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Summary

Fostering the mind-blowing achievements of quantum science and technology for the benefit
of human society has been the motivation for generations of scientists. Quantum communi-
cation featuring higher security and quantum sensing with unprecedented sensitivity are only
two examples of how this work is paving the way into a brighter future. For such complex
tasks, however, it is not easy to find a single physical component being capable of fulfilling all
criteria required for a multifunctional device. Instead, most approaches are based on the com-
bination of multiple components by joining classical as well as quantum mechanical systems.
Each of those sub-systems accomplishes a certain task based on its individual physical prop-
erties so that, when combined, their complementary functionalities add up to a revolutionarily
new type of device. These so-called "hybrid" architectures typically include components such
as photonic elements, magnetic materials, superconducting circuits, microwave resonators,
mechanical nanostructures, and qubits. Among others, nitrogen vacancy centers (NVCs) in

diamond have been utilized as qubits playing a key role in hybrid structures.

Diamond has been known since ancient times as a host substrate with outstanding charac-
teristics. Today we know that this is in part due to a large energy band gap and therefore a
unique optical transmission spectrum, a large Young’s modulus, and low intrinsic dissipation,
and chemical and biochemical inertness. Furthermore, we know that NVCs in diamond exhibit
ultra-long coherence times and superb photostability even at room temperature, setting them
apart from other competitors like quantum dots or single molecules. It is therefore not surpris-
ing that, diamond photonic and mechanical structures play a highlighted role as components

in hybrid systems featuring NVCs.

Traditional semiconductor fabrication and structuring techniques as used e.g. for silicon
and gallium arsenide cannot be directly applied to diamond substrates. In recent years, this
has set a serious obstacle against further usage of diamond towards the goal of developing
multifunctional quantum devices. For one thing, growth of ultra-pure, high-quality, single-
crystalline diamond substrates is time-consuming, expensive, and requires very specialized
equipments. Further, top-down fabrication approaches like lithography and etching techniques
involving diamond substrates are more cumbersome and less efficient in comparison to the
case of above-mentioned semiconductors. Besides several recent attempts reporting break-

through developments to resolve these concerns, various deficiencies still exist which limit
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Summary

the further application of diamond structures in hybrid architectures.

In this PhD thesis, development of novel hybrid quantum systems featuring engineered di-
amond photonic and mechanical structures and implanted NVCs as quantum nanosensors,
towards quantum sensing applications will be presented. In particular, analytical and numeri-
cal calculations, fabrication, and characterization of 1) conically-tapered diamond nanopillars,
ii) thin circular diamond membranes and iii) diamond microcantilevers, all hosting embedded
NVCs, will be demonstrated. Optimizing the sensitivity of magnetic field measurement (mag-
netometry) via augmenting the photon collection efficiency of the embedded NVCs is focused
in 1), where in ii) and iii) interaction of the embedded NVCs with the mechanical degrees of
freedom of the host diamond structures is considered.

This thesis is therefore structured as follows:

e In the first chapter, introductory information about diamond and NVCs will be given. In a
brief way, properties of diamond will be discussed, followed by reviewing different methods of
diamond synthesis. Then, optical and spin properties of NVCs will be shortly reviewed, which
will be continued by explaining the generation techniques of NVCs. At the end, interaction of
NVCs with external degrees of freedom will be explained, based on which their applications
will be briefly listed.

e As mentioned, one of the most important highlights of this thesis is to develop various
fabrication techniques enabling novel hybrid diamond platforms. Therefore, in the second
chapter, optimized fabrication techniques specifically designed for diamond substrates will
be presented. In this way, initially, production of primarily-used diamond substrates in this
thesis, i.e. diamond thin films (thickness ~ 30 um) will be schematically explained. Then,
the two essential nanofabrication tools exploited in the course of this thesis, i.e. electron
beam lithography and plasma etching (reactive ion etching - inductively-coupled plasma; RIE-
ICP) techniques, will be illustrated. The developed recipes based on these procedures will be
shown to enable the engineering of various structures from nanoscale to millimeter scale, and
from overlay ones on top of the diamond substrate to topographic diamond structures. At
the end, several exemplary fabricated structures following their fabrication recipes will be
demonstrated.

e Besides other applications of NVCs, they have been shown as exquisite nanosensors for
internal and external magnetic fields. In the third chapter, a novel hybrid platform consisting
of a single NVC as the magnetometer and the hosting diamond photonic structure, namely
conically-tapered nanopillar, will be presented. First, theoretical backgrounds of the photo-
physics of NVCs, as well as optical waveguides will be briefly given. Then, analytical and
numerical simulations will be shown to achieve the optimized geometry for the nanopillar
structure to enhance the photon collection efficiency of the embedded shallow NVCs. Based

on them, conically-tapered diamond nanopillars with the approximate geometry of 400 nm,
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900 nm, and 1.2 um of top diameter, bottom diameter, and height, respectively, are set as
the target photonic structure. As the next step, the fabrication of such a hybrid system will
be illustrated. By characterizing them, it will be found that they can deliver net fluorescence
rate of = 1.7 x 10° counts/sec from single NVCs, which features ~ 13 times enhancement
in comparison to that of NVCs under the nonstructured diamond surface. Importantly, due to
this geometry and the employed fabrication method, it will be shown that no negative effect
on the optical properties as well as spin coherence times of NVCs is observed. So far, these
two important achievements can yield in ~ 3-fold enhancement in magnetometry sensitivity
using NVCs. At the end, this developed nanostructure will be assessed at low temperatures.
The T; relaxation time measurement of a single NVC inside a nanopillar geometry from room
temperature to ~ 5 K will be shown to vary from ~ 5 ms to ~ 300 ms, respectively. It will be
shown that the temperature-dependency of the 77 relaxation times of shallow NVCs can give
information about their phononic environment in comparison to that of the bulk NVCs.

e In the fourth chapter, hybrid diamond mechanical systems including embedded NVCs
will be presented. A short introduction about different mechanical degrees of freedom, as well
as mechanical oscillators in classical and quantum mechanics, and mechanical properties of
diamond will be presented. Then, interaction of different mechanical degrees of freedom, such
as strain and periodic vibration, with the spin interface of NVCs will be discussed. Afterward,
two different hybrid systems based on two diamond mechanical objects i.e. 1) thin circular
diamond membrane and II) mechanically-coupled diamond microcantilevers will be shown.

