaks correspond to the resonant transitions v; and v,. The dis-
tance between the peaks in a magnetic field equals double the ZFS.

Fig. 6.1 shows an ODMR spectrum measured on neutron irradiated SiC in such an ex-
ternal magnetic field of By = 15mT. The two resonance peaks at 550 MHz and 690 MHz
show a gap of Ay = 4D ~ 140MHz between them, equaling the double energy of the
ZFS.

In addition to the calibration of fg, the position of the resonance peaks in the spectra
serve another function. As described in 2.2.4, the ZFS can be seen as fingerprint of the
Vg defect type. Thus, the spectra are clear evidence that the crystals contain Vs; defects
created by irradiation.

Having calibrated the RF frequency fr for the pulses in the pulse sequences applied to
obtain 77 and T>, the pulse lengths were derived from the measurement of Rabi oscil-

lations. This is explained in the next two subsections.
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6.1.2. Rabi oscillations

In order to measure the relaxation times of any spin system some prior knowledge of
the system is necessary. For the measurements in this work this means, that the lengths
of a m/2-, m- and 37/2-RF pulse are needed for the pulse sequences for measuring 7;
and T». The lengths of these pulses can be derived from RF driven Rabi oscillations
between the spin sublevels of the Vg; defects. As already mentioned, pulse sequences
well known from the field of NMR were adapted and carried out via pPODMR. In that
way it is possible to coherently control and read out the spin state of Vg; defects.

For measuring Rabi oscillations, the pulse sequence shown in the upper part of fig. 6.2
was applied. The evolution of the spin polarization over time with constantly applied

resonant RF waves is presented in the middle and lower part.

In the applied external magnetic field of By = 15 mT, |+1/2) and |+3/2) are energeti-
cally split due to Zeeman interaction. All pODMR measurements shown in this chapter
were conducted either on the v; or v, transition. In the following, the Rabi oscillations
on the v, transition between the |+1/2) and |+3/2) spin sublevels are considered.

The first laser pulse initializes the Vs; defects into the |+1/2) sublevel. Hereafter, the
population of the |[+1/2) sublevel is higher than the one of the |3/2) sublevel. The pop-
ulation difference can be estimated to be below 1% at room temperature [55] from EPR
experiments. Only this population difference contributes to the signal.

Position I schematically shows the situation immediately after a laser pulse is switched
off. If a resonant RF pulse is applied, the RF waves induce transitions from |+1/2) to
[+3/2) and from [+3/2) to |+1/2). Since the population of [+1/2) is higher at position
I, statistically more transitions from |+1/2) to |+3/2) are induced until the populations
are equal (position II). However, the polarization flips into the [+3/2) sublevel due to a
kind of overshoot (Position III) [98]. With RF waves still applied, a spin polarization flip
back from |+3/2) to |[+1/2) is induced (position IV). In this manner, the spin ensemble
polarization is flipped between [+1/2) and |+3/2) as long as the RF waves are applied.
This phenomenon is referred to as Rabi oscillations.

The final spin polarization after an RF pulse depends on the pulse length 7, which is
consequently the variable in this kind of experiment. A complete pulse sequence con-
sists of many of the segments shown in the top part of fig. 6.2, with the pulse length 7
being iteratively increased. The spin state after an RF pulse was read out subsequently
via the spin state dependent PL of the Vg; defects during the first us of the next laser
pulse. The ODMR contrast APL/PL is calculated after each RF pulse with iteratively in-
creasing RF pulse lengths 7. The ODMR contrast directly corresponds to the spin state

and consequently shows the Rabi oscillations when plotted as a function of 7. A plot of
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Figure 6.2.: Principle of Rabi oscillations of a Vs; ensemble top: Single segment of the pulse
sequence to measure Rabi oscillations with pODMR. The first laser pulse initializes
the spin ensemble. Spin manipulation is carried out by an RF pulse, while the pulse
length is iteratively increased at every second segment (One reference signal; see
4.5). middle: Schematic representation of the spin polarization due to the RF in-
duced resonant transitions as a function of the pulse length. The gray circles located
at a spin sublevel represent one Vg; defect in that particular sublevel. Position I rep-
resents the polarization of an optically pumped spin ensemble immediately after
the laser is switched off. bottom: Resulting Rabi oscillations of the spin polarization.
The oscillations can be measured by means of pODMR. Each data point corresponds
to the ODMR contrast measured after one destinct pulse length 7.

this kind, measured on a Vg; ensemble created by neutron irradiation, is presented in
fig. 6.3.

Additionally to the oscillation, the polarization exponentially decays due to spin-spin
decoherence [98]. The spin polarization ultimately saturates at an equal population
of |+1/2) and |+3/2), which is none other than the spin polarization achieved with
cwODMR.

The oscillations can be fitted to:

APL .7,
S(1) = —me Rcos(Qgrt) +C. (6.2)
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Figure 6.3.: RF driven Rabi oscillations of the Vs; ensemble in a sample from S1, irra-
diated with a neutron fluence of ®,, = 4.2 x 10®cm™2 and corresponding Ny =
1.6 x 10!° cm™3 and measured with pODMR. The spin polarization levels off at the
cwODMR contrast for long RF pulses.

Here, T is the decay time of the Rabi oscillations, Qp is the angular Rabi frequency
and C is a constant.
The spin manipulation processes in the protocols used to measure 77 and T3 in this
thesis are more complex than the one for Rabi oscillations. Therefore, it is favorable
to view the spin polarization with the help of a more abstract model. Every quan-
tum mechanical two-level system can be described by using a Bloch Sphere. Hence,
Bloch Spheres have proven themselves practical and are commonly used for illustrat-
ing and understanding the processes in NMR experiments, as well as in pODMR [99].
The Bloch Sphere model is also accurate for an ensemble of Vs; defects. The poles of
the sphere represent the eigenstates of a system, in case of v, this is [+1/2) and |+3/2).
The polarization of the system is described by a vector, originating at the center of the
sphere. Its z-component represents the population ratio between [+1/2) and |[+3/2).
Fig. 6.4 shows the effect of the pulse sequence applied to measure Rabi oscillations
on the spin polarization of a Vg; defect spin ensemble with the RF waves in resonance
to v,. The corresponding polarization is represented by the brown arrow. If the arrow
points up, the spins are polarized in the [+1/2) sublevel, if it points down, in [+3/2).
Other directions symbolize the Vs; ensemble in a superpostition of |[+1/2) and [+3/2).

After laser excitation, the spins of the Vg; ensemble are optically pumped and the po-
larization points up. Subsequently, the first RF pulse rotates the spin away from the
z-axis by a certain angle, depending on 7. The second laser pulse again initializes the
spin system (arrow up) and the second RF pulse induces a reference rotation of the po-

larization.
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Figure 6.4.: Spin polarization of a Vg; ensemble, resonantly driven with RF waves. The
Bloch spheres A—D represent the spin polarization at different stages of the pulse
sequence used to measure Rabi oscillations. The polarization (brown arrow) is ro-
tated by the resonant RF waves and reinitialized into S, = |[+1/2) by the laser pulses.

This very vivid picture of the spin polarization in the Bloch sphere is used in the follow-

ing to explain the calibration of 7/2-, n- and 37/2-RF pulses.

6.1.3. Calibration of the pulse lengths

The n/2, m and 37/2 RF pulses are named after the rotation angle they inflict on the
polarization. It is remarkable that the spin polarization in fig. 6.4 oscillates around
zero and also tends towards zero for long pulses. Looking again at the pulse sequence
for Rabi measurements and the corresponding spin rotation in the Bloch sphere, it be-
comes evident, that this is not a matter of course, but a special case. Since the read-out
of the spin polarization with a laser pulse is represented by a projection of the polariza-
tion onto the Sy axis, an oscillation around zero can only occur if the reference pulse
rotates the spins exactly into the Sy — Sy plane. As mentioned, a pulse of this length
is called m/2-pulse, since it rotates the spin around the angle 7/2, as depicted in fig.
6.5. In analogy with that, the m-pulse flips the spin polarization around 7 and the 37/2
pulse around 37 /2.

Thus, to determine the length of a 7/2- pulse, several Rabi measurements were con-
ducted before each T; and T, measurement and the reference pulse was calibrated

so that the oscillation tends towards zero. In this case, the reference pulse creates the
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Figure 6.5.: Spin polarization induced by the Rabi pulse sequence with a 7/2-pulse as refer-
ence pulse. If the reference pulse is calibrated to a #/2-pulse, the spin polarization
in the resulting plot of the form as presented in fig. 6.3 oscillates around zero.

same spin polarization as cwODMR and has the length of a 7/2 pulse. The - and 37 /2-
pulse were derived from the first maximum and the second inflection point in fig. 6.3.
The 7/2-pulse can - in principle - also be derived from the first inflection point in this
graph. However, the length of the #/2-pulse is crucial and the aforementioned method
more accurate.

The pulse lengths are highly dependent on various measurement parameters, above
all the B field of the RF waves. The Rabi frequency Qp, is proportional to B; and hence
depending on the RF power Pgg:

QR X B1 X PRF (63)

The RF emission characteristic of the strip line can be inhomogeneous, leading to a
different RF power and therefore B; at different illumination spots. Hence, the pulses
were calibrated before each measurement of T or T>.

To avoid any relaxation mechanisms during the pulses, it is preferable to select short
pulses. Therefore, according to eq. 6.3, the RF power was chosen as high as possible.

The maximum output power of the RF amplifier used is 44dBm. As a precautionary
measure to protect the microwave components, such as the stripline and the termi-
nating resistor, a lower power was applied. At = 5W output power, the achieved spin

polarization amplitude was high enough to conduct measurements in acceptable time
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scales, but low enough to not cause damage to the RF components or the stripline. The
pulse lengths were in the order of 100ns.
With the RF pulse lengths and frequency calibrated, the preperations for the pulse se-

quences to extract T; and T, were made.

6.2. Spin lattice relaxation time T

The ability to coherently control a spin system, e.g. by means of Rabi oscillations, is not
the only attribute that is required for applications such as quantum sensing, quantum
computing or quantum information processing. It is also necessary that the interac-
tions with the environment are weak, as this leads to a long lifetime of the spin states
in which the spin system can be controlled and ultimately worked with. The lifetime of
spin systems, like the Vg; defect, is well described by the relaxation times 7} and 7>.
The relaxation process related to the 7; time is called spin-lattice relaxation. In case of
a Vg; defect ensemble pumped into the |+1/2) state, intrinsic, irreversible processes like
interactions with lattice phonons cause spin lattice relaxation back to thermal equilib-
rium. The time constant T; describes the time until the spin polarization has reached
1/e of the initial polarization. Since the spin polarization is completely erased by spin
lattice relaxation, it imposes the absolute limit of coherent control.

In the Bloch sphere, the T; time describes the decay of the projection of the polar-
ization onto the Sy axis. Hence, it is also called longitudinal relaxation time. Fig. 6.6
shows the spin lattice decay of the spin polarization after optical pumping into the

[+1/2) state for different delay times 7.

Immediately after optical pumping, the polarization is in the |+1/2) state. With time
elapsing, the polarization decays, illustrated by a reduction of the Sz component of the
polarization (cyan arrow). For measuring the 7; time, the pulse sequence shown in Fig.

