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Abstract

Silicon vacancy (Vsi) and divacancy (VV) centers in silicon carbide (SiC) are promising
candidates for quantum applications because of their unique optical and spin properties
as well as their stability in extreme environments. These spin defect centers exhibit
optically addressable spin states on a single defect level with long quantum coherence
times along with infrared light emission, which allows for minimizing scattering losses.
These defect centers benefit from existing technology for the production of commercial
semiconductor devices based on SiC. Despite various significant works, there are still
open questions about their basic properties including the unknown local vibration
structure of spin centers and the polarization of the emitted infrared photons. The
spectrally overlapped contributions from different defects in the photoluminescence (PL)

spectra make the investigation of a specific defect challenging.

In this thesis, I propose to apply a microwave-assisted spectroscopy to address the
aforementioned open questions. First, I explain its working principle and describe the
experimental setup. Then, I apply microwave-assisted spectroscopy to investigate the
local vibrational structure of Si vacancies and divacancies in 4H- and 6H-SiC.
Particularly, I obtain the phonon energy and the Debye-Waller factor of all measured
spin defect centers. Next, | use microwave-assisted spectroscopy to study the emission
of photons and subsequently obtain the polarization properties of Si vacancies in 6H-
SiC. The success of microwave-assisted spectroscopy in the investigation of Si
vacancies and divacancies in SiC indicates that this approach is a powerful tool for the
characterization of spin defects and can be applied to a large variety of spin centers in

other wide-bandgap semiconductors and two-dimensional materials.



Abstrakt

Silizium-Fehlstellen (Vsi) und Divakanzen (VV) Zentren in Siliziumkarbid (SiC) sind
aufgrund ihrer einzigartigen optischen und Spineigenschaften sowie ihrer Stabilitdt in
extremen Umgebungen vielversprechende Kandidaten fiir Quantenanwendungen. Diese
Spin-Defektzentren weisen optisch adressierbare Spinzustinde auf einem einzelnen
Defektniveau mit langen  Quantenkohdrenzzeiten zusammen mit einer
Infrarotlichtemission auf, was eine Minimierung von Streuverlusten ermoglicht. Diese
Defektzentren profitieren von der bestehenden Technologie zur Herstellung
kommerzieller Halbleiterbauelemente auf Basis von SiC. Trotz verschiedener
bedeutender Arbeiten sind noch Fragen zu ihren grundlegenden Eigenschaften offen,
darunter die unbekannte lokale Schwingungsstruktur von Spinzentren und die
Polarisation der emittierten Infrarotphotonen. Die spektral iiberlagerten Beitrige
verschiedener Defekte in den Photolumineszenz(PL)-Spektren erschweren die

Untersuchung eines bestimmten Defekts.

In dieser Arbeit schlage ich es vor, eine Mikrowellen-unterstiitzte Spektroskopie
anzuwenden, um die oben genannten offenen Fragen zu kléren. Zunichst erklire ich das
Funktionsprinzip und beschreibe den Versuchsaufbau. Dann wende ich Mikrowellen-
unterstiitzte Spektroskopie an, um die lokale Schwingungsstruktur von Si-Leerstellen
und -Doppelstellen in 4H- und 6H-SiC zu untersuchen. Insbesondere erhalte ich die
Phononenenergie und den Debye-Waller-Faktor aller gemessenen Spin-Defektzentren.
Als nichstes verwende ich Mikrowellen-unterstiitzte Spektroskopie, um die Emission
von Photonen zu untersuchen und anschlieBend die Polarisationseigenschaften von Si-
Leerstellen in 6H-SiC zu erhalten. Der Erfolg der Mikrowellen-unterstiitzten
Spektroskopie bei der Untersuchung von Silizium-Fehlstellen und Divakanzen in SiC
zeigt, dass dieser Ansatz ein leistungsfiahiges Werkzeug zur Charakterisierung von
Spindefekten ist und auf eine Vielzahl von Spinzentren in anderen Halbleitern mit

grof3er Bandliicke sowie in zwei-dimensionalen Materialien angewandt werden kann.
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Chapter 1 Introduction

1.1 Motivation

Recently, two novel works about quantum computers have been published and attracted
global interest. The first one reports the use of a 53-qubit processor (named Sycamore)
to solve a task in 200 seconds, while for a classical computer it would take 10* years [1].
About one year later, another group has reported on the use of indistinguishable photons
to implement Gaussian boson sampling, which is ~10'* times faster than classical
supercomputers [2]. These two works are considered as a demonstration of the so-called
quantum supremacy or quantum computational advantage showing the potential of
quantum technology as well as its magnificent future. Since Richard Feynman proposed
the idea of using a quantum computer to solve the many-body quantum problems in the
1980s [3], the progress to realize a universal quantum computer has never been slowed
down. As some decades passed, the mission of realization of quantum computer has
been divided into two more specific tasks, a universal quantum algorithm [4] and a
realistic physical system to run quantum algorithms. Requirements for both tasks focus
on finding the feasible quantum bits (qubits) [5-10]. In recent years, a number of
competitive candidate of qubits has been uncovered such as photons [2,6],
superconducting circuit [1,9], natural atoms [7,8], or artificial atoms like quantum dots
[10], spin defect centers [11-13], etc. Among these candidates, artificial atoms show
more advantages in the fabrication, device design and integration, and have further
possibility to achieve long-distance quantum communication interfaced with photons

[14].

Since the first demonstration of the single spin control associated with the nitrogen
vacancy (NV) center in diamond [15], spin defects in solids (such as silicon, silicon
carbide and diamond) unveil their power in quantum applications [11-17]. The NV
centers provide the fundament condition for functioning as spin qubits. Their states can
be polarized or initialized by laser pumping, manipulated by microwave absorption, and
read out from luminescence [11]. Despite these promising properties, the NV center in

diamond is not yet a perfect candidate for quantum technologies. The first drawback



comes from its host material, the diamond. Diamond is not a material that can be
produced on an industrial scale. The material fabrication and machining process is
relatively difficult, especially at the nanoscale. Besides that, the light emission from the
NV centers is in the visible range [15] (not the standard telecom window), which means
that it is not compatible with the existing telecommunication infrastructure. Therefore,
the search for ideal spin qubits in a more industrially compatible material remains

attractive.
There is a list of certain criteria, which spin qubits must possess [18,19]:

e Spin centers must be highly localized to make a robust qubit and isolated from
the decoherence source.

e Spin coherent lifetime must be long enough for quantum operations.

e Energy levels of spin centers must be internally excited to initialize the ground
state.

e Energy levels of spin centers must be separated far enough from each other to
avoid thermal coupling, which could destroy spin information.

e The host material must have a bandgap wide enough to avoid the energy
transition between the valence and the conduction band of the host and the energy
levels of spin centers.

e The host material must have weak spin-orbit coupling to avoid unwanted spin
flips.

e The host material must be of high crystalline quality with negligible contribution
from other optically active defect centers to allow for the isolation and
measurement of a particular single defect.

¢ In addition, measurement techniques must be available to distinguish between

the individual sublevels that make up the qubit states.

Besides these criteria, it is also expected that the light emission occurs in the infrared

spectral range and the host material is commercially available.

Most recently, a variety of point defects in silicon carbide (SiC) [17,20-22], such as
silicon vacancies and divacancies, were exposed to the public as the new generation of

spin qubits, which satisfy all criteria above and exhibit optically addressable spin states
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on the single defect level with long quantum coherence times. Besides, they also possess
other advantages. For example, the light emission from the VV and Vs; centers occurs
in the infrared range, which reduces the scattering losses along with its compatibility

with the existing fiber-optic telecommunication infrastructure.

Among these defects, Vsi and VV in 4H- and 6H-SiC are the most attractive because of
their specific optical and spin properties [23,24]. In spite of many significant works
published, there are still open questions for these spin defect centers in SiC, even in the
very basic properties of the PL and the local vibrational structure. The spectrally
overlapped contribution from different spin centers in defect ensembles prevents the
experimental study of each specific defect by PL measurements. Consequently, the
investigation of the defect local vibrational structure, or polarization properties of a
specific defect becomes difficult. Therefore, a reliable optical tool, which can spectrally

1solate a specific spin defect species from defect ensembles, is required.

In this thesis, I propose a new approach, the microwave-assisted spectroscopy, which
ingeniously combines the optical and spin properties of spin defects, to spectrally isolate
a specific defect species with defect ensembles. With this new technique, I successfully
separate the PL spectra of Vsi and VV defects in 4H- and 6H-SiC, and then investigate
their local vibrational modes and polarization properties for the first time. I believe that
these results will have a considerable interest for the experimental investigation of
defect-related spin-vibrational properties, while the developed technique should become
an important tool to study a large variety of defects in wide-band-gap semiconducting

bulk and two-dimensional materials.



1.2 Thesis outline

In Chapter 1, the physical background of the spin defect centers in 4H- and 6H-SiC will
be introduced, including the general properties of the host material SiC, the optical and
spin properties of the spin centers in SiC, the fabrication of these spin centers as well as
the properties of the local vibrational structure. At the end of this chapter, I will point
out a severe shortcoming of the previous PL measurement. In chapter 2, I will introduce
the microwave-assisted spectroscopy technique to solve the problems with the PL
measurements of spin ensembles. Meanwhile, I will describe our home-built setup. In
chapters 3, the method is applied for one particular type of defects (Vsi) and compared
with theory. In chapter 4, the method is applied to a large variety of defects (Vsiand VV)
in two polytypes. In chapter 5, polarization properties of emitted photons will be
discussed in detail. The final chapter will be the summary and outlook of my research

on spin centers.



1.3 Silicon carbide

In this chapter, a brief introduction of SiC, including its basic properties, polytypism
and growth technology will be provided. Further information of SiC can be found in ref.

[25].

1.3.1 Basic properties

Figure 1.3.1 Crystalline structure of 4H-SiC. The green balls present silicon atoms and the black

balls present carbon atoms.

SiC is an indirect wide bandgap semiconductor, a compound of silicon and carbon atoms
by the highly covalent chemical bonding (sp®) with a short bond length of 1.89 A [25].
Every Si atom is surrounded by four C atoms and vice versa, as shown in Fig.1.3.1. Its
special structure gives itself many unique properties [25-27], including high stability at
high temperature, high power and high radiation environment, high hardness, excellent
oxidation resistance, good thermal conductivity, good light transmittance, and high
thermal shock resistance. Part of its properties is shown in table 1.3.1 comparing with
silicon and diamond. Plenty of advantages make SiC popular in the traditional industry.
Therefore, it has extensive applications in the industry since it was first discovered in
1824 by Berzelius [28]. In the earlier years, SiC was utilized as an abrasive material

because of its excellent hardness. Later on in the semiconductor era, due to its wide



bandgap, SiC was widely used in semiconductor devices [25] such as metal-oxide-field-
effect transistors [29], power electronics [29] and light-emitting devices [30]. More
recently, SiC as a host material for single photon sources and spin qubits is widely used

in many quantum technologies, which will be discussed later.

Si SiC Diamond
Bandgap (eV) 1.1 2.3-3.2% 5.5
Density (g/cm3) 2.33 3.17-3.21 3.53
Hardness (Mohs) 6.5 9.5 10
Thermal conductivity (Wem'K!) 1.1 3.6-4.9 10-25
Refractive index 3.5 2.5-2.7 2.4
Breakdown field (10°V) 3 40-60

Table 1.3.1. Basic material properties of Si, SiC and Diamond at room temperature. Values can

be found in ref. [25,31]. *Depending on the polytype.

1.3.2 Polytypism

4H 6H 3C
Figure 1. 3. 2 Crystal structure diagram of 4H, 6H and 3C polytypes of SiC.
The best-known property of SiC is the polytypism [25]. Bulk SiC is formed by stacking

Si-C bilayers. Due to the different stacking sequences along the C-axis, more than 200
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polytypes are reported until now. The most frequently polytypes are 6H, 4H, 3C and
15R. The numbers (4, 6, 3, and 15) in front of the capital letters represent the number of
Si-C bilayers in a repeating cycle. The H, C and R mean that polytype has a hexagonal,
cubic, or rhombohedral structure, respectively. Fig. 1.3.2 presents the crystal structure

of 4H, 6H and 3C polytypes.

Here the 6H is used as an example to explain the polytypism. In the structure of the 6H
polytype, there are 3 different Si-C bilayers, named A, B and C corresponding to h, k1
and k2 crystal sites. As shown in Fig. 1.3.2, it is clear that the 6H-SiC is the repeating
sequence of ACBABC, six bilayers along the C-axis. As for 3C and 4H, the sequence is
ABC and ABCB. Usually, the 3C-SiC is named B-SiC which is the substitutional
structure of diamond; all other polytypes are named as a-SiC. The table below gives
some basic physical parameters of three SiC polytypes. It shows that some basic

physical parameters are similar for these three different polytypes.

Polytype Density Bandgap Melting Lattice

(g/cm?) (eV) point (K) parameter (nm)
4H 3.215 3.263 ~3103K a=0.308, c=1.008
6H 3.215 3.023 ~3103K a=0.308, c=1.512
3C 3.215 2.390 ~3103K a=0.435

Table 1.3.2. Some basic physical parameters of the three polytypes of SiC. Values are taken
from ref. [25].

To identify the polytype of a SiC crystal, Raman scattering method [32] can be used.
The Raman spectra of 4H-and 6H-SiC are shown in Fig.1.3.3, indicating obvious
differences between 4H and 6H polytypes.

10
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Figure 1.3.3 Raman spectra of 4H- and 6H-SiC, respectively.

1.3.3 SiC growth.

In this part, a brief introduction of growth technologies of bulk SiC including the growth
methods, the control of polytypes and the defects produced during the growth will be
given. The discussion of defects is limited to a brief introduction of defect species.