I) Fabrication and functionality of thin circular diamond membrane with the diameter of ~
1.1 mm, thickness of ~ 1.2 um, and surface roughness of ~ 0.4 nm will be demonstrated.
Prior to present the experimental results, extensive continuum mechanics theory background
will be discussed to derive the formula explaining the response of the system to the applied
pressure (stress). Then, the fabrication process based on developed Ar/SFg plasma and an
auxiliary diamond substrate as the designed etching mask will be mentioned. Next, the em-
bedded NVCs radially at the center of the membrane will be shown as nanosensors of different
mechanical degrees of freedom of the membrane. The fluorescence profile and ground-state
spin interface of individual embedded NVCs will be employed to detect the deflection of the
membrane under static applied pressure and in-resonance vibration, as well as its residual
stress. In this way, e.g. ~ 14 um of deflection and ~ 2.2 MHz of ESR frequency shift for 1
bar of applied static pressure will be shown. By the same method, measuring ~ 50 MPa of
radial residual stress of the membrane will be demonstrated. Similarly, the minimum detected
pressure by means of the optical interface of NVCs is registered to be ~ 40 Pa, revealing ~ 6
Pa/v/Hz of photon shot noise limit on the pressure sensitivity. Relying on these values, it will
be discussed that the presented hybrid structure using NVCs shows similar performance com-

pared with state-of-the-art pressure sensing devices based on MEMS/NEMS. Moreover, this

15



Summary

hybrid arrangement will be characterized as a spin-oscillator system. Within this frame, further
fundamental investigations on spin-phonon coupling regime will be pursued. In this regard,
analytical calculations following experimental observations about the spin-phonon coupling
strength will be shown.

II) So far, the interaction of NVCs with mechanical degrees of freedom of the host structure
is studied. This interaction can be seen to act locally, i.e. within a single node. In the next
step, multiplying and coupling of these nodes will be addressed. To that aim, another diamond
mechanical object, i.e. an array of diamond microcantilevers will be presented. It will be dis-
cussed that this mechanically-coupled microcantilever geometry can play a role as a mechan-
ical quantum bus to couple two distant NVCs, thus to scale up the hybrid NVC-mechanical
systems. In this way, mechanically-coupled diamond microcantilevers will be analytically and
numerically discussed and optimized. Then, to realize these structures, a delicate fabrication
process based on double-resist electron beam lithography and RIE-ICP procedures will be
presented. Next, by performing benchmark measurements, the resonance frequency of the
microcantilevers as well as the corresponding quality factors will be obtained. Importantly,
by observing the vibration spectrum of this system, their mechanical coupling concept will be
proven.

At the end, a brief explanation about the measurement setup will be provided, which will

be followed by bibliography.
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Zusammenfassung

Die erstaunlichen Errungenschaften der Quantenforschung und Quantentechnologie fiir den
gesellschaftlichen Fortschritt zu nutzen ist Antrieb und Motivation fiir ganze Generationen
von Wissenschaftlern. Quantenkommunikation, welche die sichere Ubermittlung von Daten
ermoglicht, und Quantenmessverfahren mit beispielloser Sensitivitidt sind nur zwei Beispiele
dafiir, wie diese Arbeiten den Weg in eine neue Zukunft ebnen. Um solche komplexe Auf-
gaben zu bewilltigen, ist es jedoch nicht moglich, ein einzelnes physikalisches System zu
finden welches alle notigen Kriterien fiir ein multifunktionales Bauteil erfiillt. Die meisten
Ansitze basieren daher auf einer Kombination von mehreren Komponenten welche sowohl
klassische wie auch quantenmechanische Systeme verbinden. Jedes dieser Teilsysteme er-
fiillt eine gewisse Aufgabe geméil} seinen individuellen physikalischen Eigenschaften, so dass
durch die Kombination ihrer komplementédren Funktionalititen ein revolutiondr neues Bauteil
entsteht. Diese sogenannten Hybrid-Architekturen beinhalten typischerweise Komponenten
wie photonische Elemente, magnetische Materialen, supraleitende Schaltkreise, Mikrowellen
Resonatoren, mechanische Nanostrukturen und Qubits. Unter anderem spielen in Hybrid-
strukturen Stickstoff-Fehlstellen Zentren (NV Zenter, engl. nitrogen vacancy center, NVC)
in Diamant eine zentrale Rolle als Qubits. Diamant ist bereits seit Jahrhunderten fiir seine
einzigartigen Eigenschaften bekannt. Heute wissen wir, dass dies zum Teil auf eine grofe
Energiebandliicke und das damit verbundene optische Transmissionsspektrum, ein grofes
Elastizitatsmodul, niedrige Dissipation sowie chemische und biologische Inertheit zuriick-
geht. Dariiber hinaus wissen wir, dass anders als beispielsweise bei Quantendots und einzel-
nen Molekiilen, NV Zentren in Diamant selbst bei Raumtemperatur besonders hohe Ko-
hirenzzeiten und ausgezeichnete Photostabilitdt ausweisen. Es ist daher nicht verwunderlich,
dass photonische und mechanische Diamantstrukturen eine exponierte Rolle als Komponenten
in Hybridstrukturen mit NV Zentren spielen.

Herkommliche Herstellung und Strukturierungsverfahren der Halbleitertechnik wie sie beispiel-
sweise fiir Silizium und Galliumarsenid verwendet werden, konnen nicht direkt auf Diamant
iibertragen werden. In den vergangenen Jahren stellte dies ein groes Hindernis bei der In-
tegration von Diamant in neuartige multifunktionale Quantenbauteile dar. Zum einen ist das
Wachstum von hochreinen, hochqualitativen, und einzelkristallinen Diamantsubstraten sehr

zeitintensiv und teuer und bendtigt auBlerdem hochspezialisierte Gerdte. Zum anderen ist
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Zusammenfassung

die Anwendung von Herstellungsverfahren nach dem Top-down-Prinzip wie beispielsweise
Lithographie und Atztechniken bei Diamantsubtraten deutlich mithsamer und weniger ef-
fizient als bei Halbleitermaterialien. Trotz verschiedener bahnbrechender Erfolge auf diesem
Gebiet, verbleiben diverse Einschrinkungen welche die Anwendung von Diamant in Hybrid-
strukturen limitieren.
In dieser Doktorarbeit wird die Entwicklung von neuartigen Quantenhybridstrukturen basierend
auf photonischen und mechanischen Diamantstrukturen mit implantierten NV Zentren und
deren Anwendung im Gebiet der Quantensensorik vorgestellt. Insbesondere werden analytis-
che und numerische Berechnungen sowie Herstellung und Charakterisierung von i) konisch
zulaufenden Diamant-Nanosiulen ii) diinnen kreisformigen Diamantmembranen und iii) freis-
tehenden mikrometergrolen Diamant-Cantilevern, welche alle mit NV Zentren dotiert sind
priasentiert. Die Sensitivitdt bei der Messung von magnetischen Feldern (Magnetometrie)
durch die Verbesserung der Photonenkollektionseffizienz zu optimieren steht im Fokus von 1)
wohingegen bei ii) und iii) die Wechselwirkung der eingebetteten NV Zentren mit den mech-
anischen Freiheitsgraden des Diamantsubstrats im Vordergrund steht.

