Colour Centres in 3D Nanostructures
for Quantum Applications

 — TECHNISCHE
";‘D'-'E UNIVERSITAT
DRESDEN ROSSENDORF DRESDEN

Vorgelegt der Fakultat Mathematik und Naturwissenschaften
der Technischen Universitat Dresden
zur Erlangung des akademischen Grades

Doctor of Philosophy (Ph.D.)

angenommene Dissertation
Von

M.Sc. Nagesh Shamrao Jagtap

born on 4" July, 1994 in Pune, India

Tage der Einreichung:
Tage der Verteidigung:

Supervisor: Gutachter:
Prof. Dr. Artur Erbe Prof. Dr. Manfred Helm
PD. Dr. Georgy Astakhov Prof. Dr. Eva Weig






Abstract

Quantum technology and devices, from mobile phones to autonomous vehicles,
have become integral to our daily lives. Ongoing developments aim to enhance
the performance of these quantum systems through fundamental and applied
research. For example, creating a quantum photonic integrated circuit (QPIC)
in silicon will bring us closer to a practical quantum computer.

A single-photon telecom emitter in silicon was the missing link for practically
realising QPICs. To address this, we have overcome the challenge of integrating
single-photon emitters into silicon nanopillars. In this work, | present a scalable
and industry-friendly fabrication protocol using metal-assisted chemical etching,
which allows the fabrication of smooth and anisotropic nanostructures. Addi-
tionally, spectroscopic measurements confirm that the fabrication protocol does
not create any colour centres emitting in the telecommunication band.

Next, we use carbon broad-beam ion implantation to create telecom-photon
emitting G-centres in silicon nanopillars. We measure a 20% enhancement in
the photoluminescence signal from pillars compared to the bulk Si due to the
waveguiding effect and a Debye-Waller factor of 12%. In addition, we have
developed a wafer-scale broad beam ion irradiation protocol to create G-centres
and W-centres in silicon.

The second part presents the concept of a hybrid spin-mechanical system based
on silicon carbide to enhance magnetic field sensitivity. In this work, the envi-
sioned hybrid quantum system requires the spin associated with a silicon vacancy
(Vsi) to be coupled with the phononic modes of a nanomechanical resonator or
strings in 4H-SiC. For such high-optical-quality resonators, photoelectrochemical
dopant-selective etching is the only viable method and is in progress.

To contribute to the realisation of such a hybrid quantum system, we study high-
mechanical-quality (Q~10%) 3C-SiC strings. We fabricate the strings using a
standard top-down nanofabrication approach. Afterwards, we characterise strings
by employing interferometric detection to determine the resonant frequencies and
quality factors. We also determine the stress and Young's modulus using the
Euler-Bernoulli beam theory.



At last, we create silicon vacancies (Vs;) by broad beam helium implantation and
characterise the mechanical response after each implantation step. We study
the change in stress and Young's modulus with fluences of ®=1 x 102 cm~2,
1 x 108 cm™2, and 1 x 10 cm™2 at an energy E\=14keV. Young's modu-
lus remains unaltered by helium ion implantation. The tensile stress change
is negligible for the lowest ion fluence, where single or ensembles of Vs; are

created. However, stress relaxes by 30% at the highest implantation fluence
d=1 x 10* cm—2.



Zusammenfassung

Quantentechnologien und darauf basierende Gerate, von Mobiltelefonen bis
hin zu autonomen Fahrzeugen, sind aus unserem taglichen Leben nicht mehr
wegzudenken. Aktuelle Entwicklungen zielen darauf ab, die Leistungsfahigkeit
dieser Quantensysteme durch Grundlagenforschung und angewandte Forschung
zu verbessern.  Beispielsweise wird uns die Entwicklung eines integrierten
Quantenphotonik-Schaltkreises (QPIC) in Silizium-Technologie einem prakt-
ischen Quantencomputer naherbringen.

Ein Einzelphotonen-Emitter in Silizium war bisher fiir die Telekommunikation
das fehlende Glied fiir die praktische Realisierung von QPICs. Deshalb haben wir
die Herausforderung der Integration von Einzelphotonen-Emittern in Silizium-
Nanosaulen gemeistert. In dieser Arbeit wird ein skalierbares und industrietaug-
lisches Herstellungsverfahren vorgestellt, welches metallunterstiitztes chemisches
Atzen verwendet und die Herstellung glatter und anisotroper Nanostrukturen
ermoglicht. AuBerdem bestatigen spektroskopische Messungen, dass das Her-
stellungsverfahren keine Defekte als Farbzentren erzeugt, die Licht im Telekom-
munikationsband emittieren.

Als Nachstes verwenden wir die Kohlenstoff-Breitstrahl-lonenimplantation, um
Telephotonen emittierende G-Farbzentren in Silizium Nanosaulen zu erzeugen.
Wir messen eine 20%-ige Verstarkung des Photolumineszenzsignals der Saulen
im Vergleich zu Si Volumenmaterial und einen Debye-Waller-Faktor von 12%.
Darliber hinaus haben wir ein Breitstrahl-lonenbestrahlungsverfahren im Wafer-
maBstab entwickelt, um G- und W-Farbzentren in Silizium zu erzeugen.

Im zweiten Teil wird das Konzept eines hybriden spin-mechanischen Systems auf
der Grundlage von Siliziumkarbid zur Verbesserung der Magnetfeldempfindlich-
keit prasentiert. Das hier vorgestellte hybride Quantensystem setzt voraus, dass
der mit einer Siliziumleerstelle (Vs;) verbundene Elektronen-Spin mit den phon-
onischen Moden eines nanomechanischen Resonators oder einer Saite in 4H-SiC
gekoppelt wird. Fiir solche Resonatoren von hoher optischer Qualitat ist das
photoelektrochemische dotierungsselektive Atzen die einzige praktikable Meth-
ode, die noch in der Entwicklung ist.



Um die Realisierung eines solchen hybriden Quantensystems voranzubringen, un-
tersuchen wir 3C-SiC-Saiten von hoher mechanischer Qualitat (Q~10%). Wir
stellen die Saiten mit einer Standard-Top-Down-Nanofabrikationsmethode her.
AnschlieBend charakterisieren wir die Saiten interferometrisch, um die Reson-
anzfrequenzen und Giitefaktoren zu bestimmen. Mithilfe der Euler-Bernoulli-
Balken-Theorie bestimmen wir auBerdem die intrinsische Spannung und das Elas-
tizitdtsmodul.

SchlieBlich erzeugen wir Siliziumleerstelle (Vs;) durch Helium-Breitstrahl-
Implantation und charakterisieren die mechanischen Eigenschaften nach je-
dem Implantationsschritt. Wir untersuchen die Veranderung der Spannung
und des Elastizititsmoduls mit Fluenzen von ®=1 x 102cm~2, 1 x 10*cm—2
und 1 x 10 cm™2 bei einer Energie E,=14keV. Der Elastizititsmodul bleibt
durch die Helium-lonen-Implantation unverandert. Die Veranderung der Zug-
spannung ist bei der niedrigsten lonenfluenz vernachlassigbar, bei der Einzelne
oder Ensembles von Vs; erzeugt werden. Bei der hochsten Implantationsfluenz
d=1 x 10 cm~2 lasst die Spannung jedoch um 30% nach.

Vi
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Nomenclature

Abbreviations

CB Conduction band

CMOS Complementary metal-oxide semiconductor
CVvD Chemical vapour deposition
DFT Density functional theory

DW Debye-Waller factor

E Energy of (He) ions

EBL Electron beam lithography

ES Excited state

fcc Face-centred cubic

FIB Focused ion beam

FPI Fabry-Pérot interferometer

GS Ground state

He Helium

HF Hydrogen fluoride

ICP-RIE Inductively coupled plasma-reactive ion etching
IP in-plane mode

IPA Isopropy! alcohol

MACEtch Metal-assisted chemical etching
MEMS Microelectromechanical systems
MIBK Methyl isobutyl ketone

MS Metastable state

NV Nitrogen-vacancy centre

1



ODMR
OOP
PL
PSB
QPIC
RTA
SEM

Si

SiC
SiO,
SOl
SPE
SRIM
TIR
VB
ZFS
ZPL
Symbols
APL

N

Optically detected magnetic resonance
out-of-plane mode
Photoluminescence

Phonon sideband

Quantum photonic integrated circuits
Rapid thermal annealing

Scanning electron microscopy

Silicon

Silicon carbide

Silicon oxide

Silicon-on-insulator

Single-photon emitter

Stopping and range of ions in matter
Total internal reflection

Valence band

Zero field splitting

Zero-phonon line

Change in photoluminescence
Diameter

Strain

Damping rate
Bohr-magneton

Frequency of radio waves
lon fluence

Schottky barrier

Density

Magnetic field

Full width at half maximum

Compliance
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Nomenclature

Landé-factor of the electron

Stiffness

Carbon interstitial

Carbon substitutional

Bandgap energy

Spin magnetic quantum number
Projected range

Magnitude of spin angular momentum S
Silicon interstitial

Carbon vacancy

Silicon vacancy
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Chapter 1

Thesis Overview

Quantum technology can help solve real-world social and economic challenges.
For example, it can achieve higher sensitivity, lower power consumption, and
enhanced security, among other benefits ©~. As we are reaching the limits of a
few atoms for electronic and optoelectronic device applications, we can use point
defects to overcome the limitations related to miniaturisation and go beyond.
Laws of quantum mechanics govern the rules of such systems, and one can
consider point defects as the basic building blocks for quantum technologies.
This work is based on the idea of using point defects in solids to realise a system
which will pave its way towards future quantum technologies".

Chapter 2 introduces the motivation of this doctoral work related to quantum
communication and sensing. What quantum technologies are, how quantum sys-
tems appear, and their usefulness are introduced. Afterwards, the idea of two
projects—one focusing on quantum photonic integrated circuits for quantum
communication and the other—hybrid spin-mechanical systems for quantum
sensing is described.

Chapter 3 introduces different crystal defects with a focus on point defects. Next,
the telecom photon emitting G-centre in silicon (Si) as a single-photon source
is discussed. The working mechanism and ion implantation techniques to create
G-centres are explained. The subsequent section introduces the silicon vacancy
in silicon carbide (SiC) and optically detected magnetic resonance (ODMR) for
magnetic field sensing. Here, the idea is to realise hybrid spin-mechanical sys-
tems, which motivates the second project. Later, nanomechanics is introduced
as an equally contributing part of our hybrid system. Additionally, how defects
affect the mechanical properties is explained.



Experimental techniques for fabricating and characterising nanostructures are
described in Chapter 4. First, the protocol for fabricating silicon nanopillars is
described. Also, the motivation and working principle of metal-assisted chemical
etching are explained. Next, fabrication steps for creating mechanical nanor-
esonators in silicon carbide are presented. Afterwards, the mechanism and the
experimental setup of PEC etching to etch 4H-SiC dopant-selectively are de-
scribed. A Fabry-Pérot interferometer characterises nanomechanical resonators,
and the experimental technique is explained. At last, technical details of the
helium ion implanter, which is used to create Vs;, are presented.

Chapter 5 presents the key results of this doctoral research. First, the optim-
isation of EBL and MACEtch for fabricating nanopillars in silicon is explained.
Afterwards, the results of PL measurements followed by carbon implantation in
pillars are described. Improvement in spectroscopic properties due to the wave-
guiding effect is reported. Additionally, an approach to create G- and W-centres
on a wafer-scale is presented.

The second part of Chapter 5 presents the fabrication and characterisation of
nanomechanical resonators in SiC. First, the initial results from PEC etching
to fabricate 4H-SiC resonators are reported. Subsequent sections describe the
characterisation of 3C-SiC resonators and the methods to determine stress and
Young's modulus. Afterwards, | present SRIM simulation results to plan the
implantation experiments and estimate Vs; and V¢ defect density distribution
in the resonators. Finally, the effect of helium ion implantation on stress and
Young's modulus is described. In the last Chapter 6, | conclude the doctoral
research work and briefly outline the future scope.



Chapter 2

Introduction

2.1 Quantum Technology

Quantum physics pertains to the behaviour of atomic and subatomic systems,
which defies explanation by the rules of classical physics. Generally, quantum
technologies exploit aspects of quantum physics to improve classical systems in
terms of performance, processing, size, functionalities, and cost. Quantum tech-
nology can help solve real-world social and economic challenges. For example, it
can achieve higher sensitivity, lower power consumption, and enhanced security,
enabling maintenance-free operation for industrial facilities, among other bene-
fits. Computing, simulation, communication, and sensing and metrology are the
four pillars of quantum technology and this work is focuses on the last two.

First-generation quantum technologies, such as transistors and lasers, were suc-
ceeded by computers and the Internet, ushering in progressive global changes.
Efforts are underway to establish an infrastructure for a global quantum internet,
thereby fostering the growth of quantum technologies. Initiatives in quantum
technology receive substantial financial backing globally, encompassing countries
like the United States, the United Kingdom, Europe, and China, with contribu-
tions from both large multinational corporations and start-up companies "~

Current quantum technologies introduce novel capabilities and performance en-
hancements by leveraging quantum phenomena, including entanglement’, tele-
portation ™, the Heisenberg uncertainty principle, and the no-cloning theorem -,
along with many-body effects’. Practical applications can be found in areas such
as sensing ', metrology "~ ", navigation and timing ', state discrimination """,
communication ", and computation "



2.2 Quantum Communication

Quantum communication serves as a channel for transmitting information us-
ing quantum principles. It can enhance classical information transfer through
quantum channels or facilitate the transfer of quantum states for various quantum
applications. The primary applications of quantum communication include secure
communication, long-term secure storage, cloud computing, cryptography, con-
necting remote devices and systems, and establishing a secure quantum network
capable of distributing resources such as entanglement and randomness.”

The most efficient approach to scaling up and advancing real-life quantum tech-
nologies is chip-scale integration, akin to classical photonics. For instance, the
development of quantum photonic integrated circuits (QPIC) focuses on the
monolithic, hybrid, or heterogeneous integration of the available components.
Key features provided by QPICs include scalable and fast reconfigurable archi-
tecture ", on-demand enhanced light-matter interaction, stable optical ele-
ments ~, direct on-chip co-integration with efficient single-photon detectors "',
and complementary metal-oxide semiconductor (CMOS) electronic readout with
feedforward control

Photons are ideal information carriers for on-chip quantum communication tech-
nologies owing to their long coherence time, weak interaction with the environ-
ment, and high speed. Photons can work as qubits in regards to their polarisation,
path, quantity, or arrival time". Also, photons as information carriers offer key
advantages for other tasks like information processing ', computing ', and com-
munication ~. Photonic devices aim at generating, manipulating, storing, and
detecting quantum states of light. Therefore, QPICs will play a critical role in
the evolution of next-generation quantum technologies

The monolithic integration of single-photon sources and detectors, alongside re-
configurable elements, will be a step towards QPIC. The ultimate goal is to
deploy a photonic quantum processor compatible with current silicon techno-
logy, ensuring a cost-effective and technologically efficient solution in yield and
reproducibility. To that end, elements required for cryogenic QPICs, such as
superconducting single-photon detectors, delay lines, modulators, phase shifters,
and other elements, are already available . The only missing link is a
single-photon source in silicon.

Telecommunication wavelengths are suitable for efficient communication through
optical fibres where the propagation losses are minimum . Therefore, to develop
a monolithically integrated QPIC and to exploit the existing silicon CMQOS ar-
chitecture, on-demand telecom single-photon sources in silicon become essential.
Recently, a wide variety of single-photon emitting radiation damage centres have
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been demonstrated in silicon, including G-centres and W-centres =", To bring
such single-photon sources closer to their practical applications, their scalability,
brightness, and collection efficiency need to be improved.

Therefore, part of this doctoral work is dedicated to fabricating nanopillars
without introducing optically active defects emitting in the telecom O-band.
To this end, we have employed a fabrication protocol including metal-assisted
chemical etching (MACEtch). The development of MACEtch was a significant
task in this thesis. In the following step, we implant carbon in fabricated pillars
using broad-beam implantation. We confirm from spectroscopic measurements
that G-centres are integrated into pillars with improved emission due to the wave-
guiding effect. In addition, we create G-centres and W-centres by fabricating a
photoresist mask with lithographically defined arrays of nanoholes, followed by
a broad beam silicon implantation. We hope this work brings us closer to the
monolithic integration of QPICs based on silicon architecture.

2.3 Quantum Sensing

Sensors are crucial for technology as they form the basis of science, where
quantitative assessment is required, as well as commerce for exchanging goods.
Quantum sensors are single or ensembles of systems that use quantum phenom-
ena like coherence, superposition, interference, and entanglement to measure
physical quantities of interest with precision higher than achievable by classical
alternatives. Quantum sensors exploit quantum systems’ sensitivity to external
disturbances such as electric and magnetic fields, stress, and temperature. The
potential of quantum sensors for ultra-sensitive measurement devices makes them
an inherent part of future technologies '

Current advanced nanofabrication techniques allow the coupling of mechanical
resonators to electromagnetic radiation, integrating mechanical resonators in op-
tical cavities”"” or superconducting microwave circuits’~" which makes op-
tomechanical systems a potential candidate for tomorrow’s quantum technolo-
gies. Mechanical motion can be coupled to various quantum systems such as
photons and spin systems’ ™~

Similarly, electron and nuclear spin degrees of freedom can be used as qubits,
a two-level quantum system, from atomic and molecular spins in solids such as
colour centres and deep donors. They provide long coherence times as they
are well-shielded from the environment and can hold quantum properties longer.
The most promising and advanced platform so far is the nitrogen-vacancy (NV)
centres in diamonds.