6.7 was applied to the Vg; defects.

In analogy to the measurement of the Rabi oscillations, one laser pulse polarizes the
Vs; defect ensemble and is also used to read out the final polarization. In the T; se-
quence, the spin system decays freely during a delay time 7 inbetween two laser pulses.
This delay time is iteratively increased and the remaining polarization for each destinct
value of 7 is read out via PL. To obtain a reference signal for APL/PL, the polarization
was allowed to evolve freely twice for each 7. After the first of these two delay times, it
was flipped by a 7 pulse right before read-out. This not only creates a reference signal,
but also maximizes the amplitude of the measured spin polarization difference for a

better signal-to-noise ratio.
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Delay time t

A B C D

Sz = |+1/2)

Sz = |+3/2) Sz component 1/e aftert =T,

Figure 6.6.: Decay of the Vs; spin polarization after optical pumping, represented by the
cyan arrows. At position A, the polarization (brown arrow) is maximal. The time
constant, after which the polarization decayed to 1/e of the initial polarization, as
shown in D, is called T3.

A B C D

Sz =[+1/2)

Sz = +3/2)

R

Figure 6.7.: Pulse sequence and corresponding spin polarization during the measurement
of the T; time as conducted in this work. The polarizations at A—D correspond to
the stages marked in the pulse sequence. At A and C, the system is initialized by the
laser pulse. B and D show the polarization right before read-out.

The result of such a measurement on a neutron irradiated (Ny = 5.8-10'° cm™3) sam-
ple from sample set S2 is displayed in fig. 6.8. The exponential decay is fitted in the
form [26]:
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Figure 6.8.: Spin polarization as a function of the delay time 7 at RT and cryogenic tem-
perature. left: Decay of the spin polarization fitted with an exponential fit to ex-
tract T = 300 us. right: Prolongation of T at low temperature due to a reduction of
phonon density.

92(‘[) :e@zyoexp(i—T) (6.4)
1

From a fit of this kind, 7; can be extracted. In comparison the T} time at T = 120K is
enormously prolonged. The dependency of the temperature T on T; has been exsten-
sively studied by our group [22], which lead to the establishment of a power law func-

tion

=Ag+ AT+ AsT° + ————
Tl(T) 0 1 5 eA/kBT_l

(6.5)
to describe the involved processes: It takes into account two phonon-Raman scatter-
ing (AsT®), an eventual Orbach-like process via a vibrational state (1/e®/*8T — 1) and
single phonon Raman scattering (A; T). Each of these processes is dominant in differ-
ent temperature regimes. The limit of 7} is defined by the temperature independent
cross relaxation with intrinsic defects (Ap). It is only significant for low phonon densi-
ties at cryogenic temperatures and, naturally, in samples with high defect densities.
In the following, the effect of the irradiation method and fluence on T; is considered.
Fig. 6.9 shows the T; times of Vg; defects in samples irradiated with various fluences
of neutrons (S1) or electrons (S2) and a neutron irradiated sample before and after
annealing. The achieved emitter densities Ny determined via PL are in the range of
3.9-10'%-9.04-10'° cm~3 in the electron irradiated samples and 2-10'°-1.28-10¢cm ™

in the neutron irradiated samples.
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Figure 6.9.: T of Vs; ensembles created with neutrons or electrons in the sample sets S1
and S2 and in sample A2 as a function of the emitter density. It is constant up to
a defect density at which the cross relaxation between spin defects becomes sig-
nificant. Additionally, T of a strongly neutron irradiated (®, = 1 x 10'®cm™2 and
Ny =1 x 10'6cm™3) sample before and after sample annealing is presented. This is
discussed in detail in 7.3.

The values of T; in both electron and neutron irradiated samples are distributed
around T; = 300 us, which corresponds well with previously measured T; times in Vg;
ensembles [22]. T) turns out to be quite robust against Ny. This can be expected,
since the processes mainly contributing to the spin lattice relaxation at RT are phonon
assisted and hence not depending on Ny [22]. The only mechanism involving defect-
defect interaction is the cross relaxation described by Ay.

The effect of cross relaxation is observable in neutron irradiated samples with high Ny,
where a drop of T; occurs for Ny > 10'%cm™3. At these high emitter densities, the in-
teraction with other defect spins becomes a relevant process for spin relaxation. This
leads to the observed decrease of T;. By sample annealing it was possible to increase,
but not completely recover T; of Vs; defects in a heavily neutron irradiated sample with
afluence of ®,, = 1x10'® cm™2 and corresponding Ny = 1x10'6cm™3. This is discussed
in detail in 7.3.

In the electron irradiated samples, the T; time of the sample with the highest emitter
density also shows first signs of a decline. The T; time of Vs; defects in electron irradi-
ated samples with higher emitter density is expected to be shortened as well.

The results obtained with two systematically irradiated sample sets, S1 and S2, provide
good insight into the effect of the irradiation fluence and corresponding emitter den-

sity on the Tj time . To get an even broader overview, the T) time of a proton irradiated
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6.2. Spin lattice relaxation time T,

sample (P5), two neutron irradiated samples (N1 and N2) of a different wafer and elec-
tron irradiated samples (E1 and E2) with varying energies were measured. They are
plotted together with the data points of S1 and S2 from fig. 6.9 in fig. 6.10.

All of these samples show the same T; = 300 us, which underpins the previously dis-
cussed dominant influence of phonon-assisted mechanisms on the spin lattice relax-
ation and an independence from Ny up to a certain emitter density limit.
Furthermore, the results are compared to T = 500 us of a single Vs; defect reported in a
sample with Ny = 1011 —10'2cm™ [26]. Although the T; time is slightly higher than the
ones obtained in this work, the results are still fairly close and hence can be considered
to be in good agreement.

Neutron Irradiated

600 — Proton Irradiated A S1

A 1.7 MeV A Ny from EPR
4 N1and N2

500 1 ———<p— A Effect of Annealing
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Figure 6.10.: T; of Vg; defects in various samples irradiated with different particles, fluences
and energies. 7] proves to be robust against all these parameters. Only at high Ny
the T time diminishes.

In order to take into account the information obtained in ch. 5.1.2 about the devia-
tions of the emitter density determined from PL measurements and EPR, the T} times
of the two neutron irradiated samples from ch. 5.1.2 with the corresponding Ny from
EPR are additionally included in fig. 6.10. The two data points again confirm that for
emitter densities in the lower regime the determination of Ny via PLis a viable method,
whereas for high densities it seems to be less precise. It can be further concluded, that

the observed drop of T} for Ny > 10! cm™3 is likely to be less steep and to set in at a
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higher limit of Ny.

The results obtained in this chapter reveal a constant 7; time T; = 300 us of Vs; defects
in samples with Ny < 10'®cm™3. At higher Ny, Tj is shorter, which eventually impedes
the performance of the Vg; with regards to quantum sensing and other applications.
Ultimately it can be concluded, that when aiming for Vs; with long spin lifetime, the

emitter density should be chosen to be Ny < 1016cm ™3,

6.3. Spin coherence time T

Next, the influence of Ny on the spin coherence time 7> is examined. The T5 time is
also called transverse relaxation time, because, in contrast to the T time, it describes
the decay of the transverse component of the spin polarization in the Sy-Sy-plane of
the Bloch sphere. It is in general shorter than 7; and hence poses the limit of spin
manipulation in most material systems. Its dependence on the emitter density Ny is
of great interest for all related quantum applications.

To access the T, time of the Vg; defects in SiC, the spin echo pulse sequence is applied.
It is schematically presented in fig. 6.11.

After initialization, a resonant /2 pulse is applied, inducing a rotation of the spin
polarization into the S.-S,-plane. Due to local differences in the immediate vicinity
of the defects, the individual spins dephase from each other and the spin polarization
decays. A variety of processes can cause dephasing, e.g. a deviating frequency of single
spins in the Sy-Sy-plane due to a slight difference in the B field.

After a free evolution time 7/2, during which the spins dephase, a 7 pulse is applied.
The processes that caused dephasing are now rephasing the spins and the spin polar-
ization is restored. The restored spin polarization, called spin echo, has its maximum
at 7/2 after the m pulse.

Apart from the reversible processes causing dephasing, however, there are also irre-
versible processes hindering a complete restoration of the spin polarization in the Sy-
Sy-plane. The most important irreversible processes involve interactions with other
spin defects, leading to "jumps" of the spins in the S-S, plane. When the spins are
flipped by the 7 pulse, these jumps prevent some spins from rephasing at 7/2 after the
7 pulse and the amplitude of the spin-echo diminishes. The longer the free evolution
time 7 is, the more spins are subject to irreversible processes leading to a smaller am-
plitude of the spin-echo. The time constant, after which the echo is damped to 1/e of
the initial polarization, is the spin coherence time 7.

In order to read out the remaining spin polarization of the spin echo via PL it must

be projected onto the S, axis. This was achieved by a 7/2 pulse at the end of each
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Figure 6.11.: Spin-echo pulse sequence and corresponding spin polarization. The sequence
with a free evolution time 7/2 is well known from NMR experiments. A 7/2-pulse
transfers the spin polarization into the Sy-Sy-plane, where it dephases with the time
constant 7> due to inhomogeneties in the vicinity of the individual spins. A subse-
quent -pulse reverses the dephasing and causes a spin echo. The echo is projected
onto the S,-axis and read out via PL. For reference, a 37/2-pulse is applied at the end
of a second segment for each 7/2.

segment. In order to generate a reference signal, the PL is additionally recorded after
a 3/2m pulse at the end of a second segment for each 7/2. In analogy to the T se-
quence, 7/2 is iteratively increased and the polarization extracted from the two spin
dependent PL values recorded for each 7/2. The result obtained by a measurement of
this type is presented in fig. 6.12. The decays were recorded in an external magnetic

field By = 15mT to suppress interactions of the spins with the surrounding nuclear spin
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Figure 6.12.: Decay of the spin polarization of a Vs; ensemble due to decoherence. top: De-

cay measured on the v; transition in an electron irradiated sample with a fluence of
®, = 1x10' cm~2 and corresponding emitter density Ny, = 3.9 x 104 cm™3. middle:
Same as top but measured on the v, transition. bottom: Decay measured on the v,
transition in a neutron irradiated sample with a fluence of ®, = 3.7 x 10!” cm 2 and
corresponding Ny = 1.3 x 1016cm™3.

In the case of the electron irradiated sample, the evolution of the spin polarization

not only shows an exponential decay, but also a periodic modulation of the signal. This

effect is typical for experiments of this kind and is called electron spin echo envelope
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modulation (ESEEM) [54] [26] [101]. The collapse and following revival of the spin po-
larization is caused by interactions of the Vs; spins with the spins of naturally abundant
296i and 13C nuclei in the sample. The Larmor precession of the nuclei in the external
magnetic field induces the defect spins to periodically dephase and rephase, resulting
in the observed modulation of the spin-echo amplitude. In case of the v, transition,
the frequencies of both nuclei can be observed, while in case of the v; transition, only
the interactions with the more abundant ??Si show a significant influence on the signal.