Die vorliegende Arbeit ist daher wie folgt gegliedert:
e Das erste Kapitel gibt einen Uberblick iiber Diamant und NV Zentren. In kompakter
Weise werden hier die relevanten Eigenschaften und die verschiedenen Arten der Herstel-
lung von Diamantsubstraten diskutiert. Anschlieend werden die optischen sowie die Spin-
Eigenschaften von NV Zentren zusammen mit Verfahren zu deren Herstellung erldutert. Zum
Schluss wird die Wechselwirkung von NV Zentren mit externen Freiheitsgraden erklért und
deren Anwendung aufgezeigt.
e Wie bereits erwihnt ist eines der zentralen Themen dieser Arbeit die Entwicklung diverser
Herstellungsverfahren um Diamantstrukturen in neuartige Hybridplattformen zu integrieren.
Im zweiten Kapitel werden daher speziell fiir Diamant entwickelte und optimierte Struk-
turierungstechniken présentiert. Zunédchst wird die Priparation von rund 30 um dicken Dia-
mantfilmen, welche als Ausgangsmaterial fiir alle weiteren Experimente dienen, schematisch
dargestellt. Darauf folgend werden die zwei wichtigsten Werkzeuge der Nanostrukturierung
- Elektronenstrahllithographie und Plasmaitzen (reaktives lonenitzen mit induktiv gekoppel-
tem Plasma, RIE-ICP) - dargestellt. Die auf diesen Techniken aufbauenden Verfahren er-
moglichen die Entwicklung von diversen Nano- und Mikro-Strukturen welche sowohl in to-
pographischen Diamantstrukturen wie auch in Strukturen auf der Diamantoberfliche resul-
tieren. AbschlieBend werden mehrere exemplarische Strukturen gemeinsam mit ihren Her-
stellungsverfahren vorgestellt und diskutiert.
e Neben anderen Anwendungen haben sich NV Zentren als hervorragende Nanosensoren fiir
interne und externe magnetische Felder bewiesen. Im dritten Kapitel wird eine neue Hybrid-

plattform bestehend aus einem einzelnen NV Zentrum als Magnetometer, welches in eine
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konisch zulaufende Diamant-Nanosédule als photonische Struktur integriert ist, vorgestellt.
Zunichst wird dabei der theoretische Hintergrund der Photophysik von NV Zentren sowie
der von optischen Lichtleitern diskutiert. AnschlieBend werden analytische und numerische
Simulationen besprochen welche dazu dienen, die optimale Geometrie fiir eine maximale Pho-
tonenkollektionseffizienz der Lichtleiter mit oberflichennahen NV Zentren zu finden. Darauf
basierend wurden konisch zulaufende Nanosidulen mit einem unteren Durchmesser von etwa
900 nm, einem oberen Durchmesser von etwa 400 nm und einer Héhe von rund 1.2 um als
die Vorgabe fiir die experimentelle Umsetzung identifiziert. Im néchsten Schritt wird die Her-
stellung dieser Strukturen aufgezeigt. IThre Charakterisierung ergab eine Fluoreszenzrate von
~ 1.7 x 10° 1/s pro NV Zentrum was eine Erhohung um Faktor 13 im Vergleich zu NV Zen-
tren unter einer unstrukturierten Diamantoberfliche darstellt. Wichtig ist dabei, dass aufgrund
der speziellen Geometrie und der verwendeten Strukturierungsverfahren kein negativer Ein-
fluss auf die optischen Eigenschaften und die Spin-Kohérenzzeiten der NV Zentren beobachtet
wurde. Diese zwei wichtigen Erfolge fithren zu einer Verbesserung der Magnetometriesensi-
tivitdit von NV Zentren um einen Faktor 3. AbschlieBend werden diese Nanostrukturen bei
tiefen Temperaturen untersucht. Dabei zeigt sich, dass die 77 Relaxationszeit eines einzel-
nen NV Zentrums innerhalb der Nanosdule von 5 ms bei Raumtemperatur zu 300 ms bei
einer Temperatur von 5K ansteigt. Es wird weiterhin gezeigt werden, dass diese Temperat-
urabhingigkeit der 77 Relaxationszeit von oberflachennahen NV Zentren Informationen iiber
deren phononische Umgebung enthilt, welche sich von der von tiefer implantierten NV Zen-
tren unterscheidet.

e Im vierten Kapitel werden mechanische Hybridstrukturen mit integrierten NV Zentren disku-
tiert. Zundchst wird eine kurze Einfithrung in unterschiedliche mechanische Freiheitsgrade
sowie mechanische Oszillationen in klassischen und quantenmechanischen Systemen und den
mechanischen Eigenschaften von Diamant gegeben. Darauf aufbauend wird die Wechsel-
wirkung von unterschiedlichen mechanischen Freiheitsgraden wie Dehnung und periodis-
che Vibrationen mit dem Spin des NV Zentrums besprochen. Danach werden zwei unter-
schiedliche Hybridsysteme basierend auf zwei mechanischen Diamantstrukturen préisentiert:
I) Diinne kreisformige Diamantmembranen und II) mechanisch gekoppelte Diamant Mikro-
cantilever. I) Zunichst wird die Herstellung und die Funktionalitit von diinnen kreisformi-
gen Membranen mit einem Durchmesser von ~ 1.1 mm, einer Dicke von ~ 1.2 um und
einer Oberflichenrauigkeit von ~ 0.4 nm erldutert. Vor der Prédsentation der experimentellen
Ergebnisse wird ein umfangreicher kontinuumsmechanischer Hintergrund gegeben, um die
Formeln, welche die Reaktion des Systems auf angelegten Druck beschreiben, abzuleiten.
Anschlieend wird das eigens hierfiir entwickelte Herstellungsverfahren welches auf einem
Ar/SFg Atzprozess mit einem als Atzmaske ausgebildeten zweiten Diamanten basiert, vor-

gestellt. Es wird weiter gezeigt werden, wie die im Zentrum der Membran eingebetteten NV
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Zusammenfassung