Chapter 2. Introduction 9



The current quantum systems consist of elements ranging from single photons,
atoms, ions, individual electrons, or nuclear spins to mesoscopic and nanomech-
anical devices. ldentifying a system that meets all of the criteria, such as co-
herence, coupling, and processability, and is suitable for most of the current
quantum systems is demanding. Therefore, to utilise the available expertise for
developing next-generation quantum systems, one can combine the strengths
of two or more systems to make a hybrid system. Such next-generation hybrid
quantum systems should be able to simultaneously perform various tasks reliably,
like storing, processing, and transmitting information™ .

The prevailing critical benchmarks for sensors of this kind necessitate high sens-
itivity and spectral resolution, requiring long spin coherence times. NV centres in
diamond allow for millisecond coherence times under ambient conditions, making
them the optimal choice for spin-based sensing. Despite their proven potential in
biomedical applications™" ", industrial growth techniques for diamond wafers are
immature. Also, device processing remains challenging due to its large bandgap
and high electric resistance. So the big question 'What is the next suitable
material?’ hosting spin centres and wafer-scale possibilities is answered below,
inspiring our research work.

The motivation behind the second part of this doctoral work is to realise a
hybrid spin-mechanical system with SiC for detecting small magnetic fields with
higher precision’’. The mechanical system is associated with a doubly clamped
resonator or a membrane. The spin system originates from silicon vacancies,
which can be deterministically created using ion implantation techniques.

In our work, we have fabricated resonators in 3C-SiC using top-down fabrica-
tion. The unique properties of the 3C-SiC film grown on Si, which is under
tension due to differences in the lattice constants and thermal expansion coeffi-
cients of Si and SiC, lead to high mechanical quality (high-Q factor) resonators.
This high-quality system provides a promising platform to study changes in the
mechanical properties that result from defect creation or engineering, potentially
revolutionising the field of material science. On the other hand, the spin system
is attributed to the silicon vacancies (Vs;) in SiC. We use broad beam helium ion
implantation to create Vs;. As a consequence of defect creation, the material
properties can change, affecting the device performance. However, the effect
of helium ion implantation with the motivation to create silicon vacancies on
nanomechanical resonators in SiC has not been reported to date. Our work fills
this gap by investigating the accumulated effect of helium ion implantation on
the mechanical response of 3C-SiC nanoresonators. In particular, we focus on
changes in stress and Young's modulus with incremental helium ion fluence.

10 2.3. Quantum Sensing



Chapter 3

Theory Basics

3.1 Crystal Defects

Ideally, a crystalline material has a specific order of constituents in all directions.
Any deviation from such a perfect arrangement is a crystal defect. All solids have
defects and can influence the electrical, mechanical, and optical properties of the
materials. Defects are formed during the growth process or artificially created by
irradiation techniques.

Generally, defects are classified depending on their dimensionality: three-
dimensional or volume defects (pores, cracks, inclusions), two-dimensional or
plane defects (stacking faults), one-dimensional or line defects (edge and screw
dislocations), zero-dimensional or point defects (vacancies, interstitials, substi-
tutionals, antisites, Frenkel pairs). As our work focuses solely on point defects,
a brief introduction is provided below.

Figure 3.1 shows a schematic of various point defects: vacancy, interstitial, sub-
stitutional and antisite. The defect is called a vacancy if an atom is missing
from its lattice position. Vacancies can possess different charged states and
consequently have different properties. A foreign atom can occupy a vacant po-
sition, which is a substitutional defect. In compound semiconductors, if an atom
of type A replaces an atom of type B at its lattice position, then it is an antisite
A denoted by Ag. In the case of interstitials, the host atom takes a non-lattice
position. Frenkel pairs are a combination of an interstitial and a vacancy. De-
pending on whether the defect is caused by a host atom or by a foreign atom,
the defect is intrinsic or extrinsic.

11



Point defects can occur naturally or be created artificially. Radiation damage
is one of the most effective methods to artificially create point defects, as it
provides precision and control at the nanoscale. Therefore, they are also referred
to as radiation-damage centres. Another criterion for classification is related to
the position of the introduced additional energy level in the material's band gap.
Shallow levels are near the bottom of the conduction band for donors or near
the top of the valence band for acceptors, and they are suppliers of carriers.
The long-range Coulomb potential of the defect produces shallow levels. Deep
levels are near the centre of the forbidden energy gap, and they are formed by
vacancies, substitutionals, interstitials, and antisites. Deep levels are defined as
being produced by the short-range central cell potential of the defect. They act
as recombination centres and traps.

Fig. 3.1: Schematic of various point defects (2D representation). (a) A missing
atom from the host matrix is a vacancy (Va). (b) An atom can move to occupy a
non-lattice position to form an interstitial. When the host atom leaves the lattice site,
it is called self-interstitial (A;). (c) A foreign atom at a lattice site is a substitutional
imperfection (Bs). (d) In compound elements, if an atom of type A replaces an atom
of type B at its lattice position, it is an antisite Ag.

Colour centres are a particular type of point defect or point defect complex. They
introduce additional energy levels within the bandgap of the host material, which
leads to sub-bandgap absorption. Generally, they form when point defects trap
electrons with energy levels near optical frequencies. These are deep-levels, and
their theoretical analysis is complex” ~"". Next, let us discuss two defect centres:
G-centres in silicon and Vs; in silicon carbide.

3.2 G-centres in Silicon

The silicon crystal consists of only the chemical element Si with an atomic number
14 from group IV of the periodic table’". Si is the most abundant material
in the earth’s crust (~28%)"""" and holds the most significant share in the
electronics market. Czochralski and float-zone techniques are used for the growth
and manufacturing of monocrystalline growth and isotopic purification

12 3.2. G-centres in Silicon



Si crystal has a diamond structure with two atoms in a primitive cell’”. The Si
lattice consists of two penetrating face-centred cubic lattices (fcc) with lattice
constant ag;=5.43 A. Each Si atom is surrounded and covalently bonded by four
Si atoms, making sp® hybridisation according to the orbital theory.

3.2.1 Telecom Photon Emitters

The early studies of luminescent centres in silicon can be traced back to the
early 1960s, and since then, their origin, properties, and investigation methods
have been studied'". In recent years, optically active point defects have gained
attention due to their application in quantum communication and photonics.
Si does not allow efficient photoluminescence (PL) emission due to its indirect
bandgap. However, point defects allow sub-bandgap emissions.

Table 3.1 summarises known radiation damage colour centres in Si and their
properties’ . Five radiation damage centres emit in the telecom band, except
the X- and W-centres. In this work, | will focus on centres emitting in the tele-
com band, particularly G-centres, due to their excellent spectroscopic properties:
bright emission in the telecom O-band, low losses, and high oscillator strength.

Table 3.1: Summary of radiation-damage centres in silicon. The atomic config-
uration, zero phonon line (ZPL) wavelength and energy, and telecommunication sub-
band category of the colour centre are mentioned. Emissions from X- and W-centres
are not in the telecom band. The exact atomic configuration of |- and P-centres has
yet to be identified. Adapted from the Reference [75].

colour centre X W G [ T C P
Configuration 4Si; | 3Si; | 2G-S - 2C.-H; | O;-C; -
Wavelength (nm) 1192 | 1218 1278 1284 | 1326 1570 | 1616
Energy (meV) 1040 | 1018 | 970 | 966 | 935 789 | 768
Telecom sub-band - - 0] O O L L

3.2.2 Atomic Configuration and Working of G-centres

Like other radiation damage centres, G-centres are a complex of point defects or
artificial atoms that create deep-level photoactive states in the bandgap of sil-
icon. The formation of deep-level states makes sub-bandgap transitions possible.
Among several configurations of G-centres, only one is optically active.

Chapter 3. Theory Basics 13



An optically active G-centre is a tri-
atomic complex of two substitutional
carbons (C) bonded to a silicon intersti-
tial (Si;) in Si. In the 1960s, G-centres
were discovered due to radiation dam-
age caused by bombarding silicon with
electrons and ions. Then, it was known
that the 1278 nm emission is due to a
radiation-induced deep-level point defect
complex. However, the exact configura-
tion of G-centre was unclear’"="". Cur-
rently, it is accepted that the G-centre
is a C.-Si-C. complex distorted from the G-centre (2D representation).

the <111> bond axis having a neutral S.chem.atic illustration of the atomic con-
- _s» figuration of the G-centre embedded in
charge as shown in Figure 3.2

) . the silicon matrix.
and recently also confirmed by density " >
functional theory (DFT) calculations

Fig. 3.2: Atomic configuration of
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Fig. 3.3: Energy level scheme of the G-centre. The G-centre can be excited
optically using above bandgap laser illumination. The energy difference between the
ground state (GS) and excited state (ES) corresponds to a zero phonon line (ZPL)
emission of 1278 nm and energy 970 meV.

The working principle of the G-centre can be described by a three-level model™",
as shown in Figure 3.3. A laser excites an electron from the ground state (GS) of
the G-centre into the conduction band (CB). These electrons from CB can drop
to the excited state (ES) of the G-centre. A radiative recombination process from
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the ES to the GS results in a 1278 nm G-line emission, corresponding to energy
970 meV. A non-radiative relaxation possibly occurs via a metastable state (MS).
The deshelving process of the ES or MS into the CB can take place by the laser,
and it can be explained by a four-level model™""". The direct excitation from the
valence band (VB) to CB recharges the G-centre.

The optical transitions in the G-centres are accompanied by non-radiative chan-
nels, which result in the shifting of the spectrum towards longer wavelengths and
are called phonon sidebands (PSB). The zero-phonon line (ZPL) is a sharp peak
resulting from purely electronic transitions without phononic contributions. The
energy difference between the ground state (GS) and excited state (ES) is 970
meV, corresponding to 1278 nm ZPL emission in the telecom O-band.

3.2.3 Creation of G-centres

Radiation damage centres can be created by high-energy electrons, ions, pro-
tons, or gamma rays with additional annealing protocols. For creating G-centres,
a combination of electron, proton, or ion irradiation with different annealing
techniques are used. The specific steps and their sequence also depend on the
residual carbon impurities in the silicon wafer.

The formation of G-centres occurs in the following steps. High-energy irradiation
can create Sij; to kick out Cg and form C; or directly form C; by irradiated species.
Mobile C; can thus form defect complexes”". The annealing step removes the
radiation damage and brings back carbon into Cs. Pre-annealing can also be used
to reduce background noise, which can affect the spectroscopic measurements

Berhanuddin and others have employed multi-step carbon implantation, rapid
thermal annealing (RTA) and proton irradiation on n-type Si wafers with residual
carbon to create G-centres' . Also, Chartrand and colleagues have created G-
centres in isotopically purified 2C samples with low levels of carbon impurities
using electron irradiation and annealing” . Furthermore, Beaufils and others
performed carbon implantation followed by annealing and proton irradiation to
create ensembles of G-centres in a silicon-on-insulator (SOI) wafer*. Recently,
we have created ensembles of G-centres in "*'Si with only single-step carbon
implantation™”’. Also, single G-centres in SOl were created using single-step
carbon irradiation " and focused ion beam silicon implantation” in carbon-rich
silicon without annealing.

To confirm single-photon emission, photon statistics distribution can be recorded
using Hanbury, Brown and Twiss (HBT) interferometry experiments, which have
become the standard. The temporal properties of light are described in the
second-order autocorrelation g(?)(7)-function. The ¢(® also gives insights into
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the emitter's energy level scheme and purity. More importantly, ¢®(7)<0.5
unambiguously represents single-photon emission and proves the existence of
only one single-photon emitter. More details on the ¢(®(7) function are omitted
at this point and can be found elsewhere

3.3 Silicon Vacancy in Silicon Carbide
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Fig. 3.4: Silicon Carbide: Crystal Structure and Polytypism. (a) Si (orange) and
C (blue) are bonded in a tetrahedron with as;.s;=ac.c=3.08 A and as;.c=1.89 A" with
asisisi=60° and [sic.5i=109.5°. (b) A-B and (c) A-C are the two layer-stacking
possibilities. Grey and orange circles are Si atoms at the bottom and top stacking
layers. The smaller blue circles are C atoms in between the two Si layers. (d) 3C-
SiC and (e) 4H-SiC stacking sequences are shown with ABC-ABC and ABCB-ABCB
formations in the vertical direction. In the horizontal direction, all the polytypes have
an ABC-ABC formation®"~

Silicon carbide (SiC) has been a material of interest due to its unique elec-
tric, thermal, and mechanical properties. SiC is a wide bandgap semicon-
ductor (Egic.sic)=2.2 €V, Egan-sic)=3.23 eV) with high melting point (2800
°C), high thermal conductivity (3.6 Wem™!°C™1), high thermal expansion coef-
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ficient (~107°K™1), high breakdown field (~ 10° Vcm™!), low surface oxidation
at room temperature -~ and its inertness to corrosive environments . SiC is one
of the strongest materials, with a hardness 9 on the Mohs scale and a Young's
modulus of 450 GPa. SiC is used for applications in harsh environments at high
temperatures and pressures, high frequencies, strong radiation and corrosive en-
vironments, power devices, and aerospace, automotive, and petroleum industries.

SiC is a crystalline direct bandgap semiconductor of two group IV elements:
silicon (14Si) and carbon (¢C), and it is the only stable compound of Si and C
Si and C are bonded in a tetrahedron by sp* hybrid orbitals where Si atoms are at
the corners and C at the centre, or vice versa, as shown in Figure 3.4a. SiC can
exist in different crystallographic structures with the same chemical formula, and
this property is called polytypism. The polytypes are identical in two dimensions
but differ in the third. If a layer is arranged in the dents of the previous layer, two
different possibilities exist A-B or A-C, as shown and explained in Figure 3.4b
and Figure 3.4c, respectively. The stacking sequence along the symmetry axis
(c-axis) determines the properties of the material

SiC exists in about 250 polytypes, classified according to Ramsdell's notation.
Because of the ease of manufacturing processes, three polytypes are popu-
lar: 3C-SiC, 4H-SiC, and 6H-SiC°. Number and letter define the period-
icity in the stacking sequence and the crystal symmetry (C-cubic, H-hexagonal,
and R-rhombohedral), respectively. A cubic SiC was also called 5-SiC, and a
hexagonal or rhombohedral SiC was «a-SiC. For 3C-SiC stacking, the order re-
peats after every three layers (ABC). 4H-SiC and 6H-SiC have a sequence of four
(ABCB) and six (ABCACB) layers, respectively”"""“ In this thesis, the dis-
cussion is limited to only 3C-SiC and 4H-SiC. Their stacking sequence is shown
in Figures 3.4d and 3.4e.

3.3.1 Atomic Configuration and Working of Vg;

The silicon vacancy (Vs;) is a missing silicon atom from its lattice position. Point
defects like Vg; introduce discrete energy levels within the band gap of SiC and
possess a net electron spin. These properties make Vs; sensitive to optical and
spin-dependent measurements. Figure 3.5a shows Vg; in 4H-SiC at a hexagonal
position with its surroundings and energy scheme. Vg; in 4H-SiC can be in
hexagonal (h) or cubic (k) environments and are denoted by Vg;(h) or Vs;(k),
respectively. Influenced by different environments ,Vg;(h) or Vs;(k) introduce
different energy gaps: 1.352¢€V and 1.438 eV, respectively . Therefore, their
photoluminescence lies in the near-infrared band. Also, another essential property
of Vg; is its spin state, which | will elaborate on next.
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Fig. 3.5: Atomic configuration and band diagram of Vg; in 4H-SiC. (a) Schem-
atic of Vs; in a hexagonal (h) environment with the four sp3 dangling bonds at the
tetrahedral aligned carbon atoms. (b) The energy band diagram of Vs; embedded in
4H-SiC crystal shows the corresponding energy difference for h and k positions of Vg;.
Adapted from Reference [21].

The electron system of optically active silicon vacancies possesses an overall
spin of S=3/2'"". A neutral silicon vacancy is surrounded by four carbon sp®
dangling bonds. However, this configuration would lead to an S=1 system. That
means optically active Vs; must be negatively charged to have S=3/2 state. For
simplicity, negatively charged silicon vacancy is will be denoted by Vs; in the
subsequent sections. The ground state (GS) and excited state (ES) of the Vg;
are split by their magnetic quantum number into ms=+3/2 and ms=+1/2
states. This is called zero-field splitting (ZFS) and corresponding energy gap is
different for h (0.27 peV) and k site (0.17 peV) as shown in Figure 3.5b

Vs; shows a preferred population of a spin state within the GS under optical
excitation or pumping and is proven theoretically "~ and experimentally ". The
preferential population is due to the non-radiative recombination path via the
metastable state (MS) between the GS and ES. One of ms=+3/2 and ms=+1/2
is preferred depending on the polytype and the vacancy site. ms==+1/2 for
Vsi(h) is preferentially populated, and such overpopulation of one spin sublevel
compared to another is called spin alignment

When an electron is excited from one of the GS spin levels to a corresponding ES
spin level by laser light, two relaxation mechanisms can occur, and their transition
rates depend on the magnetic quantum number of the ES. It is important to note
that the excitation and radiative recombination are spin-conserving. mgs==+3/2
level favours the direct radiative or luminescent relaxation. In contrast, non-
radiative or non-luminescent relaxation is more likely from ms==+1/2 via MS.
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Transitions between states with different spin quantum numbers, also called inter-
system crossing, can take place when electrons relax from MS to GS, populating
the mg=41/2 GS'"". Figure 3.6 shows the optical cycle with continuous and
dotted lines representing radiative and non-radiative transitions, respectively. The
transition probabilities are represented by arrow thickness

Like other radiation damage centres,

3/2 = Vs; can be created by high-energy elec-
4L I . . .