Further details of the intrinsic defects will be discussed in the next section.

Growth technologies

Grown boule SiC seed Graphite
cell

Inert gas ( ) Rfcail

Sicsource

0000 @
0 0000

Figure 1.3.4 Growth chamber for physical vapor transport [33].
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The natural SiC is found in extraterrestrial rocks known as carborundum. However, it 1s
very rare and not suitable for industry. The first artificial synthesis work for SiC date
back to 1892. In this year, Acheson successfully fabricated crystalline SiC from a
reaction of carbon and silicon dioxide [34]. The requirement for large pure SiC bulk or
wafer in the modern industry promotes the development of bulk SiC growth
technologies. At present, the alternative bulk SiC growth techniques include physical
vapor transport (PVT, also called seeded sublimation) [35], high-temperature chemical

vapor deposition (HTCVD) [33], and solution growth [36].

The most mature technique for growing bulk SiC is the PVT [25,35,37]. Fig.1.3.4
schematically illustrates the setup of PVT employed in the growth of SiC. SiC powder
or sintered polycrystalline SiC is placed at the bottom of a graphite cell as the source
providing Si and C atoms. A SiC crystal is placed inside the top of the graphite cell as
the seed in the SiC growth. The graphite cell is full of high purity inert gas, Ar or He.
The cell is heated by radio frequency. At the bottom of the cell, the temperature is
increased up to 2400 °C. At this temperature, the SiC powder sublimates into the gas
species Si, Si2C and SiC,. At the seed area, the temperature is a little lower than the SiC
source temperature, which induces the sublimed SiC species to recrystallize on the seed.
Bulk growth occurs during this process. The philosophy of HTCVD and solution growth
is similar to PVT. The difference is that for HTCVD, the SiC source is not SiC powder
anymore but gases such as SiHs and C>H4. For the solution growth, the Si atoms come

from the Si melt, while the C atoms come from the surrounded graphite wall.
Polytype control in growth

The polytype control during the SiC growth [25,37] remains a challenge up to date. Due
to the different polytypes resulting in a significate difference in electronic and optical
properties, the growth of a desired single SiC polytype is mandatory in the crystal
growth of SiC. The main factors determining the polytype stability include the C/Si ratio,
the polarity of the seed crystal, the impurity incorporation, temperature as well as
temperature gradient and inert gas pressure [25]. For example, the growth on seed SiC

(0001) face (Si face) more likely gives 6H-SiC. In contrast, 4H-SiC crystal is more likely

grown on seed SiC (0001) face (C face) no matter what the polytype of seed SiC is.
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Another example, under C-rich growth ambient, the hexagonal SiC is more stable,

especially 4H-SiC.
Defects in bulk SiC

Another challenge in the growth is the defects. Defects in crystalline solids are
interruptions of regular patterns and breaks of the translational symmetry. Although
many works have been carried out to prevent the generation of defects, this problem
remains unsolved until now. Dividing by dimensionality, there are four types of defects

[25,37]:

» Zero dimensional defects or point defects
» One dimensional defects or line defects
» Two dimensional defects or planar defects

» Three dimensional defects or volume defects

Point defects include intrinsic point defects and extrinsic point defects, which depends
on if the defect is related to foreign atoms or not. If a defect is caused by the presence
of a foreign atom, it is named the extrinsic defect. For example, if a silicon atom in SiC
is replaced by a vanadium, it forms a vanadium point defect [38]. If a defect comes
from the rearrangement of the original atoms, it is named as intrinsic defects such as
vacancies, antisites, self-interstitials, Frenkel pairs or defect complexes. Although most
classes of point defects reduce the crystal quality, there are some special point defects
bringing many novel properties to SiC. For example, nitrogen atoms — which are actually
shallow impurities — turn the pristine SiC into an n-type semiconductor, which is widely
used in the industry. As for vacancies, they are considered as excellent quantum
technology platforms, today. Vacancies in SiC are the main topic of my thesis. The
generation, properties, and applications of vacancies in SiC will be discussed in detail

in the following chapters.

Line defects refer to dislocations in SiC crystals, such as threading edge dislocations
and threading screw dislocation, which are the major reason for degradation and failure
of electronic devices. They are usually generated from thermoelastic stress during the
growing and cooling process. The growth rate in relation to the growth temperature may

also cause dislocations during the SiC growth.
13



Planar defects are stacking faults during the crystal growth. For example, the 6H-SiC
has a sequence ACBABC. If a stacking fault happens in 6H-SiC, the sequence may
become ACBBBC. Various sources have been reported for the generation of stacking
faults during growth [37], such as a high nitrogen doping level, overgrowth from
threading screw dislocations in CVD or c-axis threading dislocations in the PVT growth.
Recent papers reported that some unknown vacancies in 4H- and 6H-SiC are coming
from stacking faults [39], which makes these defects more difficult to distinguish or

investigate.

The volume defects can be SiC polytype switches, silicon or carbon inclusions as well
as voids. Technologically, polytypes switches may come from unstable or wrong growth
conditions, for example, the wrong gas phase composition. The temperature or
temperature gradient, the type of doping, the seed polarity all play a role in the
occurrence of polytype changes. Carbon inclusions are reported that they are basically
from carbon particles in the SiC source or crucible material transporting to the growth
interface by an upstream flow. However, the origin of silicon droplets is a low C/Si ratio

in gas phase. As for voids, improper seed mounting is a major reason.

14



1.4 Spin defect centers in silicon carbide

The intrinsic point defects in SiC, such as Vsi [17], VV [20], antivacancies (VcCsi) [22],
and NV centers [21] are well known color centers or spin centers. In this section, a

comprehensive introduction about the Vsi and VV in 4H- and 6H-SiC will be provided.

Figure 1.4.1 (a), (b), (c) and (d) schematic diagrams for Vsi, VV, VcCsi, and NV centers in 4H

SiC, respectively. The green balls present silicon atoms and the black balls present carbon atoms.

Point defects break the translation symmetry of its host material and induce deep levels
in the energy gap. The deep energy levels give point defects the property to absorb light
at a particular wavelength leading to a specific color to the host material. Therefore, they
are named as color centers [12]. The second important property of these point defects is
that they possess multiple spin states in the ground and excited states, which give them

the potential to function as spin qubits [17-21].

Silicon vacancies

15



One of the most promising point defects in SiC for quantum applications is the
negatively charged Vsi. As the name implies, it is one missing silicon atom from its
lattice site as shown in Fig. 1.4.1 (a). The host material SiC provides Vsi a stable
molecular environment and advantages in nanofabrication and integration with existing
electronic and quantum devices. The main reason for attracting global interest is its
outstanding optical and spin properties [23,40,41], such as high-spectral stability and

long spin coherence time.
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Figure 1.4.2 schematic energy level diagram of V2 (the vacancy at h inequivalent lattice site in
4, see the next page for an explanation) in 4H-SiC and the spin sublevels without and with an

external magnetic field.

Dangling electrons around vacancies form an isolated in-bandgap electronic energy
level structure, which can be optically excited and subsequently emit infrared or near
infrared (NIR) photons [40]. For example, for V2 in SiC (see next page for a definition),
the energy separation between the ground state and the excited state is 1.35 eV [42],
which is much smaller than the bandgap (3.26 eV) of 4H-SiC. This means that the
energetic transition between the valence and the conduction band of the host takes no
place. Besides, comparing with the red light emitted from the NV center in diamond
(637nm [15]), the infrared light from Vs; has lower scattering losses in optical fibers.

Single Vs defects have been isolated and proved as single photon sources by measuring
16



the so-called second order correlation function [40]. As a single photon source, the
single Vs; defect is a highly attractive candidate for quantum information processing,
quantum computing, among others. Moreover, the fact that the NIR light can efficiently
penetrate organic tissue also gives the Vsi potential for biological sensing and imaging

[43].

The second promising property is that the Vs; exhibits a spin multiplicity of a spin

number equal to 3/2. Its spin Hamiltonian has the form [17]:

1
H=D (SZZ —55(s+ 1)) + gugB-S 1.4.1

Where the first part D (Sf — %S (s + 1)) is related to the lattice field, the second part

gugB - § is the Zeeman splitting corresponding to the external magnetic field. At zero
magnetic field, there is no Zeeman splitting. Thus, the electronic levels possess two spin
sublevels: Ms = £3/2 and Ms = +1/2 with an energy gap equal to 2D shown in Fig.1.4.2,
which is known as zero-field splitting (ZFS). These two spin sublevels of the ground
state can be initialized or polarized by optically pumping and can be manipulated by

absorbing resonant microwave, which forms the fundamental of defect spin qubits.

In an external magnetic field, the two spin sublevels split further into four levels (+3/2,
1/2, -1/2, -3/2) shown in Fig 1.4.2. The resonant microwave frequency of any two spin
levels strongly depends on the external magnetic field. Therefore, the Vsi has very

promising prospects in magnetic field sensing.

Because there are two different Si-C bilayers in 4H-SiC, there are two types of Vs; in
4H-SiC named V1 and V2 [42,44] corresponding to k and h inequivalent lattice sites,
respectively. Due to the different lattice environments, the properties of V1 and V2 are
also different. For instance, the energy separation between the ground and the excited
states is 1.438 eV for V1 and 1.352 eV for V2. Further details will be discussed in the
experimental results in the last three chapters. As for 6H-SiC, there are three kinds of
Vsi named V1, V2 and V3 [42,44], corresponding to k1, k2 and h inequivalent lattice

sites.

Divacancy (VV)
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Figure 1.4.3 (a) Schematic diagram and (b) energy structure of spin sublevels of two types of
symmetry of VV defects in 4H-SiC. Green balls represent Si atoms and black balls represent C

atoms.

The other promising point defect in SiC is the neutrally charged divacancy, which also
has been optically isolated on a single defect level recently [45]. The divacancy is a
missing silicon atom coupled to a missing carbon atom from their lattice sites, which is
shown in Figl.4.1 (b). Similar to Vs;, the photons emitted from VVs also lie in NIR

around 1100 nm and possess the property of behaving as a single photon source [45].

Because of symmetry and integer spin number (S = 1), the VV spin properties are

different from that of the Vs; centers. The spin Hamiltonian of the VV centers is [45,46]:
2 1 2 2
H=D|(S%- 55(5 +1) |+ E(S2—5S2)+ guzB-S 1.4.2

Here, D and E are the zero-field splitting parameters. As shown in Fig.1.4.3 (a), there
are two different symmetries Csy and Cin corresponding to axial and basal defect
orientations, respectively. For the higher symmetry Csy, parameter E is zero; for the
lower symmetry Cm, E is not zero. For axial defects, the zero-field splitting energy
equals to D. For basal defects, the zero-field splitting energy equals to D = E. The spin
sublevels of VV in SiC are shown in Fig 1.4.3 (b). Table 1.4.1 illustrates the orientation
of observed VV defects in 4H- and 6H-SiC.
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polytype \'A% Orientation Symmetry

4H PL1 c-axis Cay
PL2 Cc-axis Csv
PL3 basal Cin
PL4 basal Cin
6H QL1 c-axis Csvy
QL2 c-axis Csv
QL3 basal Cin
QL4 basal Cin
QL5 basal Cin
QL6 c-axis Csy

Table 1.4.2 Summary of orientation and symmetry of known VV defects in 4H- and 6H SiC.

Data are taken from ref. [47] supplementary.

Because the missing atoms can be in the same Si-C bilayers (kk, hh), or in two different
layers (hk), the VV centers reveal larger variety compared to the Vs; centers. Table 1.4.2
presents the identified VVs in 4H-SiC (named PL1 to PL4 [46]) and in 6H-SiC (name
QLT to QL6 [47]) and their orientations and symmetries.

The fingerprint of defects: PL spectra

The photon energy emitted by defects depends on the energy separation between the
ground and excited states of the defects. This optical transition is known as the zero-
phonon line (ZPL) in the PL spectra, which is the fingerprint of each defect [15-17,20-
23]. Figure 1.4.4 (a) gives an example of PL spectra of VSi and VV defects in 4H-SiC.
In Fig. 1.4.4 (a), the PL peaks named V1 and V2 are the VSi ZPL in 4H-SiC. The PL
peaks named PL2, PL3 and PL4 correspond the ZPL of different VV defects in 4H-SiC.
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Figure 1.4.4 (a) A typical PL spectrum of Vs; and VV in 4H-SiC. (b) PL intensity of vanadium

defects depending on the ion implantation dose.

Another important information, which can directly read out, is the PL intensity. Many
factors influence the PL intensity including excitation laser intensity, laser wavelength,
detector sensitivity, and defect density. In Fig. 1.1.4 (a), the red line represents a PL
spectrum obtained by exciting the sample with a 940 nm laser, while the blue line stands
for a PL spectrum recorded from the same sample upon an 808 nm laser excitation. By
comparing these two lines, one can conclude that the 940 nm laser is more efficient for
exciting VV defects in 4H-SiC, especially for PL2. Fig.1.4.4 (b) shows an example of
PL intensity of vanadium defects in 4H-SiC as a function of implantation dose.
Obviously, the PL intensity increase with increasing implantation dose. It is worth
mentioning that PL intensity only gives an approximate concentration of effective
defects. To obtain the defect density from the PL measurement is not trivial. This

question will be discussed in detail in the next section.