Zentren als Nanosensoren fiir mechanische Freiheitsgrade der Membran eingesetzt werden
konnen. Das Fluoreszenzprofil sowie der Spin des Grundzustandes einzelner NV Zentren
wird dabei zur Messung der Auslenkung der Membran unter statischem Druck sowie resonan-
ter Schwingungen und remanenter Spannung genutzt werden. Dabei wird eine Auslenkung
von ~ 14 um und eine ESR-Frequenzverschiebung von ~ 2.2 MHz bei einem angelegten
Druck von 1 bar beobachtet. Mit derselben Methode wird auBBerdem eine remanente Span-
nung der Membran von ~ 50 MPa festgestellt. Der minimale, iiber das optische Interface
gemessene Druck wurde auf ~ 40 Pa bestimmt, was einer von Schottky-Rauschen beschrink-
ten Drucksensitivitit von ~ 6 Pa/v/Hz entspricht. Basierend auf diesen Werten wird disku-
tiert, dass die hier vorgestellten NV-Hybridstrukturen Eigenschaften aufweisen, welche denen
von MEMS/NEMS Bauteilen ebenbiirtig sind. Dariiber hinaus wird diese Hybridanordnung
als Spin-Oszillator-System charakterisiert. Vor diesem Hintergrund werden weitere funda-
mentale Untersuchungen zur Spin-Phonon Kopplung durch analytische Berechnungen sowie
experimentelle Ergebnisse diskutiert. II) Bisher wurde die Wechselwirkung von NV Zentren
mit mechanischen Freiheitsgraden der Wirtsstruktur untersucht. Diese Wechselwirkung findet
lokal, also innerhalb eines einzelnen Knotens statt. Im nachsten Schritt wird das Vervielfachen
und das Koppeln solcher Knoten untersucht werden. Zu diesem Ziel wird eine weitere mech-
anische Diamantstruktur in Form von Mikrocantilevern vorgestellt. Es wird diskutiert wer-
den, dass mechanisch gekoppelte Mikrocantilever wie eine Art Quanten-Bus agieren kon-
nen um entfernte NV Zentren zu koppeln und um somit NV Zentren basierte mechanische
Hybridstrukturen maBstiblich zu vergroern. Hierfiir werden mechanisch gekoppelte Mikro-
cantilever aus Diamant numerisch und analytisch untersucht und optimiert. Fiir deren ex-
perimentelle Realisierung wird ein neuartiges Verfahren basierend auf Doppel-Photoresist-
Elektronenstrahllithograhie und RIE-ICP vorgestellt. Desweitern wird die experimentelle
Bestimmung der Resonanzfrequenz und der Q-Faktoren demonstriert. Dabei wird durch die
Messung der Schwingungsspektren des Systems die mechanische Kopplung zwischen den
einzelnen Cantilevern nachgewiesen.

Am Schluss befindet sich eine kurze Erkldarung des Messaufbaus gefolgt von dem Liter-

aturverzeichnis.
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1. Introduction

Diamond has been known due to its beauty, value, and mechanical stiffness since ancient times
[1]. Back to several centuries ago, the most majestic diamonds Kooh-i-Nur and Darya-i-Nur
(literally mean: mountain of light and sea of light, respectively) have been known as glorious
symbols of beauty and imperial wealth [2]. In addition, diamond has been known historically
as a strong material, which yields in its outstanding applications in drilling. Moreover, its
unique thermal expansion and thermal conductivity range its applications further to high power
devices [1]. Rapidly ongoing advances in growth and quality control of the synthetic diamonds
have raised next-level applications in e.g. optical and electrical devices and pressure sensors
[1, 3, 4]. In addition to a solid with incredibly excellent properties, it is also a host of hundreds
of color defect centers [5, 6]. Among them, nitrogen vacancy center (NVC) [7] and silicon
vacancy center (SiVC) [8] are the most famous ones, showing outstanding properties with
applications ranging from classical to quantum field. Diamond and NVCs are the principal
parts of this thesis. Therefore, before going through the experimental achievements of this

thesis in the next chapters, a brief review about them will be given here.

1.1. Diamond basic properties and synthesis

In this section, basic properties of diamond will be reviewed. In some cases, the effect of
external parameters such as pressure and temperature on those properties will be explained.

Afterward, introductory information about diamond synthesis techniques will be mentioned.

1.1.1. Lattice properties

Diamond lattice is made of two inter-penetrating face centered cubic (fcc) lattices of carbon
atoms, translated from each other diagonally by 02_0 (1,1,1) (ag is the lattice constant of dia-
mond). Diamond has two carbon isotopes, 12C and 13C, with natural abundance of 98.9% and
1.1% and nuclear spins of 0 and % respectively. Lattice constant (ag) of diamond with natu-
ral isotope contents at room temperature is measured to be ~ 0.36 nm [1]. Different isotope
contents and lattice impurities change this lattice constant, accordingly. The lattice constant
is monotonically increasing with temperature, with the associated temperature (7')-dependent
linear expansion coefficient of ot = 1.08 x 10~ 72 (up to 500 K) [1].
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Figure 1.1.: a) Absorption coefficient of diamond is shown vs. the wavelength. As can be seen, di-
amond is transparent from the UV to IR region of the spectral range. Figure is taken
from [9]. b) Refractive index of bulk diamond (n) is shown vs. the wavelength. As
demonstrated, the refractive index of diamond decreases for ~ 20% as the wavelength is
increased from 200 nm to 1000 nm.

1.1.2. Phononic and thermal properties

Assuming no impurity in the diamond lattice, a pure bulk diamond sample does not have elec-
trostatic dipole moments. However, a phonon distorting the diamond lattice can consequently
create dipoles. Therefore, Raman spectroscopy of diamond lattice is possible, showing a sharp
peak at ~ 1332 cm™! with full width at half maximum of 1.2 cm~!, at room temperature [1].
The high contrast of the diamond Raman line offers further applications of diamond such as
temperature and pressure sensing. Generally the relative shift of the Raman frequency is re-
lated to the relative change of the diamond crystal volume. For instance, applied hydrostatic
compressive stress causes a linear shift in the Raman frequency. In this way, the relative shift
in the Raman frequency vs. hydrostatic stress (up to 140 GPa) is given by approximately 2.8
cm~'/GPa [1].

The heat conductivity of diamond is known to be the highest among the bulk materials, e.g.
four times that of copper at room temperature. This value is highly dependent on temperature
as well as the sample size and purity degree. For example, for a high quality pure diamond
the heat conductivity is ~ 15000 W/mK at ~ 70 K which decays to ~ 600 W/mK at ~ 1000
K [1].

1.1.3. Electronic and optical properties

Pure diamond has indirect energy gap of ~ 5.5 eV [1]. It is transparent in the visible and even

the ultraviolet spectral range (see Figure 1.1-(a)) [1, 10]. The energy gap of diamond shifts
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1.1. Diamond basic properties and synthesis

towards higher energies under hydrostatic pressure. The relative shift of this energy vs. the
applied pressure is ~ 6.0 meV/GPa (for P< 2.3 GPa) [1]. This shift in the energy is almost an
order of magnitude larger than the one caused by the phonons (see above).

By means of capacitance measurement, refractive index of 2.39 is obtained for bulk dia-
mond sample. More precisely, refractive index of bulk diamond (n) at a given wavelength (1)
is given by [1]:

0.3312 N 4.33)2
A2 — 112 A2 — 122 ’
where A; = 175 nm and A, = 106 nm [1]. Based on Eq. (1.1), refractive index of bulk diamond

vs. wavelength is plotted in Figure (1.1)-(b). Using this equation, refractive index of bulk

=1

(1.1)

diamond at wavelength of A = 600 nm is achieved to be 2.41. Such a relatively high refractive
index yields in reflection coefficient of ~ 17 % at visible range. This information is essential
for its applications in photonic devices, such as lenses and waveguides [1, 11].