I ES trons, ions, or protons with additional

/2 —= =1 annealing protocols. Widmann and

v\:'vl-; LL Nagy, with their.colleagues, hfave re-

MS ported the creation of Vs with ex-

n cellent spectroscopic properties by 2

" MeV electron irradiation """. Fur-

I thermore, mid- to high-energy neut-

+3/2 CX)—’I ron irradiation was employed to cre-

3 ‘“-, GS ate Vg; for engineering near-infrared

+1/2 —(XII)V— single-photon emitters''.  However,

the distribution of the defects cannot
be controlled by such broad beam im-
plantation techniques where a com-

Fig. 3.6: Energy diagram showing al-
lowed transitions of Vs; under optical

excitation. The upward green and down- | | : ) d h
ward red arrows represent excitation and plete sample surface Is exposed to the

luminescent (non-luminescent with black defect-creating species. This makes in-
dashed arrows) transitions, respectively. tegration of Vs; in devices difficult.
The thickness of the arrows represents Position control of defect centres can
transition probabilities. Abbreviations used pe achieved by lithographically pat-
are GS for ground state, MS for metastable terning a mask followed by broad-beam
state and ES for excited state of the Vg;. implantation'“~'%°. However, they
Adapted from Reference [71]. are associated with limitations on im-

plantation depth and lithographic pro-
cessing intricacies. In addition, techniques have been developed to create colour
centres by maskless laser writing'”" and focused ion beam (FIB) "~

3.3.2 Optically Detected Magnetic Resonance

Optically detected magnetic resonance (ODMR) is an indirect detection method
where the spin-sensitive photoluminescence (PL) measures the spin state of an
electron. The basis of ODMR lies in detecting changes in PL from the lumin-
escent relaxation of the electrons, which are excited from ground state (GS) to
excited state (ES) with RF waves. The details of the process are as follows.
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In the case of Vg; in 4H-SiC, the spin aligns in the ms==+1/2 GS under con-
tinuous optical pumping, as shown in Figure 3.6. The luminescent relaxation
from ES into ms=43/2 GS is more likely than into ms==41/2 GS. Therefore, if
electrons are being transferred from the preferably populated ms=+1/2 GS into
the ms=+3/2 GS, there must be more electrons relaxing via the luminescent
path in the next pumping cycle. A change in PL (APL) can then be mon-
itored with respect to the previous optical cycle. The electronic transitions from
ms==+1/2 GS to ms=+£3/2 GS can be activated by applying radio waves (RF)
to the sample having energy equal to ZFS. For Vg;(h), ZFS=0.27 peV=70 MHz.
Figure 3.7a shows an example of excitation using the RF waves to explain the
working principle and is explained in the following

0.20F 200 w52
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I 100
012F

50 +1/2
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APL/PL [%d]
Energy, £ (MHz)
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Fig. 3.7: PL measurement and Zeeman splitting of Vs;(h) in 4H-SiC.

(a) Electrons from optically pumped mg=+1/2 GS are excited to mg=+3/2 GS using
resonant radio waves. APL/PL is plotted against the radio frequency, showing a peak
at RF=ZFS. (b) Primary degenerate mg==+1/2 and ms==3/2 grounds states (GS)
are split under the influence of an external magnetic field B along the c-axis. Under
the application of RF waves two possible transitions with Amg==1 can be induced
for all B. Adapted from Reference [91].

In ODMR, the relative change in PL (APL/PL) is measured versus the energy
of the applied radio frequency. The radio frequency is swept iteratively under
continuous optical pumping. At resonance (frg=ZFS), a change in the PL
intensity is detected. Figure 3.7a shows an example of such a PL measurement,
where APL/PL versus applied radio frequency is plotted.

The final goal is to increase the magnetic field sensitivity of ODMR using spin-
phonon coupling. Therefore, let us first briefly discuss the workings of the stand-
ard ODMR technique. Experimentally measured ODMR spectra in response to
the external magnetic field B along the c-axis or symmetry axis of the crystal
are described as follows.
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When the Vg; is influenced by the external magnetic field B, the states ms==+1/2
and ms==43/2 become non-degenerate as per the Zeeman effect. If B aligns
with the c-axis, also the symmetry axis for Vs;, the energy levels split linearly
with the magnetic field strength. The additional energy Ezceman Can be given by,

ES = gepig B - ms, (3.1)

Zeeman

where g.=2 is the Landé-factor of the electrons and ug the Bohr-magneton.
Thus, the splitting for ms==43/2 is three times the splitting for mg==+1/2, as
shown in Figure 3.7b. Although all four spin states have different energies, the
spins are still grouped into non-degenerate ms=+1/2 states.

A change in PL is detected when the excitation radio frequency is resonant with
a spin flip Amgs==1. The corresponding energy AFE for ms; — mgs, can be
given by,

AE =ZFS+ (msy —ms1) - getigB = ZFS £ 1 gepgB. (3.2)

Therefore, at resonance:
!
hI/RF = |AE2'1‘, (33)

where vgr is the radio frequency and h the Planck constant. By inserting Equa-
tion 3.2 into 3.3, an ODMR signal at two distinct frequencies can be detected.

ZFS + gepsB
oy = |5 geteE | (34)
for the +1/2 — 43/2 transition and
ZFS — geugB
Vel = ’ Jell® ‘ (3.5)

h

for the -1/2 — -3/2 transition. Even if the -1/2 <+ +1/2 is theoretically possible
following Ams=1, it cannot be detected because both the states are almost
equally populated under optical pumping and the luminescent relaxation rates to
the ms==+1/2 GS states are the equal. Therefore, no change in PL is expected
for these transitions. Figure 3.7b presents two experimental measurements, one
for geptg B < ZFS and one for g.uug B > ZFS. The distinct spectral positions of
the transitions in ODMR give the magnetic field strength B
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3.3.3 Hybrid Spin-Mechanical Systems

Let us understand how a spin sys-

tem can be coupled to a mech- A
anical system to improve magnetic 200 00+3/2
field sensing.  Poshakinskiy and 150 o°°
Astakhov have theoretically mod- o°)
lled ibility t | . ’:E" 100 ooo AE:(.UJ.
elled a possibility to couple a spin 2 o°
system associated with the Vs; in w 50 0@

. . . = I,o ...+1/2
4H-SiC with mechanical modes of 5, o%....P
an unstressed SiC membrane of di- S ..g.o
mensions 10 pym x 15 pm and -50 .99%
thickness 1 pm having a mechanical 100 O%;.'l/z
quality factor Q=10%. Vs; are cre- 032 o
ated at the centre of the membrane, o 1 2 3 4 5

close to the surface. Only the in- Magnetic field, B (mT)

plane component of the wave vector i 3.8: Spin-mechanical Magnetometry.
is considered for out-of-plane and The fine structure of Vg in external magnetic
in-plane modes of the membrane™".  field B. The solid (open) circles represent the
When the energy difference Preferentially populated (depleted) states un-
der optical pumping. The vertical arrow shows
the available spin transition frequency w; due
to interaction with a membrane mode. Adap-
ted from Reference [57].

between two spin sublevels matches
a mechanical mode’s frequency,
the spin transition rate is enhanced.
It leads to a faster spin-relaxation
transition and a change in the
steady-state number of vibrational quanta due to phonon absorption or emission.
Next, an all-optical protocol to enhance the magnetic field sensitivity of such
optically detected spin-mechanical resonance (ODSMR) is briefly discussed.

The optical cycle for realising ODSMR is shown in Figure 3.8. The spin states
of Vs; split and shift linearly when the external magnetic field Bis applied along
the c-axis. Under optical pumping, ms==+1/2 states are preferentially popu-
lated . If the excitation is switched off, the spin relaxation £1/2 — +3/2
takes place. This relaxation can involve the absorption or emission of single
phonons at low temperatures, with a typical relaxation time of ~10s . The
spin relaxation process is accelerated by two orders of magnitude in certain mag-
netic fields when energy sublevel splitting equals the membrane eigenfrequency.
This accelerated spin relaxation is attributed to the resonantly enhanced phonon
emission or absorption probability. It is noteworthy that membrane vibrations
can induce Ams==1 spin transitions, but with lower intensity as compared to
Ams due to the trigonal pyramidal asymmetry of Vs;.
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The ODSMR detection scheme is similar to the standard ODMR mentioned in
the previous sections, where APL/PL is measured and therefore not discussed
here. Such an ODSMR scheme would lead to a sharp dip in the PL with full
width at half maximum (FWHM) of 0.3 pT at 70 pT for time delay 7=1 ms. For
a typical ODMR with Vs; in SiC, FWHM is around 100 pT . For ODSMR, the
magnetic field sensitivity depends on the mechanical quality factor ) and spin
relaxation time Ty, while in the case of ODMR, it depends on the spin coherence
time T, of the Vg;. In short, for T; >> T, and high ) > w;T,, ODSMR gives
higher sensitivity, where wj is the frequency of the j*" mode. For details about the
theoretical background, mathematical formulation, and experimental protocol to
realise ODSMR, interested readers can refer to the article - Optically detected
spin-mechanical resonance in silicon carbide membranes

3.4 Nanomechanics

In our hybrid spin-mechanical systems, the spin system in 4H-SiC is associated
with the silicon vacancies (Vs;), which are created by helium ion implantation.
The phononic system originates from nanomechanical doubly clamped resonators
or strings. Therefore, the theory of nanomechanics is presented below.

The nanomechanical resonators fabricated in this work are freely suspended
strings supported at both ends by clamping pads. They have two vibrating
directions or flexural modes: out-of-plane (OOP) and in-plane (IP) directions,
also called modes, and are shown in Figure 3.9. The Euler-Bernoulli beam theory
developed in the 18" century mathematically describes OOP and IP modes. The
mathematical derivation and surrounding information can be found elsewhere

a Out-of-Plane Mode b In-Plane Mode

Fig. 3.9: Out-of-plane and in-plane modes of a doubly clamped resonator.
(a) The resonator vibrates in a direction perpendicular to the sample. (b) In the IP
mode, the resonator vibrates in a direction parallel to the sample.

The Euler-Bernoulli beam theory works best for prismatic beams ({/h > 10,

where [ is the length and h is the thickness of the resonator in the direction
of vibration) with negligible rotational inertia and shear deformation. For our
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doubly clamped beams with tensile stress in an elastic material (obeying Hooke's
law), the equation of motion is given by,
O*u(z,t) 0u(z,t) 0?u(x,t)
El——~* —cA———— + pA————= =0, 3.6
ort 77 o2 TP o (3.6)
where u(x,t) is the displacement, x is the position along the beam, ¢ is the time,
E is Young's modulus, [ is the area moment of inertia, A is the beams cross-
sectional area and p is the density of the material. By analytically solving the
above equation, one can theoretically find the eigenfrequency of the out-of-plane
modes (or IP modes by replacing thickness h by width w of the resonator)

n’r | Eh2 120 L2
S iy i 7
f(n) 202\ 12p + n2m2Eh?’ (37)

where n is the mode number, [ is the length, h is the thickness, p is the density,
o is the tensile stress, and F is the Young's modulus.

120 L2
If S 1 )
Ry < 1, (3.8)

which holds true for high tensile stress and low mode numbers, Equation 3.7

simplifies to the string model.
n [o
)~ 5[ (39)

Therefore, frequency scales linearly with mode numbers ° and inversely with
length, also verified by our experimental results.

3.4.1 Driven Harmonic Oscillator

A driven and damped string resonator can be described as a harmonic oscillator.
To that end, the resonator is reduced to a point mass having effective mass
Mess (xm), resonator geometry, and the mode. The equation of motion for a
driven and damped resonator in a linear regime can be given by:
54+ T3 4w’z = E, (3.10)
m
where z is the displacement, I" the damping rate, wo=27f the eigenfrequency

(without damping), and F=F4- cos(wgqt) the drive at the frequency wq. The
complex form of the formula can be written as:

F
54 T2 4w’z = —exp(iwat) (3.11)
m
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Solving the equation with Ansatz z(t)=zqe“¢ gives the amplitude response A",
Fyq

ma/(wo? — wg?)? + I2wg?

A(wq) = |20| = (3.12)
of the driven resonator. The amplitude response corresponds to the square root
of the Lorentzian function. The sharper the resonance curve, the smaller the
damping I" and, hence, the higher the quality factor. We will use this figure of
merit to compare the quality of our resonators in later discussions. The quality
factor is defined as the ratio of stored energy W to the dissipated energy AW
during one oscillation cycle

w ﬂl 2

= = — . 3.13
@=2r = T 22 (3.13)
For high-Q resonators 2F—22 << 1 and then equation 3.13 reduces to,
wo
Wo Wo
where Aw is the full width at half maximum of the Lorentzian fit. The deriva-
tion is omitted at this point and can be found in References [115, 117] or any

mechanics book.

3.4.2 Dissipation Dilution

Nanomechanical systems under stress result in higher quality factors (Q)) than
equivalent unstressed systems. Such an enhancement in () or reduction in dis-
sipation originates from a stress-induced damping dilution and is explained as
follows

@ is the ratio of stored energy to the energy lost over one oscillation cycle. In
the case of a cantilever, the energy is stored and lost by its bending. However,
strings can additionally store and dissipate energy during lateral elongation. Also,
as the vibrational deflection has to work against the high lateral tensile stress,
more potential energy is built up in stressed strings and membranes. Therefore,
the quality factor can be calculated by:

Wtension + Welongation + Wbending
Y
AI/Velongation + AI/Vbending

Q =2rm (3.15)

where Wiension is the stored elastic energy required to deflect the string against
the tensile force. AW giongation and AW pending: and Weiongation and Wending are

the lost and stored energy due to elongation and bending, respectively.
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If the tensile pre-stress in the string is dominating and assuming intrinsic damping
due to elongation and bending to be equal, equation 3.15 becomes

Q N Qqqd Qintrinsic (316)

with the damping dilution factor

-1

Wbending + Welongation

Wtension Wtension

(3.17)

Qdd =

As Wiensie is larger than the energies stored in elongation and bending, agyq
becomes larger than unity. That means the potential energy from the tensile
stress dilutes the intrinsic losses and enhances ()

The intrinsic quality factor of a stressed string resonator from the dissipation
dilution model given by Yu and coauthors as

-1

. h | E
Qintrinsic, c = Qintrinsic \ 2\ , —|—\TL27T2)\2' with A = Z Ea (318)

clamping antinode

where n is the mode number, h is the thickness, [ is the length, and o is the tensile
stress. The higher the stress, the lower the A and the higher the multiplying
factor to the Qinwinsic, Which enhances the quality factor. The clamping term
comes from the curvature of the string close to the clamping points or pads,
and the antinode term originates from the bending at the antinodes . For a
detailed discussion, readers can refer to the 'Fundamentals of Nanomechanical
Resonators’ by Silvan Schmid

3.4.3 Young’s Modulus

Young's modulus of a material is the ratio of tensile stress to tensile strain, de-
noted by E. Young's modulus determines the stiffness under uniaxial loading,
often called elastic modulus. It is an important material parameter where the
mechanical properties are of interest, such as in the fields of nano- and mi-
croelectromechanical systems ~, cavity optomechanics’, nanophononics =~ and
solid-state-based spin mechanics’'. The performance of such systems and devices
directly or indirectly depends on Young's modulus. Young's modulus affects the
resonator’s response regarding resonant frequencies and quality factors. At the
nanoscale, types of bonds between the atoms, crystallographic orientation, types
of defects and their distribution, and the material’s stress impact the Young's
modulus. Therefore, it is vital to understand how it is measured reliably.
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In the linear regime following Hooke's law, stress is proportional to strain ',

o=C"¢ (3.19)

ce=S" o, '
where C' and S are compliance and stiffness tensors, respectively. For anisotropic
materials like silicon carbide, C' and S are fourth-order tensors (3*=81 entries
per tensor). Fortunately, with the cubic symmetry of 3C-SiC, the tensor reduces
to a 6x6 matrix with 3 independent variables, yielding ',

o1 ci1 c2 c2 0 0 0 €1
g ci2 11 c2 0 0 0 €2
o3| |cua c2 cu O 0 O €3
04 N 0 0 0 Cqq 0 0 €4 (320)
05 0 0 0 0 Cas 0 €5
O¢ 0 0 0 0 0 Caq €

for Equation 3.19, where c;; are the elastic stiffness coefficients. Following the
Voigt notation, o1, 05, and o3 correspond to the normal stress in the crystal dir-
ection [100] (x-axis), [010] (y-axis), and [001] (z-axis), respectively. Moreover,
04, 05, and og represent shear stress components along y-z, x-z, and x-y direc-
tions, respectively. Young's modulus along the [110] (x-axis) can be calculated
by inverting the stiffness matrix component s,

Elioo) = (s11) 7 (3.21)

As our SiC device layer has crystallographic orientation [111], the compliance
matrix must be rotated to align the x-axis with the desired direction. The detailed
discussion about the compliance matrix transformation can be found elsewhere
and omitted from this discussion. The elastic constants

Ci11 = 352 GPa, Cip = 140 GPa, Cqq = 233 GPa, (322)

from a reference ~~ fit previously calculated Young's modulus ~ of 400 GPa for
samples used in this work.

The nanoindentation technique can estimate Young's modulus of a material.
Literature also provides data about Young's modulus and other material proper-
ties "~ °". However, Young's modulus of materials is known to vary from bulk
depending on the wafer growth parameters and nanofabrication steps. Therefore,
relying on the literature data or specifications from the manufacturer can lead to
deviations. In this work, we use Euler-Bernoulli fitting to the measured data to
deduce stress and Young's modulus.
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3.4.4 Effect of Point Defects

Silicon carbide is one of the best candidates as a structural material for nuclear
reactors owing to its high mechanical strength and rigidity, high thermal con-
ductivity and thermal shock resistance, very low neutron-induced radioactivity,
small neutron capture cross-section, and dimensional stability under neutron ir-
radiation. Experiments have been performed by helium implantation to study
ion-induced microstructural and compositional changes, the accumulation and
recovery of irradiation damage, vacancy formation, and their effect on the evolu-
tion of defects =~ . However, most of the work has been done in high-damage
regimes, where the interest of the nuclear research community lies.