20



1.5 Defect fabrication

Generally, many approaches can be used to create intrinsic defects, such as femtosecond
laser writing [48] and thermal quenching [49]. The most common approaches are the
passive creation during the growth [25] and the active defects fabrication by energetic
particle irradiation/implantation [50-57]. During bulk growth, some defects can be
created because of some material imperfections during growth, which is discussed in
section 1.3. Although great efforts are devoted to reducing these defects during the bulk
growth, it seems that the occurence of defects is inevitable. Yet the concentration of
these defects can be controlled in a low level by careful growth control. The passively
created defects evenly distribute along the bulk, but the defect species cannot be
controlled. Therefore, these defects are hardly applied in quantum devices. However,
these stable, high-concentration and homogeneously distributed defect ensembles are
very suitable for the investigation of the optical and spin properties. In my research, the
Vsi defects in pristine SiC (bought from Cree) are created during the sample growth. In
this section, the focus will be on the fabrication of optically active spin defects via

energetic particle irradiation/implantation.
Energetic particle irradiation/implantation

When the energetic particles penetrate a target wafer, they lose their energy and cause
target atoms displacements in two ways: elastic collisions and inelastic collision. Elastic
collisions refer to interactions between the implanted particles and the nuclei of the
target. The inelastic collisions are the interactions with electrons while implanted
particles pass through the electron cloud of target atoms. Both collisions are able to
result in displacements of atoms from their original site and create vacancies and
interstitial atom pairs, the so-called Frenkel pairs, if the kinetic energy of particles is

large enough [55].

The reported particles used in Vs; and VV fabrication in SiC include electrons [52],
neutrons [56], protons [53], helium ions [57] and carbon ions [57]. Electrons and ions
are accelerated to a high energy by an accelerator and neutrons are generated in a nuclear
reactor. The type of defect, its concentration and depth in the host material are

determined by the type of particle, energy, fluences and subsequent annealing. Usually,
21



a Monte Carlo simulation software SRIM is used to simulate ion implantation/irradiation

process and calculate defect depths and concentrations [58].
Particle species, energy and fluence

Neutron irradiation results in a homogeneous distribution [50] of Vs; and VV defects in
the bulk. This approach usually creates high-density defect ensembles, which means it
is more suitable for the realization of magnetic field sensors and room-temperature
masers [43]. Neutrons are not charged, therefore, they lose energy mainly by elastic
collisions and induce considerably crystal damage, which results in a multitude of defect

classes other than Vs; or VV and leads to deterioration of the spin coherence properties.

Electrons drop their energy by inelastic collision in interactions with orbital electrons.
Hence, it is difficult to reach the defect densities created by ion or neutron irradiation.
In addition, the electron irradiation results in a defect density gradient in a thick sample
[50], with a high density close to the sample surface, which is different from the

homogeneous distribution created by neutron irradiation.

In contrast to electron and neutron irradiation, implantation of ions, such as H*, He", C*
and Si*" ions [57], mostly form a defect layer at a given depth in the sample, the so-
called the Bragg peak. Therefore, this approach is more suitable for defect fabrication
at desired locations in the crystal. Moreover, ion implantation is a very useful method
to fabricate transition metal-related defects, such as titanium defects, vanadium defects,

etc.

Usually, the energy of ions determines the depth of defects in SiC. According to SRIM
calculations, 1 MeV H" ions create a Vs defects layer at a depth of 10 um in a SiC wafer.
Another important parameter is the implantation fluence, which is a crucial factor
determining the density of defects. As shown in Fig. 1.5.1 [50], high implantation
fluence causes the higher defect density measured by PL. However, the PL intensity
decreases at a neutron fluence higher than 6.7x10'7 cm™ (Fig.1.5.1 (a)). The neutron
irradiation creates Vs; defects in SiC, in the meanwhile, it also causes a severe crystal

damage, which leads to a strong decrease of the PL intensity.
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Typically, a low ion fluence is required to engineer single photon emitters or single spin
qubits. For instance, to create single Vs; defects by proton irradiation, the fluence is as
low as 10° cm™ [53]. On the contrary, a high implantation fluence is needed to create
defect ensembles for a magnetic field sensor or to investigate the optical and spin

properties of defects.
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Figure 1.5.1 (a) PL spectra of the Vs; defects for different neutron irradiation fluences. (b) PL
intensity as a function of the neutron irradiation fluence. (¢) PL intensity as a function of the
electron irradiation fluence. Open triangles in (b) and (c) show the Vs; density. The figure is

taken from ref. [50].
The subsequent furnace annealing

A subsequent anneal is widely used to optimize defect fabrication [57,59,60]. Usually,

the annealing temperature and annealing time influence the defect densities and
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properties. For example, a post-annealing step at 500 °C shows the best results in terms

of the emitter density on the production of Vs; as shown in Fig. 1.5.2 (b).
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Figure 1.5.2 Emitter density as a function of annealing time (a) and temperature (b). The figure

is taken from ref. [50].

Another example is that electron irradiation creates both Vs; and VV defects and a higher
post-annealing temperature (up to 900 °C) can be used to improve the properties of VV

defects [60]. This is because the VV defect is more stable than Vs; at high temperature.

If the sample is annealed at a temperature higher than 1400 °C, the annealing should be
performed under the protection of a carbon cap to prevent sublimation of silicon atoms
from the surface of SiC [38]. This carbon cap or protective carbon layer can be fabricated
by spin coating a photoresist. For instance, to make vanadium defects optically active
upon introducing them by implantation, the recipe includes two steps: First, deposition
of the photoresist layer and subsequently an annealing process at three different

temperatures as follows:

1. Annealing at 350 °C in Ar atmosphere for 30 min
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2. Annealing at 1400 °C in Ar atmosphere for 30 min
3. Annealing at 750 °C in air for 60 min

The annealing at 350 °C is for carbonizing the photoresist to form a carbon cap. The
second annealing at 1400 °C is to make the vanadium defects optically active. The third

annealing at 750 °C is for removing the carbon cap by reaction with oxygen.
Defect fabrication in a desired location

In some applications, for example quantum networks, defects in a desired location are
required. The approaches discussed above apply to broad-beam irradiation, which
produces defects randomly distributed in the bulk materials, stacked together and hard
to isolate. To create defects in a desired 3D volume at the nanoscale, a PMMA layer
with an array of holes of a few-micrometer size is used as a shadow mask for the electron
irradiation process [47]. By reducing the diameter of holes and the irradiation fluence,
single photon emitter in a desired location can be created. Other techniques such as
focused ion beam [51] and direct femtosecond laser writing [48] can also be utilized for

the creation of single spin defect centers in a desired location.
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1.6 Local vibrational structure of spin defects in SiC

Zero-phonon line and phonon-side bands

In the previous sections was introduced that the Vs; and VV defects possess localized
electronic energy levels in the bandgap of SiC. The optical transition between the high
energy level and lower energy level leads to luminescence. As a two-energy-level
system, the PL line shape of a defect should emerge as a narrow line located at the
wavelength which equals to the energy gap of these two energy levels. However, a
typical PL spectrum of a specific defect usually depicts as a narrow peak accompanied
by a series of broad peaks as shown in Fig 2.3.1. The narrow peak is known ZPL and

the accompanying peaks are phonon side bands (PSBs).

ES

Excitation

P5Bs

o —

ZPL

Configuration coordinate Theoretical PL

Figure 1.6.1 Diagram of vibrational energy levels of a defect and its theoretical PL line shape

of zero phonon line (ZPL) and the accompanying peaks are phonon side bands (PSBs).

The spin defects can be considered as artificial atoms embedded in the lattice of host
materials. These atom-like defects could vibrate around their lattice sites and form
vibrational energy levels. The vibration motion can be explained by the configuration
coordinate model assuming harmonic oscillator approximation [61,62]. The vibrational

energy separation, or phonon energy, can be written as:
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how =E, ., — E, 1.6.1
where E, and E,+1 are two adjacent vibronic energy levels.

According to the Franck-Condon principle [63,64], the transitions between the ground
state and excited state in the energy level diagram of Fig.1.6.1 are vertical. Therefore,
the transition should more likely happen in the two energy levels whose wave functions

have overlap that is more significant. The probability of the transition is given by [64]:
Po | <W(v)|¥(v,) > |? 1.6.2

Where the W(v,) and W(v,) are the wave functions of the initial and final states. The

overlap integral is called Franck-Condon factor.
The excitation and relaxation cycle in the PL process

The excitation and relaxation cycle of defects starts from the bottom of the ground state
to one of the vibrational levels of the excited state by absorbing light. Then, the excited
state electrons decay to the bottom of the excited state by emitting phonons. After that,
the electrons in the bottom of the excited state further relax to one of the vibrational
levels of the ground state and emit photons during this period. If the relaxation is direct
to the bottom of the ground state, a ZPL in the PL spectrum is observed. Otherwise, the
PSB is expected. The excitation and relaxation cycle and theoretical PL spectrum is
shown in Fig 1.6.1. Obviously, the ZPL possesses the same energy with the energy gap
between the ground state and excited state of the defect, providing a spectroscopic tool
for the unambiguous identification of optically active defects. The PSB provides
information about the local vibrational structure of quantum defects. Identifying defects
by ZPL has been widely used in the investigation of quantum defects in semiconductor
materials, which was discussed in section 1.4. However, for the investigation of the
vibrational structure of defects, PL spectroscopy cannot be applied. This will be

discussed later.
The effect of local vibration on the spin defect centers

The electron-phonon interaction leads to light emission by PSB instead of the ZPL. A
perfect single photon emitter requires a high emission rate by ZPL. The Debye-Waller
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(DW) factor, the ratio of light emitted to the ZPL relative to all, spectrally integrated

light emitted can characterize this. The DW factor can be written as:

[, ZPL

DW
feV PL

1.6.3

This parameter can be calculated by Huang-Rhys theory [67]. An ideal single photon
emitter in the quantum application requires a high photon emission rate at the ZPL and
as low as possible emission from the phonon sidebands. Hence, the DW factor is a very
important parameter to characterize a single photon emitter. The phonon energy AE
(hw), which was aforementioned, is the quantized energy absorbed or emitted in the
vibronic transition. This parameter can also be measured by a PL spectrum, which is
only from one type of defect. The value equals to the energy distance of ZPL and the

first phonon replica or the adjacent phonon replicas.

AE =EZPL_EP1’ OTAE=EPn+1_EP 164‘

n

Where, Ep, is the energy of ZPL, Ep is the energy of the n'™ phonon replica. The
importance of investigating the phonon energy AE is that this parameter has a strong
relationship with the spin lattice relaxation time T1, which determines the absolute limit
for spin coherence at intermediate temperatures. Their relation can be described by the
function [65]:

1 AE !

T_1 e <e"BT - 1) 1.6.5

This indicates that the vibrational signatures of defects play an important role in the

characterization of spin defects.
The limitation of PL spectroscopy

From the discussion above, it is clear that the characterization of the local vibrational
structure of spin defects is crucial. However, quite a few papers focus on this aspect and

most of them are solely devoted to theoretical calculations [66,67].

To investigate the DW factor or AE of a specific type of defect, an isolated PL spectrum
of this type of defect is needed. However, as shown in Figl.4.4 (a), there is a severe
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problem in the PL spectra. The polytypism of SiC and the defect fabrication technology
give rise to more than one kind of defect species in SiC samples. In addition, the
excitation laser can excite any defects whose energy gaps are smaller than the laser
energy. These problems result in the overlapped PL contribution from different defects
in the same PL spectrum. For instance, in Fig 1.4.4 (a), the PL intensity of V2-ZPL is
overlapped by the phonon sidebands of V1 defect. Likewise, the PL spectra of all VV
defects in 4H-SiC are covered by the long tail of the V2 PSBs, which makes the
investigation of the local vibrational structure impossible. In this case, it is necessary to

find a way to obtain the separated PL spectrum of each defect.
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Chapter 2 Microwave-assisted spectroscopy

This chapter introduces a new approach to measure the local vibrational structure for a
specific type of defect with the help of modulated microwave, which is the so-called
MW-assisted spectroscopy. By this approach, one can spectrally isolate each Vs;i and
VV defects in 4H- and 6H-SiC. With the separated PL spectra, the problem of the

overlapping PL contributions from different defects will be solved.
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2.1 Fundamentals of MW-assisted spectroscopy

Optically-detected magnetic resonance

To explain the MW-assisted spectroscopy, we should start from the optically detected
magnetic resonance (ODMR) method. With the development of the investigation
techniques of spin defects, ODMR has become a standard approach to optically
manipulate the spin state of defects in semiconductors. The detail of the theory of
ODMR can be found in ref. [68]. In this chapter, a brief introduction will be given
through an example of the Vs;defect in 4H-SiC. In section 1.4, it was discussed that the
spin number of Vs;j 1s 3/2. Its ground state has two spin sublevels with an energy gap
named zero-field splitting energy at zero magnetic field as shown in Fig. 1.4.2. The
mechanism of the zero-field ODMR associated with the Vs; defects is qualitatively
explained in Fig. 1.4.2 (a). The Vs;i has spin S = 3/2 in the ground state (GS) and excited
state (ES). Optical excitation of the Vs; defect into the ES is followed by two processes,
radiative recombination to the ground state GS and nonradiative spin-dependent
relaxation through the metastable state (MS). Application of the resonant MW field
which is equal to the ground-state zero-field splitting between the ms=+1/2 and ms==+
3/2 states, changes the population of these spin sublevels. It breaks the equilibrium
between the relaxation processes resulting in non-zero APL. As a result, a APL/PL can
be measured. Fig. 2.2.1 (b) presents a typical ODMR signal of V2 in 4H-SiC. When the
frequency of scanning microwave equals to the resonant frequency (70 MHz for V2 in
4H-SiC), a peak in the APL/PL signal emerges. This is what is understood as optically-
detected magnetic resonance. This approach is widely used in the detection of spin

properties of many types of spin defects.
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Figure. 2.1.1 (a) The fine structure of Vs defect in 4H-SiC. The left dash box presents the
radiative transition. The right box shows the spin-dependent recombination. (b) The typical
ODMR signal depending on microwave frequency. At resonant condition (the energy of
microwave equals to the ZFS energy), there is a PL intensity change resulting in a peak in the

ODMR spectrum.
MW-assisted spectroscopy

The MW-assisted spectroscopy is inspired by the ODMR method. We can obtain the
resonant MW frequency for every spin defect from ODMR measurements. The results
of all measured spin defects show that almost all quantum defects have their own unique
resonant frequencies, which is shown in table 4.1 in chapter 4. This gives the opportunity
to separate different species of defects by selecting a resonant microwave frequency. If
the resonant microwave is modulated for a specific spin defect center (such as 70MHz
for V2 in 4H-SiC), a modulated APL only corresponding to this defect will be obtained.
With the help of a lock-in amplifier, a APL spectrum as a function of wavelength can be

recorded. This is the principle of the MW-assisted spectroscopy.
Lock-in amplifier

The realization of MW-assisted spectroscopy measurement relies on the help of lock-in
amplifier. It can separate APL signal and PL signal by a reference frequency. The basic

principle of a lock-in amplifier can be described by the function [69]:
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Vout = Vsig sin(wst + Hsig) Vier sin(wreft + Href) 2.1.1
Where Vg sin(wst + 6g;4) is the real signal with frequency wg, Viersin(wyert +

B0r¢r) 1s a reference signal with frequency w,¢f.