For biological applications of diamond such as fluorescence imaging, it is required that the
diamond substrate shows low amount of luminescence [9]. This can be managed by minimiz-
ing the amount of impurities and defect centers in diamond via optimizing its growth condition
[9]. Another important criteria on the optical properties of diamond for its applications, is its
low birefringence. A pure bulk diamond substrate is known to show no birefringence due to its
structure properties. However, strain fields and lattice dislocations can generate birefringence
in diamond. It is therefore of significant importance, to synthesize diamond substrates with
low birefringence for polarization-sensitive optical applications [9]. Synthesis techniques of

diamond will be explained briefly in following.

1.1.4. Synthesis techniques

While graphite is the stable allotrope of carbon at room temperature and ambient pressure,
diamond cannot be naturally formed under these conditions [9]. Diamond is believed to be
formed 200 kilometers below the earth’s surface. Under these conditions, i.e. under high
pressure and high temperature conditions (70-80 kbar of pressure and temperature of 1400-
1600° C), diamond is known to be thermodynamically stable [9]. Nowadays, mimicking
these conditions in industrial level is one of the most major methods to synthesize diamond
substrates. This method, called as high pressure - high temperature, or shortly abbreviated as
HPHT, was reported for the first time in 1955 [12]. In this method, application of a solvent
metal such as iron or cobalt is essential. Using the HPHT method, mostly small diamond
grains suitable for abrasive applications can be produced. Nevertheless, synthesis of large
(several millimeters) ultrapure diamond substrates by means of HPHT method is also reported

[9]. In this way, utilization of further getter mixtures, e.g. aluminum or titanium, helps to
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1. Introduction

prevent the incorporation of impurities like nitrogen into the diamond lattice [9, 13].

Apart from the production of diamond in its thermodynamically-stable conditions via HPHT
method, it can be synthesized also in its metastable regime [9]. Diamond growth by means of
chemical vapor deposition (CVD) method was first reported several decades ago [9], which
is nowadays another major way of diamond synthesis. In this way, growth of diamond is ac-
complished by using a small fraction of carbon (typically < 5%) in an excess of hydrogen.
By heating the molecular hydrogen up to temperatures of ~ 2000 K, a significant dissociation
to the atomic hydrogen happens. Then, the diamond deposition can be performed on top of
a suitable substrate. The heating process can be done via application of arc-jet, hot filament,
microwave plasma, etc [9]. By controlling the purity of the deposition precursors as well
as the chamber quality, CVD method offers a high-degree control of the quality of the dia-
mond substrate [9, 14]. In addition to the quality of the diamond samples, CVD technique can
yield additionally in large-scale diamond samples (~ 1 cm), as well as predefined geometries
[9, 15, 16].

Diamond substrates, either natural or synthetic, can be divided into two main categories |
and II, with each subcategories of a and b. This classification is usually performed based on the
purity of the diamond substrate, e.g. based on the impurity concentration such as nitrogen and
boron. For different types of diamond, the optical, electrical, and mechanical properties can
be drastically different [9]. In this thesis, ultrapure single crystal CVD type-Ila diamond films
containing less than 5 ppb (often below 1 ppb) and 1 ppb of nitrogen and boron impurities,
respectively, provided by Element Six [17] are used as the starting material. For more details

about the exploited diamond samples in this thesis, refer to chapter 2.

1.2. Nitrogen vacancy center (NVC) in diamond

As sources that emit only one photon at a time, i.e. single photon sources, single molecules,
quantum dots, and single defects in solids can be considered. The defect centers in solids
are highlighted single photon sources that are notably developed and exploited. Additionally,
they get benefit from the capability to manipulate their electronic states through nanoscale
control of their material host and geometry [18]. Three main criteria stand for an emitter to be
employed as a single photon source [18]: 1) they should be spatially isolated and addressable,
b) they should be able to be optically excited, and c) their emitted photons should be collected
and directed into the optical collection tools. Similar to other defect centers in diamond [6],
nitrogen vacancy centers (NVCs) [7] and silicon vacancy centers (SiVCs) [8, 19] are single
defect centers in diamond which are manifested to be single photon sources that fulfill these

criteria. Importantly, NVC is an unbleachable stable photon source even at room temperature.

24



1.2. Nitrogen vacancy center (NVC) in diamond
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Figure 1.2.: Lattice structure of an NVC defect in diamond is depicted. As shown, NVC is formed of
a substituting nitrogen impurity attached to the neighbor lattice vacancy.

Besides the eminent optical characteristics of NVC, it has an electron spin triplet ground state
which can be addressed, manipulated, and readout with high fidelity [20].

NVC is a point lattice defect in diamond which is formed of a nitrogen impurity substituting
a carbon atom, attached to the neighbor lattice vacancy (see Figure 1.2) [21]. It has three
charge states, over which only the negatively-charged one is investigated in this thesis (through
this thesis, NVC presents the negatively-charged nitrogen vacancy center in diamond). The
electronic structure of the NVC is formed of six electrons; two electrons provided by the
nitrogen atom, three electrons provided by the dangling bonds from the three carbon atoms
surrounding the vacancy point, and one electron which is captured from the lattice [20].
NVC is of fundamental importance in the content of the present thesis. Therefore, in the rest

of this chapter, a brief review about its properties will be given.

1.2.1. Basic optical and spin properties

The basic photophysics of an NVC can be described by assuming three electronic levels (see
Figure 1.3-(a)); a ground state |g), an excited state |e) (with the radiative lifetime of ~ 12
ns) and a metastable singlet state |m) (with the lifetime of ~ 250 ns) [20] (more details can
be found in chapter 3). The ground and excited states are spin triplet states (S=1) which are
further split into three spin sublevels, mg = 0 and m; = £1. The m; = 0 sublevel is energetically
lower than the my = + 1 sublevels, and the my; = +1 sublevels are degenerate. The energy
difference between the m; = 0 and mg; = £1 sublevels is given by the zero-field splitting D,
given by D = 2.87 GHz and D = 1.42 GHz for the |g) and |e), respectively.

The NVC can be non-resonantly excited into the vibronic levels of the |e) using a laser with
wavelength of 532 nm. Then, the NVC decays from the |e) either directly to the m; = 0 of
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Figure 1.3.: Energy structure diagram of an NVC in diamond in room temperature is depicted. a)

26

The energy levels of NVC are located within the band gap of diamond. Ground state
(Ig)), excited state (|e)), and metastable singlet state (jm)) form the energy scheme of an
NVC. The allowed transitions between these states are depicted. The wavy arrows show
the radiative transitions (which are also spin-preserving) where the straight solid arrows
present the non-radiative ones. Figure is adapted from [20]. b) The |g) of an NVC is
focused, noting the zero-field splitting term (D) and the magnetic Zeeman interaction. c)
An emission spectrum of an NVC under pumping wavelength of 532 nm is demonstrated,
showing the ZPL and broad phonon sideband.