In this work, our goal is to create ensembles of Vs; in SiC nanoresonators using He
implantation, where other types of point defects are also created, such as antisites
and interstitials. Therefore, we will first understand the change in mechanical
properties arising from various point defects, which are discussed below.

Research has been done to study the effect of ion implantation in the lower-energy
and low-fluence, i.e., low-damage regime. Oliviero and coauthors characterised
helium implantation-induced defects in 4H-SiC and 6H-SiC by thermal helium
desorption spectrometry. Samples were implanted with helium at energies ranging
from 100 eV to 3 keV with fluence ranging from 103 cm~2 to 10> cm~2 followed
by annealing at 1800 K. Their work mainly focused on helium trapping and
the effect of annealing. They have concluded that most of the helium remains
trapped at room temperature

Nogami and Hasegawa performed neutron irradiation and helium implantation
experiments on CVD-grown SiC to study changes in hardness, elastic modulus,
and fracture toughness at moderate damage (0.5 dpa) and high temperatures
(800°C) using indentation techniques. Helium implantation does not change
the hardness drastically but reduces elastic modulus and fracture toughness
Barbot and coauthors have investigated the evolution of hardness and elastic
modulus after low-damage helium implantation on 4H-SiC using nanoindentation
tests. They have found that both hardness and elastic modulus increase for low
levels of damage (0.01-0.02 dpa) *. The studies mentioned above are presented
on bulk samples and do not clearly state the effect of different types of point
defects.

Xi and colleagues have investigated the effect of different point defects, includ-
ing vacancies, antisites, and interstitials, on volumetric swelling and the elastic
modulus of SiC using molecular dynamics simulations with Tersoff potential. To
quantify the number of defects, defect concentration along with their upper and
lower bounds are considered, which is the ratio of the number of defects to the
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total number of atoms in the simulation box.

Xi and coauthors found that point defects do not create volumetric swelling but
significantly impact Young's modulus. The influence of point defects on the
change in Young's modulus is fitted by an exponential function given by:

AE = —656.582Cy (V)% — 2102.507Cy(Vs;)%9%

3.23
—667.508C (Sic)*** + 2327.996Cy (C's;) % (3.23)

where Cy(V¢), Cy(Vsi), Cy(Sic) and Cy(C's;) are the concentrations of Vc,
Vsi, Sic and Cg;, respectively. The authors concluded that change in F is a
combination of effects from volumetric swelling, types and distribution of point
defects, and vacancy clusters

From the stopping and range of ions in matter (SRIM), it is possible to estimate
the numbers Vs; and V. However, it is difficult to argue about the antisites
due to the possible creation of interstitials. Nevertheless, Xi's work helps us un-
derstand the effect of different point defects on volumetric swelling and Young's
modulus . Their results are used qualitatively to set the basis for interpreting
our results after helium ion implantation on 3C-SiC nanomechanical resonators.

In conclusion, | have briefly introduced quantum technologies, focusing on com-
munication and sensing. Then, | introduced different types of point defects,
with a special focus on point defects and their properties. Afterwards, | set up
the theoretical foundation required for the two projects discussed in this thesis,
which is divided into three parts: G-centres in silicon, silicon vacancies in silicon
carbide, and nanomechanics. Now, | shall move to one of the crucial parts of
this work where | contributed the most: the fabrication of nanostructures.
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Chapter 4
Experimental Techniques

This Chapter describes experimental techniques used for the fabrication and char-
acterisation of nanostructures. The major part of my doctoral research is invested
in developing etching techniques for silicon and silicon carbide.

The top-down fabrication steps of pillars in silicon are reported. Afterwards,
metal-assisted chemical etching (MACEtch) to etch silicon anisotropically is
presented in detail. Applications of MACEtch, its working mechanism, and a
brief comparison with other etching techniques are presented. Finally, experi-
mental proof of RIE-induced damage, which sets up the motivation of MACEtch,
is demonstrated.

Next, protocols to fabricate doubly clamped resonators in 3C-SiC and 4H-SiC
are described. In addition, photoelectrochemical etching (PEC) for fabricating
free-standing resonators in 4H-SiC is discussed. The need to develop and use
PEC etching with the experimental setup is stated. Lastly, We will discuss the
Fabry-Pérot interferometry for characterising strings and helium ion implantation
to create Vg; in SiC.

4.1 Nanopillars in Silicon

4.1.1 Fabrication Protocol

Silicon nanopillars are fabricated via a top-down approach using electron beam
lithography (EBL) and metal-assisted chemical etching (MACEtch). In order
to investigate the influence of nanopillar size, arrays of nanopillars with varying
diameters are fabricated. The height of the pillars is controlled by the etch
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time during MACEtch. Fabrication steps are performed in the nanofabrication
facilities and cleanroom of the lon Beam Center of Helmholtz-Zentrum Dresden
- Rossendorf (HZDR).

We use <100> oriented silicon wafer with 525 pm nominal thickness grown by
a float zone technique with carbon and oxygen impurities about 5 x 10* cm—3
and 1 x 10 cm~3, respectively. The wafer is cleaved into 5 mm x 5 mm pieces
due to the technical requirements of the measurement setup.

Figure 4.1 illustrates steps to fabricate silicon nanopillars. To remove the organic
and carbon residues, the samples are cleaned with the piranha solution (3 parts
sulphuric acid and 1 part hydrogen peroxide) for 15 min. Without piranha clean-
ing, the metal film lifts off during MACEtch due to poor adhesion. The native
silicon oxide is removed by dipping the samples in a 0.5 % hydrogen fluoride (HF)
solution for 2 min. Next, a negative-tone electron-beam resist (ma-N 2410, 3500
rpm, 45 s) is spin-coated, followed by a hot plate bake at 90 °C for 150 s.

Ziljfjl

a b

W ma-N 2410 m gold B silicon

Fig. 4.1: Schematic of fabrication steps for silicon nanopillars. (a) Patterns
with arrays of pillars of varying diameters are defined by EBL and arrays of photoresist
nanopillars are created after development. (b) 10 nm Au is evaporated, which will
serve as a catalyst during MACEtch. (c) MACEtch etches silicon anisotropically, and
nanopillars are fabricated. (d) The resist and Au film on top are lifted off. However,
the Au film in contact with the silicon remains intact.

The EBL pattern consists of 2D nanopillar arrays of @300 nm to 1100 nm. The
EBL design will be discussed in more detail later (Section 5.1). For pattern trans-
fer, we use the Raith 150TWO tool with 20 kV acceleration voltage and 20 ym
aperture. The samples are developed in ma-D 525 developer for 210 s followed
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by isopropyl alcohol (IPA) dip to stop the development process and nitrogen blow
dry. Gold (Au) is used as a catalyst for all the MACEtch experiments. After
the native oxide removal step with a 0.5 % HF solution, 10 nm Au is evaporated
at a rate of 3 As1. Removing native oxide is necessary; otherwise, HF in the
MACEtch solution etches the silicon oxide, and MACEtch stops due to metal
film peel-off.

All MACEtch experiments were performed in the cleanroom at room temper-
ature without stirring. The MACEtch solution is prepared by adding 4.5 mL
31% hydrogen peroxide (H,0,) in 100 mL de-ionised (DI) water and then adding
25 mL 40% hydrogen fluoride (HF). 5 min waiting is kept in between both steps.
The samples are dipped in the solution for 5 min to achieve an etch depth of
1200 nm. The etch rate is determined by previously performed calibration ex-
periments (Section 5.1.2). To remove the solution from the sample surface and
stop etching, samples are dipped in two consecutive DI water baths and dried
using a nitrogen blow. The photoresist is removed by ultrasonication in acetone
for 30 s. The sample is cleaned with an IPA dip and dried with a nitrogen blow.
As HF etches silicon slowly and can deteriorate the surface finish, MACEtch is
performed without removing the photoresist from the pillar top. The details of
the fabrication protocols in a table form can also be found in Appendix A.

4.1.2 Metal-Assisted Chemical Etching

The preliminary work similar to MACEtch is attributed to Dimova-Malinovska's
work to prepare thin porous silicon layers . Li and Bohn put forth the first
demonstration of MACEtch in 2000 " . They fabricated light-emitting porous sil-
icon by depositing thin metal layers and immersing it in the solution of hydrogen
fluoride (HF) and hydrogen peroxide (H,O,). Since then, MACEtch has been
used to fabricate nanostructures in silicon (also germanium, gallium arsenide,
and silicon carbide) due to several advantages over standard wet and dry etch-
ing techniques: the possibility of fabricating high aspect ratio structures =",

its versatility """ and high precision ", possibility of etching along specific
directions "+, ability to create lattice-damage free structures™ """, low-
cost. MACEtch has applications for optoelectronics """ and MEMS devices ",
photovoltaics * 7, X-ray optics """~ °, fabrication of nanowires *'= "', 3D
nanostructures ” ~ " and photonic nanostructures

4.1.2.1 Mechanism

MACEtch is a fabrication technique where silicon with metal (acts as a catalyst)
deposited on it when immersed in a solution containing an etchant (HF), and
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an oxidiser (H,0;) etches preferentially at the metal/Si interface. The solution
with silicon can be treated as an electrochemical cell. H,O, is reduced at the
metal surface due to its catalytic activity and gives holes. The holes diffuse
through the metal and are injected into the valence band of silicon. The holes
oxidise the silicon to silicon oxide, and HF dissolves the formed silicon oxide.
The concentration of holes is highest at the metal/Si interface. Hence, silicon
beneath the metal is etched much faster than silicon without metal coverage.
The well-accepted essential chemical reactions are as follows

H202—|—2H+ — 2H20+2h+,

4.1
Si+4ht + 6HF — SiF¢> + 6H* (4.1)

The complex dynamic technique combines multiple processes and depends on
various experimental parameters discussed below. The etch quality, etch rate,
uniformity, and porosity of the structures depend on various factors: pathways
available for the transfer of reactants and byproducts, thickness and morphology
of the metal film, crystal orientation and resistivity of the substrate, concentra-
tion ratio of etchants, temperature, dimensions, and lateral spacing between the
structures. The following section will discuss some of the most critical parameters
relevant to our experiments. More details can be found elsewhere

a
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Fig. 4.2: A scheme of two mass transfer pathways during MACEtch.

(a) Model I: The reactants and reaction byproducts flow around the periphery of the
structure. Model | dominates in the case of densely packed nanostructures or sparse
microstructures. (b) Model Il: The reactants and reaction byproducts diffuse through
the thin metal film. Model Il dominates in the case of sparse nanostructures and thin
metal film.
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The mass transfer of the reactants and reaction by-products has two pathways.
It can be understood by the models shown in Figure 4.2: either around the metal
(Figure 4.2a) or through thin metal film by diffusion (Figure 4.2b). Which of
the two dominates depends on the thickness and morphology of the metal film,
the lateral size and spacing between the structures, and the balance between the
formation and removal rate of reaction by-products. In reality, the mass transfer
combines both models and will be explained in Chapter 5.

Generally, the concentration ratio of the etchants and the substrate orientation
determine the anisotropic nature of the etching. How easily oxidised silicon atoms
are removed depends on the strength of their back bonds, and it is in the order
(100)<(110)<(111). Therefore, the atoms on the 100 plane are readily etched,
and the etching preferentially proceeds along <100> directions. The oxidation
of silicon is kinetically favoured along non-<100> directions where the density
of back bonds is higher " ". Similarly, with a high HF concentration, the
oxidised silicon is readily removed from non-<100> directions with more back
bonds. Notably, the MACEtch mechanism is very complex, and etching depends
on the concentration of etchants and the metal catalyst. More details about the
mechanism of MACEtch can be found elsewhere

4.1.2.2 Dry Etch, Wet Etch and MACEtch

In semiconductor fabrication, etching is an essential step in creating 3D struc-
tures. Dry etching techniques such as reactive ion etching (RIE) are commonly
used where reactive ions remove the material isotropically or anisotropically, de-
pending on the combination of gases and experimental conditions. Direct write
methods such as focused ion beam-induced deposition (FIBID) and electron
beam-induced deposition (EBID) can make 3D nanostructures with low through-
put. Both methods have one common disadvantage: lattice damage due to ions.
Lattice damage can create unwanted optically active defects and is undesirable
for photonics.

Wet etching techniques remove material layer by layer and solve the problem of
unwanted crystal damage. However, etching proceeds preferentially along specific
crystal directions. MACEtch, on the other hand, provides control over etching

directions. Table 4.1 presents the comparison between standard dry etching, wet
etching, and MACEtch.

RIE is the industry standard and is extensively used for high-volume production
compared to MACEtch. However, it has been investigated and further researched,
as well as for other materials. MACEtch has the potential to be considered a
standard wafer-scale fabrication technique both in research and in industries due
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to its ability to fabricate lattice damage-free high aspect-ratio structures at low
cost, especially in fields such as photonics, photovoltaics, and MEMS sensors.

Table 4.1: Characteristics of wet etch, dry etch and MACEtch

Dry Etch Wet Etch | MACEtch
Directionality Anisotropic Isotropic | Anisotropic
Aspect ratio Medium Low High
lon induced damage Mild to severe | None None
Orientation dependence | Weak Strong Controllable
Etch rate Slow/medium | Fast Fast
Sidewall smoothness Smooth/rough | Smooth | Smooth/rough
Cost High Low Low

4.1.2.3 RIE-Induced Lattice Damage

Reactive ion etching (RIE) is the standard technique in the industry and research
to fabricate high-aspect ratio structures with high fidelity and throughput. RIE
uses high-energy ions and radicals that remove materials by physical sputter-
ing and chemical reactions. However, the ion bombardment during the process
causes lattice damage and can lead to radiation-induced luminescence centres,
which are well-studied from the late 80'"". The type of defects formed depends
on the conditions of plasma, RIE gases, and residual impurities in the sample.

The typical gases used in RIE are carbon tetrafluoride (CF,), octafluorocyclobu-
tane (C4Fs), sulphur hexafluoride (SFs), and oxygen (O). Plasma in combin-
ation with these gases and impurities in silicon wafer can result in W (1018
meV), X (1040 meV), T (935 meV), | (965 meV), G (967 meV), C (790 meV)
and P (767 meV) lines " ~'"". As the ions are bombarded everywhere, unwanted
optically active centres cane be created all over the sample without any control.

Although annealing protocols can remove irradiation-induced damage and un-
wanted colour centres, they can introduce other photoluminescence (PL) lines.
For instance, it was reported that G and C lines introduced by RIE anneal out at
400 °C. However weak PL lines at 1008 meV and 997 meV were observed after an-
nealing at 400 °C "". Buyanova and others have reported the formation of C and
G lines with an RIE recipe including SFg and O,, avoiding carbon-related gases
(CFy4, C4Fsg). If only SFg is used, sharp C lines and weak G lines are observed

For photonic devices, annealing above 900 °C causes intermixing between Si and
SiO; in the case of SOl with high-quality BOX (buried oxide). Annealing can
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lead to solid-state dewetting, which affects the shape stability of small devices
on an SOI substrate and, therefore, is not suitable for nanostructures

To investigate the effect of RIE on a silicon-on-insulator (SOI) sample, we fab-
ricate a square frame using RIE. The wafer is a commercial SOl from lceMOS
Technology with a residual carbon concentration of 10!° cm~3. The RIE recipe
employs C4Fg, SFg, and O, gases. Figure 4.3 shows the results of a 2D pho-
toluminescence (PL) scan. G-centres are formed across the sample without any
control, which is undesirable for photonics.
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Fig. 4.3: Low-temperature photoluminescence spectroscopy. (a) A 2D PL scan
of a frame structure fabricated using RIE shows the formation of unwanted optically
active defect centres. (b) The PL spectrum shows that ZPL is at 1278 nm, which is
the optical fingerprint of the G-centre.

To make the fabrication protocol crystal defect-free and use-for-all regardless
of impurities present in the sample, we decided to implement an emerging wet
etching method: MACEtch.

4.2 Mechanical Nanoresonators in Silicon
Carbide

This project is carried out in collaboration with Prof. Eva Weig's group from the
Technical University of Munich. We have fabricated doubly clamped resonators
or strings in 3C-SiC. In the top-down approach, we used standard nanofabrication
techniques: EBL and inductively coupled plasma-reactive ion etching (ICP-RIE).
A unique dopant-selective photoelectrochemical etching was employed for fabric-
ating resonators in 4H-SiC, along with standard EBL and ICP-RIE.
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4.2.1 Fabrication Protocol

4.2.1.1 3C-SiC Nanoresonators

3C-SiC mechanical nanoresonators are fabricated in collaboration with Prof. Eva
Weig's group from the Technical University of Munich. EBL and metal deposition
are performed in nanofabrication facilities at HZDR. All other process steps are
carried out at the Technical University of Munich by Felix David.

Mechanical resonators in cubic silicon carbide (3C-SiC) have been fabricated
using a top-down approach. 110 nm <111> oriented 3C-SiC is epitaxially grown
on 1 mm <111> silicon by NovaSiC. The wafer is cleaved into 5 mm x 5 mm
pieces before processing. The material is crystalline, and the properties of the
resonators depend on the relative orientation of the sample. Therefore, our wafers
are marked with a flat to the [1 2 2] direction. The 5 mm x 5 mm pieces are
marked by scratching the bottom and left sides with a diamond tip. A unique
identification number is written on the backside of the samples before processing.
Figures 4.4 and 4.5 show EBL design and fabrication steps, respectively.
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Fig. 4.4: EBL design of a harp of SiC resonators. (a) Array of resonators varying
in length from 20 pm to 110 pm. (b) Close view showing the dimensions of the pads,
resonator width, and spacing between the resonators.