If the signal frequency equals to the reference frequency, a DC signal is obtained in the

following form:

1
Vour = EVsieref COS(Hsig - eref) 2.1.2

If the signal frequency is different from the reference frequency, two AC signals at the

frequency (ws + wrer) and (ws — w,..¢) Will be generated.

However, a low-pass filter can remove AC signals. The DC signal at the reference

frequency will be left at the end as shown in Fig 2.1.2.

Input signal

A 4

Lock-in Signal (frequency = f)

amplifier

»
>

Reference f

Figure 2.1.2 Simplified working principle of a lock-in amplifier.
The signal reading by lock-in amplifier

Fig. 2.1.3 shows the difference of signal sequence in PL and APL measurements. In PL
measurements, a chopper modulates the excitation laser, and the frequency of the
chopper is used as the reference signal. Hence, the lock-in amplifier can read out the PL
signal. In the MW-assisted spectroscopy, the chopper is removed. The resonant MW is
modulated by a frequency that is used as a reference frequency for the lock-in amplifier.
A constant PL and a modulated APL signal at the reference frequency are registered in

the detector:
VSig = APl’modulated + PLconstani 2.1.3
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With the help of the lock-in amplifier, one can successfully read out this APL signal.

This 1s how our new approach MW -assisted spectroscopy works.

(a)

Laser

Chopper [ B B B B B [ Asreference

Signal on detector

:

lock-in amplifier PL

Chopper modulated PL measurement

(b) Laser

MW As reference

|

Signal on detector
APL

lock-in amplifier

MW-assisted APL measurement

Figure 2.1.3 (a) Chopper modulated laser excitation and PL signal. (b) MW sequences and
modulated APL signal.

An example of a MW-assisted APL spectrum compared with its PL spectrum.

In section 1.6, it was discussed that the PL spectrum of a specific defect includes
contributions from other defects. The limitation of PL spectroscopy is clearly shown in
Fig. 2.1.4 (a). ZPL and PSBs of V2 are overlapped by the contribution of PSBs of V1
and the long tail of V2 PSBs covers ZPLs of VVs (see fig. 1.4.4a). Because of the

overlapping contributions, the intensity of ZPLs and the location of PSBs are not reliable.

Fig. 2.1.4 (b) shows an example of MW-assisted spectroscopy, the APL spectrum of V2
in 4H-Si1C. In this figure, one can find a pure V2 spectrum with no contributions from
other defects. From this spectrum, the location of the vibrational mode and the
polarization properties of V2 defects in 4H-SiC can readily be obtained, which will be

shown in the next chapters dealing with the experimental results. In other words, the
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MW-assisted spectroscopy holds promise for investigating the optical, spin and

vibrational properties of spin defects in solids.
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Figure 2.1.4 (a) PL spectrum of V2 in 4H-SiC in the wavelength range of 850-1250 nm. (b)
MW-assisted APL spectrum of V2 in 4H-SiC in the same wavelength range.
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2.2 Home-built setup

All measurements, including PL, ODMR and MW-assisted spectroscopy were
performed on a home-built setup as shown in Fig. 2.2.1. This setup can be divided into
five parts: the excitation system, the optical path, the signal read-out system, the

temperature control system and the MW pumping system.

InGaAs detector

Monochromator Lock-in
Entrance slit
LP filter
Lens Laser
controller
SP filter I
LP dichroic mirror
Laser
“ Chopper
Lens
Cold
finger
) SiC
Helium Temperature
compressor controller
/cryostat

pump

Figure 2.2.1. Schematic diagram of our home-built setup for PL, ODMR and MW-assisted

spectroscopy measurement.
36



Sample excitation system

(d)

( C) 200

150

100

Output power (mW)

50+

100 200 300 400 500
Current (mA)

Figure 2.2.2 (a) The 808-nm laser diode. (b) the LDM21 laser diode mount. (¢) the ITC4000

laser temperature and power controller. (d) the laser output power as a function of the input

current.

The excitation or spin initialization is carried out by a 808-nm multimode laser diode
(mounted in a LDM21 laser diode mount) and its current and temperature controller
(ITC4000 laser controller) bought from Thorlabs, which are shown in Fig. 2.2.2. The
maximum output power is more than 180 mW, which is suitable for most of the
luminescence measurements. The laser output power as a function of input current
measured by a power meter is depicted in Fig. 2.2.2 (d). It can also produce pulses with
a frequency up to 100 kHz by programming the laser controller. Another advantage,
compared with a solid-state laser, is the fact that the laser wavelength can be changed
by changing the laser diode. For example, for high efficient excitation of VV defects in

SiC, the laser diode can be changed to a 940-nm laser diode.
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Optical path

The optical path consists of several filters and lenses, which are employed to guide the
excitation laser, as well as to clean and collect the luminescence signal. As shown in Fig.
2.2.1, a short-pass filter with a cut-on wavelength of 825 nm is used to clean the
excitation laser. A long-pass dichroic mirror with an 850 nm cut-on wavelength is used
to separate the excitation laser from the emitted PL signal. Two lenses are used in the
light path to focus the excitation laser onto the sample as well as to collect and focus the
PL signal from the sample into the entrance slit of the monochromator. A long-pass filter
with 850 nm cut-on wavelength is used to eliminate laser contributions and in turn

protect the detector.

Signal read-out system
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Figure 2.2.3 (a) TRIAX 322 monochromator. (b) IGA-020-E-LN7 infrared light detector
mounted in LN7 Downview Dewar. (c¢) SR830 DSP lock-in amplifier.

This part includes a monochromator, an InGaAs detector and a lock-in amplifier. The
collected PL or APL signal is spectrally resolved in the monochromator (TRIAX 322).
This monochromator has two grating: one is for the infrared range, another is for the
visible range. All measurements in this thesis are performed with the infrared grating.
Its spectral resolution depends on the size of the entrance and the exit slits. The slit size
can also be used to control the signal intensity. For example, if the signal is very weak,
one can choose a larger slit size to enhance it at the expense of losing spectral resolution.
Typically, a 0.5 mm slit size is used for low-temperature high-resolution measurements;

while the slit size is set to 1 or 2 mm for room-temperature low-resolution measurements.

The monochromatic light is converted into photovoltage by an InGaAs detector (IGA-
020-E-LN7) and a built-in transimpedance amplifier, which are mounted in an LN7

Downview Dewar that is coupled to the monochromator by an optical interface. In this
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thesis, two working temperatures of the detector were employed: room temperature
(23 °C) and liquid nitrogen temperature (-196 °C) by directly pouring liquid nitrogen
into the Dewar. Fig 2.2.4 presents the wavelength response of our InGaAs detector for
three working temperatures (supported by Electro-Optical Systems Inc.). In the
wavelength range of 1000 - 1450 nm, there is no obvious difference for these three
temperatures. However, the detector shows better sensitivity at low-temperatures for
wavelengths shorter than 1000 nm. Since the spectral range to investigate both Vs; and
VV was set to 850-1300 nm, the detector at low temperature was used for the
measurements. Considering the fact that the detector sensitivity depends on the
wavelength, all the experimental results were corrected by this wavelength response

curve.
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Figure.2.2.4 InGaAs detector responsivity as a function of wavelength. This figure is taken

from the device manual of IGA-020-E-LN7.

A lock-in amplifier (SR830 DSP lock-in Amplifier) reads out the photosignal. The
theory of the lock-in amplifier can be found in section 2.1. For the PL measurements,

the frequency of the chopper is the reference frequency of the lock-in amplifier. For
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ODMR and MW-assisted spectroscopy measurements, the modulation frequency of the

resonant microwave is used as the reference frequency.

Cooling system
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Figure 2.2.5 A schematic diagram of cooling system.

The cooling system consists of a vacuum chamber, a helium compressor, a vacuum
pump and a temperature controller. The sample is placed on a sample holder, which is
connected with a cold finger and a heater in a vacuum chamber. A mechanical vacuum
pump is used to vacuum the chamber. A helium compressor is employed to pump liquid
helium into the cold finger to cool down the sample until the desired temperature. A
heater and a temperature sensor stick on the cold finger and are connected to a
temperature controller for the temperature control. The temperature measured near the
sample ranges from 15 to 300 K, which is good enough for the low- and room-

temperature PL. measurements.

Microwave pumping system
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Figure 2.2.6 (a) A schematic diagram of the microwave pumping system. (b) ERASynth+

microwave generator. (¢) Home-built coplanar waveguide. (d) 50-Ohm microwave termination.

The core part of the setup for the MW-assisted spectroscopy is the microwave pumping
system. It includes three devices: a microwave generator, a coplanar waveguide, and a
50-Ohm microwave termination. All three devices are connected by standard 50-Ohm
coaxial cables shown in Fig. 2.2.6 (a). The microwave generator is an open source and
Arduino-compatible device bought from ERA instruments. It provides a microwave in
the range of 250 kHz - 15 GHz with a maximum output power up to 12 dBm. The most

important parameters are listed in table 2.2.1

Name ERASynth+
Frequency Range 250 kHz to 15 GHz
Maximum Output Power 12dBm

RF Output Impedance 50 Ohm

External modulation input voltage 0t1.65V

Table 2.2.1 Basic parameters of the ERASynth+ microwave generator. The values are taken

from the device manual of ERASynth+.
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Figure 2.2.7 Microwave transmission loss as a function of microwave frequency in (a) coax

cable and (b) three different coplanar waveguides.

The coplanar waveguide is a self-designed electrical planar transmission line with a 50-
Ohm impedance, matched with the microwave generator. It is designed into three
modules for different application scenarios based on the width of the waveguide (1 mm,
0.5 mm, and 0.2 mm). A 50-Ohm microwave termination is used to absorb the extra
microwave and eliminate the microwave reflection. For ODMR and MW-assisted
spectroscopy measurements, the lock-in amplifier externally modulates (“triggers”) the
microwave generator. This modulation frequency is also used as the reference frequency
of the lock-in amplifier for reading out the signal. The modulated microwave is guided
into the coplanar waveguide and absorbed by defects leading to defect spin polarization.
Fig. 2.2.7 presents the microwave transmission loss in the coaxial cables and the
coplanar waveguide measured by a microwave analyzer (Keysight FieldFox N9918A).
The power loss at frequencies between 0 and 2 GHz (the used range in Vsi and VV

defects) is less than 2 dB.
Parameter characterization and optimization

Before the ‘real” measurements, the first mission is to optimize the setup and select all
optimal parameters. This section will be devoted to discuss the MW-assisted
spectroscopy measurements at different conditions by using the Vs;as an example. After
these tests, the optimal parameters for the measurements in the next three chapters will
be chosen. The APL spectra as a function of slit sizes are measured on V> of Vs; in 6H-
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SiC. All other parameter characterization and optimization measurements are performed

on V2-ZPL in 4H-SiC as examples.

Figure 2.2.8 presents the APL intensity of V2 in a commercial 4H-Si1C wafer (0.3 x 5 x
5 mm?) as a function of the width of the coplanar waveguides at room temperature. In
this case, the 0.5-mm-width waveguide has the best APL intensity. Hence, all the ODMR
and MW-assisted spectroscopy measurements for Vs; in 4H-SiC wafer are performed
by using the 0.5-mm-width microwaveguide. Fig. 2.2.9 shows the APL intensity at V2-
ZPL as a function of the excitation laser power and microwave power, respectively.
From these measurement results, one can conclude that the APL intensity is proportional
to the laser power (at units of mW) and microwave power (at units of dBm). Therefore,
the selected laser power and microwave power are as high as possible to get a stronger
APL signal in the measurements, although the measuring range of the detector also limits

the laser power.
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Figure 2.2.8 APL intensity of V2-ZPL in 4H-SiC as a function of the width of the coplanar

waveguide.
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Figure 2.2.9 APL intensity of ZPL of V2 in 4H-SiC as a function of the excitation laser power

(a) and microwave power (b) at 15 K.