1.2. Nitrogen vacancy center (NVC) in diamond

the |g), or by passing through the |m) due to intersystem crossing. Only few percent of these
emitted photons are spectrally located at the wavelength of ~ 637 nm (zero-phonon line: ZPL,
equivalent to 1.945 eV) where other photons stand in vibrational side bands (phonon sideband)
in the spectral range of ~ 650 nm to 800 nm (see Figure 1.3-(c)).

The level structure of the excited state of the NVC is well explored at room [22] and low

temperature [23]. However, most of its applications are based on its ground state properties.
The degeneracy between mg = +1 and my = -1 sublevels can be lifted by magnetic fields based
on Zeeman interaction (see Figure 1.3-(b)) with gyromagnetic ratio of y = 2.8 MHz/G [20].
This is the key background of all the magnetic field sensing experiments based on NVCs. The
metastable state |m) plays a vital role in the optical readout of the NVCs. Due to different
transitions shown in Figure 1.3-(a), an electron in the m; = + 1 of the |e) decays with signif-
icant probability to the |m) while the mg = 0 of the |e) decays directly to the m; = 0O of the
|g). These two different transitions lead to an optical contrast of ~ 30 % between the m; =
0 and mg = £ 1 of the ground state. This spin-dependent luminescence is a main tool which
enables optical readout of the spin states of NVCs. To perform spectroscopy and individually
address different levels of the |g), an auxiliary microwave field is applied to the NVC. As the
microwave frequency is tuned to be resonant with the relevant transition (m; = 0 to mg = £1),
the associated excitation occurs which results in a reduction of the detected fluorescence inten-
sity. This technique is called optically-detected magnetic resonance (ODMR) (demonstrated
in 1997 [21]) which enables further ESR measurements utilizing NVCs. ODMR measure-
ments will be used frequently in the experiments shown in chapters 3 and 4. An example of
the ODMR spectrum of a single NVC under ~ 64 G of magnetic field applied to its symmetry
axis is shown in Figure 1.4-(a).
The electronic spin of the NVC is coupled to the nearby nuclear spins, e.g. the nitrogen and
carbon nuclear spins, via the hyperfine interaction. By applying the ODMR technique, this
information about the nearby nuclear spins can be also deduced. For example, the ODMR
spectrum presenting two dips distanced by 3 MHz is depicted in Figure 1.4-(b), which proves
the coupling to the nearby >N nuclear spin.

The mg = 0 and m; = 1 spin sublevels of an NVC form a two-level quantum mechanical
system (qubit), on which the Bloch sphere concept and hence the coherence-related measure-
ments can be carried out. For instance, the Rabi oscillations between the ground-state mg = 0
and my = -1 sublevels is shown in Figure 1.4-(c), revealing Rabi period (1) of ~ 100 ns. Given
the transition frequency and the corresponding Rabi period, several pulsed measurements em-
ploying different pulse sequences can be used to assess the NVC coherence properties. For
instance, a Hahn echo pulse sequence (see Figure 1.4-(d)) can be used to measure the spin-spin
relaxation time (72) of NVCs. Hahn echo decay signals for two NVCs with different depths

are presented in Figure 1.4-(e) to -(f) [24]. As can be seen in these figures, different mag-
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a) ODMR measurement revealing the m; = &= 1 spin sublevels is shown. As can be seen,
with respect to the Zeeman interaction, the ODMR technique can also give information
about the magnetic field applied to the NVC. b) By applying ODMR technique, the present
nearby N nuclear spin coupled to the electron spin of the NVC can be detected. c) The
ground-state spin sublevels of the NVC form a quantum mechanical two-level system for
which, by applying the resonant MW pulses, the Rabi period can be measured to be ~
100 ns. d) The frequently-used Hahn echo scheme to measure the 7, coherence times
of NVCs is shown. Initially the NVC is pumped (P) into its m; = O state. Then 7/2-
t/2-1m-t/2-7 sequence consisting of resonant MW pulses and delay times is applied to the
NVC. Finally the readout (R) of the spin state of the NVC is performed. This process
is repeated for multiple times to achieve sufficient signal-to-noise ratio. The Hahn echo
decay signal for NVCs with different depths are shown in Figure 1.4-(e) to -(f). The decay
behavior can be either Gaussian which is imposed by the slowly fluctuating '*C nuclear
spin environment, or be exponential which is set by rapidly fluctuating surface impurities.
Figures (e) - (f) are taken from [24].



1.2. Nitrogen vacancy center (NVC) in diamond

netic noises at the NVC location can yield in different decay shapes in the Hahn echo signal,

causing in different 7> values [24].

1.2.2. Creation techniques

It is unavoidable to synthesize a diamond substrate in which no NVC exists. Although these
natural NVCs can be sufficient for some applications, mostly doping with more controlled
NVCs is required. This control means, to have much higher concentration of NVCs in pre-
defined lateral position and depth. The mostly-used generation technique of the NVCs in a
bulk diamond substrate is a combination of ion implantation and annealing techniques. In this
way, high concentration of nitrogen (ions or molecules) is introduced to the substrate, which
consequently produces vacancies in the diamond lattice. Afterward, annealing the sample at
temperatures of ~ 1000° C promotes diffusion of these vacancies which finally yields in for-
mation of NVCs. The yield factor, i.e. the ratio of the generated NVCs per initial implanted
nitrogen concentration, depends on the energy of the implantation [20]. Electron radiation or
helium irradiation of diamond substrates with considerable amount of nitrogen concentration
are alternative methods to generate NVCs [20, 25, 26].

1.2.3. Photon collection efficiency

Diamond has a relatively high refractive index in visible spectral optical range (see Eq. 1.1).
This encourages the application of diamond in macro- to nanoscale photonic devices [11].
However, this imposes an obstacle on the collection efficiency of the photons emitted by the
NVCs, even by using the best optical collection tools e.g. microscope objectives with very
high numerical aperture [11]. With respect to the big mismatch in the refractive index of dia-
mond (ny ~ 2.4) and the collection medium (e.g. air, n, ~ 1), most of the photons emitted by
the NVC cannot pass through the diamond-air interface and reflect back to the diamond sub-
strate. Only a small fraction of these photons which are within a certain angle with respect to
the normal to the diamond substrate, can pass through this interface and get partially collected
by the collection tools. This angle is defined as the critical angle (6, = 1/n; ~ 24°) and this
phenomenon is known as total internal reflection (TIR) (see Figure 1.5-(a)) [18]. Accordingly,
via a confocal assembly, approximately 10° photons/sec can be collected from a single NVC
located in a bulk diamond substrate at room temperature [28]. This value plays an important
role in application of NVCs, since the readout process of the spin states of NVCs is optically
performed. Several attempts have been reported to tackle the poor collection efficiency of the
NVCs, which can be categorized into two main monolithic and non-monolithic groups.