First, samples are cleaned with acetone and IPA. 450 nm 950K PMMA A6 is
spin coated, followed by a hot plate bake of 180 °C for 90 s. From the tests, we
find the optimum dose for the pads and strings 130 pCcm~2 and 220 pCcm—2,
respectively. We use the Raith 150TWO tool for pattern transfer with 10 kV
acceleration voltage and 30 pm aperture. The sample is developed in MIBK:IPA
(1:3) for 50 s followed by IPA dip to stop the development process and dried
using nitrogen. Next, we deposit 30 nm chromium as an RIE mask by thermal
evaporation at ~1.5 As™!.
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Fig. 4.5: Schematic of fabrication steps for 3C-SiC resonators. (a) The pattern
for mechanical resonators is defined by EBL. (b) 30 nm Cr is evaporated as an etch
mask for ICP-RIE. (c) In the three-step ICP-RIE process, first silicon carbide and
silicon are etched anisotropically. Then, silicon is etched isotropically to underetch
silicon carbide. In the last step, an Ar mill is used to restore the etch rate of Cr during
subsequent chemical etching. (d) The Cr mask is removed by chromium etchant, and
free-standing resonators are fabricated.

Afterwards, the resist is lifted off using ultrasonication at low power, followed
by an IPA dip and a nitrogen blow-dry. Resonators are released by using three-
step RIE, where first SiC and Si are etched anisotropically, followed by isotropic
etching of Si. In the following step, the Cr mask is modified using an argon
mill to restore its etch rate in the Cr etchant. For a detailed explanation of the
RIE process, readers can refer to Dr. Yannick KlaB's PhD thesis™. Finally, we
characterise the resonators using Fabry-Pérot Interferometry.

4.2.1.2 4H-SiC Nanoresonators

The top-down fabrication of 4H-SiC mechanical nanoresonators is described in
this section. All the experimental steps are performed in the nanofabrication
facilities and cleanroom of the lon Beam Center of HZDR by me.

Figure 4.6 presents fabrication steps. We have purchased the bilayer 4H-SiC wafer
from Norstel AB. The 500 nm n-type layer is grown on the 300 pm substrate layer,
and both contain 1 x 10'® cm~3 nitrogen. Next, 250 nm p-type device layer with
1 x 10*” cm~3 aluminium doping is grown on top. Before processing, the wafer
is diced into 5 mm X 5 mm pieces.
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Fig. 4.6: Schematic of fabrication steps for 4H-SiC resonators. (a) The pattern
for mechanical resonators is defined by EBL. (b) 50 nm Ni is evaporated as an etch
mask for ICP-RIE. (c) In the ICP-RIE process, first silicon carbide and silicon are
etched anisotropically. (d) Then, the Ni etch mask is dissolved using aqua regia.
Again, 100 nm Ni is deposited on the back side, which serves as an electrical contact
for photoelectrochemical (PEC) etching. PEC etching provides dopant selectivity and
etches only n-SiC, releasing resonators of p-SiC.

First, samples are cleaned with acetone and IPA. 270 nm EL11 and 125 nm 950K
PMMA A4 were spin coated. Samples are baked using a hot plate at 150 °C for
5 min before and after both the resist spinning steps. We use the Raith 150TWO
tool for pattern transfer with 10 kV acceleration voltage and 30 pm aperture.
The sample is developed in MIBK:IPA (1:3) for 30 s followed by a 90 s IPA dip
to stop the development process and dried using nitrogen.

Next, we deposit 50 nm nickel RIE mask by thermal evaporation at ~3 As~t. The
resist is lifted off using ultrasonication at low power, followed by an IPA dip and a
nitrogen blow-dry. RIE is used to etch the material anisotropically with a fluorine-
based recipe that includes SFg=40 SCCM, O,=10 SCCM, pressure=2.0 Pa, ICP
Power=400 W, and RF Power=75 W, giving an etch rate of ~350 nm min—!.

Afterwards, we dissolve the Ni mask by aqua regia, which is a mixture of nitric
and hydrochloric acid [1 part of HNO3: 3 parts of HCI]. The solution is heated to
80 °C. Later, samples are cleaned by DI water dip and nitrogen blow drying. In
the last step, photoelectrochemical dopant-selective etching (PEC) is employed
to remove n-SiC, releasing free-standing resonators of p-SiC. It requires a nickel
back contact, as the samples themselves serve as a working electrode. Therefore,
100 nm Ni is evaporated by thermal evaporation on the back side of the samples.
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Finally, PEC etching is employed to etch the n-SiC layer, and resonators of p-SiC
are released. Details about the PEC setup and the PEC cell configuration are
mentioned later (Section 4.2.2). The cell is then flushed with DI water, and
the sample is blow-dried using a nitrogen gun. The details of the fabrication
protocols in a table form can also be found in Appendix A.

4.2.2 Photoelectrochemical Etching

Silicon carbide (SiC) is a wide-bandgap semiconductor with a high breakdown
field, mechanical strength, corrosion resistance, and chemical resistance. There-
fore, it becomes difficult to micromachine or etch SiC for semiconductor applica-
tions. The chemical stability of SiC is due to its strong covalent bonds resulting
from the wide bandgap and a valence band edge at low energy. Nevertheless,
for microelectronics applications, dry etching techniques are standard

On the other hand, photoelectrochemical etching (PEC) gained importance for
I11-V semiconductor electronic and photonic device processing in the 1990s. Kohl
and Ostermayer from AT&T Bell Laboratories introduced PEC, including its
applications for GaAs, in 1989 '*. Meanwhile, Shor and coworkers published
articles focusing on the dopant-selective etch feature of PEC for 6H-SiC and 3C-
SiC "> Later in 2000, they patented the method to etch SiC selectively
based on different conductivity '~ selectively. Since then, PEC etching of SiC
has been used in the research community for making porous structures """,
characterising crystal polarity, polytype, defect density, and distribution " ",
micro-electro-mechanical systems (MEMS) devices """, and optomechanical
devices like microdisk resonators

4.2.2.1 Bi-layer 4H-SiC

Hybrid spin-mechanical systems in 4H-SiC
consist of silicon vacancies (Vs;) created in
250 nm p-SiC mechanical systems such as resonators or
membranes. As point defects like Vs; are

500 nm n-SiC susceptible to the environment, the crystal-

line quality is crucial. High-crystalline qual-

300 pum n-SiC ity 4H-SiC can only be grown on 4H-SiC.
Therefore, we use epitaxially grown 4H-SiC

Fig. 4.7: Bilayer 4H-SiC bilayer samples (Figure 4.7) to experiment-

ally realise spin-mechanical magnetometry.
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Etch selectivity is essential to underetch the structures and fabricate free-standing
mechanical resonators. Usually, the selectivity originates from both layers being
of different materials, such as SiC on Si, SizsNg on Si/SiO,. In our case, the
selectivity based on conductivity is achieved by doping the material with nitro-
gen and aluminium during the epitaxial growth process. Alternatively, dopant-
selectivity can be created by ion implantation techniques. As mentioned in the
previous subsection, it is difficult to etch SiC using standard wet or chemical
etching techniques for Si and GaAs. Also, none of them offer dopant-selective
etching. The only etching technique that allows us to achieve either n-SiC or
p-SiC is photoelectrochemical etching (PEC), explained in the next section.

4.2.2.2 Mechanism

Photoelectrochemical etching involves using the above bandgap light to enhance
the oxidation of the semiconductor in contact with an electrolyte and the removal
of the oxide by the electrolyte. Acidic (HF) and basic (KOH) solutions have been
used as electrolytes. The chemical reaction occurring at the semiconductor-
electrolyte (SiC/KOH) interface is as follows:

SiC + 6hT + 8OH — [Si(OH),05)* + CO + 3H,0 (4.2)

Other insoluble products such as SiO, and gases (CO,, CO) in the form
of bubbles are also formed. UV light with energy higher than the bandgap
(Eg(4H_5ic):3.23 eV=384 nm) is used to illuminate the sample, which produces
electron-hole pairs that migrate to the semiconductor/electrolyte interface under
an applied bias. Holes at the interface are equivalent to broken bonds, and hole
transfer to the electrolyte oxidises the semiconductor surface. Oxides formed are
removed by dissolution or gas evolution

Figure 4.8 shows the band diagram of the semiconductor/electrolyte interface for
both n-SiC and p-SiC. A Schottky barrier is formed at the SiC/KOH interface
and a depletion region in SiC. Suppose the Fermi level of the semiconductor at
the semiconductor/electrolyte interface is within the bandgap. In that case, the
semiconductor’s charge carriers’ density is less than the ions in the electrolyte.
As a result, the majority of potential drops in the semiconductor. The applied
voltage bends bands for p-SiC and n-SiC to promote hole transfer. The flat-band
voltage of p-SiC is higher than n-SiC. Therefore, a negative bias applied at the
cathode can be selected above the flat-band voltage of n-SiC but below the flat-
band voltage of p-SiC. This negative bias ensures more upward band bending in
n-SiC without getting closer to flat-band voltage for p-SiC, meaning p-SiC will
not be etched in this configuration.
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Figure 4.8a shows energy band diagrams in thermal equilibrium with Schottky
barriers ¢;(,) and ¢;,). The change in barrier across the semiconductor:

AQS = gbi(p) - gbp = ¢i(n) - Qbm (43)

where ¢, and ¢, are the Schottky barriers after applying a negative bias. For
n-SiC, more upward band bending supports hole movement, which results in
etching n-SiC. The barrier at the p-SiC/KOH interface is large enough to collect
only a few holes at the surface, and the material is not etched. This mechanism
can also be used for the samples with n-SiC at the top of p-SiC, and p-SiC can
act as an etch stop layer
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Fig. 4.8: Energy band diagrams of the n-SiC and p-SiC/KOH interface.

(a) Thermal equilibrium: SiC in contact with KOH forms a Schottky barrier at the
interface (¢j(n) and ¢;()) and depletion region in SiC. (b) Bias: Under a negative bias
on the KOH side (Pt electrode dipped in KOH), bend bands for both n-SiC and p-SiC.
(c) UV illumination: Above bandgap UV light produces electron-hole pairs, and holes
migrate to the interface, resulting in oxidation and dissolution of the n-SiC. Holes
collected at the p-SiC/KOH interface are negligible due to the larger energy barrier
P(p) so the etching of p-SiC is effectively suppressed.

The rate and quality of etched structures depend on several factors, including
the type and concentration of the electrolyte, applied bias, light intensity, doping
type and density, crystal quality, orientation, and temperature. PEC etching with
wafer scalability and capability to produce defect-free structures having low total
thickness variation (TTV) and low surface roughness (~1 nm RMS), dopant
selectivity (> 20:1), and faster etch rates (> 4 umh™!) holds great promise for
next-generation MEMS and quantum applications
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4.2.2.3 Experimental Setup

Figure 4.9 shows the schematic of the PEC setup and photograph. The
PEC setup, including the photoelectrochemical cell (PECC) and potentiostat,
is bought from Zahner-Elektrik GmbH & Co. KG. The UV light source used
is a LED LS365-2 with a typical intensity of 2000 Wm~2 and a wavelength
of 365 nm (= 3.4 eV), which is above the bandgap energy of 4H-SiC. A plano-
convex lens is mounted directly after the LED to get a parallel beam (24 cm).

a Power supply Potentiostat Computer

— b

Sample

UV LED

Fig. 4.9: PEC etching setup. (a) Schematic showing key components and general
arrangement of the setup. (b) Photograph of the setup while in operation showing the
UV LED, feedback sensor, lens to focus light, and PEC cell.

We use PECC in a two-electrode configuration: SiC sample with Ni back contact
and platinum coil immersed in the electrolyte serve as a working and counter
electrode, respectively. PECC has an optical window with a 30 mm to illuminate
the sample, and the sample is mounted on the other side. The electrical contact
with the sample is made using the conductive foam and the copper tape. PECC
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has provisions for an inlet and outlet for electrolyte circulation (not employed in
our experiments) and cell cleaning.

To increase the light intensity by focusing on a small spot (~ 10 mm), a plano-
convex lens (Thorlabs LA1401-A-ML) is mounted in between the UV LED and
the PECC. The active area of the 5 mm x 5 mm sample which is exposed to
the electrolyte and light is ~ @3 mm (= 0.07065 cm?). A photodiode is fixed
before the second lens, which gives feedback to the LED and ensures the set
light intensity. Zahner provides the software for controlling the potentiostat and
LED and data acquisition and analysis.

4.3 Fabry-Pérot Interferometry

A Fabry-Pérot laser interferometer setup facilitates stable and fast measurements
of the mechanical response of resonators. It allows access to the vibrating res-
onator's frequency, quality factor, and amplitude. In addition, we deduce stress
and Young's modulus by measuring higher modes. Figure 4.10 shows a schematic
and photograph of the setup. The setup was developed at Helmholtz-Zentrum
Dresden - Rossendorf with the support of Jens Zscharschuch, Holger Lange and
collaborators from the Technical University of Munich.

The working principle of the interferometer setup is as follows. The freely sus-
pended resonator is exposed to normally impinging laser light. The laser light,
with a spot bigger than the width of the resonator, reflects from the substrate
and the string, creating interference. This results in an oscillation of the intensity
of the reflected laser beam from the sample. So, the remaining signal gives the
resonator’s vibration peak around the resonance frequency. Lorentzian fitting to
the measured spectra gives the resonant frequency and quality factor.

Figure 4.10a illustrates the laser light's path and the main optical components of
the setup. A laser (1) with a A=785 nm and maximum power 125 mW is used as
a coherent light source. After passing through the iris, the beam is split into two
beams through BS |. Afterwards, the beam passes another beam splitter, BS II,
and then a 20x objective with NA 0.25. Focused light then goes on the sample
through the glass of the vacuum chamber. The reflected light follows the same
path and is split from the beam splitter BS Il to another beam splitter BS IlI.
Part of the beam goes to the LED, and the other part goes to the camera, which
is connected to the computer for visualisation. The camera collects the small
part of the laser light, and the LED light is reflected from the sample. Then, the
laser spot and the structure can be seen on a computer.
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Fig. 4.10: Fabry-Pérot interferometer setup. (a) Schematic showing essential
components and the general arrangement of the setup. (b) The photograph shows the
arrangement on the optical table with insets showing lenses and a vacuum chamber
with a mounted sample. On the computer screen, a resonance spectrum is captured.

The vacuum chamber is mounted on the positioners capable of XYZ movements
with a precision of 100 nm. A vacuum pump Leybold Turbolab Core 90i is used
to maintain a vacuum of about 5x10° mbar to minimise gas damping and is
connected to the chamber via a feedthrough Il. The driving scheme for resonators
is based on piezoelectric actuation. In the chamber, the sample is glued to the
piezo plate with the help of a photoresist. The piezo plate is glued to the sample
holder, and the sample holder is screwed on the base inside the chamber with
glue. The piezo is connected using plug connectors to apply RF voltage from
the vector network analyser (VNA) Rohde & Schwarz ZVL, capable of operating
from 5 kHz to 13 GHz. The applied RF voltage vibrates the piezoelectric crystal,
resulting in the resonators’ mechanical vibrations. The RF voltage is provided by
the integrated microwave source of the VNA.
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Laser light reflects from the resonator and substrate, causing interference. On
the return path, the beam is reflected from the BSI to the photodiode of the
photodetector. A photodetector receives the optical signal from the vibrating
resonators and converts it into voltage. The photodetector is connected to the
VNA via an SMA cable and measures the resonator’s response.

4.4 Helium lon Implantation

Since the beginning of ion implantation experiments, helium has been used for
semiconductor applications, along with silicon, hydrogen, nitrogen, and argon.
Helium can be used for ion implantation, defect engineering, and local modific-
ation of material properties with the helium ion microscope (HIM). With higher
fluence, the material is removed by sputtering or added by gas-assisted depos-
ition for nanofabrication applications. Being the second lightest material, the
interaction volume of the helium ions is narrow, especially in the few hundred
nanometers of the material. Small interaction volume means defect formation
and material modification can be localised with minimal spread. With HIM en-
ergy, the spread of ions can be smaller than 1 €V, leading to lower chromatic
aberration and a de Broglie wavelength of 0.08 pm. Therefore, the diffraction
effects do not limit the beam size, which is smaller than 1 nm. For imaging, HIM
offers advantages such as high resolution (0.25 nm) than scanning electron mi-
croscopy (SEM), extended depth of focus, and novel contrast mechanisms

We have used a DANFYS 1090-50 air-insulated accelerator produced by Danfysik
to implant helium. It is an electrostatic accelerator with a nominal voltage of
40 kV. The SO140 ion source is integrated directly into the air-insulated high-
voltage terminal and can be supplied with up to 40 kV. The positively charged
ions generated by electron impact ionisation in the ion source are accelerated
towards the ion beam line. The maximum acceleration voltage achieved is 40 kV.
To achieve homogeneous implantation, the ion beam is scanned over the sample
in horizontal and vertical directions by deflecting plates supplied with a voltage
(f ~ 1 kHz). The vacuum inside the sample chamber is around 1x10"" mbar.