Another parameter, which is important in the APL measurements, is the size of the
entrance slit of the monochromator. The different sizes of the monochromator entrance
slit give different signal intensity and spectral resolution, leading to a different line shape
for the same defect. The question is if the DW factor and the phonon energy depend on
the slit size. Therefore, the MW-assisted spectroscopy is measured as a function of the
slit size (Fig. 2.2.10). The APL spectra of V2 in 6H-SiC measured at a slit size of 0.5
and 1 mm are shown in Fig. 2.2.10. Although the line shape and the spectra resolution
for the two different slit sizes are different, the DW factor and phonon energy AE of V2
in 6H-SiC show no differences. In other words, the slit size of the monochromator has

no influence on the determination of the DW factor.
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Figure 2.2.10 MW-assisted APL spectra at slit size of 0.5 mm (a) and 1 mm (b), respectively.
In the measurement, all other parameters are the same except the size of the entrance and exit

slits of the monochromator.
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Chapter 3 Local vibrational modes of Si
vacancy spin qubits in 4H-SiC

The results of this chapter were published in “Z. Shang, A. Hashemi, Y. Berencén, H.-P.
Komsa, P. Erhare, S. Zhou, M. Helm, A. V. Krasheninnikov, and G. V. Astakhov, Local
vibrational modes of Si vacancy spin qubits in SiC, Phys. Rev. B 101, 144109 (2020).” The
thesis author measured all experiments results in this chapter. A. Hashemi and A. V.

Krasheninnikov did the theoretical calculation.

In this chapter, we uncover the local vibrational modes of the Si vacancy spin qubits in
as-grown 4H-SiC. We apply microwave-assisted spectroscopy to isolate the
contribution from one particular type of defects, the so-called V2 center, and observe
the zero-phonon line together with seven equally separated phonon replicas. The results
are compared with first-principles calculations of the photoluminescence line shape,
which are in excellent agreement with our experimental data. A resonance phonon
energy of 36 meV and a Debye-Waller factor of about 6% are obtained. We establish
experimentally that the activation energy of the optically induced spin polarization is
given by the local vibrational energy. Our findings give insight into the coupling of
electronic states to vibrational modes in SiC spin qubits, which is essential to predict
their spin, optical, mechanical, and thermal properties. The approach described can be
applied to a large variety of spin defects with spectrally overlapped contributions in SiC

as well as in other three and two-dimensional materials.
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3.1 Introduction

As discussed in previous chapters, intrinsic point defects in silicon carbide [20,70-72]
have been widely used to implement room-temperature quantum emitters [17,40,73] as
well as to realize quantum sensing of magnetic fields [74-78], electric fields [79] and
temperature [43,80,81]. Particularly, silicon vacancies (Vsi) and silicon-carbon
divacancies (VV) in SiC reveal extremely long spin coherence time [82-86] and hold
promise to implement quantum repeaters due to inherent spin-photon interface and high
spectral stability [87,88]. Existing device fabrication protocols on the wafer scale in
combination with three-dimensional (3D) defect engineering [53] allow manufacturing
integrated quantum devices [89-92] with electrical [93-95] and mechanical [96,97]
control of defect spin qubits. SiC nanocrystals with color centers are also suggested as

fluorescence biomarkers for biomedical applications [98,99].

Vacancies can be imagined as artificial atoms incorporated into the SiC lattice. The
communication with them is wusually realized through optical excitation and
photoluminescence (PL) detection. Unlike atoms, radiative recombination in point
defects is accompanied by phonon emission due to the interaction with lattice vibrations.
This process results in the PSB, which is spectrally shifted towards longer wavelength
relative to the ZPL [100]. A high ratio of the emitted light from the ZPL to the all emitted
light, is necessary for the implementation of quantum repeaters. The local vibrational

energy also contributes to the spin-lattice relaxation time 77 [65].

Although the understanding of the PSB is important for quantum applications, it has not
been investigated systematically in SiC. The previous works [101] are limited to the
report on the upper limit for the DW factor in a single Vs; defect, which is below 30%—
40% depending on the crystallographic site and polytype. Most of the theoretical works

are concentrated on the spin-optical properties [102-104].

This chapter deals with the measurement of the Vsi PL spectrum in polytype 4H-SiC,
consisting of the ZPL and seven increasingly broadened phonon replicas. There are two
Vi defects in 4H-SiC associated with different crystallographic environments, V1 and
V2 [105]. Here, the focus is on the V2 Vg; defect. MW-assisted spectroscopy and

optically detected magnetic resonance (ODMR) are used to clearly separate spectrally
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overlapped contributions from other Vsi and VV defects. This approach allows us to
unambiguously determine the V2 local vibrational energy. To shed more light on the
microscopic nature of the PSB, the line shape is calculated by density functional theory
(DFT). The experimental line shape is very well reproduced and concurrently leads to

close values for the DW factor and the local vibrational energy.

3.2 Experiment

The experiment is performed on our home-built setup. The samples are excited with an
808-nm laser, which is modulated by a chopper at 20 Hz. An InGaAs detector and a
built-in transimpedance amplifier convert the PL intensity into a photovoltage, which is
amplified and read out by a lock-in amplifier. For the ODMR measurements, the chopper
1s removed and a commercial signal generator provides a MW signal modulated at 20
Hz. The MW field guided into a coplanar waveguide induces spin transitions in the
sample placed on the top of the waveguide. The modulated APL signal is read out by a
lock-in amplifier, which is thus given in meV.

Wavelength (nm)
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Figure 3.1 Room- and low-temperature PL from Vs; in pristine 4H-SiC. At T'= 300 K, the

shadow area around 970 nm indicates the spectral resolution A = 5.5 nm. At 7= 15 K, the zero-
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phonon lines of two distinct Vs; centers, V1 (ZPL at 863 nm) and V2 (ZPL at 918 nm), are

clearly observed. The spectral resolution is AL = 1.2 nm (= 2 meV).

*

15K

08F  70MHz ¥

(d) 40 60 80 100

5
GS ’ i3/2" “,/,/ % 00 [ . i . i . i . i
— +1/2 ¢ Iy 10 11 12 13 14
70MHz (V2) Energy (eV)

Figure 3.2 (a) Schematic representation of the V1 and V2 Vs; defects associated with different
crystallographic sites in 4H-SiC, according to [42]. (b) A scheme of the V2 spin pumping
process. The red line presents the V2 spin center excited by an 808-nm laser. It relaxes to the
ground state by two processes: radiative recombination (solid lines) and non-radiative spin-
dependent relaxation through the metastable states (MS) (dashed lines). The double arrow
shows spin manipulation by the MW field at 70 MHz. (c) The V2 ODMR spectrum at room
and low temperature. The arrow indicates the resonance frequency at 70 MHz under zero
external magnetic field. (d) V2 ODMR contrast (APL/PL) at 70 MHz as a function of detection

energy over the PL spectrum at room temperature.

The sample under study is diced from a pristine high-purity semi-insulating (HPSI) 4H-
SiC wafer purchased from Cree. It is not irradiated and contains native Vs; and VV
defects. The sample is mounted on the cold finger of a closed-cycle cryostat and the

experiments are performed in the temperature range from 7= 300 K down to 7= 15 K.
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To increase the PL intensity at 7= 300 K, a relatively wide monochromator entrance
slit of 2 mm with a corresponding spectral resolution of 5.5 nm is used. At 7= 15 K, the

entrance slit size is reduced to 0.5 mm to improve the spectral resolution to 1.2 nm.

Typical PL spectra of the sample under study are presented in Fig. 3.1. A broad emission
band with a maximum intensity at around 1.28 eV (970 nm), associated with the Vs;
defects [42], is clearly observed at 7= 300 K. The line shape of this broad emission
band changes to a series of ZPLs accompanied by PSBs when the sample is cooled down
to 7= 15 K. Two ZPLs at 1.44 eV (863 nm) and 1.35 eV (918 nm) correspond to the
V1 and V2 Vs; defects, respectively [40,42]. Several other ZPLs (labeled as PL2—PL4)
are observed in the spectral range 1.1-1.2 eV and related to the silicon-carbon VV

defects [106].

We concentrate on the V2 Vs defect, associated with one of the two possible
crystallographic sites in 4H-SiC [Fig. 3.2(a)]. The mechanism of the zero-field ODMR
associated with the Vs; defects has been explained in chapter 3.2. Therefore, no further

explanation will be given again.

Fig. 3.2(c) presents the ODMR contrast (APL/PL) as a function of MW frequency. The
PL is detected at 970 nm at 7= 300K (shaded area in Fig. 3.1) and at the V2 ZPL at T
= 15K. To ensure that ODMR experiments are performed under optimum conditions,
we investigate the laser power and MW power dependencies at different temperatures.
The ODMR contrast saturates in both cases [86] and we obtain Cmax = 0.80 £ 0.02% and
Cmax=0.21 £0.05% for 7= 15 K and 7= 300 K, respectively [Fig. 3.2(c)]. Remarkably,
the ODMR contrast only marginally depends on the detection energy over the PL band
(1.1-1.35 eV) at room temperature [Fig. 3.2(d)]. This is an indication that both spin
states couple to phonons in the same way. A possible explanation is weak spin-orbit
coupling [107], but a theoretical consideration of the spin polarization through

intersystem crossing [ 108] involving local vibrational states is necessary to confirm this.
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Figure 3.3 (a) Evolution of the PL spectrum with temperature under applied MW field at 70
MHz. (b) Temperature dependence of the spectrally integrated V2 APL and the DW factor. The
solid line is a fit to Eq. (1) with the activation energy Ea = 39 + 4 meV. (c) Temperature
dependence of the ODMR contrast APL/PL detected at the V2 ZPL and the integrated PL. The
solid line is a fit to Eq. (1) with the activation energy Ea = 39 + 3 meV and PL(0) replaced by
PL/PL(0).

Next, we analyze how the change in the V2 APL emission induced by the MW depends
on the detection wavelength. We set the MW frequency to 70 MHz [Fig. 3.2(c)], and the
APL spectrum at 7= 300 K is presented in Fig. 3.3(a). With decreasing temperature, the
APL spectrum changes to the ZPL along with the PSB consisting of seven equally
separated phonon replicas (Phl — Ph7). These spectra differ from the PL spectrum
presented in Fig. 3.1, which is composed of overlapping contributions from different
defects. Especially, the V1 and V2 PSBs are merged, making their separation difficult.
In the APL measurements, the MW frequency of 70 MHz is in the V2 spin resonance
and, therefore, only the V2 PSB appears. The spectrally integrated V2 APL as a function
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of temperature is presented in Fig. 3.3(b). The experimental data can be well-reproduced

using a single activation energy [109]:

APL(T) = APL(0) 3.1

1+ Cexp (— li_AT)

We obtain from the best fit [solid line in Fig. 3.3(b)] the activation energy Ea =39 + 4
meV, which is equal within the experimental uncertainty to the local vibrational energy
AEexp = 37 £ 4meV, as discussed hereafter. The unitless coefficient C = 9 + 2 is
determined by the ratio of different relaxation rates [109]. The APL is composed by the
spin polarization and the PL intensity. In order to separate these contributions, we plot
in Fig. 3.3(c) APL/PL detected at the ZPL and the spectrally integrated PL. The
experimental data for APL/PL can also be well fitted to Eq. 3.1 with the activation
energy Ea =39 + 3 meV and APL(0) replaced by APL/PL(0) = 0.7%. This indicates that
the integrated PL intensity of the V2 Vy; is nearly temperature independent up to 300 K.
Indeed, this is in agreement with the integrated PL of Fig. 3.3(c), where a small decrease
with increasing temperature can be attributed to the contribution of other defects with

stronger temperature dependence.

Fig. 3.3(a) clearly shows the PSB extends below 1.1 eV (above 1150 nm). Thus, the DW
above 30% found in earlier experiments [101] is definitely overestimated. Spectral
integration of the experimental data in Fig. 3.3(a) [Fig. 3.4(b) shows a zoom-in of the
V2 ZPL] results in the DW factor of about 6% for 7' < 60 K. This value should be
corrected by the spectrally dependent readout contrast. Given the APL/PL spectral
dependence in Fig. 3.2(d), the expected value for the DW factor falls between 6% and
9%. The DW decreases with temperature as shown in Fig. 3.3(b). As the DW factor
gives the fraction of elastic scattering, the temperature reduction can be attributed to the

thermal motion effect [110] and multiphonon contributions.

We determine the local vibrational energy as the separation between two adjacent
phonon peaks in AEeyp = 37 meV as presented in Fig. 3.4(a). The PSB formation is
schematically presented in Fig. 3.4(c). The radiative recombination between the ES and
the GS 1s accompanied by phonon emission. The energy dispersion of these phonons

differs from the bulk phonon dispersion because of the broken translation symmetry in
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the vicinity of the Vs; defect. In the next section, a detailed theoretical analysis of the

local vibrational modes is presented.
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Figure 3.4 (a) Low-temperature (7 = 15K) PL of V2 as a function of the detection wavelength
at the MW frequency of 70 MHz. The vertical axis for PL is the lock-in voltage of the modulated
photodiode signal. The V2 ZPL (at 1.35 eV) and PSB are clearly resolved. The local vibrational
energy read from two adjacent peaks is Eexp = 37 meV. The dashed line represents the
calculation of the V2 PSB as described in the text. (b) Zoom-in of the V2 ZPL. (c) A
configuration coordinate diagram for the V2 phonon modes. The blue arrows show transitions

from the ES to different vibrational levels of the GS.