Among the monolithic solutions, one can point to diamond solid immersion lens (SIL)
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Figure 1.5.: a) Total internal reflection (TIR) process with the critical angle (6,) is shown as an obsta-
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cle imposing poor collection efficiency of NVCs. b) Macro- and microscale diamond solid
immersion lenses (SILs) are developed to increase the photon collection efficiency of bulk
NVCs. Figures are taken from [27, 28]. The scale bar in the lower figure presents 10 um.
¢) Nanopillars are waveguides which are fabricated directly onto the diamond substrate to
increase the number of collected photons from shallow and bulk NVCs. Figure is taken
from [29]. Besides the monolithic solutions to the enhancement of photon collection ef-
ficiency of NVCs, non-monolithic solutions are also developed, as shown in d), e) and f).
In d) silver layer is employed to apply Purcell enhancement to the photon count rate of
NVCs integrated in the nanopillars. Figure is taken from [30]. e) Another approach can
be utilization of a GaP lens which guides the photons emitted by the NVC to the objec-
tive lens. Figure is taken from [31]. f) By means of bullseye diamond structure which is
mounted on top of a glass substrate, more than one order of magnitude enhancement is
obtained in the photon collection efficiency of NVCs. Figure is taken from [32].
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[27, 33, 28] (see Figure 1.5-(b)) and nanopillars [34, 35, 29] (see Figure 1.5-(c)). Diamond
SILs are either individually machined macrolenses (~ 1 mm) from diamond including NVCs
[27], or integrated microlenses (~ 10 um) which are directly fabricated into the diamond sub-
strate surrounding a predefined NVC [33, 28]. By providing a hemisphere geometry around
the targeted NVC, SILs are reported to avoid the TIR effect and hence increase the photon
collection efficiency of bulk NVCs by ~ 5 times. To increase the photon collection efficiency
of bulk [34, 29] and especially shallow NVCs [36], diamond nanopillars are developed. The
emitted photons of the embedded NVCs can couple to the waveguide modes of these nanopil-
lars and efficiently get collected by the collection tools. These nanopillars (diameter ~ 200
nm, height ~ 1-2 yum), which are fabricated directly onto the diamond substrate, can increase
the photon collection efficiency of the host NVCs up to ~ 10 times.

In other set of approaches to increase the photon collection efficiency of NVCs, application
of other material is pointed. For instance, by providing silver layer surrounding the nanopil-
lars, the electric environment of the NVC is manipulated, which yields in shorter excited-state
lifetime and hence Purcell-enhanced increase in the number of collected photons of the NVCs
[30] (see Figure 1.5-(d)). In another approach, a dielectric antenna i.e. a GaP lens is engi-
neered for individual NVCs [31]. Benefiting from its higher refractive index in comparison
to that of diamond (ng.p ~ 3.3) and accordingly larger 6., more photons are directed to the
collection tools (= 10 times). As another non-monolithic approach to augment the photon
collection efficiency of the NVCs, diamond bullseye grating are developed which redistribute
the emitted photons by the NVC into low-NA channel toward the microscope objective [32]
(see Figure 1.5-(f)). Additionally, the electric environment of the NVCs is manipulated by
positioning these structures on top of a glass substrate. By these two solutions, more than one

order of magnitude enhancement is achieved.

1.2.4. Applications

A combination of notable spin and optical properties put NVCs in diamond ahead of the other
competitor solid-state single photon source spin defects, such as SiVC [37] and rare-earth
defects [38]. NVCs have been shown to be employed in several directions of the research
activities in the last decade. Among them, fundamental quantum mechanical observations like
entanglement [39] and quantum error correction [40] to experiments towards long-distance
quantum communication [41] can be listed. Besides the mentioned applications, NVC has
been shown as a versatile nanoscale quantum sensor for various physical quantities such as
magnetic field [42], electric field [43], temperature [44], strain [45], etc [20]. In following,
these sensing applications will be shortly reviewed.

Generally, all of the applications of NVC as a quantum nanoscale sensor are stemmed from
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the capability of high-fidelity initialization, manipulation, and optical readout of the spin levels
of NVC. Additionally, sensitivity (interaction) of NVC electronic spin levels to (with) different
physical quantities form the sensing basis of NVCs. These physical parameters play a role as
perturbations to the spin energy levels of NVCs, which can be understood via the following
Hamiltonian of NVC (% is assumed as 1) [20]:

2 2
Hxve=D (sg - 5) + yB-S  +ekE. (S§ - 5) + & {Ex (ScSy + SySx) + Ey (S3+57) 1,
~——-~—" magnetic (Zeeman) ~
ZFS electric

(1.2)
where B and E are the magnetic and electric fields at the location of the NVC, respectively, S
is the spin operator, and &, and &,, are the electric field coupling constants. Here, the z axis
is the symmetry axis of the NVC ((111) diamond crystal axis). For moderate magnetic and
electric fields, the zero-field splitting term is dominant (shown with ZFS) and the magnetic and
electric fields act as perturbations. The zero-field splitting constant itself is dependent upon
temperature and pressure [20], which provides NVCs with the capability of being used as
temperature and pressure sensors. As can be seen, external magnetic field lifts the degeneracy
of spin levels, whereas the electric field can either shift these spin levels or mix them [20,
45]. Based on the given coupling constants, it is deduced that the magnetic coupling is far
stronger than the electric one. Commonly, to precisely measure these perturbations, direct CW
ESR measurements, pulsed (time-evolution) measurements, and relaxometry measurements
are performed so far [20]. The sensitivity of the magnetic field sensing is limited by the
optical and spin properties of the NVC probe i.e. its photon flux and coherence times, as
well as the required measurement time [20]. In this way, the corresponding shot-noise-limited
magnetic field sensitivity (minimum detectable magnetic field within 1 s of acquisition time)
0B,,i, is scaled with \/#7 where N is number of NVC probes and T¢ is the coherence time
of them. Additionally, F' is the number of collected photons emitted by a single NVC per one
measurement shot [46, 47]. Given the corresponding values for a single NVC, the magnetic
field sensitivity of few nT/v/Hz is achieved [20].
Optimizing the magnetic field sensitivity as well as sensing the residual and applied stress
is at the core of this thesis, which will be explored in more details in chapters 3 and 4, respec-

tively.
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The demonstrated fabrication
recipes in this chapter are
partially employed in [25], F.
Favaro de Oliveira, S. Ali
Momenzadeh et al. Appl. Phys.
Lett. 107, 073107 (2015) and
[48], Ingmar Jakobi, S. Al
Momenzadeh et al. Journal of
Physics: Conference Series,
752, 012001, (2016).

Micro- and nanostructuring techniques are continually advancing to enable the fabrication
of more complicated objects on smaller scales within a shorter time and with higher resolu-
tion. Achievements of those techniques are not only limited to laboratory-based micro- and
nanoscale objects in electronics, mechanics, medicine, etc, however importantly is extended
to daily routine human life. Among other fields, the mentioned techniques could show their
magnificence also in basic research within the recent decades, as they could enable platforms
on which many important classical and quantum physical concepts could be investigated, ver-
ified, and afterward transferred to application arena.