The solid lines represent fits to

Ps(1) =Pz oexp (i) l_[ (l—Kisin2 (nfi1)) (6.6)
I2) iZap

with a constant K; and the two Larmor frequencies f, and f; of the isotopes. In case
of vy, one frequency ESEEM is fitted with only f,, in case of v,, the fit contains both
frequencies.
This varying appearence of the ESEEM shape for the two transitions is still under in-
vestigation [21]. The comparison of the measurements on v; and v, in several samples
in this work revealed no significant difference between the T, times extracted from the
ESEEM fits. Therefore, the exact origin of the difference in shape of the ESEEM signal
is neglectable for the 7> time measurements in this work.
In contrast to the electron irradiated samples, the measurement of the 7, time of Vg;
defects in the neutron irradiated sample does not show ESEEM. The decay of the spin
echo is too fast to observe the ESEEM modulations. In case of T, times significantly
shorter than the periods of the ESEEM an exponential fit is therefore sufficient.
In the following, the influence of irradiation particle type and emitter density on 7> is
discussed. For a better overview, at first only the sample series S1 and S2, as well as the
neutron irradiated sample A2 before and after annealing are presented. Their 7> times

extracted from ESEEM or exponential fits as a function of Ny are plotted in fig. 6.13.

For the investigated range of Ny, the T» time of Vg; created with electron irradiation
is significantly longer than that of neutron irradiated samples. As described in 3.2, the
main interaction of the penetrating electrons in the crystal is with crystal electrons,
while the main interactions of the neutrons are collisions with lattice atoms. The de-
celarated electrons and secondary electrons possess lower energies than the neutrons
when colliding with crystal atoms and hence create less severe crystal damage and a
higher percentage of small defects like Vsi. The neutrons, on the other hand, create a
significant percentage of defects other than Vs;. This leads to an increase of spin-spin
interactions of Vs; with other spin active defects, resulting in irreversible processes dur-

ing de- and rephasing and a diminishing of T5.
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Figure 6.13.: Spin coherence time T, as a function of the emitter density Ny in the sample
sets S1 and S2 and in sample A2 before and after annealing. The solid lines are fits to
eq. 6.7.

The second cause that is evident from fig. 6.13 is that the 7> time in both neutron and
electron irradiated samples depends heavily on Ny. This is consistent with the results
in other related material systems, such as NV~ centers in diamond. A detailed look at
the exact causes of decoherence is necessary to understand this behaviour.

The spin decoherence is governed by interactions with the surrounding spin bath of
nuclei (%%Si,'3C) 1/ Tz(”), paramagnetic centers (particularly *N) 1/ Tz(p ) as well as resid-
ual (particularly carbon vacancies) 1/T. 2(” and irradiation induced defects 1/ T?fi) [100],
[21], [102]. The resulting spin decoherence rate is then 1/ T, = 1/ Tz(”) +1/ Tz(p) +1/ Tz(r) +
1/ Tz(i). It was shown that 1/ TZ(") is supressed by applying a moderate magnetic field.
In case of Vg; defects in 4H SiC 15mT are sufficient [22],[100]. The rate 1/ Tz(i) takes the
density Ng of all irradiation induced spin active defects into account. In the following,
it is assumed that N scales with Ny in both electron and neutron irradiated samples
for Ny < 10'6cm™3, which is backed up by the results of the EPR measurements in 4.3.

Under this assumption, T5 as a function of Ny can be described by

(pristine)
T. L 6.7)
2= — .
1+ Tz(prlstlne)K Ny
. . . (pristine) . . . .
with the spin coherence time T, in a non irradiated crystal given by the pres-

ence of paramagnetic centers 1/T. 2(p ) and residual defects 1/ TZ(”. Hence, T. ;prisane) is
only depending on the intrinsic properties and quality of a wafer. The assumed pro-

portionality Tzi = kK Ny is in theory universally valid for a certain irradiation particle
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type.

For low emitter densities Ny < 7 x 101 cm™ in the electron irradiated samples, T»
does not show any notable dependence on Ny. In the range 7 x 10!*cm™ < Ny <
7 x 101°cm™ the change of T, is well described by the fit (solid line) according to
eq. 6.7. For Ny > 7 x 101°cm™3 a deviation from the fit towards lower values is ob-
served which correlates with the T; shortening in fig. 6.10. The data is well fitted with
TP — 48 um for electron and neutron irradiated S1 and S2 samples. As fit param-

eters k., and x, for the electron and neutron irradiated samples

Ke=08x10""s'em® and x,=3.8x10"''s"'cm?

are obtained, respectively, from the fits in fig. 6.13. A very positive result occured in

the heavily neutron irradiated and subsequently annealed sample A2. The spin coher-
ence of the Vg; was increased by a factor of more then 3. The exact procedure as well as
a detailed discussion of the results of sample annealing follows in 7.
To put the results obtained in S1 and S2 into perspective, the 7> times in fig. 6.13 are
compared to the T times of Vg; in a variety of samples with different properties to
investigate the validity of equation 6.7 with regards to changes of the manufacturing
parameters, like particle energy or wafer quality. For this purpose T» of a proton irra-
diated sample (P5), two neutron irradiated samples (N1 and N2) of a different wafer
and electron irradiated samples (E1 and E2) with varying energies were measured. The
results are further compared to the results of other groups, including 7> = 100 us of a
single Vg;, T> = 81 + 4 us in an ensemble in another HPSI 4H-SiC wafer irradiated with
an electron fluence of ®, =5 x 10! cm™2 and T, = 22 + 5 us in a proton irradiated sam-
ple with a fluence of @, = 1 x 10" cm™2 [21],(26],[103]. The results are presented in fig.
6.14.

As in case of the T; time, no significant dependence of T» on the electron energy
can be observed. This suggests that the interactions between electrons and crystal and
therefore the ratio of created defect types does not change with the electron energy.
This is of importance when aiming for high emitter densities with electron irradiation,
because it enables faster defect creation with the same fluence. Furthermore, this pro-
vides the possibility to create defect ensembles with homogeneous defect distribution
in large samples with electron irradiation due to the higher penetration depth of fast
electrons.

The spin coherence was reported to be longer for the single Vg; defect. In an epitaxial
4H-SiC layer with Ny = 10'! — 10'>cm™3, the isolated Vs; showed coherence for T, =
100 us [26]. Another HPSI 4H-SiC wafer after electron irradiation ®, = 5 x 1017 cm™2

gives To = 81 £ 4 us [21]. As Ny was not reported for this wafer, the same creation
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Figure 6.14.: T> of Vg; in various samples irradiated with different particles, fluences and
energies. The red solid line, the red dashed line and the blue area are fits to eq. 6.7.

yield as in fig. 5.3 is assumed, which gives Ny, = 10!°cm™3. The longer coherence time
is likely related to a lower concentration of intrinsic paramagnetic centers and hence

T 2(prlstlne)

longer compared to that in the non-irradiated wafer in this work. The effect

of a prolonged Tz(pnsnne)

is indicated by a fit, represented by the red dashed line, with
the same «x, as for sample set S1.

The neutron irradiated samples from another SiC wafer are not in agreement with the
fit parameter «, for neutrons obtained from sample set S2. They are well fitted with
Kn =25.2x 107 1s71cm3, which is one order of magnitude higher than x,, of S2. There-
fore, the fit of the T5 times of the Vs; defects generated by neutron irradiation is shown
as a light blue area limited by the fitting curves with x,, = 3.8 x 107''s~!cm3 and

Kn =25.2x10711s71cm3, representing a regime in which x, is presumed.

Now, the aforementioned results are compared to the spin coherence time in proton
irradiated samples. Due to their small mass it is expected that the irradiation induced
damage of the crystal is weaker when compared to ions of heavier atoms. From this
point of view, it is advantageous to use protons to create highly coherent Vg; defects,
since a less severe damage is likely to lead to less non Vg; defects capable of shortening
Ts.

The T, time was measured on a spot of = 70 Vg; defects that was proton beam writ-
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ten in sample P5. The measurement of 77 and T on this sample is discussed in detail
in 6.4. From the geometry of the written spot, the emitter number and the shape of

3 was calculated, which

the collection volume, an emitter density of Ny = 3 x 1013 cm™
is in the regime of a very moderately electron irradiated sample. The coherence time
T, = 42 + 20 us consequently approaches that in the pristine wafer Tz(primne) =48 us
[80]. It was found in another work that T, decreases with increasing ®, and Ny. For
@, =1x 10" cm™2 with estimated emitter density Ny =3 x 10'* cm™3, a spin coherence
time of T, = 22 + 5us from a stretched exponential fit was reported [103].

In fact, the process of defect generation by ions poses an obstacle with regards to the
establishment of a universal equation similar to eq. 6.7 for one complete sample. As
described in 3.2.3, ions create defects at a certain penetration depth in the crystal, at
the position of the Bragg peak. This consequently leads to a gradient in the defect and
the Vg density. The Vg; defects at the Bragg peak have the shortest 7> time due to the
high local Ny . However, Vg; defects at more shallow depths show longer T» times [104].
This requires a more complex description of the dependence of the spin coherence on
the proton (or any other ion) irradiation fluence compared to electron or neutron ir-
radiation. Nonetheless it is expected that eq. 6.3 can still be used for ion irradiation,
athough the parameter x should depend on the ion type and energy as well as on the
depth under the irradiated surface.

The last two chapters were dedicated to the influence of the three most common meth-
ods used for the creation of crystal defects in SiC - namely particle irradiation with
neutrons, electrons or protons - on the emitter density and the Vs; coherence proper-
ties in a wide range of irradiation fluences. When aiming for an ensemble with homo-
geneous, high Ny created in a reasonble amount of time, neutron irradiation should
be the method of choice. The neutrons’ higher creation yield compared to the one
of electrons allows faster defect creation with homogeneous distribution in large bulk
samples. In fact, the creation yield in the experiments presented in this work is even
underestimated, as shown by the analysis via quantitative EPR. If the coherence prop-
erties are crucial for the planned application, electron irradiation represents the better
alternative. It creates highly coherent Vg; with longer T, for given Ny compared to
neutron irradiation. It further turned out that an increase of the electron energy is not
detrimental to T», giving potential for faster creation of Vg; with long spin coherence
and the creation of a homogeneous distribution in thick samples with electron irra-
diation. When both the emitter density and the spin coherence are beneficial for an
application, as is the case for quantum sensing, a compromise between both methods
has to be found. In order to be able to find a suitable combination of Ny and the spin

coherence, T1 and T> were measured as a function of the emitter density. While T} is
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6. Influence of irradiation on the silicon vacancy coherence properties

robust up to high fluences, 7> shows strong dependence on the emitter density. By us-
ing eq. 6.7, TP"*"™ is sufficient information to create a Vs; ensemble with predictable
Ny and T». This provides the opportunity of custom made Vg; fabrication for a specific
task.

Further, it was shown that proton irradiation is a viable method for the creation of
highly coherent Vg; at a desired location. It hence offers the option of controlled and
targeted Vg; creation in already existing electronic or optic structures.

The results in chapters 5 and 6 can be used as a manual for all research groups or com-
panies aiming for Vg; in SiC with destinct properties for a specific application. Knowl-
edge of this kind is essential and of great value for everyone involved with or depending

on irradiation induced Vg; defects in SiC for quantum applications.