3.3 Theory

DFT calculations were carried out as implemented in VASP [111] code to determine
defect properties, configurational coordinate diagrams, and vibrational modes. A plane
wave basis with a cutoff energy of 450 eV was employed to represent the electronic
wave functions. All structural relaxations and the vibrational properties were calculated
using the PBEsol [112] exchange-correlation functional. The geometry optimization
continues until the energy differences and ionic forces are converged to less than 10
eV and 0.01 eV/A, respectively. The PL line shape is calculated using the approach
described in Ref. [66] and described in more detail below, which requires evaluation of
the phonon spectra of the defective systems, but obtaining converged spectra requires
large supercells that are very demanding computationally. Here, to speed up phonon
calculations, the HIPHIVE [113] package was used to extract interatomic force

constants (IFCs). Second-order IFCs were constructed using the recursive feature
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elimination optimizer by including pairs and triplets up to 4.2 and 3.6 A, respectively.
The modeled IFCs result in the validation root-mean-squared error of 13 meV/A. The
phonon frequencies and eigenvectors were finally assessed using PHONOPY software
[114]. To adjust the energy scales, i.e., the band gap and the position of the defect levels
within, we additionally used HSE06 [115] to calculate total energies and Kohn-Sham
levels. The HSE functional has been shown to reproduce intra-defect transition energies
very well [116]. The calculated band gap of 3.25 eV is in excellent agreement with the
experimental band gap of 3.2 eV [117].

Theoretically, the determination of the average numbers of active phonons during the
optical transition for mode A with frequency ;. is given by the unitless partial Huang-
Rhys (HR) factor Sy defined as [118]

1
S; = =— w;AQ? 3.2
2h

Where
AQ; = Z Jma|(Reg — Ry o) - wy] 3.3

Here, w), indicates the normalized displacement vector corresponding to mode A, and ma
is the mass of atom a. Rg and R. are the atomic coordinates in the ground and excited
states. Thus, AQs. describes whether the vibrational mode is parallel to the change in the
atomic coordinates. The fundamental spectral density of electron-phonon coupling can

be determined as

S’/1 _(hw-hw,)
S(hw) =~ Z ——e 207 3.4
7 oVm

where a broadening parameter 6 = 5 meV is considered. It is worth mentioning that we
assume the vibrational modes in the ground state and the excited state to be identical,
and we use in Eq. (3) the u evaluated in the ground state. Once S(Aw) is calculated, we
make use of the method of generating function [119] to derive the optical absorption

spectrum
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Awd [T )
Lhe) = j g(t)eivtdt 35

where the prefactor A is the normalization constant and
g(t) = eSO 3.6

is the generating function, where S(t ) is defined by
1 .
S(t) = Ef d(hw) e tS(hw) 3.7

The Vs defect is modeled in a large 400-atom supercell using 2 x 2 x 2 meshes for k-
point sampling. The V2 defect is considered as Vs; at the 4 site [42], in the —1 charge
state, and with spin S = 3/2. The HSEO6-calculated Kohn- Sham levels are shown in Fig.
3.5(a), indicating that the V2 defect introduces several electronic states deep in the band
gap. The lowest energy electron configuration has the high-spin state with three unpaired
electrons (S = 3/2). The excitation is modeled by moving spin-down electrons from the
highest occupied to the first unoccupied electronic state, which is achieved by fixing the
occupations of the relevant states in the DFT calculations. In the excited state, the two
states related to the excitation become closer while others remain the same. From the
DFT-calculated total energies, the configuration coordinate diagram can be readily
extracted, as shown in. It is noted that the potential energy curve is calculated using
PBESsol, but the ZPL energy difference [E(Qs) — E(Q.)] 1s obtained using HSE06. The
emission energy of 1.28 eV and the ZPL of 1.35 eV are in excellent agreement with the
experimental values (the former corresponding to the PSB maximum). Introduction of

the V2 defect also leads to the expansion of the lattice by Aa =0.083% and Ac =0.077%.
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Figure 3.5. (a) The arrangement of electronic states before (Qg) and after (Qc) excitations
calculated using HSEO06 functional. The states (dark lines) filled by electrons represented by
arrows for spin-up and -down. The hollow circle denotes hole. (b) A schematic configuration

coordinate diagram for the GS and ES showing the energy scale for different transitions.

The defects can induce new vibrational modes, which are either resonant or antiresonant
with vibrational modes of the host crystal. To map the vibrational modes on the same
Brillouin zone as for the pristine SiC, the unfolded phonon dispersion curve is illustrated
in Fig. 3.6(a). Results are that (i) the phonons between 20-40 meV and 90—-110 meV are
disturbed by the defects, but still follow the dispersion of the bands seen in the pristine
system, and (i1) four localized vibrational modes (flat bands) appear at energies 73.45,
74.4,111.47, and 112.8 meV. To find active phonons during the emission process, the
electron-phonon spectral function is calculated as shown in Fig. 3.6(b). The calculation
predicts that the PSB can be produced by a mix of about four phonon replicas: the
double-degenerate Raman-active Ei mode with energy 31.3 meV, the M-point
transverse acoustic phonon active at 35.3 meV, and two defect modes appearing at

energies 73.45 and 74.4 meV, denoted as D1 and Do, respectively. As illustrated in Fig
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3.6(d), in D1 defect mode atoms up to second-nearest silicon neighbors from the vacancy
center move, while for the D> case, vibration is more intense and partially includes third-

nearest silicon atoms.
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Figure 3.6 (a) Pristine SiC phonon dispersion curves and the unfolded phonon curves of
defective SiC along high-symmetry directions. (b) Electron-phonon spectral function
accompanied by partial Huang-Rhys factors. (¢) The calculated partial PSB in the energy range
of 1.0-3.5 eV. (d) Schematic representations of atomic displacements of E1, TA(M), D1, and
D2 modes. Blue and green balls denote silicon and carbon atoms, respectively. Arrows are
proportional to the displacements and come from the real part of the eigenvectors at the I" point.

The defect site is shown by a red circle.

The partial HR factor (S,) is the average number of phonon A emitted during an optical
transition. The predicted total HR factor is S = 2.785, which corresponds to the average
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number of phonons emitted during an optical transition. As a result, the weight of the
ZPL (DW factor) defined by wzpr = €S is 6.17%, which is close to our measured value.
As was illustrated in Fig. 3.4(a), the prediction for the PL line shape is in full agreement
with the experiments. The PSB with seven peaks falls off at around 1.1 eV.

Following the analysis of vibrational modes, both bulk and defect phonons should
contribute to the PSB. To get more insight into line shape, the partial PSB line shape is
calculated. To this end, phonons up to a specific energy in S(hw) are included. The
phonon energy (Epn) is chosen based on the values of partial HR factors. In this way, the
contribution of different phonons to the total line shape can be assessed. As seen in Fig.
3.6(c), the first peak shape is completed by adding phonons up to 50 meV, but it quickly
vanishes at lower energies. In this range of energy, bulk phonons take place. The
position of the first peak is at 36 meV lower than the ZPL, which is in agreement with
the experiments. The comparison of the £,n < 66 meV and full PL curves indicates that
a little more than half of the second phonon peak intensity at 1.275 eV (75 meV below
the ZPL) arises from two-phonon or higher-order processes. Whereas, a little less than
half of the peak intensity comes from one-phonon processes with Epn. Furthermore, the
defect-induced phonons at around 74 meV are crucial in shaping the second and higher

phonon peaks of the optical emission spectrum at low temperature.

3.4 Discussion and conclusions

Though the DW factor of 40% and 30% was reported for the V1 and V2 V; defects,
respectively [101,120], the actual value is smaller due to the low detection efficiency at
longer wavelengths of the PSB. We experimentally estimated the lower bound for the
DW factor of 6%—9%. On the other hand, the calculations also yielded a DW factor of
about 6%, which suggests that the real value is indeed in this range. Though this value
is at least by a factor of 2 larger than that of the nitrogen vacancy defect in diamond [66].
The coupling of these spin defect centers to an optical resonator would an alternative to
realize quantum repeaters [121]. The vibrational energies of 37 and 36 meV from
experiments and calculations, respectively, are also in close agreement. This is an
important parameter, which determines at which temperature the phonon-assisted spin

lattice relaxation mechanism associated with local vibrational modes is activated [65].
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To summarize, we have investigated the local vibrational structure of the V2 Vs; defect
in a HPSI 4H-SiC wafer. The MW-assisted spectroscopy has enabled us to clearly
separate the spectrally overlapped contribution from other intrinsic defects. We have
found the resonant vibrational energy to be 36 meV, while the lower bound for the DW
factor have been estimated to be 6%. We have applied DFT-based methodology to
calculate and analyze the PL line shape. In addition, we have established that the
contribution to the optical emission process is narrowed down to dominant bulk and
defect-induced phonons. All together, the perfect agreement between the experimental
data and the theoretical calculations shows that our approach can be applied to a large
number of highly promising optically addressable spin qubits in all stable SiC polytypes,
including vacancies, divacancies, and transition-metal color centers [122,123]. It is
especially important when the spectral contribution of different defects overlaps and
cannot otherwise be separated. The interaction of local vibrational modes with point
defects allows us to understand the spin, optical, mechanical, and thermal properties of

these defects. This is crucial for designing defect spins for quantum technologies.
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Chapter 4 Microwave-assisted spectroscopy of

vacancy-related spin centers in hexagonal SiC

The results presented in this chapter were published in “Z. Shang, Y. Berencén, M.
Hollenbach, S. Zhou, H. Kraus, T. Ohshima, and G. V. Astakhov, Microwave-assisted
spectroscopy of vacancy-related spin centers in hexagonal SiC, Phy. Rev. Appl. 15,
034059 (2021)”. Zhen Shang, the thesis author, did all measurements.

In this chapter, spin resonant microwave-assisted spectroscopy is applied to investigate
the optical and vibrational properties of silicon vacancies in 6H-SiC and divacancies in
4H- and 6H-S1C. We isolate spectral contributions of each type of defects, investigate

their local vibrational modes and obtain the Debye-Waller factor.
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4.1 Introduction

Since the NV center in diamond had emerged as an outstanding platform for solid-state
quantum applications, single-point defects in wide-bandgap semiconductors have
attracted a lot of interest [11-14,124]. Usually, these artificial atom-like defects possess
a deep-energy level structure in the bandgap of the host material, which can result in a
sub-bandgap light emission. Single-photon emission from single defects has been
proved by the Hanbury Brown and Twiss experiments [22,90]. In addition, dangling
bonds have been found to form optically controllable spin qubits [45,71,73]. Due to
these properties, point defects in wide-bandgap semiconductors have been used to
engineer single-photon emitters and spin qubits, allowing a variety of quantum
applications such as quantum key distribution [125], quantum computing [107],
quantum sensing of temperature, magnetic field [43,74,81], among others. The most
studied point defects in SiC are the Vs; and VV (Fig. 4.1). According to previous reports
[23,82,85], these two defects exhibit a modest single-photon emission rate, long spin
coherence time and high spectral stability, which make them good candidates for
quantum technologies. Additionally, the host material SiC, as a wide-bandgap group-IV
semiconductor, has advantageous electrical, thermal, chemical and mechanical
properties as well as advanced growth and device engineering protocols [126,127].
These advantages make spin qubits in SiC competitive prospects with other spin qubits

in materials like diamond, for instance [124].

Figure 4.1. Schematic representation of the VV defects in 4H (a) and 6H (b) SiC. The cubic and

hexagonal sites are labelled as k and h, respectively
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Low-temperature PL has been widely used to spectrally identify point defects by
inspecting the spectral position of the ZPL as well as to investigate their local vibrational
structure [44,65,128]. The phonon energy and the DW factor can be deduced by the
investigating of the local vibrational structure. However, there are only few reports on
the local vibrational structure of point defects in SiC, and all of them are limited to the

4H-SiC polytype [129].

As spin-carrying defects, Vsi and VV have spin numbers of 3/2 and 1, respectively,
which split the ground state of Vsi and VV defects into two or three spin sublevels at
zero magnetic field (Fig. 4.2 (a) and (b)). The zero field splitting (ZFS) is a fingerprint
of each defect and can be detected by optically-detected magnetic resonance (OMDR)
[130]. This spin property provides the opportunity to spectrally isolate the contribution

of a certain defect by selecting a resonant microwave (MW) field [129].

In this chapter, we measure the Vsi and VV PL spectra in polytypes 4H- and 6H-SiC to
identify the ZPL of each defect. Three VV defects in 4H-SiC and five VV defects in 6H-
SiC corresponding to different combinations of cubic (k) and hexagonal (h) sites (Fig.
4.1) were detected [47]. Next, ODMR and MW-assisted spectroscopyare used to isolate
the ZPL and PSB contributions of each defect. From the MW-assisted APL spectra, we
can clearly determine the local vibrational energy and DW factors of all measured

defects.
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4.2 Experiment
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Figure 4.2 (a) and (b) Simplified schemes of the Vsi and VV optical pumping process,
respectively. The defects are excited by an 808 nm laser, which is represented by a black arrow.
The red dashed arrows represent the radiative recombination process. The black short dashed
arrows indicate the spin-dependent relaxation process. The green arrows show spin transitions
induced by the MW field. Because the basal and axial VV defects have different symmetry (Cay
and Cin), their zero field resonance structure is different. The left and right dashed boxes
represent the spin resonance for the axial and basal VV defects spin at the MW frequencies D

and D + E, respectively. (c) A scheme of our home-built MW-assisted spectroscopy setup.