This chapter has focused on understanding the motivation and working mechan-
isms of two unique and emerging etching techniques: MACEtch and PEC etching.
Afterwards, Fabry-Pérot Interferometry for characterising mechanical resonators
is described. Finally, the critical features of helium implantation, followed by the
technical details of the implanter, are described. In the next chapter, the key
results will be presented.
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Chapter 5

Results

The Results chapter describes the principle outcomes of my doctoral research.
First, the MACEtch optimisation process is explained, which includes details
about changes in electron beam lithography design, the morphology of the
metal film, and the ratio of chemicals used for metal-assisted chemical etch-
ing (MACEtch). The results from spectroscopic measurements of ion-implanted
pillars will be presented in the subsequent section. In addition, a wafer-scale
fabrication protocol to create single G-centres and W-centres is described.

The second part will focus on the hybrid spin-mechanical systems involving
3C-SiC and 4H-SiC. First, | will present preliminary results of photoelectro-
chemical (PEC) etching for the fabrication of resonators in 4H-SiC, which is
in the development phase. Next, the technique used in this work to characterise
nanomechanical strings using Fabry-Pérot interferometry is described.

In the end, SRIM simulation results are explained, followed by the effect of he-
lium ion implantation of mechanical resonators. The last subsection presents
changes in mechanical properties, mainly Young's modulus and stress of reson-
ators with incremental implantation fluences, estimated from the interferometric
measurement data.

5.1 Telecom Photon Emitters in Silicon

The following section is based on our publication: Michael Hollenbach,
Nagesh S. Jagtap, Ciaran Fowley, Juan Baratech, Verénica Guardia-Arce, Ul-
rich Kentsch, Anna Eichler-Volf, Nikolay V. Abrosimov, Artur Erbe, ChaeHo
Shin, Hakseong Kim, Manfred Helm, Woo Lee, Georgy V. Astakhov, Yon-
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der Berencén; Metal-assisted chemically etched silicon nanopillars hosting tele-
com photon emitters. J. Appl. Phys. 21 July 2022; 132 (3): 033101.
https://doi.org/10.1063/5.0094715; licensed under a Creative Commons Attri-
bution (CC BY) license™’. In this work, | fabricated the samples, Dr. Michael
Hollenbach performed the spectroscopic measurements. Details about the au-
thors’ contributions can be found in Appendix B!.

5.1.1 Electron Beam Lithography

Table 5.1: EBL dose for pillars

Pillar diameter (nm) | Dose Factor | Dose (pCcm™2)
1100 0.9 117
900 1.15 149.5
700 1.3 169
500 1.4 182
300 1.6 208

a b —==5 pm—-—
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Fig. 5.1: EBL design of silicon nanopillars. (a) Arrays J300 to J1100 consist of
2 300 nm to @ 1100 nm nanopillars, and JM serves as a control. Arrays JM1, JM2,
and JM3 include pillars with all five diameters. (b) Array JM3 shows the dimensions
of the frame, pillars, pitch, and pins.

!Dr. Michael Hollenbach and | contributed equally to this work (data curation, formal
analysis, investigation, visualisation, and methodology)
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Table 5.1 describes the optimum electron dose for pillars with different diameters
estimated by dose tests. The base dose is 130 pCcm~2. To systematically study
the effect of different pillar diameters on the spectroscopic properties of the
single photon emitters, we have created arrays of pillars with varying diameters,
as shown in Figure 5.1a.

The arrays consist of 5x5 nanopillars with diameters ranging from @300 nm to
21100 nm. Arrays in the top row have a column-wise combination of all five
pillar sizes, as shown in Figure 5.1b. 5 pm centre-to-centre pitch between the
pillars is to avoid cross-talk losses between neighbouring photonic elements when
working with the optical telecom bands *". The central array serves as a control
and marker for the spectroscopic measurements. The 1 pm x 5 um rectangular
pins are added to overcome the technical problem of the confocal microscope.

5.1.2 Metal-Assisted Chemical Etching

In the preliminary experiments, we deposited 30 nm Au film as a metal catalyst
for MACEtch. However, the thick metal film separated, and Si was not etched.
This was confirmed by scanning electron microscopy (SEM), and film removal is
attributed to a lack of material removal pathways. Si, being etched underneath
the gold, is removed around the periphery of the structures and open areas
(without gold, if resist is removed prior to MACEtch). When material removal
pathways are insufficient and not in balance with the material dissolution rate,
byproducts tend to escape by diffusing through the film. 30 nm Au film is too
thick for byproducts to diffuse through, and the film gets detached from the Si.

Later, we have reduced the Au layer to 10 nm. It resulted in non-uniform etching
with metal film breaking off in some regions. With the extended Au film covering
the complete sample area, the only available path for mass transfer is around the
nanostructures, similar to the first case. However, the thin film allows mass
transfer by breaking off in some regions.

In extended areas without nanostructures, if the diffusion rate of byproducts
outwards through the film is not in balance with their generation, the metal
film is pushed away from the sample, resulting in the film being removed or torn.
This imbalance leads to film peel-off, resulting in non-uniform, conical, and rough
nanopillars. To overcome the problem, we added frames to separate the pillars
from the extended film. If the film in the long, extended regions outside the
frames breaks, it does not affect the etching inside the frames; the metal film
stays intact. Nevertheless, artefacts are formed outside the frames due to the
breaking of the extended film (Figure 5.3a).
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To improve the etch quality, we have conducted calibration experiments. P-type
<100> oriented 525 pm thick Si wafer is diced into 2 cm x 2 cm pieces and
processed as per the fabrication protocol mentioned in Section 4.1. Before the
last MACEtch step , the sample is diced into smaller 5 mm x 5 mm pieces
to experiment with different etch recipes. This reduced the processing time by
several hours per sample. Table 5.2 describes MACEtch optimisation parameters:
etch chemistry, etching time, rate, and quality of the fabricated nanostructures.

Table 5.2: MACEtch optimisation. Summary of the effect of different etch recipes

on the etch rate and quality of nanopillars. The sample MC2 gives the best quality of

nanostructures results with the etch rate 205 nm min—!.

Sample I(_lr:l_) I(_In218)2 E)rTI]L;Nater Err:?ne) (Erfrcnhmirlfaf; Etch Quality
MC1 |50 9 240 10 410 average
MC2 | 50 9 300 10 205 best
MC3 | 50 4 240 5 25 good
MC4 | 100 |4 240 5 85 average
MC5 | 50 9 360 10 145 bad

Key results from the MACEtch optimisation experiments are explained in this
section. Samples are etched by changing the ratio of the etchants as shown in
Table 5.2 and characterised using SEM. By carefully analysing the images, our
understanding of the process has significantly enhanced

Fig. 5.2: SEM images of MC1. (a) Array of 21100 nm nanopillars with 5pm
height surrounded by frame. Artefacts are formed outside the frames due to the Au
film breaking off. (b) High aspect-ratio 2900 nm nanopillars with resist on the top
and tapered shape showing signs of anisotropic etching.
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High aspect-ratio nanopillars were fabricated in MC1. Etching was uniform across
the sample with an etch rate of 410 nm min~!. However, the etching quality was
not good and worsened with time. Degradation in etch quality was confirmed
by comparing the sample etched for 5 min (not shown). The walls of the pillars
were smooth, but the etching had a partial isotropic nature, as shown in Figure
5.2b. Because the reaction byproducts are generated faster than their removal,
the metal film seems to have strained or torn in some areas, making Si more
accessible to the solution. As etching proceeds, the higher concentration of H,O,
leads to excess holes, and etching proceeds in non-<100> directions, resulting
in tapered pillars.

Fig. 5.3: SEM images of MC2. (a) Set of all nanopillar arrays showing uniform
etching. (b) An array of nanopillars with diameters from 1100 nm to 300 nm (left to
right columns) after lift-off is shown. Sidewall Smoothness improves with diameter
due to the longer peripheral length available for byproducts to escape. (c) Close view
of #1100 nm smooth and anisotropic nanopillars with resist on top. (d) A 700 nm
pillar with 1200 nm height after lift-off: Roughness on the pillar top is due to the
imbalance between etch byproduct formation and removal at the beginning of etching.
Adapted from Reference [40].

For MC2, with a solution consisting of 50 mL HF, 9 mL H,O, and 300 mL
DI water, the best quality pillars were fabricated: smooth and vertical side-
walls, moderate etch rate (~200 nm min~!) and good etch uniformity across the
sample. As explained in the section 4.1.2, the metal catalyst plays a vital role in
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MACEtch. 10 nm Au film allows mass transfer by diffusion. In the initial etching
stage, the diffusion of byproducts through the metal film is slower. Because the
byproducts are escaping only from the periphery of the nanostructures, the part
of Au film around the structures is removed. An up-turn of the film can also be
seen in Figure 5.3d, leading to an increase in pillar diameter. In parallel, diffusion
of the byproducts through the metal film makes it porous. A point is reached
where the generation and removal of reaction byproducts are balanced: etching
becomes anisotropic, and film porosity does not increase further. This explana-
tion is supported by the fact that the pillar uniformity within the arrays increases
with pillar diameter as the path available for material to escape increases, as
shown in Figure 5.3b.

Fig. 5.4: SEM images of MC5. (a) Etching created very non-uniform structures,
and even outside the frames, Au film broke, leading to surface irregularities. (b) A
close view showing rough pillar sidewalls and a porous floor: The etching was initially
anisotropic, where pillars formed. Later, due to an imbalance of byproducts, Au film
breaks, and etching becomes uniform. Densely packed nanowires are formed due to
powder-like Au particles etching in Si.

The sample MC3 was etched with the solution consisting of half the H,O, volume
compared to the sample MC1, resulting in 16 times slower etching. The reduced
etch rate is due to hydrogen peroxide's lower hole supply rate. When HF volume
was doubled in the case of the sample MC4, the etch rate increased three times.
This is attributed to the fact that a higher concentration of HF removes oxide
faster, resulting in faster etching.

In the case of MC5, further dilution of H,O, leads to nonuniform etching: rough
sidewalls of pillars and porous floor area (region inside the frames in between
the pillars). When comparing the results of a sample etched for 5 min, it be-
comes clear that etching worsens with time for the sample MC5. The Au film
detaches from the sample surface. Also, Au particles separate and continue etch-
ing, leading to tiny, hairy structures. The detailed mechanism is complex and
needs further investigation.
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5.1.3 Ensembles of G-Centres in Silicon Nanopillars

After the fabrication of Si nanopillars, we create G-centres by a carbon broad
beam ion implantation. Without removing the thin gold film, we implant carbon
at a fluence of 2x 10 cm~2 and with an energy of 250 keV. The G-centres are
created at a depth of about 600 nm in the pillars with 1200 nm height. The broad
beam ion implantation protocol creates G-centres everywhere in the sample. 10
nm gold film is not thick enough to stop the ions in the etched areas. During the
confocal measurements, the gold film reduced the intensity of the G-line emission
from the chip floor (areas without the extended features).

The optical experiments were performed in a low-temperature confocal photo-
luminescence microscope. Details about the experimental setup and its config-
uration for measurement of G-centres can be found elsewhere """, A 2D PL
scan of 1100 nm nanopillar array shown in Figure 5.5a confirms the presence
of optically active G-centres. A PL spectrum at 6 K of one of the pillars (marked
with a red circle in Figure 5.5a) exhibits a sharp zero phonon line (ZPL) peak
at 1278 nm along with a broad phonon sideband (PSB) at lower wavelengths
(Figure 5.5b). The ZPL at 1278 nm accompanied by PSB is the spectroscopic
fingerprint of the G-centre

The probability of coherently emitting light into the ZPL is called the Debye-
Waller (DW) factor, and it is one of the essential characteristics of single-photon
emitters (SPE). Our results show a DW factor of 12%, which agrees with the
previously reported values '©. Also, a sample processed by the same fabric-
ation protocol does not show any PL emission in the O-band (black curve in
Figure 5.5b). Hence, the proposed fabrication protocol, including MACEtch, to
create the nanostructures does not introduce G-centres or other optically active
defects emitting in the telecom O-band.

Figure 5.5c illustrates the PL line scan along a row of 1100 nm pillars denoted
by the dotted line in Figure 5.5a. The normalised PL intensity increases at the
pillars having ensembles of G-centres, and confirms a 5 pm pitch between the
pillars compared to the fabrication design. Figure 5.5d shows ZPL intensity for
pillars with different diameters, indicating the presence of ensembles of G-centres.
All pillars show strong ZPL emission in the O-band, and emission from 1100 nm
pillars was the highest. @300 nm pillars did not show any PL emission, and this
can be attributed to scattering losses due to rough sidewalls. The ZPL intensity
depends on various factors, such as the number of G-centres incorporated in the
pillar, scattering losses, size, shape, and roughness. A thorough understanding of
the influence of these parameters is complex and out of the scope of this work.

We have measured a laser power-dependent saturation curve of the integrated
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Fig. 5.5: Low-temperature confocal photoluminescence spectroscopy |.

(a) 2D confocal PL scan performed at 6 K of a 1100 nm array, confirming the presence
of optically active G-centres. (b) Typical low-temperature PL spectrum of a G-centre
telecom photon emitter (red curve) recorded on the nanopillar highlighted with a red
circle in (a). Emission from the pillar is enhanced due to the waveguiding effect when
compared with emission from bulk Si (blue curve). (c) Normalised PL line scan along
21100 nm pillars (dashed line in (a)). (d) 1278 nm ZPL intensity as a function of
diameter for MACEtch fabricated pillars. Adapted from Reference [40].

photon count rate, shown in Figure 5.6a. We calculate the background by taking
the difference in emission from the etched areas covered with gold and the pillar.
A background-corrected saturation curve was fitted with the saturation equation
of an ensemble of a two-level system to estimate the maximum intensity, and the
equation is given by -,

I(P) = Iy - In (1 + Pﬁ : 1n(2)) (5.1)

0

where I(P) is the PL intensity dependent on the excitation power P, Py is
the saturation power, and [,,., is the photon count rate when saturated. The
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saturation count rate was 210 kcps and 2 mW power, which leads to a power
density of 260 kW cm~—2. The PL intensity of the G-centres integrated into the Si
pillar is enhanced by a factor of 1.2 as compared to the signal from the G-centres
in the bulk Si (Figure 5.6a). The emitted light from bulk Si is scattered at the
Si/air interface. In the case of pillars, however, directional emission due to the
waveguiding effect leads to a higher PL intensity.

For a given excitation power, PL intensity increases for all the pillar diameters.
The PL scan along the depth of the sample is shown in Figure 5.6b. The integ-
rated photon count rate at the pillar (red) is compared with the signal from bulk
Si (blue). The shift in the peak position and higher integrated photon count rate
indicate that the photon collection efficiency in Si pillars is higher than in bulk
Si. Because of the waveguiding effect, which is based on total internal reflection
(TIR), the full width at half maximum (FWHM) of the PL signal from pillars is
3.5 times narrower than the bulk. Improved PL signal shows that the nanopillars
allow the emission to be coupled and guided by a high refractive index material
(Si) surrounded by a low refractive index material (air) due to TIR.
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Fig. 5.6: Low-temperature confocal photoluminescence spectroscopy Il.

(a) Power dependence of telecom photon emitters integrated into a Si nanopillar with
reference to bulk Si is shown. (b) In-depth (z-axis) integrated photon count rate
recorded from a 1100 nm pillar and bulk Si. Adapted from Reference [40].

Notably, unlike most of the other MACEtch works with densely packed nanostruc-
tures " or separated microstructures **, we have fabricated isolated”" photonic
nanostructures with superior quality and uniformity. In conclusion, we have suc-
cessfully integrated ensembles of G-centres in Si nanopillars, which is confirmed
by the low-temperature PL measurements. Our proposed fabrication protocol
with MACEtch does not introduce G-centres or other optically active defects in
the telecom O-band. We demonstrated that the PL signal from the G-centres
integrated into the nanopillars is enhanced due to the waveguiding effect. In-
tegrating G-centres in photonic structures is the first step towards incorporating
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single telecom-photon emitters in Si photonic structures, which is a fundamental
building block of QPIC. To integrate a single G-centre in Si nanopillars, lower
implantation fluence, perhaps in combination with fabricating smaller diameter
pillars, will provide a solution.

5.1.4 Wafer-Scale Nanofabrication of G- and W-centres

In the follow-up work, we have created both G-centres and W-centres by
fabricating a photoresist mask with lithographically defined arrays of nano-
holes, followed by a broad beam silicon implantation. Our work is reported
in the Nature Communication publication: Michael Hollenbach, Nico Kling-
ner, Nagesh S. Jagtap, Lothar Bischoff, Ciaran Fowley, Ulrich Kentsch, Gregor
Hlawacek, Artur Erbe, Nikolay V. Abrosimov, Manfred Helm, Yonder Ber-
encén Georgy V. Astakhov; Wafer-scale nanofabrication of telecom single-
photon emitters in silicon. Nature Communications 12 December 2022; 13 (1):
7683. https://doi.org/10.1038/s41467-022-35051-5; Creative Commons Attri-
bution 4.0 International (CC BY) License
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Fig. 5.7: Wafer-scale nanofabrication of single G-centres. (a) SEM image of
patterned nanoholes with diameters varying from 400 nm to 30 nm (top to bottom) on
an SOl substrate and (b) confocal PL intensity map of locally created G-centres after
Si*t2 broad-beam implantation are shown. The inset shows four spots with singles (left
row) and no G-centres (right row). Adpated from Reference [41].

The fabrication details are as follows. First, 5 mm x 5 mm SOl sample is annealed
to reduce the background using rapid thermal annealing (RTA) at 1000 °C for

3min in nitrogen atmosphere. Next, sample is cleaned with piranha solution
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(mixture sulphuric acid and hydrogen peroxide) to remove residual C- and O-
terminates. Before spin coating, the sample is ultrasonically cleaned in acetone,
rinsed in IPA, and dried with a nitrogen stream. Afterwards, sample is spin-
coated with a positive-tone resist PMMA 950K A6 with a nominal thickness of
320 nm, followed by a hot plate bake at 150 °C for 5 min.