6.4. Spin coherence of silicon vacancies created via

proton beam writing

As could be shown above, neutrons create more crystal damage than electrons due to
their higher mass. Furthermore, they create a higher percentage of non Vs; due to the
nature of their interaction with the crystal: While electrons primarily interact with the
crystal electrons because of their charge, the uncharged neutrons mainly collide with
the lattice atoms and considerably damage the crystal, resulting in all kinds of defects.
This results in a significantly shorter 75 time of Vg; created by neutron irradiation. Since
protons are charged on the one hand, but also have a mass comparable to that of neu-
trons on the other hand, it is not trivial to predict the spin coherence of Vs; defects
created by proton irradiation. Nonetheless, this is a crucial property when aiming for
spin-active defects in an opto-electronic structure, which is the purpose of ion irradia-
tion in the first place.

Therefore, T7 and 7>, of Vs; in a PB written spot were measured by means of pPODMR. In
contrast to the measurements of 7, and T» in large ensembles in the electron or neu-
tron irradiated samples in 6, here only a small number of = 70Vg; is probed. Therefore,
the ZfSetup was modified as explained in 4.6. The results of this section are shown as
data points for protons in figs. 6.10 and 6.14 (green closed triangles).

Before measuring 77 and 7>, cwODMR was measured to ultimately verify that the PB
written defect spots consist of Vs; and to calibrate the frequency of the RF pulses. Fig.
6.15 shows the cwODMR spectrum of the PB written spot at B=0mT and at B=15mT.

At B = 0mT, the fingerprint resonance peak at the ZFS = 70MHz of the Vg; can be
observed. As expected, the peak splits into two resonance peaks, v; and v, due to
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Figure 6.15.: cwODMR spectrum measured on a spot of = 70 Vg; at B=0mT and B = 15mT.
The spectrum at zero field shows the characteristic ZFS of the Vg; at 70 MHz. With a
magnetic field, the peak splits due to Zeeman interaction.

Zeeman interaction.
Rabi oscillations at the v; transition are measured by means of pPODMR using the pulse

sequence presented in 6.1.2. The resulting graph is shown in fig. 6.16.
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Figure 6.16.: Coherent control of a spot of = 70 Vs; at B = 15mT performing RF driven Rabi
oscillations.

From the Rabi oscillations, the length of the n/2-, 7- and 37/2-pulse were derived.
Subsequently, 77 and T» were measured. The plots are presented in fig. 6.17.

The T; time is only marginally shorter than for an intact crystal. Interestingly enough,
T, = 42 + 20 us is comparable to that of a pristine crystal as described in 6.3, although
the protons are still in the direct vicinity of the Vg;. For the estimation of the emitter
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6. Influence of irradiation on the silicon vacancy coherence properties
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Figure 6.17.: Measurement of 77 and T», measured on a spot of = 70 Vs; at B = 15mT. left:
Exponential decay of the spin polarization with T;. Although the Vg; density is close
to that in a pristine crystal, the T; time is slightly shortened compared to 77 of a
pristine crystal. right: Decay of the spin polarization due to decoherence. The black
solid line is an ESEEM fit.

density in the spot, the laser focus geometry and the number of observed emitters was

013 3 was determined. When

taken into account. Based on this Ny =2.6+1.2 x 10~°cm™
put into perspective, this corresponds to the density in a very moderately electron-
irradiated, almost pristine commercial crystal. The long spin coherence is likely to be
related to that very low defect density. Strikingly, the naturally created proton impuri-
ties have no discernable influence on the coherence.

These results show, that targeted PB writing can create highly coherent Vg; spin defects
in a simple, point-and-shoot fashion. This can be utilized for the application-oriented
manufacturing of hybride spin-electronic, spin-photonic, and spin-mechanic quan-

tum nanodevices based on the technologically friendly SiC platform.
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7. Influence of annealing on the
silicon vacancy optical and spin

properties

Crystal annealing has been proven to be able to heal certain types of defects, thereby
reducing the spin-spin interactions of Vg; with the environment and ultimately slowing
down their dephasing [53]. As previously mentioned, a high Vs; density combined with
long spin coherence is desirable for various applications. In an effort to prolong 7>
while maintaining Ny, several irradiated samples were annealed in the course of this
work to explore the influence on both Ny and T5 of the contained therein Vg; defects.
The results of this chapter were published in [90].

In general, the term "annealing" describes a process in which a material is heated and
then cooled down again. This can help to achieve certain material properties, like
higher ductility or in the case of tempering, a change of the distribution of mechanical
stresses in a component. In addition to these applications, it is also well established
in semiconductor technology for the healing of unwanted crystal defects. Here, the in-
creased mobility of the crystal atoms causes them to return to the energetically most
favorable configuration, which is in most cases the perfect crystal. In practice, this
means, for example, that a wrongly positioned atom moves through the crystal due
to the thermal energy provided by annealing until it meets its correct lattice site, thus
wiping out two defects at once.

Although in the case of quantum applications in SiC crystal defects are not unwanted,
but explicitly desired, not all crystal defects are necessary. Quite the opposite: Since
crystal defects represent deviations from the ideal lattice and can be spin active, they
have an impact on the coherence of the Vg; defects, as was demonstrated in the last
chapter in the case of Vg; created by neutron irradiation. Especially the spin-spin in-
teractions can result in a deterioration of the 7T, time. To fathom the effect of a re-
duction of non Vg; defects on the coherence properties of a Vg; ensemble, two heav-
ily neutron irradiated samples, Al and A2, with ®, =1 x 108 cm~2 and correspond-

3

ing Ny = 1 x 101®cm™3 were annealed with two different annealing protocols. Addi-
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7. Influence of annealing on the silicon vacancy optical and spin properties

tionally, an electron irradiated sample A3 with ®, = 1 x 108 cm™ and corresponding
Ny = 6.1 x 10> cm™3 was annealed. In a systematic analysis, the emitter density Ny,
the absorption a as well as T and T, were determined after each annealing step.

The selective healing of individual crystal defect types is only possible because differ-
ent defect types heal in different temperature regimes. In the case of the Vs; defects
this temperature regime starts above 500°C [53]. At around 750°C, the majority of Vg;
goes over into the more stable Cg;V defect pair, where a next neighbour carbon atom
moves onto the Vg; defect and occupies it, while the carbon lattice site stays vacant [78].
This temperature dependent healing of different defect types provides the possibility
of selective defect healing. However, it is only possible to anneal defects possessing a
lower annealing temperature than the Vg; defects while remaining Ny .

Taking this into account, annealing protocols with destinct annealing times t,,, and
annealing temperatures T,,, were applied to the samples Al —A3: In the protocol for
Al, the sample was annealed several times at a constant temperature of 500°C, while
sample A2 was annealed in several steps with increasing temperature during the proto-
col for sample A2. Electron irradiated sample A3 was annealed in two steps. The three

protocols are shown in fig. 7.1.

7.1. Emitter density and absorption

First, the influence of sample annealing on Ny was examined via PL. measurements.
The upper left graph in fig. 7.2 shows the PL spectrum of sample Al before and after
the complete annealing protocol.

The PL intensity in Al increases drastically after annealing. However, the annealing
procedure does not create additional emitters, but the PL of already existing potential
emitters is "exempted", which leads to an increased Ny. As mentioned earlier, defects
other than Vg; can provide non-radiative recombination paths for the Vg; defects, es-
pecially in neutron irradiated samples. By healing of some of these irradiation induced
and intrinsic defects, the Vs; can subsequently recombine radiatively and Ny increases.
The lower left and right plots in fig. 7.2 show the corresponding emitter density Ny as a
function of the annealing time f,,, and temperature Tyny, respectively. Astoundingly,
an increase by a factor of 4 after optimum annealing conditions was achieved, already
hinting at the huge potential of sample annealing in terms of removing unwanted crys-
tal defects, which will be extended in the following sections.

No increase in PL was observed in the annealed electron irradiated sample (upper right
plotin fig. 7.2). This supports the previous observation in 6.3 that neutrons produce

a higher percentage of non Vg; defects which can lead to quenching. Since these de-
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Figure 7.1.: Annealing protocols of samples A1-A3. Samples Al and A2 were prior irra-
diated with a neutron fluence of ®,, = 1 x 10 cm™2, resulting in an emitter den-
sity of Ny = 1 x 10'6cm™3. Sample A3 was irradiated with an electron fluence of
®, = 1 x 108 cm™2 with corresponding Ny = 6.1 x 10°cm™3. top left: Sample Al
was annealed with constant annealing temperature Tan, = 500°C bottom: Sample
A2 was annealed with gradually increasing temperature. top right: Sample A3 was
annealed in two steps of Tapn =500°C and Tany = 600°C.

fects were not present in significant numbers in the electron- irradiated sample from
the outset, no difference in PL after annealing is apparent. The PL of the electron irra-
diated sample in this work even dropped slightly after annealing, as can be seen in the
lower part of fig. 7.2. This hints at a healing of some Vs; defects already at 500°C [105].
This effect must also be assumed in the neutron-irradiated sample, which, however, is
overlaid by the much more significant healing of PL-quenching defects.

Another consequence of sample annealing is the reduction of the absorption due to the
healing of optically active, absorbing defects. In order to investigate the extent of the
absorption decrease, absorption profiles of the samples were measured by conducting
a confocal z-scan at the LabRam setup. In such a z-scan, the laser light is absorbed on
its path to the focus, as well as the PL from the focus back to the objective. The profile
of sample Al before and after the complete annealing protocol are presented on the
left of fig. 7.3.
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Figure 7.2.: Effect of annealing on the PL emssion of three Vs; ensembles. top left: PL spec-
trum of sample Al before and after annealing. top right: Variation of Ny obtained
from the integrated PL intensity in sample A3 induced by annealing. bottom left:
Ny in Al as a function of the annealing time at Typ, = 500°C. bottom right: Ny in
A2 as a function of the annealing temperature for f4p, = 120min.

The absorption coefficient @ can be deduced from an exponential fit of the form
PL(z) = PLye™**. The absorption coefficient a is a combination of the absorption coef-

ficient of the laser light and the absorption coefficient of the emitted PL. Nevertheless,

92



7.1. Emitter density and absorption

< 50
1.0 §,
’ 1 s 40+
— ¢ +©
~ s =
§ : S 304
S $ %
é 0.57¢ S 204
o . g
Z a 104 A
a=50.8cm™! 5 A 4o
%]
0.0 14 T T T —:E 0 T T T |
0 100 200 300 0 60 120 180
Focal depth (pm) tann (Min)

Figure 7.3.: Influence of sample annealing on the optical absorption left: Absorption pro-
files of sample Al before and after the complete annealing protocol. The absorption
coefficient drops from @ = 50.8cm™! to a = 8.0cm™!. right: Absorption coefficient
of sample Al as a function of the annealing time t;ny.

a provides a valid method to compare the absorption before and after annealing.

By healing of optically active, light absorbing defects other than Vg; during annealing,
the absorption coefficient dropped from a = 50.8cm™! to @ = 8.0cm™". This underpins
the impact of sample annealing on the density of non Vs; defects. The coefficient a as
a function of the annealing time is presented on the right side of fig. 7.3. It shows that
the absorption coefficient saturates already after one hour of annealing.