The ODMR and MW-assisted spectroscopy measurements are performed in a home-
built setup as shown in Fig. 4.2 (c). The sample is mounted on the cold finger of a
closed-cycle cryostat. The temperature measured near the sample is 15K. An 808 nm
laser is used to excite both the silicon vacancies and divacancies. The emitted PL signal
from the sample is collected by a set of lenses and focused into a monochromator. An
InGaAs detector and a built-in transimpedance amplifier are used to convert the PL
intensity into a photovoltage, which is read out by a lock-in amplifier. For PL
measurements, a chopper at 20 Hz modulates the excitation laser. Alternatively, we use

a 940 nm laser to excite divacancies and the PL spectrum is recorded by an InGaAs
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photo-diode array. For ODMR and MW-assisted spectroscopy measurements, the
sample is placed on a coplanar waveguide in which the lock-in-modulated MW field
propagates and induces spin resonance in the sample. The 5 mm % 5 mm 4H-SiC sample
under investigation was diced from a pristine high-purity semi-insulating wafer, which
contains native Vs; and VV defects. The 6H-SiC samples were diced from a commercial
6H-SiC wafer (semi-insulating with resistivity above 10° Q-cm purchased from Sixon)
possessing a size of 5 mm x 3 mm. Electron irradiation was performed in these 6H
samples to create Vsi and VV defects with an energy of 1 MeV with fluences of 10'3,
104,10, 10'%, 10" and 10'® cm™.
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Figure 4.3 Low-temperature PL spectrum from the Vs;i and the VV centers in 6H-SiC. The blue
and red curves are measured with an 808 nm and 940 nm laser excitation, respectively. The
QLS5 and QL6 centers in 6H-SiC reveal a spectrally indistinguishable ZPL. The PL spectrum
from Vs; and VV centers in 4H-SiC is shown in Fig. 1.4.4 (a).

Fig. 1.4.4 (a) and Fig. 4.3 represent typical PL spectra of vacancy-related defects in 4H-
and 6H- SiC at 15K. In 4H-SiC, three ZPLs at 1078 nm, 1103 nm and 1130 nm
corresponding to the so-called PL2, PL3 and PL4 defects are detected. As for the Vs;
defects in 4H SiC, V1 and V2 have previously been investigated and thus they are not
discussed here. In 6H-SiC, three Vs; ZPLs at 865 nm, 887 nm and 906 nm (labeled as
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V1, V2 and V3 [130]) and four VV ZPLs at 1093 nm, 1108 nm, 1123 nm and 1135 nm
(labeled as QL6- QL2 [47]) are detected, respectively. Several phonon replicas of the

Vsi and VV defects are also obtained in this energy range.

From Fig. 1.4.4 (a) and Fig. 4.3, the overlapping contribution of ZPLs and phonon
replicas are observed. For instance, the V3 ZPL superimposes on the V2’s phonon
replicas, making the calculation of the local vibrational energy of the V2 defect difficult.
Another example is that the QL5 and QL6 centers have spectrally indistinguishable
ZPLs, and hence the spectral properties of these two defects are inseparable through
standard PL measurements. By changing the excitation wavelength from 808 nm to 940
nm, the contribution from the Vs; defects can be suppressed in conjunction with an
enhancement of the signal from the VV defects (red curves in Fig. 4.3). However, the

spectrally overlapped contributions from the different VV defects cannot be eliminated.

To separate the spectral contributions of different defect centers, MW-assisted
spectroscopy is applied [129]. The optically excited Vsi and VV defects have two
relaxation processes: the radiative recombination (red dash line in Fig. 4.2 (a), (b)) and
the spin-dependent relaxation through metastable states (black short dash line in Fig. 4.2

(a), (b)). The spin Hamiltonian in zero magnetic field can be written in the form [17,46]:

H=D (s; — (%) [S(S + 1)]) +E(S2-52) 41

Here, S is the spin number; D and E are zero field splitting parameters which are related
to the crystal field and the symmetry of defects, respectively. If a MW field with an
energy equal to the zero field splitting is applied, the spin population of the ground state
spin sublevels changes and induces a measurable APL signal which can be recovered by
lock-in amplification. The MW-assisted spectroscopy is based on the measurement of
APL as a function of detection wavelength, where the sensitivity to one particular defect
type is given by the frequency of the applied MW field. For the Vs; defects, the spin
number is 3/2. The resonance frequency (i.e., the zero-field splitting) is equal to 2D (Fig.
4.2(a)). For the VV defects, the spin number is 1. Due to the hexagonal crystal structure,
the VV defects have two kinds of symmetries, C3, and Ciy. In Fig. 4.2(b), the left dash
box represents the c-axis defects (PL2, QL1, QL2 and QLS5), which have C3, symmetry
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with the zero-field resonant MW frequency equal to D. The right dashed box represents
the basal defects (PL3, PL4, QL3, QL4, and QL6) which have lower symmetry Ci, with
the zero-field resonant MW frequency given by D + E.

4.3 Experimental results
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Figure 4.4 (a)-(c) ODMR spectra of the VV centers PL4, PL3 and PL2 in 4H-SiC. The peak
position indicates the resonance frequency of a certain divacancy at zero magnetic field. For
basal VV centers PL4 and PL3, there are two zero-field resonance frequencies corresponding
to D+E. (d) - (f) Low-temperature MW-induced DPL spectrum under the resonance frequency.
The ZPL, phonon energy (AE) and DW factor can be acquired directly from these spectra.

First, we performed ODMR measurements for each type of defect to determine the
resonant MW frequency at 15 K. The results of the ODMR frequencies for all defects
are summarized in Table 1. The ODMR contrast (APL/PL) as a function of MW
frequency is presented in Fig. 4.4 (a)-(c), Fig. 4.5 (a) and Fig. 4.6 (a)-(e) corresponding
to Vs defects in 6H-SiC and VV defects in 4H-SiC and 6H-SiC. The APL intensity is
detected at the ZPL of each defect. For the VV defects in 4H-SiC, the resonant MW
frequency is in the range of 1.0 - 1.4 GHz [40]. For QL2- QL6, the resonant MW
frequency is in the range of 1.2 - 1.5 GHz [40]. For Vs; in 6H SiC, the resonant MW
frequency associated to V2 and V3 is 128 MHz and 27 MHz, respectively [39]. All these
values are listed in Table 1. The basal VV defects PL3, PL4 and QL4 have two resonant
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MW frequencies corresponding to D = E. However, due to the low PL intensity, only

one resonant MW frequency for the basal defect QL3 is obtained.
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Figure 4.5 (a) ODMR spectrum of the V2 and V3 center in an electron irradiated 6H-SiC at a
fluence of 10'7 cm™ at 100K. The peak position indicates the resonance frequency of 129 MHz
and 27 MHz at zero magnetic field. (b), (c) Low-temperature MW-induced APL spectrum under
the resonance frequency. The ZPL, phonon energy (AE) and DW factor can be acquired directly

from this spectrum.

After determining the resonant frequencies, the MW-modulated APL is investigated for
each defect. To increase the APL intensity, the monochromator slit is opened larger
compared with the slit size used to perform the PL measurements. The somehow larger
slit size decreases the spectral resolution but does not change the ratio of the ZPL to the
PSB integral intensity. The experimental results are shown in Fig. 4.4(d)-(f) (PL2- PL4),
Fig. 4.5 (b), (¢) (V2 and V3) and Fig. 4.6 (f)-(j) (QL2- QL6). The spectral contributions
of different centers can clearly be separated. Next, we use the Gauss multiple peak fitting
to obtain the ZPL and phonon replicas. The separation between two adjacent phonon
peaks gives the local vibrational energy AE, which is shown in each figure. This implies
that local vibrational modes of the Vsi and VV centers dominate the bulk phonons and
can characterized by a single phonon frequency. The real picture is more complex, but
detailed theoretical calculations for the Vs; centers confirms that this is a good
approximation [67]. The DW factors of all defects at 15 K fall between 5% and 17%,
which are deduced by spectral integration, as shown in figures. The obtained AE and

DW factor are summarized in Table 1. We note that by determining the DW factor by
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means of the MW-assisted spectroscopy, the spin-dependent variation of DW factor is

neglected. This has been reported for the Vs; defects [67] and we assume the same for

the divacancies.
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Figure 4.6(a)-(e) The ODMR spectra of divacancies QL2-QL6 in 6H-SiC. The peak position
indicates the MW resonance frequency of a certain divacancy at zero magnetic field. For the
basal VV, QL6 and QLA4, there are two zero-field resonance frequencies D+E and D-E. (f)- (j)
Low-temperature APL spectrum corresponding to QL2-QL6 in 6H-SiC. For each defect, the
ZPL and PSBs emerge clearly. Because the zero-field splitting is individual for each divacancy,
the APL spectrum contains information about the certain divacancy, whose ground state spin
splitting is equal to the applied MW frequency. The local vibrational energy is obtained from

two adjacent phonon peaks and the DW factor can be directly acquired from the APL spectrum.
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Spin DW factor

Polytype ZPL (eV) ZFS (GHz) AE (meV)
centers (%)
Vi 1.44 0.004 ~38 8 [67]
4H
V2 1.35 0.070 37 6
Vsi
V2 1.40 0.129 38 5
6H
V3 1.37 0.027 37 7
PL2 1.10 1.305 34 9
4H PL3 1.12 1.141, 1.305 35 13
PL4 1.15 1.316, 1.353 35 10
QL2 1.09 1.334 34 9
\'AY
QL3 1.10 1.243,1.243 [47] 32 13
6H QL4 1.12 1.425,1.027 35 12
QLS5 1.13 1.340 35 17
QL6 1.13 1.347,1.325 33 11

Table 4.1 Summary of ZPL, ZFS, AE and DW factor of Vs; and VV defects in 4H- and 6H-SiC.

We compared the two normalized MW-assisted APL spectra of QL4 as shown in
Fig. 4.7(a). This figure shows that these two normalized MW-assisted APL spectra give
the same phonon energy AE and DW factor as expected. We then apply this approach
to other defects. In Fig. 4.6 (a) and (b), the ODMR spectra show three resonant MW
frequencies from the peak at 1.13 eV which are demonstrated to belong to the QLS5 and
QL6 defects [40]. It has been indicated that these two defects occupy the axis- and basal-
oriented lattice sites (Fig. 4.1). However, it was not possible to unambiguously identify
which one is basal-oriented because only one MW frequency was given for each of these
defects, namely 1.340 GHz for QLS5 and 1.347 GHz for QL6. In addition, the third
resonant frequency was measured to be 1.325 GHz. To assign this resonant MW

frequency to one of the aforementioned defects, we compared the normalized 1.325 GHz
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MW-assisted APL spectra with the other two resonant frequency-assisted spectra and

found that the 1.325 GHz and 1.347 GHz MW modulated spectra possess the same AE

and DW factor as shown in Fig. 4.7 (b). This indicates that the QL6 is a basal oriented-

defect.
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Figure 4.7 Normalized APL spectrum of basal divacancies QL4 (a) and QL 6 (b). Owing to the

lower symmetry (Cin), there are two MW resonance frequencies corresponding to the GS zero-

field spin transition energies D + E and D - E. The two different resonance frequencies give the

same phonon energy and DW factor.
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Figure 4.8 APL spectrum of V2 from the 10'7 cm™ electron irradiated sample at 30K (a), 100K
(b), 140K (c) and 180K (d). As the temperature increases, the ratio of ZPL intensity to the first

phonon replica decreases, but the DW factor does not change appreciably.

(a) (b)
1
= —10"% cm™ ZPL of V2~ .
e —— 10" cm™ ~ g @
] —— 10" cm2 S g o)
% T=15K g6l -
he) (&]
@ ;
N
T =4
£
5 o
=z 5 |
0 N B P | el el 5 evl vovnnl vl vl
1.1 1.2 1.3 14 1E13 1E14 1E15 1E16 1E17 1E18
Energy (eV) Fluence (cm)

Figure 4.9 Normalized APL spectrum of V2 from three samples with irradiation fluence of 10'°,

10'7 and 10'® cm™. (b) DW factor as a function of fluence at 15K.
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After obtaining the vibrational structure of Vs; and VV, we focus on the DW factor as a
function of temperature and irradiation fluence of the V2 Vg; defect in 6H-SiC. The
results from the APL spectra at 30 K, 100 K, 140 K and 180 K and the calculated DW
factor of each spectrum are shown in Fig. 4.8 and Fig. 4.9. With increasing temperature,
the relative amplitude of the ZPL decreases but the linewidth increases. This results in
no clear changes in the DW factor. It indicates that the energy exchange between the
lattice phonons and the local phonons does not change the ratio of the ZPL and the
phonon replicas. The results from the normalized APL intensity and the DW factor as a
function of irradiation fluence at 15 K are depicted in Fig. 4.9. It is observed that the
overall intensity of the ZPL decreases for the high-fluence irradiation sample (Fig. 4.9
(a)), whereas the DW factor decreases as the irradiation fluence increases (Fig. 4.9 (b)).
High-fluence electron irradiation leads to crystal damage around the Vs; defects

resulting in stronger interaction with local vibrations in the photon emission process.

4.4 Conclusion

In summary, we have investigated the local vibrational structure of the Vs; defects and
VV defects in 4H- and 6H-SiC. By MW-assisted spectroscopy, we successfully isolated
the optically overlapped contributions of each defect. Using this approach, we have
found the phonon energy and DW factor of all defects as summarized in Table 1. We
have also verified that the MW-assisted spectra measured by different resonant
frequencies associated with the same defect reveal the same vibrational states and DW
factor. Furthermore, we have assigned some ODMR lines to certain defects, not reported
before. From the study of the V2 Vsiin 6H-SiC, we have found that the temperature does
not have a clear influence on the DW factor, but high-fluence electron irradiation has

shown to decrease the DW factor.
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Chapter 5 Characterization of the polarization
properties of Vs; in 6H-SiC by PL. and MW-

assisted spectroscopy.

Part of the results in this chapter are under preparation for publication “I. D. Breev, Z.
Shang, A. V. Poshakinskiy, H.Singh, Y. Berencén, M. Hollenbach, S. S. Nagalyuk, E.
N. Mokhov, R. A. Babunts, P. G. Baranov, D. Suter, M. Helm, S. A. Tarasenko, G. V.
Astakhov, and A. N. Anisimov, Inverted fine structure of a 6H-SiC qubit enabling robust
spin-photon interface, arXiv:2107.06989”.