Next, we define nanohole patterns with diameters ranging from 30 to 400 nm
using the Raith 150TWO EBL tool, as shown in Figure 5.7a. We use 20 kV
acceleration voltage, 30 ym aperture, and 820 pCcm~2. By varying the nominal
diameter of nanoholes, the number of implanted ions is controlled by keeping
the ion fluence constant (broad-beam implantation). Afterwards, the sample is
developed in DI water: IPA (3:7) for 30 s followed by an IPA dip to stop the
development process and dried using a nitrogen stream.

Afterwards, we create G-centres using Si*2 broad-beam implantation with an
energy E=40 keV, at a fluence ®=1x10'2 cm~2 and an angle #=7° to avoid
channelling. Next, the resist is removed using ultrasonication at low power,
followed by an IPA dip and a nitrogen blow-dry. Figure 5.7b shows the confocal
PL intensity map of the created G-centres after implantation. The second-order
autocorrelation function g (7) obtained on spot M3 yields ¢(*(0) = 0.2240.08
and unambiguously points to a single G-centre. Based on ¢(® (7) measurements,
we have found that more than 50% of the nanoholes with nominal diameters of
35 and 40 nm contain single G-centres.

Similarly, W-centres are created in ultrapure Si samples (carbon 5 x 10 cm™3

and oxygen 1 x 10 cm™3) with the same fabrication and Si*2 implantation pro-
tocol (E=40 keV, ®=1x10'? cm2, =7°). No annealing was performed as the
post-implantation annealing at 225 °C leads to a high background. We con-
firm from PL measurements that the 300 nm hole corresponds to single-photon
emission from a W-centre. Therefore, we have successfully created single G- and
W-centres on a wafer scale. For more details, readers can refer to our article pub-
lished in Nature Communications” . The details about the authors’ contributions
can be found in Appendix B.

5.2 Mechanical Resonators in Silicon Carbide

5.2.1 Photoelectrochemical Etching
Photoelectrochemical etching (PEC) is a dopant-selective technique used to re-
lease resonators p-SiC by removing n-SiC underneath for fabricating free-standing

structures. We used 300 pm thick, heavily nitrogen-doped 4H-SiC samples to
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calibrate the PEC setup. 100 nm Ni is deposited on the back side of samples
to form an ohmic contact prior to etching. The voltage was maintained at 200
mV, and current was recorded during all the experiments. Figure 5.8 shows the
current versus time (I-t) plot and SEM images of porous SiC formed.

:
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Fig. 5.8: Calibrating PEC etching with n-4HSiC. (a) I-tooo mv plot for three
different experiments with variation in light intensity and KOH concentration. (b)
SEM image of vertical nanowires fabricated with 0.1 M KOH and 700 mW cm—2 for
60 min with inset showing the magnified view. (c) An SEM image of a sample etched
with 1.0 M KOH and (d) its magnified view shows that etching creates nanowire-like
structures and is not entirely isotropic.

Figure 5.8a shows three different plots of current versus time at a constant bias
of 200 mV (l-taoo mv). The maximum current density is directly proportional
to the etch rate '". For all the experiments, the current first drops and then
starts rising. In the first case (black curve), the light was not focused, and the
sample was etched for 30 min. There is a linear increase in current over time.
In the second experiment (blue curve), light is focused on a 15 cm spot, and
the expected light intensity is about 700 mW cm~2. The higher the number of
photons, the more holes are available for oxidation, and therefore, the current
increases linearly with increasing light intensity until saturation has reached.

If the applied bias is constant, the measured current should not change much
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in the case of non-porous etching. However, porous etching results in a larger
surface area (50-60 times ') and hence a higher number of collected holes and
current density. After a certain thickness of interpore spacing is achieved, which
depends on the thickness of the space charge or depletion layer, the semicon-
ductor starts behaving like a semi-insulating material, and therefore, the current
drops with time. Also, when the pores are deeper in the sample, the amount of
photons reaching the SiC-KOH interface reduces, leading to a drop in current

The third experiment used concentrated KOH to achieve higher currents and
etch rates. Higher OH™ concentrations will etch the formed oxide faster until
it becomes oxidation rate-dependent due to limited hole supply. Dorp and col-
leagues have shown that from 0.1 M to 1.0 M KOH concentration, the etch
rate increases with a forward shift in bias voltage corresponding to the maximum
current for p-SiC ", In the third experiment with 1.0 M KOH and focused light
(red curve), the current increases and then saturates. During the experiment,
the plano-convex lens was moved to achieve the maximum current, and that is
the cause of the noise after 30 min. Although higher currents are reached after
adjusting the position of the lens, the current starts dropping.

During the process, the oxide may form faster than its removal rate, creating a
passivation layer and a drop in current. The passivation layer can be effectively
removed during etching by stirring the electrolyte. It is worth noting that the
shape and size of pores vary with the KOH concentration. Concentrated KOH
results in more triangular-shaped pores, which have been previously reported by
Shishkin and coauthors''*. However, the origin of the formation of nanowire-like
structures observed (Figure 5.8b) is still unclear. Next, the results of the test
experiments with 4H-SiC are described.

In the preliminary experiments, 4H-SiC samples were fabricated using the protocol
mentioned in Section 4.2.1.2. Samples were etched at 200 mV with light intensity
100 mMWcm=2 and 0.1 M KOH for 5 min. Il-togo mv plot and SEM images are
shown in Figure 5.9. Figure 5.9a shows that the current first drops suddenly
before it increases and then drops again, like in the case of n-SiC. However, the
time scale is shorter than that of n-SiC. Unfortunately, SEM images show that
n-SiC is etched in a porous manner and p-SiC is affected by etching, which is
undesirable in our case. ldeally, PEC etching should only etch the n-SiC layer.
Here, why n-SiC gets affected is unclear and needs further investigation.

For all experiments with n-SiC and bilayer SiC samples, a maximum current of
about 9 pA was recorded. With an active area of 0.07 cm?, the corresponding
current density is 0.128 mA cm?. Compared with the literature, this value is one
or two orders of magnitude lower, even with porous etching of n-SiC '". The
origin of the low current can be attributed to the improper back contact, the
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Fig. 5.9: PEC etching of bilayer SiC. (a) I-tygp mv plot for bilayer SiC with light
intensity 100 mWcm=2 and 0.1 M KOH. (b) SEM image of a structure, and (c)
magnified view showing the bent and damaged bridge where both p- and n-SiC are
etched. (d) An SEM image of the porous underetching of the resonator is shown. The
etch selectivity is achieved, but the p-SiC bridge is damaged. Also, distinct triangular
structures and pores are formed in the underlying n-SiC layer.

PECC arrangement, and the contact resistance. Whiteley and others have per-
formed an annealing step to make an ohmic contact with metal "* """, In the
following experiments, measuring resistance with different contacts and anneal-
ing is helpful to ensure the ohmic behaviour. Also, in the PECC arrangement,
modifications are needed to make an electrical connection to the sample with a
thin plate or wire to minimise contact resistance.

Shishkin and coauthors reported the formation of triangular-shaped pores by
PEC etching of n-type 4H-SiC dilute hydrofluoric acid as an electrolyte at low
voltage and low current conditions. A distinct triangular shape is associated with
the different surface energies and resistance to electrolytic attack on different
planes. As mentioned previously, the pore size and shape mainly depend on the
thickness of the space charge layer, which is a function of the potential drop
in the space charge region and doping concentration. Also, one of the reasons
for lower currents in our experiments could be low doping, and this argument is
also supported by Magyar """~ Also, it is possible to thermally oxidise and etch
porous SiC using HF "
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In conclusion, we have achieved etch selectivity in p- and n-SiC, but the etching
of the n-SiC is porous. Porous layers can be removed by oxidation, followed
by dipping in HF. Also, improvement of PECC design and electrical contacts is
needed and is a work in progress.

5.2.2 Characterisation of Strings

This section presents results from our collaboration with Prof. Eva Weig's group
from the Technical University of Munich. The manuscript based on our work
is published in the ArXiv - P. Bredol et al., Effect of Helium lon Implanta-
tion on 3C-SiC Nanomechanical String Resonators, arXiv:2405.02035 [cond-mat],
May 2024. In this work, | have performed electron beam lithography to define
the nanostructures, SRIM simulations to prepare implantation experiments and
estimate defect concentration, and supported manuscript writing.

In the following sections, Figure 5.11 and Figure 5.12 show the data | meas-
ured in Prof. Weig's lab at TU Munich with support from Dr. Yannick KlaB.
While Figures 5.13 and 5.15 present the data measured by an automatic Python
program developed in Prof. Weig's group by Dr. Philipp Bredol.

Nanomechanical strings in 3C-SiC are fabricated by using the protocol mentioned
in Chapter 4 (Section 4.2). Figure 5.10 shows SEM images of the strings of
varying lengths (20 to 110 pm) with the same nominal width of 300 nm. The
thickness of the resonators is 110 nm and is defined by the thickness of the CVD
grown SiC layer on Si(111) substrate.

Fig. 5.10: SEM images of nanomechanical resonators. (a) Harp of strings of
varying length ranging from 20 pm to 110 pm (bottom to top). (b) Magnified view of
a 20 pm string. (c) A close view shows the undercut of the string and triangular voids
on Si originating from the CVD growth process.

Next, we characterise strings before and after each implantation step to record
mechanical response using a Fabry-Pérot interferometer. The measured mechan-
ical response is fitted by the square root of a Lorentzian using MATLAB or Python
code. The frequency at the maximum amplitude is the resonant frequency f of
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the resonator. FWHM is a measure for the energy dissipating per cycle (I'), and
from that, we calculate the quality factor of the resonator (Q=f/I).

Figure 5.11b shows the frequency response of a 110 pm string with Lorentzian
fitting for the first out-of-plane (OOP) mode. Resonance frequency f=2.13
MHz and dissipation I'=31 Hz gives the quality factor Q=6.7 x 10*. Through
higher-frequency sweeps, higher modes are detected. Figure 5.11a shows sharp
lines for the eight OOP modes of a 110 pm string. In-plane (IP) modes appear at
slightly higher frequencies as compared to the respective OOP mode, as 110 nm
thickness h is replaced by the 300 nm width w of the resonator in the Euler-
Bernoulli equation. In the following discussion, only OOP modes are considered.
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Fig. 5.11: Characterisation of a string for f and (. (a) The plot shows higher
OOP modes with very sharp peaks for a 110 pm string. IP modes appear at frequencies
slightly above the OOP modes (as width w is higher than thickness i) and are excluded
from spectra for simplicity. (b) Lorentzian fitting of the first OOP mode to estimate
resonant frequency and dissipation.

Figure 5.12 shows the variation in resonant frequencies for OOP modes and
quality factors for all string lengths. The Euler-Bernoulli equation is given by,

n’r |Eh2 | 120 L2
= 1 52
f(n) 212\ 12p + n2m2Eh?’ (52)

where n is the mode number, [ is the length of the string, E=400 GPa is
Young's modulus (reported for the same wafer **), h=110 nm is the thickness
(in the direction of vibration), p=3.2 gcm™3 is the density, and =800 MPa

is the stress. The experimental data agrees with the data calculated using the
Euler-Bernoulli equation with the parameters mentioned earlier (Figure 5.12a).
Figure 5.12b shows the corresponding quality factors, which increase with length.

It is noteworthy that the wafer stress is considered while calculating frequencies of
all strings. However, the stress in each string is different due to the deformation
of clamping pads caused by isotropic Si etching under the strings and pads. For
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more details, readers can refer to the publication 'Universal Length Dependence

of Tensile Stress in Nanomechanical String Resonators’ by Maximilian Biickle
and Dr. Yannick KlaB
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Fig. 5.12: Characterisation: f versus | and ) versus [. (a) The plot shows
fundamental OOP mode frequencies for all string lengths. The blue curve is calculated
using the Euler-Bernoulli equation and agrees with the experimental data. (b) The
plot shows corresponding quality factors for strings. Quality factors reduce for longer
strings, but the reason is still unclear.
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Fig. 5.13: Characterisation: f versus n. (a) The plot shows frequencies for higher
OOP modes measured for all strings. Detecting higher modes for shorter strings
becomes challenging; only a few modes are shown. (b) The plot shows OOP modes
for 110 pm string and Euler-Bernoulli fit to the data. Stress ¢ and Young's modulus E
are calculated from the fit parameters (explained in the text).

Figure 5.13a shows frequency versus mode numbers for OOP modes of all strings.
Reordering the Equation 5.2,

f(n)=+va-n*+b-n? (5.3)
where a and b are fitting parameters and are given by,
B m2h?E o
CA8IAp T T ARy

(5.4)
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By fitting measured frequencies and mode numbers to Equation 5.2, we get the
fit parameters @ and b. Inserting the values /=110x10° m, p=3200 kgm~3,
h=110x10° m, we get E=400 GPa, 0=767 MPa. The same fitting routine is
used in this work to calculate Young's modulus and stress before and after each
implantation step, considering simply supported boundary conditions. Measured
frequencies and the fit function agree (Figure 5.13b), justifying our choice of
boundary conditions.

5.2.3 Stopping and Range of lons in Matter

We use the helium ion broad beam implantation technique to create silicon va-
cancies (Vg;) in SiC. Before finalising the experimental parameters, simulations
using the stopping and range of ions in matter (SRIM) are performed. First, to
fix the implantation energy, the projected range (R,) versus the energy E| of
ions is plotted as shown in Figure 5.14a.
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Fig. 5.14: Helium ion range and normalised vacancy distribution.

(a) Projected range R, versus energy Ej. (b) Normalised silicon and carbon vacancies
produced along the thickness of the resonator: Energy F, of ions is selected so that
most of the Vg; are created in the lower half of the resonator.

Notably, changes in mechanical response after creating Vs; and other types of
defects are more likely to be detected when defects are away from the neutral axis
(N.A.) of the resonator. Also, defects are well-defined away from the top surface
when artificially created using ion implantation techniques. The thickness of the
resonators is 110 nm, originating from the CVD-grown SiC device layer. There-
fore, to create Vg; in the lower part of the resonators, 14 keV implantation energy
is selected, for which the corresponding R,~95 nm. SRIM helps us quantify the
number of Vs; and V¢ and their distribution along the resonator thickness is as
shown in Figure 5.14b, confirming that more vacancies are created in the lower
part of the resonator.
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As we shall see in the later part of the thesis, a qualitative understanding of
defects created due to ion implantation is crucial for nanomechanics. Therefore,
we deduce the average number of vacancies from SRIM and multiply them by
the fluence, which gives the total number of vacancies per unit volume. With the
fluence ®=10%* cm~2, we have found defect density to be V5;=4.1 x 102° cm~—3
and Vc=1.7 x 10%° cm™3. From this, we estimate that there are 1.48 x 10° Vg;
in the longest 110 ym string. The actual defect densities are lower as most of
the created defects anneal at room temperature

5.2.4 Effect of Helium lon Implantation

To create Vs; in mechanical nanoresonators, we have employed helium ion broad-
beam implantation protocol at room temperature with energy E=14 keV and
ion fluence ®=10'2, 10! and 10* cm~2 consecutively. Figure 5.15 shows the
effect of helium ion implantation on the response and mechanical properties of
strings. The frequencies of all modes and for all string lengths drop with fluence,
but the effect is visible only for the highest fluence =1 x 10* cm—2.
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Fig. 5.15: Effect of helium ion implantation. (a) The plot shows a change in
OOP mode frequencies for a 110 pm string after incremental implantation steps from
d=1 x 10'2cm~2 to 1 x 10 cm—2. (b) Young's modulus E and relative stress oge|
(with respect stress in strings without implantation) versus incremental ion fluences
are plotted for for all string lengths and error bars indicate the standard deviation.
Stress data are shifted for clarity.

After the implantation with ®=1 x 102 cm™2, the stress ¢ remains the same as
the pristine sample, indicating a negligible change in mechanical eigenfrequencies
up to this fluence. With increasing fluence, however, o starts relaxing and finally
reaches 532 MPa at ®=1 x 10*cm~2 for 110 um string. On the other hand,
Young's modulus F stays constant within the error margins for all employed
fluences. Our results are in agreement with the previous experimental

and theoretical work
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We find that o is proportional to the slope of f(n) and can fit reliably with a
few data points. However, F, corresponding to a small non-linear component of
f(n), can only be measured with lower uncertainties for higher modes. Therefore,
E' is more sensitive to the uncertainties in frequencies, geometric, and material
parameters than o (not shown here). Also, measured E is based on the bending
rigidity model, which assumes a thin isotropic string with a rectangular cross-
section. Implantation creates more damage in the lower half of the strings (Figure
5.14b), and the elastic properties should not remain isotropic. However, as
E remains unaltered, it allows using the bending rigidity model to treat our
analysis

Implantation in the low dpa regime creates points defects such as vacancies,
antisites, and interstitials. It has been shown that interstitials play an essential
role in causing tensile strain' . In addition, helium atoms get trapped in Vg;
or V¢, crucial from the second implantation step, causing large internal stress.
However, as our strings are already under tensile stress originating from growth
and fabrication processes, deriving a direct correlation between stress relaxation
and point defects is complex and out of the scope of this work. It has been
concluded using Raman spectroscopy that deposition of helium on interstitial
sites leads to internal stress without breaking of SiC bonds. These results from
Raman spectroscopy also support the fact that stress changes, but as the bonds
are not broken, the elastic properties remain unchanged

Vs; ensembles are created with helium in the fluence range ® = 5 x 103 cm—2
to 1 x 10 cm=2""". Isolated optically active Vs; are created at much lower flu-
ence ®=1 x 10 cm~2, where changes in mechanical properties are negligible
Therefore, helium ion implantation in the low-damage regime where isolated op-
tically active Vs; are created in 3C-SiC nanomechanical resonators does not alter
the mechanical response significantly. Additionally, with the stress relaxation
after ion implantation, tuning the resonators individually with local FIB writing
tools such as HIM is possible. With HIM, resonance frequencies can be matched
better than their linewidths or their resonant coupling can even be engineered.