The reduction of absorption in this reasonable time is a positive side effect of anneal-
ing. In various applications, optical accessability of Vs; deep below the sample surface
is required. A high absorption coefficient is a huge hurdle for applications of this kind,
which, however, can be conveniently removed by annealing the sample. In chapter 5,
proton beam written defects in greater depth were examined. Small ensembles or even
single defects emit low PL intensity. Losses due to light absorption can therefore ham-
per the perfomance of optically read out quantum sensors or qubits. Also here sample
annealing provides a convenient method to reduce the absorption and is a valid ap-
proach to enable and improve optical access of defects in 3D structures, even in greater
depths.

After exploring the impact of annealing on the optical properties of the SiC crystal and

the Vs; defects the next three sections cover the influence on the spin properties.
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7. Influence of annealing on the silicon vacancy optical and spin properties

7.2. ODMR spectrum

In order to verify the existence of Vg; after annealing and to calibrate the frequency of
the RF pulses for the pODMR with the goal of obtaining 77 and 7>, cwODMR spectra of
sample Al were recorded after each annealing step. The ODMR spectra are presented
in fig. 7.4.
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Figure 7.4.: cwODMR spectrum of sample Al after each annealing step. A slight increase in
contrast is observable. The position of the resonance peaks is unchanged.

The ODMR contrast slightly increases. This is probably associated with the healing of
NIR emitters other than Vg;. A reduction in total PL maximizes APL/PL and leads to an
increased ODMR contrast. This effect is much weaker than the effect of annealing on
the PL emission or the absorption, suggesting that the majority of defects responsible
for quenching or absorption do not emit PL in the NIR themselves. On the other hand,
the position and general shape of the spectrum does not change significantly, hinting
at a negligible influence of the annealing on the Vg; defects. With the verification of
the existence of Vg; after annealing and the determination of the transition frequency
for pPODMR pulses, the preparations for exploring the coherence properties have been

completed.

7.3. Spin lattice relaxation

As a next step the impact of sample annealing on the spin lattice relaxation time T; is

studied. For this purpose the same pulse sequence as in 6.2 was utilized. The T; time
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measured on the v, transition of the Vg; defects in sample A3 as a function of #;,, is

presented in fig. 7.5.
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Figure 7.5.: T} as a function of #4py, in the electron irradiated sample A3. No apparent change
in T; can be observed. The T; time is in accordance with the one measured in the
samples with Ny < 108cm™3 in 6.10.

In case of the electron irradiated sample no significant change in 7; could be ob-
served. This can be expected, since the T; time of the sample was in the range of an in-
tact crystal (= 300 us, see 6.2) already before annealing. The density of intrinsic defects
is so low, that the influence of cross relaxation Ay (see eq. 6.5) on T} is insignificant and
a further reduction has no effect. Hence, crystal healing did not prolong the T; time in
the electron irradiated sample A3.

In the neutron irradiated samples Al and A2, the T; time is significantly shortened by
severe crystal damage caused by the irradiation. Fig. 7.6 shows Tj in both samples as a
function of t4npn OF Tapn.

The T; time of the Vg; in these samples was substantially prolonged. In the case of
sample Al, T; could be increased by 25 % from 124 + 14 us to 158 + 15 us after 4 hours at
a temperature of 500°C. In case of sample A2, an increase of even 35% from 124 + 14 us
to 171 £ 16 us was achieved. Although T) increases, it is not completely restored to the
value of 300 us as in the case of a pristine or moderately irradiated crystal. However, a
part of the crystal damage leading to a reduction of the spin lifetime is recovered. An-
other finding of these results is that a slow increase in temperature is preferable to an
abrupt strong heating with regards to the restoration of T;. It should be noted, that T;
saturates in sample Al, annealed at constant temperature, but not in sample A2, which

was annealed with iteratively increasing temperature. For higher annealing tempera-
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Figure 7.6.: T7 of Vg; in the strongly neutron irradiated samples Al and A2 as a function of
fann O Tann. In both cases, the T time is partly restored, hinting at the healing of
severe crystal damage and non Vs; defects.

tures, T; might increase further, but Ny would drop due to the healing of the Vs; de-
fects.
In order to get even further insight, a sample of S1 moderately irradiated with neutrons

3

and corresponding Ny = 4 x 101° cm™ was annealed. The corresponding change of T;

is displayed in fig. 7.7.

Although Tj is already close to that of a pristine crystal, it is possible to even further
prolong it, which means that before annealing defects were present that resulted in
a diminishing of 7;. However, Tj in fig. 6.10 is constant around 300 us for neutron
fluences way below the fluence this sample was irradiated with. This indicates, that
the defects that cause a shorter T} before annealing are not irradiation induced. It
rather suggests that the quality of the wafer was inferior and that the T; time of defects
created in the wafer was shortened already from the beginning.

The T; time determines the limit of spin control. In order to discover the absolute
potential of sample annealing, its influence on the spin coherence is investigated in

the following.
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Figure 7.7.: T} as a function of #,,, in a sample of S2 irradiated with a neutrons and
Ny =4x10%cm™3. A slight increase in T} is observable.

7.4. Spin coherence

As stated before, T> poses the time limit in which a spin state can be controlled and
is in general much shorter than T;. Hence, in order to actually have a positive impact
on the usability of Vg; spins for quantum applications, the annealing process needs to
result in a prolongation not only of 77 but most importantly of T5.

The T, times were obtained with the spin-echo-sequence, also used in 6.3. In analogy
to the T} measurements, the RF pulses were resonant to the v, transition of the Vg; de-
fects. First, the influence of annealing on T» of the Vs; defects in the elctron irradiated
sample A3 is discussed. The T5 time as a function of t,,, is presented in the left plot of
fig. 7.8.

As in the case of T1, no significant change of T, can be observed. Since the projectile
electrons, as mentioned before, mostly interact with crystal electrons and preferably
create small defects like the Vg;, the percentage of defects other than Vg; is low com-
pared to e.g. neutron irradiation. Hence, the spin coherence is mainly governed by
interactions between Vs; and not by interactions of Vg; with other types of defects. A
reduction of the already low density of non Vg; defects therefore has no noticable influ-
ence on the spin-spin- interactions responsible for decoherence. Therefore, an impact
of annealing on the T, time of Vg; created by electron irradiation in this fluence regime
cannot be observed. In principle, annealing can have an influence on the interactions
between the Vg; defects, if the annealing temperature exceeds 500 °C and the density of

Vs is reduced. However, the goal of the annealing experiments in this work is to restore
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Figure 7.8.: Spin coherence time T» of Vg; as a function of f,,, in the electron irradiated
sample A3 and the moderately neutron-irradiated sample A4. The annealing has
no impact on the electron irradiated sample due to the low percentage of non Vg;
defects created by electron irradiation. The 7> time in the neutron irradiated sample
increases by 50% due to the healing of some non Vs; defects.

the spin lifetime in samples with high emitter density, i.e. the density of Vg; should be
preserved. A reduction of Ny by annealing and in this way the weakening of the inter-
actions between Vg; to prolong 7> is therefore not in the spirit of this approach.

Next the influence of annealing on the T5 time in the mildly neutron irradiated sample
A4 is examined. Theright plotin fig. 7.8 shows T as a function of the annealing time. In
contrast to the electron irradiated sample, the T time of the Vg; in the sample that was
mildly neutron irradiated increases by 60% from 7> =5.8+0.4us to T» = 9.3 £0.4 us.
As in the case of T, this is related to the different ways in which the defects are cre-
ated by different types of irradiation particles. Due to the higher percentage of non Vg;
defects created by neutron irradiation, interactions of these defects with the Vg; are a
significant factor responsible for decoherence of the Vg; spins. Hence, the removal of a
part of these defects prolongs T>. The annealing procedure removes a part of spin de-
fects with a healing temperature below 500°C and eliminates interactions of Vs; with
these defects. However, defects with a healing temperature higher than 500°C are not
removed and still cause decoherence. Thus, even after annealing, the neutron irradi-

ated sample does not reach the T, time of an electron irradiated sample with similar
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7.4. Spin coherence

Ny, where T5 of the hosting Vs; defects is mainly caused only by interactions between
the Vg; spins.

Following this logic, the greatest effect of annealing on the spin coherence of Vs; should
be expected in samples with a large amount of defects other than Vg;. This is the case
in heavily neutron irradiated samples, like the samples Al and A2. Fig. 7.9 shows the
decay of the spin coherence of Vs; spins in sample A2 before and after the complete
annealing protocol, fitted with ESEEM.
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Figure 7.9.: Spin polarization as a function of the free evolution time 7 in the strongly neu-
tron irradiated sample A2 before and after annealing. T, was extracted from the
ESEEM fit (black solid line).

The data clearly indicates an improvement of the spin coherence properties of the
Vsi by annealing. An astonishing increase of the T, time by a factor of more than three
from T, =2.7+0.4us to T, = 7.6 £ 0.4 us was achieved. Compared to the moderately
neutron-irradiated sample, the factor of increase is one order of magnitude higher.
This can again be attributed to the higher number of non Vg; defects, that are healed
below 500°C. Fig. 7.10 shows T> as a function of annealing time or annealing temper-
ature for the samples Al and A2.

It becomes evident that, in analogy to the impact on T3, a step-by-step increase of
the temperature is preferable compared to an immediate annealing with 500°C. This
can be attributed to the fact, that for some defect types there exists an optimum an-
nealing temperature regime [106]. When gradually increasing the temperature, at each
temperature step there are defect types that are annealed most efficiently at that exact
temperature. Thus, a larger number of defects other than Vg; is healed out compared

to annealing with only one temperature.
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Figure 7.10.: T, of the Vg; in the strongly neutron irradiated samples Al and A2 as a function
of annealing time f,,, or annealing temperature T,n,. By healing out of non Vg;
defects in both samples, T, could be significantly increased.

In case of sample A2 annealed with gradually increasing temperature, 7> is not satu-
rating in the presented data. However, similar to the case of 77, a further tempera-
ture increase would lead to the healing of Vg; defects and would not satisfy the goal of
high Ny with decent spin coherence. However, there is still room for improvement and
some open questions to be solved in the future. One starting point can be the neutron
irradiation of a sample to a Ny beyond the required value with subsequent annealing
with temperatures higher than 500°C. This would enable healing of more types of de-
fects, while also healing out a calculated and bearable amount of Vg;.

In general, the results show a very positive effect of sample annealing on the Vg; in the
neutron irradiated samples. A higher Ny, as well as prolongations of T and T» were
observed, showing a clear reduction of the interactions of the Vg; with other types of
spin defects. Annealing did not only have an effect on Vg; in samples with high Ny, but
also in the moderately irradiated sample A4, where annealing was advantageous for
both the optical and coherence properties. Especially for sensing applications, requir-
ing both a high Ny and a long spin coherence, sample annealing offers a significant
enhancement of the Vs; properties.

These effects make sample annealing a universal tool, which, in combination with the
results of ch. 5 and 6, provides manufacturers with additional options for optimization

of the Vg; for specific tasks.
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8. Coherent manipulation of
silicon vacancies with sub-MHz

spectral resolution

One of the challenges in the field of quantum sensing is to selectively address and co-
herently manipulate highly-homogeneous quantum systems subject to external per-
turbations. However, inhomogeneous broadening is a major bottleneck for the appli-
cation of solid state spin systems, like the Vg; defect, for quantum sensing.