In this chapter, two approaches are used: the MW-assisted spectroscopy and low
temperature PL to measure the polarization properties of emission photons from Vs; in
6H-SiC. Both approaches give the same results. Therefore, MW-assisted spectroscopy
holds promise for investigating the polarization properties of spin defects in wide

bandgap semiconductors.
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5.1 Introduction

Spin centers in SiC are considered as appealing candidates for the realization of quantum
computing [18,19] and quantum networks [131]. Especially, the negatively charged Vs;
centers in 4H- and 6H-SiC reveal promising quantum properties [70,71]. They have
robust spin—photon interface [23], extremely long spin coherence time [65,78], high
spectral stability of their ZPLs [88,101] and the well-developed nanoscale engineering
technology [51,53]. These advantages pave the way for the on-demand generation of
indistinguishable single-photon emitters. In chapter one, it has been explained that 4H-
SiC has two non-equivalent lattice sites, resulting in two Vs; centers V1 and V2. Recent
researches indicate that the ZPL of V1 dominates at low temperature. This low-
temperature V1-ZPL is found to split into two lines V1 and V1’ [44,120], which are
orthogonally polarized. The V2-ZPL is linearly polarized along the c-axis [120],
revealing that V2 emits preferentially perpendicular to the c-axis. As the SiC epitaxial
layers are typically grown along the c-axis, the photon collection from the growth
surface is less efficient. The Vs;centers in 6H-SiC have the similar quantum properties
to those in 4H-SiC. However, the polarization properties of Vs; centers in 6H-SiC have
not been investigated in detail. In previous chapters, the MW-assisted spectroscopy has
been proved to be a powerful tool to spectrally isolate spin defects by their unique
resonant MW frequencies. It has been used to determine the relative ratio of the PL
emitted from different kind of spin defects, investigate the local vibrational structure of
a specific spin defect, as well as to identify the symmetry of some special VV defects.
This chapter deals with the use of MW-assisted spectroscopy to investigate the
polarization properties of spin defects. The polarization properties of the Vs; centers in
6H-SiC are investigated systematically from PL spectra with no overlapping spectral

contributions of other defects.
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5.2 Experiment

The sample used in this chapter is a 6H-SiC bulk of 2.3 x 2.3 x 1.15 mm?® grown by
physical vapor deposition with a concentration of dopants below 1x10'7 cm. To create
Vsidefects, electron irradiation with an energy of 2 MeV and a fluence of 10'® cm™ was
performed. All the measurements were carried out in our home-built setup, as described
in chapter 2. For angular-dependence measurements, a commercial linear polarizer
(LPNIREZ2 X 2, Thorlabs) mounted on a rotational mount was placed in front of the
monochromator. The sample face, which is perpendicular to the c-axis is named as n-
face; the other faces which are parallel to the c-axis are named as m-face. The
experiments were performed at 300 K, 100 K and 15 K controlled by the temperature

control system.

Detection sensitivity calibration

C-axis T T - :
_— . I sample (B) polarizer (o)
Vertical direction 0° .O
A —0°0°
. e J 01F : —0°,90°
P a0 19 B T R sae 90°,0° 4 0.1
2 R Y AR N\ N 90°, 90°
Direction of

sample/polarizer]

I . 00 1 1 1 L 1 1 OO

sample PREIREE 900 1000 1100 1200 1300

Wavelength

Figure 5.1 (a) Calibration of the angular-dependent detection sensitivity: a is the angle between
the polarizer direction and the vertical direction (the monochromator slit), B is the angle
between the sample direction and vertical direction. (b) PL measurements for different @ and f

at room temperature.

When the PL signal passes through optical components (such as the monochromator),
there is a polarization-dependent intensity loss. Therefore, we perform the calibration of
the angular-dependent detection sensitivity before the investigation of the polarization
of light emission from Vs;. The method and results are shown in Fig. 5.1. The PL

intensity /meas Of the unpolarized signal IpL depends on the angle a between the axis of
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the linear polarizer and the certain direction (for instance, defined by the monochromator

slit) as
Imeas = Ip, (1 + A — Acos2a), 5.1

Here, 1+A is the correction factor due to the different sensitivity for a = 0° and a = 90°.
To take into account the possible intrinsic PL polarization, we perform measurements
for two sample orientations with £ = 0° and f = 90° as presented in Fig. 5.1(b). The

correction factor for different wavelengths (A) is obtained as

Ipo 90°(A) + Igge 9o=(A)

1+ 2A =
T2 = D F g )

5.2

Where I54(A) is the PL intensity for the given orientations of the sample (f) and polarizer
(o) at a wavelength A. To obtain the angular dependences of the PL signal /p;(a), the

measured intensities Jneas(at) are corrected for each orientation using Eq. (5.1)
Two approaches to obtain polar plots at low temperature.

There are two alternative approaches to obtain the polar plots of the Vs; in 6H-SiC. Here,
we use V2 in 6H-SiC as an example to explain these two approaches. In the first
approach, we use the MW-assisted spectroscopy, which allows separating overlapping
contributions of different color centers as shown in Chapter 4. In Fig. 5.2 (a), we present
a zoom-in of APL spectrum of isolated V2 ZPL. The angular-dependence measurements
of V2 in Fig. 5.2 (b) are directly obtained from the isolated ZPL of V2 at 15 K. In the
second approach, we measure the ZPL intensity and subtract the PSB contributions from
other centers. The polar plots of V2 measured by this approach from the m-face of
sample is presented in Fig. 5.2 (d) as an example. Here, the angle ¢ is the angle between

the polarizer direction and the c-axis. Both approaches give the same results.

Further validation of the second approach is presented in Fig. 5.2 (¢c) at 7= 15 K. In case
V1, the ZPLv: angular dependence can directly be obtained from the low-temperature
PL spectra because there is no contribution from V2 and V3 (Fig. 5.2 (c)). The PL
intensity at the V2-ZPL includes two contributions, the V2-ZPL and the V1-PSB

ZPLVZ = PLat ZPLy, — PSBVI at ZPLy»-* >3
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We assume that the ratio a = ZPL/PSB is polarization independent and Eq. (5.3) can be

rewritten as

ZPLVZ = PLatZPLV2 - aZPLVl 54

The parameter a is obtained from the PL spectrum at ¢ = 90°, when the contribution
from the V2-ZPL is negligible (Fig. 5.2 (c) red curve). The V2 angular dependence
before and after the PSB subtraction is shown in Fig. 5.2 (d). Similarly, the PL intensity
from the V3-ZPL includes three contributions, the V3-ZPL, the V1-PSB and the V2-

PSB, which can be written as

ZPLv3 == PLat ZPLys - bZPLVl - CZPva. 55

The parameters b and c are obtained from the PL spectra of Fig. 5.2 (¢) at pm = 90° and

0° (red and blue curves), respectively.

(a) (b)
isolated APL of V2
s | )
= [15K =
3_ 3
s | .
= ZPL of V2 2
Z 5,
-
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1
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o) 2
= V2 ¥
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900 — 270
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Figure 5.2 (a) Isolated APL spectrum of ZPL of V2 at 15 K. (b) V2 polar plots obtained from

the MW-assisted spectroscopy. (c) PL spectra of V1, V2 and V3 ZPLs form the m-face at 15

K. (d) V2 polar plots obtained from the PL measurements. The open symbols represent the PL
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intensity at the wavelength of the corresponding ZPL. The solid symbols are the values after

the PSB subtraction. The solid lines are the fitting results.

5.3 Experimental results
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Figure 5.3 (a) and (b) Room-temperature PL. measurement from the n-face (perpendicular to
the c-axis) and m-face (parallel to the c-axis), respectively. The insets present the relation
between the signal-collected-face and polarizer orientation. (c) and (d) Room-temperature
ODMR measurement of the V1/V3 and V2 centers at two angles of the polarizer. In m-face, ¢m
is the angle between the polarizer direction and c-axis; in n-face, ¢ is the angle between the

polarizer orientation and any reference direction.

Fig. 5.3 (a) and (b) present the room-temperature PL spectra measured from n- and m-
face. The light collected from n-face is unpolarized, but the light collected from m-face
is partially polarized along the c-axis. However, due to the PL spectra including three
contributions from V1, V2 and V3, we cannot just obtain the polarization properties
from the room-temperature PL. measurements. Therefore, the ODMR and the MW-

assisted spectroscopy are used to spectrally separated V1, V2 and V3 centers as shown
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in Fig. 5.3 (c) and (d). ODMR spectra present the resonant frequencies at 27 MHz and
128 MHz corresponding to V2 and V1/V3. MW-assisted spectroscopy gives similar
results with the PL spectra for the n-face. For the m-face, MW-assisted spectroscopy
can separate V2 by its resonant frequency and thus to obtain strong E||c polarization.
However, because V1 and V3 have the same resonant frequency [47], the polarization

of the V1/V3 cannot be separated at room temperature.

Hence, the low-temperature PL and MW-assisted spectroscopy of V1, V2 and V3 on m-
face is measured at 100 K. The results of two experimental approaches are shown in Fig.

5.4. All the results are fitted by the function:
I1(@) = 1,( 1+ cos(26) cos(2¢)). 5.6

Where I(¢) is the intensity of PL or APL, ) and cos(28) are fitting parameters,  is the

angle between the c-axis and the direction of the polarizer.

By both approaches, we find that V2 ZPL has nearly 100% E||c-axis polarization. The
fit to Eq. 5.6 gives cos(26) = 0.97 (6 ~ 0°). V3-ZPL has a relatively E Lc polarization
(cos(260) = —0.89,0 = 90°). As for V1, due to the weak ODMR contrast, the PL can
only obtain the polar plot after subtracting the background. The result in Fig. 5.4 (d)
indicates the V1-ZPL is unpolarized (cos(28) = 0.01,6 =~ 90°). To verify that the
temperature and the polarization of the excitation laser have no contribution to the
polarization properties, we characterized the polarization of the excitation laser (Fig. 5.5)
and repeated the measurements at 15 K with two laser orientations (solid and open
symbols in Fig. 5.6 b-d). The observed angular dependencies are not related to the
thermal population in the excited state or the polarization of the excitation laser as

expected.
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Figure 5.4 (a) PL spectra measured from m-face at T = 100 K. (b) and (¢) polar plots of V2 and
V3 at 100 K measured by MW-assisted spectroscopy. (d), (d) and (f) Polar plots of V1, V2 and
V3 at 100 K measured by PL spectra with PSB contributions subtraction. The open symbols
represent the PL intensity at the wavelength of the corresponding ZPL. The solid symbols are

the values after the PSB subtraction. The solid lines are the fitting results.
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Figure 5.5 Polar plots of the excitation laser. 0° corresponds to the vertical direction.
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Figure 5.6 (a) PL spectra measured from m-face at 7= 15 K. (b), (c) and (d) Polar plots of V1,
V2 and V3, respectively, at 15 K. The solid symbols are measurements with the laser

polarization perpendicular to the c-axis. The open symbols are measurements with the laser

polarization parallel to the c-axis.

5.4 Conclusion

In this chapter, two approaches have been used to investigate the polarization properties
of photons emitted from Vs; in 6H-SiC. In particular, MW-assisted spectroscopy is used
for the first time to investigate the polarization on spin defects. The results show that the
V3 center in 6H-SiC emits preferentially along the c-axis, making the photon extraction

more efficient and the integration into photonic structures technologically easier.
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Chapter 6 Summary and outlook

Summary

To summarize this entire thesis, MW-assisted spectroscopy has been proposed as a
promising approach to investigate the optical properties of Vsiand VV spin defects in
4H- and 6H-SiC. The MW-assisted spectroscopy has enabled to separate the spectrally
overlapped contribution of different types of defects. From a PL spectrum containing no
overlapping spectral contributions of other defects, the local vibrational mode of all
measured Vsi and VV in 4H- and 6H-SiC has been found along with the phonon energy
and DW factor. The interaction of local vibrational modes with point defects has allowed
to understand the spin, optical, mechanical, and thermal properties of these defects. In
the investigation of V2 in 4H-SiC, a perfect agreement between the experimental data
and theoretical calculation have been obtained. The MW-assisted spectra measured at
different resonant frequencies associated with the same defect have been found to reveal
the same vibrational mode and DW factor. Furthermore, some new ODMR lines to
certain defects have been assigned, which have never been reported before. From the
investigation of the V2 Vs; in 6H-SiC, it has been found that the temperature does not
have a clear influence on the DW factor, but high-fluence electron irradiation has been
shown to decrease the DW factor. In the polarization investigation, it has been found
that in 6H-SiC, V1 possesses no polarization, V2 shows a strong E||c-axis polarization,
while V3 exhibits a strong E | c-axis polarization. It has also been demonstrated that the

temperature and the orientation of the excitation laser have no influence on the photon
polarization. In short, this thesis has demonstrated that MW-assisted spectroscopy is a
powerful technique to investigate a large number of spin defects in wide-bandgap

semiconducting materials.

Outlook

MW-assisted spectroscopy has been demonstrated to be a promising technique to
investigate the local vibrational structure and polarization properties of spin defects.
Both properties play significant roles in the characterization of spin defects for quantum

applications. Some other spin defects in wide-bandgap semiconducting materials and
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2D materials have similar spin and optical properties, which means that the approach
used in this thesis holds promise for the characterization of these defects. Hence, the
MW-assisted spectroscopy can be widely applied in the investigation of these spin
defects in the years to come. With the help of MW-assisted spectroscopy, two important
aspects in quantum technology can be addressed. First, a single-photon source with a
high DW factor can be selected from all the potential candidates. The high ZPL emission
could benefit the generation rate of spin-photon entanglement and make a great
difference in quantum repeater and long distance quantum network. The second aspect
that could be tackled is to find the optimal single-photon source with polarized
indistinguishable single photons, which could be used in quantum key distribution, for

instance.
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