In conclusion, we have shed light on how the mechanical response of the
nanomechanical resonators in 3C-SiC alters after low-damage helium implant-
ation.  Our results show that the stress relaxes by 30% for the fluence
d=1 x 10* cm~2. As stress modifies in this regime, special attention must be
given while designing devices such as MEMS and NEMS sensors. Young's modu-
lus does not change significantly for all the implantation fluences, and the elastic
properties of the strings are maintained. Stress and Young's modulus change
are primarily related to defect types and their distribution, helium trapping at
vacancies, point defects and their clusters, and volumetric swelling.
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This chapter summarises the key results of my doctoral work. The first part con-
sists of the integration of ensembles of G-centres in Si nanopillars and wafer-scale
nanofabrication of G- and W-centres. To integrate G-centres in Si nanopillars,
we have developed a fabrication protocol, including MACEtch, which does not
create any optically active colour centres in the telecom O-band, and this is the
most important achievement of this thesis.

In the second part, | have presented nanomechanical resonators in SiC to invest-
igate the effect of helium implantation on their mechanical response. First, |
showed preliminary results of PEC etching for bilayer 4H-SiC with the goal of
producing nanoresonators in p-type 4H-SiC. Afterwards, the characterisation of
3C-SiC strings, followed by changes in stress and Young's modulus after helium
implantation, is discussed. | will briefly summarise my doctoral thesis in the next
and final chapter.
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Chapter 6

Conclusion and Outlook

In conclusion, | investigated fabrication and characterisation of nanostructures
for applications in quantum communication and sensing. On one side, | have
demonstrated a pathway towards monolithic integration of quantum photonic
integrated circuits by creating ensembles of telecom-photon emitters in silicon
nanopillars. On the other hand, | have presented how the process of creating
silicon vacancies, helium ion implantation in our case, affects the mechanical
properties of high-quality doubly clamped 3C-SiC nanoresonators is presented.

In the first project, we fabricate silicon nanopillar arrays of varying diameters with
a fabrication protocol employing standard electron beam lithography (EBL), but
rather a relatively new wet anisotropic etching technique called metal-assisted
chemical etching (MACEtch). The etch quality in terms of surface roughness and
uniformity can be achieved by isolating each array using frames. From literature
and experience, it has been concluded that fabricating smaller structures far apart
demands more experimental optimisation. Nevertheless, we have successfully
fabricated silicon nanopillars with 5 pm pitch which is crucial for QPIC.

The incentive to avoid lattice damage as a general consequence of standard
reactive ion etching (RIE) led to the development of MACEtch for silicon etch-
ing. More importantly, the low-temperature photoluminescence (PL) measure-
ments indicate the absence of any optically active centres in the telecom O-band
post-fabrication for unimplanted pillars. Therefore, MACEtch allows defect-free,
smooth, and uniform anisotropic etching at low cost, and it is possible to extend
the technique to other materials on a wafer scale. The current research overview
of MACEtch shows that it can be potentially used as a standard for low- to
mid-level industrial and research applications.
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Next, we create ensembles of G-centres in the nanopillars by carbon broad-beam
implantation with a fluence of 2x10* cm™2 at an energy of 250 keV corres-
ponding to a projected range of 600 nm. A low-temperature PL shows a sharp
zero phonon line (ZPL) at 1278 nm with a phonon sideband (PSB) at longer
wavelengths, which is the optical fingerprint of G-centres. We estimate a Debye-
Waller factor of 12% and measure 20% enhancement in the PL signal with 3.5
times narrower FWHM from the pillars compared to the bulk silicon due to the
waveguiding effect. The goal of improving the spectroscopic properties by integ-
rating G-centres in pillars is achieved.

In addition, we demonstrate a wafer-scale protocol to create individual G-centres
and W-centres in silicon using broad-beam implantation through a lithographic-
ally patterned PMMA mask. In the following steps, we would like to fabricate
photonic structures in silicon and create single telecom-photon emitters integ-
rated into the nanostructures using a FIB protocol. It will contribute to reaching
the goal of monolithic integration of silicon-based QPIC and will be a break-
through in quantum photonics.

In the second project, focusing on quantum sensing, our work is inspired by
the concept of hybrid spin-mechanical systems to measure magnetic fields with
enhanced precision. The idea is to extend spin-based magnetometry based on
silicon vacancies (Vs;) by coupling spin associated with Vg; to mechanical reson-
ators in 4H-SiC. To this end, we are developing a standard fabrication protocol
for doubly clamped resonators in bi-layer 4H-SiC. We employ the photoelectro-
chemical etching (PEC) technique to underetch p-SiC. However, etching leads to
porous structures with n-SiC and needs calibration experiments. The low current
density during PEC is likely due to higher contact resistance from the backside
of the sample. Improving the nickel back contact and cell configuration will solve
the issues and is a work in progress.

In the interim, we focus on understanding the change in mechanical properties
of nanomechanical resonators in 3C-SiC due to the creation of Vs;. Epitaxially
grown 3C-SiC on Si leads to a stressed device layer, which results in high-Q
(~10*) mechanical resonators and is attributed to the damping dilution. Such a
high-quality and, therefore, sensitive system is an ideal platform to study subtle
changes in material properties after implantation.

First, 3C-SiC resonators are fabricated using standard semiconductor processing
techniques, including EBL and RIE. Resonators are characterised to determine
vibrational frequencies and quality factors using a Fabry-Pérot interferometer
before and after implantation. Furthermore, we also measure higher modes for
all string lengths. By fitting the data with the Euler-Bernoulli equation, we
estimate the change in stress and Young's modulus after implantation.
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Afterwards, we use helium ion implantation to create Vs; in SiC because of
features such as low damage, high resolution, and the possibility of extending it
to a single-defect level using HIM. We have implanted helium in successive steps
with fluence ®=1 x 102 cm™2, 1 x 10¥cm~2, and 1 x 10*cm~2 at an energy
FE\=14keV corresponding to the projected range Rp of 95 nm.

By fitting the Euler-Bernoulli beam equation to the data, we study changes in
stress and Young's modulus with ion fluence. Generally, ion implantation leads to
crystal damage in moderate to high dpa regimes. We observe no change in res-
onance frequencies and stress for the lowest fluence ®=1 x 102 cm~2 but record
stress relaxation for higher fluences, which is attributed to volumetric swelling,
helium trapping, and interstitial defects. Lowering quality factors is associated
with increased dissipation losses. However, Young's modulus does not change
significantly and stays within error margins. It must be noted that, in the low-
damage implantation regime, where single or ensembles of Vg; are created, this
does not hamper the performance of SiC nanoresonators. Preserving mechanical
properties after ion implantation, where single or small ensembles of point defects
are created, is crucial for device applications in quantum technologies.

Finally, my doctoral research has contributed to taking a step towards the prac-
tical realisation of envisioned applications in quantum communication and sens-
ing. For quantum communication, my work has contributed to making QPIC
fully monolithic by integrating telecom photon emitters in photonic structures
and their wafer-scale nanofabrication. Also, my research lays out a fabrication
protocol that is especially suitable for photonics. In the case of quantum sensing,
our work mainly gives a perspective on the change in mechanical properties of
3C-SiC resonators with helium ion implantation.
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Appendix A

Fabrication Protocols

A.1 3C-SiC Mechanical Nanoresonators

Table A.1: Fabrication protocol for 3C-SiC nanoresonators

Process step Equipment Details
Cleaning Ultrasonic bath, acetone power=5 for 5 min
IPA dip in IPA
N, stream blow drying
Spin coating Spin coater, 950K PMMA A6 | 800 rpm, 5 s, ramp up 800 rpms~*
5000 rpm, 30 s, ramp up 2500 rpms—?!
100 rpm, 2 s, ramp down 2500 rpms—!
Hotplate at 180 °C for 90 s
EBL Raith 150TWO acceleration voltage=10 kV

aperture=30 pm
base dose=100 pCcm™

2

Development MIBK:IPA 1:3 dip for 50 s

IPA 90 s

N, stream blow drying
Evaporation Leybold LAB500 30 nm Crat 1.5 As™!

(thermal) base pressure ~ 10° mbar (check)
Lift-off Ultrasonic bath, acetone power=1 for 5 min

IPA dip in IPA

N, stream blow drying
Releasing ICP-RIE anisotropic etching of 3C-SiC and Si
resonators ICP-RIE Isotropic etching of Si

Cr etchant dip for 40 s
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A.2 Si Photonic Nanopillars

Table A.2: Fabrication protocol for Si nanopillars

Process step Equipment Details
Piranha 96% H»504:31% H,0,=3:1 | dip for 15 min
cleaning DI water dip in 2 consecutive baths

N, stream

blow drying

Oxide removal

0.5% HF solution

dip for 2 min

Spin coating UV Spin Coater LabSpin6 ramp up in 1 s to 3500 rpm
ma-N 2410 spin time=45 s
resist thickness=1 pym
Hotplate at 90 °C for 150 s
EBL Raith 150TWO acceleration voltage=20 kV

aperture=20 pm
base dose=130 pC cm—2

Development ma-D 525 dip for 3 min
DI water dip for 1 min
N, stream blow drying

Oxide removal | 0.5% HF solution dip for 2 min

Evaporation

Creavac CREAMET 600
(thermal)

10 nm Au at 3 As™!
base pressure=10"® mbar

MACEtch solution of 31% H,0,, 100 mL DI water
40% HF and DI water add 4.5 mL H,O,, wait 5 min
add 25 mL HF, wait 5 min
MACEtch solution 5 min dip
etch rate=240 nm min—!
DI water dip in 2 consecutive baths
N, stream blow drying
Lift-off Ultrasonic bath, acetone lowest intensity, 5 min

IPA
N, stream

dip in IPA
blow drying
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A.3 4H-SiC Mechanical Nanoresonators

Table A.3: Fabrication protocol for 4H-SiC nanoresonators

Process step Equipment Details

Cleaning Ultrasonic bath, acetone power=3 for 5 min
IPA dip in IPA
N, stream blow drying

Spin coating Hotplate at 150 °C for 5 min
Spin coater, EL11 4000 rpm, thickness=270 nm
Hotplate at 150 °C for 5 min
Spin coater, 950K PMMA A4 | 4000 rpm, thickness=125 nm
Hotplate at 150 °C for 5 min

EBL Raith 150TWO acceleration voltage=10 kV

aperture=30 pym
base dose=100 pC cm—2

Development MIBK:IPA 1:3 dip for 30 s

IPA 90 s

N, stream blow drying
Evaporation Creavac CREAMET 600 50 nm Ni at 3 As™!

(e-beam) base pressure = 10® mbar
Lift-off Ultrasonic bath, acetone power=1 for 5 min

IPA dip in IPA

N, stream blow drying
Anisotropic ICP-RIE SFg=40 SCCM, 0,=10 SCCM
etching P=2.0 Pa, ICP Power=400 W

RF Power=75 W, time=2 min
etch rate ~ 350 nm min—!

Removing Ni by | HNO3:HCI=1:3 at 80 °C dip for 10 min
Aqua regia DI water dip for 30 s

N, stream blow drying
Evaporation Creavac CREAMET 600 100 nm Ni at 3 As!
(back contact) (e-beam) base pressure ~ 10 mbar
PEC etching PEC setup Calibration in process
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Appendix B

Author Contributions

In this chapter, my contributions in the publications | am coauthor of are sum-
marised.

B.1 Ensembles of G-centres in Silicon Nanopil-
lars

In this work, | fabricated silicon nanopillars, and Dr. Michael Hollenbach per-
formed the spectroscopic measurements.

» Publication Title: Metal-assisted chemically etched silicon nanopillars host-
ing telecom photon emitters

= Journal: Journal of Applied Physics 132
» Year: 2022

= Abbreviations used in the table and text:

— M.Ho. - Michael Hollenbach — A.V. - Anna Eichler-Volf

— N.S.J. - Nagesh S. Jagtap — N.A. - Nikolay V. Abrosimov
— C.F. - Ciaran Fowley — A.E. - Artur Erbe

— J.B. - Juan Baratech — C.S. - ChaeHo Shin

— V.A. - Verénica Guardia-Arce — H.K. - Hakseong Kim

— U.K. - Ulrich Kentsch — M.H. - Manfred Helm
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— W.L. - Woo Lee — Y.B. - Yonder Berencén
— G.V.A. - Georgy V. Astakhov — Sup. - Supporting

Table B.1: Author contributions I(a)

Authors M.Ho. | N.S.J. | CF. | JB. | VA, | UK. | AV. | NA.
Data curation | Equal | Equal Sup. | Sup. Sup. | Sup.
Formal analysis | Equal | Equal

Investigation Equal | Equal Sup. | Sup. | Sup. | Sup. | Sup.
Visualisation Equal | Equal Sup.

Methodology Equal | Equal | Sup.

Supervision Equal

Writing-review,

editing Sup.

Validation Sup. | Sup. | Sup.
Resources Sup.

Table B.2: Author contributions I(b)

Authors AE. | CS. |HK. | MH. | WL. | GV.A. | Y.B.
Data curation Sup. | Sup. Equal
Formal analysis Sup. | Sup. Sup. Lead
Investigation Sup. | Sup. Sup. | Sup. Equal
Visualisation Equal
Methodology Sup. Lead
Supervision Sup. Sup. Lead
Writing-review, editing Equal
Validation Equal
Resources Sup. Sup. Sup.

Project administration Sup. Lead
Conceptualisation Sup. | Sup. Sup. | Sup. Lead
Funding acquisition Sup. Sup.

Software Lead
Writing-original draft Lead

Author Contributions: Michael Hollenbach: Data curation (equal); Formal
analysis (equal); Investigation (equal); Visualisation (equal); Methodology
(equal). Nagesh S. Jagtap: Data curation (equal); Formal analysis (equal); In-
vestigation (equal); Methodology (equal); Visualisation (equal). Ciaran Fowley:
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Methodology (supporting); Supervision (equal); Writing — review editing (sup-
porting). Juan Baratech: Data curation (supporting); Investigation (supporting);
Visualisation (supporting). Verénica Guardia-Arce: Data curation (supporting);
Investigation (supporting); Validation (supporting). Ulrich Kentsch: Investig-
ation (supporting); Methodology (supporting); Validation (supporting). Anna
Eichler-Volf: Data curation (supporting); Investigation (supporting); Validation
(supporting). Nikolay V. Abrosimov: Data curation (supporting); Investigation
(supporting); Resources (supporting). Artur Erbe: Project administration (sup-
porting); Resources (supporting); Supervision (supporting). ChaeHo Shin: Con-
ceptualisation (supporting); Data curation (supporting); Formal analysis (sup-
porting); Investigation (supporting). Hakseong Kim: Conceptualisation (sup-
porting); Data curation (supporting); Formal analysis (supporting); Investigation
(supporting). Manfred Helm: Funding acquisition (supporting); Resources (sup-
porting). Woo Lee: Conceptualisation (supporting); Formal analysis (support-
ing); Investigation (supporting); Methodology (supporting). Georgy V. Astak-
hov: Conceptualisation (supporting); Funding acquisition (supporting); Investig-
ation (supporting); Resources (supporting); Software (lead); Supervision (equal).
Yonder Berencén: Conceptualisation (lead); Data curation (equal); Formal ana-
lysis (lead); Investigation (equal); Methodology (lead); Project administration
(lead); Supervision (lead); Validation (equal); Visualisation (equal); Writing —
original draft (lead); Writing — review editing (equal) [reproduced from the
manuscript’].
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B.2 Wafer-Scale Nanofabrication of G-centres
& W-centres

In this work, | fabricated the photoresist mask with lithographically defined arrays
of nanoholes.

» Publication Title: Wafer-scale nanofabrication of telecom single-photon
emitters in silicon

= Journal: Nature Communications 13
= Year: 2022

= Abbreviations used in the text:

— M.Ho. - Michael Hollenbach — C.F. - Ciaran Fowley

— Y.B. - Yonder Berencén — U.K. - Ulrich Kentsch

— G.V.A. - Georgy V. Astakhov — N.V.A. - Nikolay V. Abrosimov
— N.K. - Nico Klingner — G.H. - Gregor Hlawacek

— L.B. - Lothar Bischoff — A.E. - Artur Erbe

— N.S.J. - Nagesh S. Jagtap M.H. - Manfred Helm

Author Contributions: M.Ho., Y.B., and G.V.A. conceived and designed the
experiments. M.Ho. performed the single-photon spectroscopy experiments un-
der the supervision of G.V.A. M.Ho., N.K., and L.B. designed the FIB layout.
N.K. and L.B. performed FIB implantation and in situ annealing. M.Ho., N.S.J.,
Y.B., C.F., and G.V.A. designed the PMMA mask. N.S.J. fabricated the
PMMA mask. M.Ho., UK., Y.B., and G.V.A. conceived and performed the
broad-beam silicon implantation. C.F. and Y.B. carried out the RTA processing.
N.V.A. grew the ultrapure silicon substrates. M.Ho. and G.V.A. wrote the manu-
script. All authors, together with G.H., A.E., and M.H., discussed the results and
contributed to the manuscript preparation [reproduced from the manuscript™ .
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