In this chapter spectral hole burning is used to spectrally isolate and coherently ma-
nipulate homogeneous spin packets in an ensemble of Vg; defects. The experiments
were performed on a 6H-SiC (sample: H1) and 4H-SiC (sample: H2) with modified
(?9Si 1%, 13C 1.1 %) isotope abundance. This was achieved by sample growth by means
of the seeded physical vapour transport method with a 28Si enriched precursor mate-
rial [107].

In 8.1 the origin of inhomogeneous broadening is examined by means of two RF fre-
quency ODMR and a model to describe the mechanisms of inhomogeneous broad-
ening is developed. In 8.2 coherent control of a highly coherent Vs; spin packet is
presented. The packet was selected and coherently driven by using two RF frequency
pulsed ODMR. Finally, two-frequency Ramsey interferometry is performed to demon-
strate absolute dc magnetometry, which is immune to thermal noise and strain inho-

mogenity. The results in this chapter were published in [108].

8.1. Origin of inhomogeneous broadening

In order to investigate the origin of inhomogeneous broadening in sample H1 two-
frequency cwODMR was performed. In addition to the modulated probe RF frequency
Vprobe @ strong RF pump field at a fixed frequency vpump was applied. A cwODMR spec-
trum in the 286H-SiC sample H1 with and without pump RF field is presented in fig. 8.1.

The spectrum without vpump shows two inhomogeneously broadened ODMR lines.
They are associated with the V3 and V2 Vg; defects in 6H-SiC and reveal the finger-
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8. Coherent manipulation of silicon vacancies with sub-MHz spectral resolution
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Figure 8.1.: ODMR spectrum of Vg; defects in 6H-SiC with one and two RF frequencies. The
ODMR spectrum without a second frequency at vpump reveals the ZFS of the V2 and
V3 Vs; defect. The pump RF field at vpump = 26.8 MHz burns a hole into the reso-
nance. The pump and probe powers are Wy,ope = 7dBm and
Wpump = 14dBm correspondingly.

print ZFS of 2Dy3; = 26.8 MHz and 2Dy, = 128 MHz between the |£3/2) and |+1/2) spin
sublevels [78] [109]. In the spectrum with applied RF pump field a sharp minimum at
Vpump 18 present. This effect is well known as spectral hole burning [110] and is owed
to the fact that the ODMR resonance is inhomogeneously broadened and agregates
many homogeneous spin packets with different resonance frequencies. The pump RF
field saturates the transition of the particular spin packet that is in resonance at vpump,
which results in a reduction of the ODMR contrast APL/PL at this frequency. The pump

power (Wpump) dependence of the spectral hole is presented in 8.2.

With higher pump power, the hole at vpymp becomes more pronounced. The pump-

induced reduction of the ODMR contrast as well as the full width at half deep dyp in-
creases with Wyymp. The optimum power is found at Wpymp = 14dBm. At this Wyump
the depth of the spectral hole is approximately 30 % of the maximum ODMR contrast
without second RF frequency, while the width is minimal at g = 1 MHz. This value
of 6y is one order of magnitude lower than the linewidth of the inhomogeneously
broadened ODMR resonance dopmgr = 7 MHz.
As a next step, the detection scheme is modified. For an increase of the sensitivity,
the pump RF field was on/off modulated instead of the probe field in the following ex-
periments. The frequency vpump Was chosen at the resonance of the ZFS of the V3 Vy;
defect. A resulting spectrum of this kind with v;;ohe swept in the range of 2 — 60 MHz is
presented in fig. 8.3.
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8.1. Origin of inhomogeneous broadening
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Figure 8.2.: Pump power dependency of SHB. left: SHB at the V3 spin resonance for dif-
ferent Wpump. right: Pump power dependency of the SHB width g and the nor-
malized ODMR signal at Vpymp = 26.8 MHz. The horizontal dashed line indicates the
limit of 6y for low Wpump.
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Figure 8.3.: Two RF frequency ODMR spectrum in 6H-SiC with on/off modulated vpump.
The measurement was performed without external magnetic field. The pump fre-
quency Vpump is chosen at the center of the zero-field-transition corresponding to
the V3 Vg; defect.

The ODMR contrast APL/PLwith APL = PLy, — PLygis derived from PLy, (PLwhen

Vpump 18 switched on) and P Log (PL when vpyump is switched off). The resonant transi-
tion at 26.8 MHz is saturated when vpymp is switched on.
If Vprobe is off resonant: vp,ope does not have an influence on the detected ODMR con-
trast. The contrast is then governed by vpump. This manifests itself as a constant ODMR
contrast baseline offset at 0.75 x 1073. If Vprobe 18 in resonance: P Ly is increased by
Vprobe, Which results in a minimum of the ODMR contrast at vpymp = 26.8 MHz.

To further investigate the origin of inhomogeneous broadening of the resonances, a
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8. Coherent manipulation of silicon vacancies with sub-MHz spectral resolution

small magnetic field B, along the c-axis is applied. The behaviour of the ODMR spec-
trum in B, gives information about the mechanism responsible for broadening. The
most probable sources of inhomogeneous broadening are magnetic fluctuations (for
instance, due to nuclear fields) and variations of the zero-field splitting (for instance,
due to local strain). Fig. 8.4 shows two frequency ODMR spectra with modulated pump
RF field on the V3 vacancy in sample H1 for several B;.
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Figure 8.4.: Evolution of the satellite positions in a magnetic field B;. left: Two RF frequency
ODMR spectrum in 6H-SiC with on/off modulated vpymp in several magnetic fields
B;. right: Schematic explanation of the SHB satellites, appearing at vs,¢ due to the
spin relaxation between different spin sublevels.

A spectral hole at vpymp = 26.8 MHz and two related satellites are observable. The
origin of the satellites can be explained with the energy scheme presented in fig. 8.4.
It shows the spin sublevels of a Vg; defect ensemble with variations of the zero-field-
splitting 2D. The variations of D are described by a distribution function f(D).

Now it is assumed that the pump RF field saturates the spin transition from -1/2 to

-3/2 with the particular value of the ZFS 2D* = hvyump + 7B, as depicted by the right
solid arrow in fig. 8.4. Because of the spin relaxation, this also effects the transition
from +1/2 to +3/2 (right dashed arrow) of the Vs; defects with the same ZFS, resulting
in a satellite at vsatz = Vpump + 2y B;. The other satellite occurs if the inhomogeneous
broadening due to ZFS fluctuations is larger than the Zeeman splitting and vpymp also
saturates the transition from +1/2 to +3/2 in Vg; defects with different ZFS. Correspond-
ingly, this effects the transition from -1/2 to -3/2 in these centers, resulting in another

satellite at Vga1 = Vpump — 2Y Bz.
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8.1. Origin of inhomogeneous broadening

The satellite positions shift with the strength of B;. In case of inhomogeneous broad-
ening due to nuclear fields, the positions are independent from B;, as previously ob-
served for the Ny centres in diamond [110]. Thus, it can be concluded that magnetic
fluctuations are not the main source of inhomogeneous broadening in sample H1, but
that it is rather caused by ZFS fluctuations.

The above explanation of the satellite peaks is a simplified one. In the following a gen-
eral theory of the satellite peak origin and positions in an inhomogeneously broadened
Vsi spin ensemble is developed. The effective spin Hamiltonian of the Vs; defect in a

simple axial model reads

A

5
H:D(Si—z) +YSB 8.1)

with the Spin operator S and the magnetic field B. In the small magnetic field yB, << D
considered here the energies of the spin eigenstates are given by

3
E"i3/2" = Di E’)/Bz
1 / R2 2
E”i_l/zu :—Dii’}/ BZ +4Bp

where B, and B, are the components of the magnetic field parallel and perpendicu-

(8.2)

lar to the c-axis respectively. For nonzero B, the states labeled “+3/2” (“£1/2”) are in
fact mixtures of the +3/2 and -3/2 (+1/2 and -1/2) spin states. Due to this mixing and
also due to the low trigonal pyramidal local symmetry of the center [40] all four spin
transitions between the states “+1/2” and “+3/2” are allowed. When the pump satu-
rates one of these transitions, spin relaxation leads to the intensity change of the other
transitions leading in turn to the appearance of satellite spectral holes. Their positions

read

3 1
IVt = hVpump + 557 Bz + s’iy\ / BS +4B5 (8.3)

where s’ = 0, +£1 enumerates the holes. This equation yields the positions of the main
spectral hole (s = s’ = 0) and 8 satellites. The intensity of the satellites is determined
by the details of the spin relaxation. In the spherical approximation, spin relaxation
can be described by the relaxation times of spin dipole (T}), quadrupole(Ty), and oc-
tupole (Ty) [111]. In the simplest case when T, = T; = Tf only 4 out of 8 satellites that
correspond to either s =0 or s’ = 0 are manifested.
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8. Coherent manipulation of silicon vacancies with sub-MHz spectral resolution

8.2. Coherent control of an isolated spin packet

In this section coherent control of an isolated, spectrally selected spin packet is pre-
sented. First, a moderate magnetic field was applied to the Vg; defects in the isotopi-
cally purified 6H-?2SiC sample H1, so that the Zeeman splitting is larger than inho-

mogeneous broadening. The black curve in the lower part of fig. 8.5 shows the corre-

sponding ODMR spectrum.
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Figure 8.5.: SHB on the V3 Vg; defect in a small magnetic field. top: RF-induced transitions
between different spin sublevels after optical pumping into the +3/2 states. The
solid and dashed arrows correspond to the transitions with large and small matrix
elements respectively [40]. bottom: ODMR spectra in a magnetic field of B = 222 uT
with and without SHB at vpymp = 21.8 MHz. The upper curve is obtained under
pump modulation.

It shows four ODMR lines, corresponding to the transitions v; — v, (See upper part of

fig. 8.5). The inner transitions v; and v, are stronger than the outer transitions v3 and
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8.2. Coherent control of an isolated spin packet

v,4 in accord with earlier studies [40]. A precise analysis of the line-positions [8] gives a
magnetic field of B = 222 uT with an angle of 19° between B and the c-axis.

In the following a pump RF field with vpymp = 21.8 MHz is applied to burn a spectrally
narrow hole into the ODMR spectrum (blue curve in fig. 8.5). As expected, the SHB
satellites appear at the v, v3 and v, transitions. They can be observed even more
clearly in an ODMR spectrum recorded with v,ump modulated (Red curve in fig. 8.5).
The spectral positions shift linearly with v,ump, keeping the frequency difference the
same. This is particularly pronounced in the 4H-28SiC sample H2 with much larger

inhomogeneous broadening, as is presented in fig. 8.6.
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Figure 8.6.: SHB satellites in 4H-SiC. top: ODMR spectrum of 4H-?2SiC in a magnetic field
B; =360 uT. middle: Pump-induced changes in the ODMR spectrum with
Vpump = 60 MHz modulated. bottom: Pump-probe frequency scans showing relative
shifts of the SHB satellites.
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8. Coherent manipulation of silicon vacancies with sub-MHz spectral resolution

It can be concluded that by varying vpump within the v; ODMR line different spin
packets are selected.
Remarkably, the signal at v5 in fig. 8.5 has the opposite sign and is to 100 % conditional
upon SHB at v;. This property is used to implement the spectrally selective coherent
control of homogeneous spin packets.
Fig. 8.7 shows the two-RF pulse sequence applied to induce Rabi oscillations in a se-
lected spin packet. The laser pulse initializes the spin sytem into the +3/2 spin sub-

level. Next, a Z-pulse at vpump = V1 is applied to select a spectrally narrow spin packet.

Spectral State projection
selection and readout

Lasej [ \ f |
Pump, v4 | |
T T

\ § J
|

Coherent manipulation

Figure 8.7.: Pulse sequence applied to select a spin packet and drive it to perform Rabi os-
cillations.

The +1/2 spin sublevel of the Vg; defects in this packet (i.e. the Vg; with vpymp = v1)
is depopulated by the 7-pulse at vpump = v1. This process creates a population differ-
ence between —1/2 and +1/2 in the Vg; defects of the selected packet, which can be
resonantly driven by applying a second RF field at v5. Before read-out via PL, the po-
larization has to be projected onto the S, axis corresponding to the v; transition by a
second m-pulse at v;.

First, the length of the 7-pulse at v,ump needs to be calibrated. For this purpose, rabi
oscillations are recorded at the v, resonance with low driving power W = 11dBm. They
are presented in fig. 8.8.

In such kind of experiments a longer 7-pulse results in a spectrally narrower selected
spin packet [112]. The corresponding duration of the z-pulse is 1.2 us, providing sub-
MHz spectral selectivity.

The spin polarization of the Vs; defects in the selected packet is successively RF-driven
between —1/2 and +1/2. Fig. 8.9 shows the Rabi oscillations of the spin packet, coher-
ently driven at the v5 transition with the pulse sequence presented in fig. 8.7.

The high driving power W5 = 33dBm yields fast Rabi oscillations with a 7/2 pulse

length of 80ns, corresponding to a bandwidth of approximately 10MHz. This band-
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Figure 8.8.: Rabi oscillations at the v; resonance driven by the RF power W; = 11dBm with
the corresponding z-pulse duration of 1.2 us.
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Figure 8.9.: Rabi oscillations of a selected, spectrally narrow spin packet at the v5 resonance
driven by the RF power W5 =33dBm

width is wide enough to encompass the v; linewidth while keeping other ODMR reso-

nances nearly unaffected.

8.3. Ramsey interferometry

In order to demonstrate the advantages of spectrally selected spin packets for quantum

sensing two-frequency Ramsey experiments using the protocol presented in fig. 8.10

were performed.

The Bloch sphere in fig. 8.10 represents the spin polarization of the selected spin

packet after the first v;-m-pulse. The successive m/2-pulse flips the polarization into
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8. Coherent manipulation of silicon vacancies with sub-MHz spectral resolution
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Figure 8.10.: Ramsey interferometry of spectrally selected spin packets. top: Pulse pattern
for the spectral selection, coherent manipulation and state projection followed by
the read out of spin packets. middle: Impact of the pulses on the spin polarization
of the selected spin packet. The Bloch spheres show the polarization between the
two 7-pulses at Vpymp. bottom: Ramsey measurement of the spin packet selected
by vpump = 21.8 MHz in a magnetic field of 222 uT. The probe frequency vprobe =
6.7 MHz is set to the v5 resonance. The solid line represents the fit to an exponential
decay with T =168 + 7ns.

the Sy-Sy- plane. If the probe frequency vpohe = 6.7 MHz is nearly equal to the maxi-
mum of the v5 resonance, the signal represents free induction decay. The correspond-
ing time-resolved spin polarization is presented in fig. 8.10. The absence of oscillations
indicates that other resonances are not driven.

If the probe frequency vpohe = 11.7MHz is detuned from the v5 resonance, a time de-
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8.3. Ramsey interferometry

pendent phase § in the Sy-Sy-plane between the applied RE- frequency vprope and the

oscillating polarization is present. This is illustrated by the red curve in fig. 8.11.
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Figure 8.11.: Ramsey interferometry of spectrally selected spin packets with detuned vpope.
top: Impact of the pulses on the spin polarization of the selected spin packet. The
Bloch spheres show the polarization between the two z-pulses at vpymp. bottom:
Ramsey measurement of the spin packet selected by vpump = 21.8 MHz in a mag-
netic field of 222 uT. The probe frequency vpohe = 11.7MHz is detuned from the vs
resonance. The solid line represents the fit to an exponential decaying sinusoid with
T, =357 +24ns.

After a free evolution time 7, the second 7/2-pulse is applied. The projection of the

polarization onto the S,-axis (represented by the red arrow) depends on the phase §.
Hence, the decaying spin polarization shows oscillations. This is presented in fig. 8.11
for vprobe = 11.7 MHz. A fit of these dynamics to cos( frT)exp(—7/T,) gives the coher-
ence time of the spin packet T, =357 +24ns.
The oscillations are observable only with a spectrally selected spin packet. Without
selection inhomogeneous broadening forbids the oscillations. In the standard Ram-
sey measurements using single RF frequency performed in this work no pronounced
fringes were observed, as shown in fig. 8.12.

The rotation frequency v of the polarization of the spin packet in the S¢-Sy-plane

depends on the external magnetic field and hence accumulates the phase [113]:
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8. Coherent manipulation of silicon vacancies with sub-MHz spectral resolution
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Figure 8.12.: Standard Ramsey measurements in isotopically purified 6H-?2SiC sample H1.
top: Ramsey measurement at the v; resonance. bottom: Ramsey measurement with
the RF frequency detuned from the v; resonance.

YB;
I7)

This enables the derivation of the magnetic field B, from the oscillations in the Ram-

0=W5—vy)t=(vs— )t. (8.4)

sey fringes. Since vohe = Vs is very precisely generated by the RF source, the accuracy
of the magnetic field measurement solely relies on the measurement of the Ramsey
fringes. The solid circles in fig. 8.13 represent the fast Fourier transform (FFT) of the
experimental data from fig. 8.11.

The fitting of these data to a Lorentz function yields the frequency of the Ramsey
fringes fp = 4.51 £ 0.03MHz. Following eq. 8.2, the effective magnetic field can be

measured with high accuracy as [108]

Vpropbe ~ Ir
YV 1+3sin?@0)
With the angle 6 = 19° between the magnetic field direction and the c-axis derived

from the data of fig. 8.5, Befr = 223 + 1 uT was obtained from fr.
For a verification of the high spectral resolution the magnetic field is slightly changed

Bett = (8.5)

and measured again. To select the same spin package as in the previous case Vpymp is
shiftet. The required shift is calculated from a bias coil current of 105mA with corre-

sponding Begr = 222 + 2 uT for 100mA. The FFT of the Ramsey fringes is represented
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8.3. Ramsey interferometry

590 kHz

FFT Power

Frequency (MHz)

Figure 8.13.: FFT of the Ramsey fringes fitted to a Lorentz function. The solid fit corre-
sponds to the data from fig. 8.11. The dashed fit is for the same spin packet as in fig.
8.11, but probed in a magnetic field of 242 + 2 uT.

by the open squares in fig. 8.13 and a Lorentz fit yields Fp = 3.92 + 0.05MHz and a
magnetic field of Begs = 242 + 2 uT. The two obtained values of Beg correspond to mea-

surements No. 1 and 2 in tab. 8.1.

A comparison of measurements No. 1 and No. 2 demonstrates a spectral resolution
of approximately 600 kHz.
Successively, the measurement of B was repeated with another spin packet selected
(Measurement No. 3 in tab. 8.1). Within the error bars the obtained value of B cor-
responds well to that of measurement No. 1. This again is a manifestation, that the
inhomogeneous broadening is caused by local variations of the strain (resulting in vari-
ation of D) rather than magnetic field fluctuations. In this manner, the magnetic field
strength can be measured without calibration of the zero-field splitting. This enables
the implementation of absolute (i.e. immune to thermal noise and strain inhomogene-
ity) dc magnetometry with Vg; defects in SiC [114].
On the other hand, the measurements No. 1 and No. 3 cannot confirm that two dif-
ferent spin packets are indeed spectrally selected. To do this, similar measurements
are repeated on a 4H-SiC sample with natural isotope abundance (No. 4 and No. 5 in
tab. 8.1). In these measurements, Bes is different for the same bias coil current. This
can be explained by magnetic field fluctcations being the main mechanism of inho-
mogeneous broadening in this sample, resulting in a different magnetic environment

for each spin packet. This results in a different Begr. However, a similar measurement
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8. Coherent manipulation of silicon vacancies with sub-MHz spectral resolution

No. Polytype I Vpump  Vprobe fr Begr
(mA) (MHz) (MHz) (MHz) uT

1 6H-28SiC 100 21.80 11.70 4.51+0.03 223+1

2 105 21.20 11.70 3.92+0.05 242+2

3 100 21.20 11.70 4.51+0.04 223+1

4 4H-SiC 150 5860 17.00 5.33+0.04 363*2

5 150 58.00 17.00 4.82+0.04 379x2

Table 8.1.: Measurements of Begr via Ramsey interferometry with two RF frequencies.

accuracy of several single uT was achieved.

Summarizing, various inhomogeneous broadening mechanisms were investigated us-
ing spectral hole burning. Further, high-resolution radio-frequency spectroscopy of
Vsi defects in SiC at room temperature was demonstrated. In case of high-purity 6H-
288iC crystals with marginal magnetic noise the proposed approach can be applied to
implement absolute, sample-independent magnetometry. Due to the cross-coupling
between different spin sublevels, homogeneous and highly coherent spin packets were
selectively addressed and manipulated. These findings open new possibilities to signif-
icantly improve the sensitivity of quantum sensors based on strongly broadened spin

ensembles.
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9. Summary

In this work, the optical and quantum properties of negatively charged silicon vacancy
defects (Vs;) in silicon carbide created with particle irradiation were examined by means
of confocal pulsed optically detected magnetic resonance (pODMR) and confocal pho-
toluminescence (PL) microscopy. The results can be used as a guideline for the creation
of Vs; defects for quantum sensing and other quantum applications, be it the creation
of an ensemble with long spin coherence or a small number of highly coherent single
Vs included into an electronic or photonic structure.

In the first part of this thesis the optical properties of Vgs; defects, created by neutron,
electron or proton irradiation were investigated. The analysis included a wide range of
irradiation fluences and corresponding emitter densities Ny. The emitter density was
determined by measuring the PL emission, calibrated with the PL emssion of a sample
with known Ny. It became apparent that neutrons create considerably more crystal
damage and hence a higher density of emitters than electrons for a given fluence. In
both cases the maximum was Ny max = 101%cm™3. In neutron irradiated samples this
was achieved at a fluence of ®,, = 6.7 x 10!7cm™2, in the case of electron irradiated
samples at ®, = 4 x 10'®cm™2. In the neutron irradiated samples the PL decreased in
samples with a fluence higher than ®,, = 6.7 x 10'’cm ™2 due to PL quenching caused by
non Vg; crystal defects. The resulting underestimation of the density of Vs; in samples
irradiated with high neutron fluences was revealed by classical EPR. Further, targeted
creation of Vg; via proton beam writing was investigated. Control of the Vg; creation
in all three dimensions was achieved by moving a proton beam and tuning the proton
energy. By reducing the fluence at the irradiation sites, the number of Vs; was scaled
from dense ensemble down to isolated defects.

Subsequently, the spin lattice relaxation time 77 and coherence time 7> were measured
as a function of Ny with pODMR. The T; time showed to be robust against crystal dam-
age and was constant at 300 us up to a limit of Niy = 1018cm™3. T, showed strong de-
pendence on Ny and was constant only up to Ny = 7x10'* cm™3, while decreasing with
a further increase of Ny. A general approach that considers the quality of the wafer was
established to describe T5 as a function of Ny in neutron and electron irradiated sam-

ples. This approach enables Vg; ensemble creation with predictable spin coherence.
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9. Summary

The T, time in neutron irradiated samples was considerably shorter than in electron
irradiated samples. This is due to the fact that neutrons create more non Vg; defects,
resulting in more spin-spin interactions and thus in a reduced spin coherence of the
Vs; defects. The longest times were achieved in electron irradiated samples with low
irradiation fluence and an emitter density Ny < 7 x 104 cm™3 with sz ristine - 48 us and
the proton irradiated sample with T, = 42 + 20 us, making them most suitable for ap-
plications requiring an ensemble with long spin coherence. The ability to write Vs; on
target and with good coherence properties in a SiC crystal makes proton beam writing
an all-purpose weapon for embedding them into existing structures of any kind.
Successively, several samples irradiated with neutrons or electrons were annealed in
order to heal non Vg; defects and improve the optical and spin properties of the Vg;
defects. In the electron irradiated sample no change of the PL emission, T} or T, was
apparent. In contrast to that significant improvements were achieved in the neutron
irradiated samples. Due to the reduction of the percentage of non Vg; defects the PL
emission increased and T; as well as T, could be significantly prolonged. The effects
were stronger in the samples with higher Ny due to a higher number of non Vg; de-
fects prior to annealing. The results demonstrate the potential of sample annealing to
partly restore the coherence of Vg; defects in an ensemble with high and, also in large
bulk crystals, in depth homogeneous Ny created with neutron irradiation.

In the fourth and final part of this thesis, various inhomogeneous broadening mecha-
nisms were investigated with two-frequency ODMR and corresponding spectral hole-
burning. Further, two-frequency Ramsey interferometry was used to increase mea-
surement accuracy for quantum sensing. In case of high-purity ?2Si-enriched SiC crys-
tals with marginal magnetic noise the proposed approach can be applied to implement
absolute, sample-independent magnetometry. A spectral resolution of about 600kHz
at room temperature was achieved, which is one order of magnitude improvement
compared to the inhomogeneous linewidth, boosting the potential precision of quan-
tum sensors based on the Vg; platform. These findings open new possibilities for a sig-
nificant improvement of the sensitivity of quantum sensors based on strongly broad-
ened spin ensembles.

The results in this thesis provide an engineering guide for Vs; defects in SiC created by
electron, neutron or proton irradiation for quantum sensing and other applications.
The demonstrated control of the Vg; density, their spin coherence and targeted im-
plantation provides the possibility of sample fabrication containing custom made Vg;
ensembles, structures or single Vsi. Two-frequency Ramsey interferometry was per-
formed to demonstrate absolute dc magnetometry, i.e. insensitive to the fluctuations

of the sample-specific parameters. The results obtained can give Vs; defects in silicon
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carbide a huge boost and justify its position among the top material systems in the

future of quantum applications.
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9. Summary

Zusammentfassung

In dieser Arbeit wurden die optischen und Kohédrenzeigenschaften von Silizium Fehl-
stellen (Vsi- Defekten) in Siliziumkarbid, welche durch Bestrahlung mit Neutronen,
Elektronen oder Protonen erzeugt wurden, mit Hilfe von konfokaler Mikroskopie und
gepulster optisch detektierter Magnetresonanz (pODMR) untersucht. Die Ergebnis-
se konnen als Anleitung zur Erzeugung von Vg;-Defekten fiir Anwendungen im Be-
reich der Quantensensorik und verwandter Anwendungsgebiete dienen, sei es zur Er-
zeugung eines Ensembles mit langer Kohdrenz oder einzelner weniger isolierter Vg;-
Defekte in einer bestehenden elektrischen oder photonischen Struktur.

Im ersten Teil dieser Arbeit wurden die optischen Eigenschaften von Vg;-Defekten, er-
zeugt durch Bestrahlung mit Neutronen, Elektronen oder Protonen, untersucht. Die
Ergebnisse umfassen einen weiten Bereich der Fluenz, mit der die Proben bestrahlt
wurden und der zugehérigen Emitterdichte Ny. Die Emitterdichte wurde mit Hilfe der
PL-Emission einer Probe bestimmt, wobei eine Refernzprobe mit bekannter Ny zur
Kalibrierung verwendet wurde. Es zeigte sich, dass ein SiC Kristall bei gleicher Fluenz
durch Neutronenbestrahlung deutlich mehr beschéddigt wird als durch Elektronenbe-
strahlung. Daraus resultiert eine hhere Anzahl erzeugter Emitter im Falle der Neutro-
nenbestrahlung. Sowohl bei Neutronen-, als auch bei Elektronenbestrahlung lag das
erreichte Maximum bei Ny max = 10'®cm™3. In den neutronenbestrahlten Proben wur-

2 erreicht, fiir Elektronen-

de dieses Maximum bei einer Fluenz von ®, = 6.7 x 10/"cm™
bestrahlung lag der Wert bei ®, = 4x 10'8cm 2. Die PL sank in Proben, welche mit einer
Fluenz iiber ®,, = 6.7 x 1017cm ™2 bestrahlt wurden auf Grund von Quenching. Durch
die Bestrahlung entstanden nicht nur Vg;-Defekte, sondern auch Defekte anderer Art.
Dies fiihrte zu einer Unterschidtzung der Defektdichte in stark neutronenbestrahlten
Proben, was durch die Untersuchung der Proben mit klassischer Elektronenspinre-
sonanz bestdtigt wurde. Desweiteren wurde die gezielte Erzeugung von Vg;-Defekten
mit Hilfe eines Protonenstrahles untersucht. Die Kontrolle der Erzeugung in allen drei
Raumdimensionen wurde durch die Bewegung des Protonenstrahles in lateraler Rich-
tung und durch Variation der Energie der Protonen erreicht. Durch eine Reduzierung
der Fluenz konnten so isolierte, einzelne Vg;-Defekte erzeugt werden.

In zweiten Teil der Arbeit wurden die Spin-Gitter-Relaxationszeit 77 und die Spinko-
hédrenzzeit T, in Abhéngigkeit von Ny durch pPODMR bestimmt. Die T;-Zeit lag bis zu
einer Grenze von Ny = 10'®cm™3 konstant bei ca. 300 us. Im Gegensatz dazu hing T,
stark von Ny ab. Sie war bis Ny, = 7 x 101 cm™3 konstant und fiel dann mit steigender
Ny kontinuierlich ab. Es wurde ein mathematischer Zusammenhang hergeleitet, wel-

cher die Abhéngigkeit von T, von Ny in neutronen- und elektronenbestrahltem SiC
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theoretisch beschreibt. Dies erméglicht die Erzeugung von Vs; Ensembles mit vorher-
sagbaren Kohédrenzeigenschaften.

Die T, Zeit von Vg;-Defekten, welche durch Neutronenbestrahlung erzeugt wurden,
war deutlich geringer als im Falle von Elektronenbestrahlung. Dies ist der Tatsache
geschuldet, dass Neutronenbestrahlung einen geringeren Anteil von Vg;-Defekten er-
zeugt und einen hoheren Anteil anderer Defekttypen. Daraus folgen mehr Spin-Spin
Wechselwirkungen zwischen Kristalldefekten im Vergleich zu Vg;-Defekten in elektro-
nenbestrahlten Proben, was zu einer verringerten Spinkohédrenz fiihrt. Die ldngsten

3

T, Zeiten ergaben sich in elektronenbestrahlten Proben mit Ny < 7 x 1014 cm™ und

TP ~ 48 us. Auch in der protonenbestrahlten Probe war T, mit T, = 42 + 20 us ver-
gleichsweise lang. Dies bietet die Moglichkeit der gezielten Erzeugung von Defekten
mit guten Kohérenzeigenschaften.

Im dritten Teil dieser Arbeit wurden einige neutronen- und elektronenbestrahlte Pro-
ben getempert, um stérende Kristalldefekte auszuheilen. In der elektronenbestrahlten
Probe konnte keine Anderung der optischen oder Kohirenzeigenschaften nachgewie-
sen werden. Im Gegensatz dazu konnte in den stark neutronenbestrahlten Proben eine
deutliche Verbesserung der optischen Eigenschaften und eine Steigerung der T»-Zeit
um den Faktor drei erzielt werden. Dies zeigt das enorme Potential von tempern im
Bezug auf die Eigenschaften von Vg;-Defekten.

Im vierten und letzten Teil dieser Arbeit wurden die Ursachen der inhomogenen Li-
nienverbreiterung mit Hilfe von ODMR mit zwei Mikrowellenfrequenzen untersucht.
Desweiteren wurde Ramsey- Interferometrie eingesetzt, um die Sensitivitdt von Vg;-
Defekten fiir Quantensensorik zu verbessern. Im Falle eines hochreinen, isotopberei-
nigten 28SiC-Kristalls konnte absolute DC-Magnetometrie realisiert werden, welche
unabhéngig von Fluktuationen des Zero-Field-Splittings der Vg;-Defekte ist. Zudem
wurde eine Sensitivitdt von 600kHz erzielt, was im Falle einer Magnetfeldmessung we-
nigen uT entspricht und gegeniiber der inhomogen verbreiterten Linie eine Verbesse-
rung um eine GréoRenordnung darstellt. Die Ergebnisse dieses Kapitels demonstrieren
eine Moglichkeit, die Sensitivitdt von Quantensensoren, welche auf Spinensembles mit
inhomogener Verbreiterung basieren, deutlich zu verbessern.

Die Ergebnisse in dieser Arbeit liefern ein Handbuch zur Erzeugung und Verwendung
von Vgj-Defekten in SiC fiir Anwendungen im Bereich der Quantensensorik, aber auch
verwandter Anwendungsgebiete. Es wurde die Kontrolle der Emitterdichte Ny, der Spin-
kohérenz, als auch der rdumlich gezielten Erzeugung demonstriert. Diese Kontrolle er-
moglicht die Herstellung malgeschneiderter Vsi- Ensembles fiir spezifische Anwen-
dungen. Zusitzlich wurde nachgewiesen, dass absolute DC-Magnetometrie mit Hil-

fe von Ramsey-Interferometrie moglich ist, welche unabhéngig von Fluktuationen der
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9. Summary

Materialparameter ist. Die Ergebnisse stdrken die Position der Vg;-Defekte als Mate-
rialplattform fiir Quantensensorik und verdeutlichen ihre Wichtigkeit fiir die Zukunft

der Quantenapplikationen.
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