Similarly, state of the art fabrication techniques have been employed in diamond NVC re-
search field which facilitated the development of e.g. nanophotonic and nanomechanical
devices manifesting inestimable advancements. Besides different thin-film deposition tech-
niques, various patterning methods such as electron-beam lithography (will be also mentioned
afterward as EBL or e-beam lithography) [49], dry plasma etching [34, 50], and focused ion
beam (FIB) milling [33, 28] are reported to fabricate several devices based on diamond and
embedded NVCs.

This approach, i.e. development of fabrication procedures to create novel hybrid quantum
diamond structures, is at the heart of this PhD thesis. In contrast to frequently-used materi-
als in semiconductor technology such as silicon, fabrication of diamond is challenging. For

instance, the well-known wet chemical etching methods are not functional for diamond [1].
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Consequently, the known fabrication procedures and recipes are relatively limited. Therefore,
several specific fabrication procedures have to be developed throughout this thesis to enable
the realization of the targeted hybrid platforms. Each of these fabrication procedures are ar-
ranged as a sequence of conventional fabrication steps which are developed to be compatible
with diamond. In addition to their functionality, these steps and the whole procedure are com-
pelled to be harmless to the embedded NVCs; equivalently it means that these steps must not
entail any degradation into the optical and spin properties of NVCs.

In this thesis, the starting diamond substrates are generally thin diamond films (thickness ~
30 um) which are produced under a collaboration with external companies. These diamond
thin films are shortly introduced, in prior to presenting the developed fabrication techniques.
Then, lithography-based patterning for fabricating the NVC-diamond hybrid devices is fo-
cused on. In this way, e-beam lithography and reactive ion etching - inductively-coupled
plasma (RIE-ICP) methods will be explained. Thereupon, a brief introduction about these
techniques will be given which will be followed by an explanation of the developed fabrica-

tion recipes. For each technique, some devices will be demonstrated as the associated outputs.

2.1. Diamond thin films

In this thesis, only top-down fabrication approach is applied. Practically, given the diamond
substrate, only further patterning steps are pursued on it, while no diamond overgrowth, etc,
is performed. The initial diamond substrates are generally type-Ila (refer to chapter 1 about
different types of diamond) ultrapure CVD (100)-oriented diamonds with '3C natural abun-
dance provided by Element Six, with lateral dimensions of few millimeter and thickness of
approximately half a millimeter. These substrates are hereinafter called "bulk". The bulk sub-
strates should be however thinned down further to be proper starting materials for the desired
hybrid photonic and mechanical architectures (see chapters 3 and 4, respectively). Therefore,
these substrates are thinned down to microscale thicknesses by Delaware Diamond Knives,
Inc. (DDK) by means of laser cutting and mechanical polishing methods. As shown in Figure
2.1, the bulk substrate is first bisected through its thickness. Each of these divided parts are
of the thickness of ~ 100 um, which show very rough cutting-induced features (can be up to
~ 10 um or even higher). Then, to smoothen the rough surface, they are polished by means
of mechanical tools down to a thicknesses of ~ 30 um. This polishing step is of crucial im-
portance for the sake of thin films’ suitability regarding their applications. To be more clear,
the surface roughness of the diamond film highly influences the optical and especially the
spin properties of shallow NVCs, as well as performance of the diamond structure itself. The

achieved averaged RMS surface roughness of these films is monitored by AFM to be < 3 nm
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Laser bisecting

b) .

Mechanical polishing

:

Laser cutting

Figure 2.1.: Fabrication scheme of the diamond thin films from the starting bulk diamond substrate
is depicted. (a) The bulk substrate is first bisected by means of high power laser beam
(e.g. along the white lines). b) Then, to remove the cutting-induced rough surface and
also approach the desired thickness, they are thinned down and polished by means of
mechanical tools (e.g. along the red lines). This step is a time-consuming process which
is of crucial importance for the suitability of the output films in their applications. (c)
Afterward, to provide more diamond films, they are transversely cut into few more pieces,
usually with the dimensions of ~ 2 mm x 2 mm X 30 um (e.g. along the white lines). (d)
As an illustrative presentation of the final thin diamond films, one of them, which is glued
on top of a type-I diamond (marked with a blue circle), is shown. Scale bar shows 2 cm.
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over scanning range of ~ 10 um x 10 um. To be provided with more diamond films from an
initial bulk substrate, they are afterward cut transversely into several pieces. The final diamond
films usually have dimensions of ~ 2 mm x 2 mm x 30 um. To provide structural support,
if not conflicting with the fabrication steps, they are attached onto either diamond or silicon
substrates. As depicted in Figure 2.1-(d), a diamond thin film with the above-mentioned di-
mension is glued on top of a type-I diamond substrate (see chapter 1 for different types of
diamond) with lateral dimensions of ~ 1 cm. Still, a great care with handling is required due
to their small dimensions. In Figure 2.1-(d) their relatively small size in comparison to the

cleanroom tweezers is highlighted.

2.2. Electron beam lithography

Lithography techniques based on optical beam (UV, photolithography) or electron beam (e-
beam lithography) have found their important roles in semiconductor technology for decades
[51]. While the resolution of the photolithographically-shaped patterns are limited to ~ 100
nm due to the wavelength of the exposure light, e-beam lithography can result in structures
with sub-10 nm resolution [51, 52]. By means of focused electron beam generated from high
voltage sources (~ 10 kV), e-beam lithography is capable of forming arbitrary 2D patterns on
a large scale. The perdurable part of the e-beam lithography is the electron resist (they are
in liquid form which should be spin-coated on the substrate.). By exposure to the e-beam,
they get ionized and consequently undergo some physical/chemical changes. With respect to
the output of the further interaction with developer solution, they are either called positive,
or negative tone e-beam resists. By immersing the electron-exposed positive (negative) resist
into the developer solution, the exposed (nonexposed) fragments are dissolved from (formed
on) the substrate, while the others remain to the substrate (dissolve in the developer solution).
In this thesis, e-beam lithography has been exploited to form the e-beam resist mainly for
two purposes: 1) to serve as a mask for nitrogen implantation to generate predefined arrays
of NVCs and ii) to produce the mask for the subsequent etching step. In this thesis PMMA
(poly-methyl methacrylate) as a positive resist is used for both purposes, while FOX 25 (also
known as HSQ (hydrogen silsesquioxane)) as a negative tone resist is only utilized for the
latter purpose. To provide the reader with the prerequisite background, first, preparation of
PMMA implantation mask will be presented. Then, plasma etching technique will be briefly
reviewed, which will be followed by demonstration of some exemplary diamond nanostruc-

tures developed by means of the two above-mentioned methods.
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2.2.1. Creation of NVC arrays via PMMA nano-apertures

Engineering and spatially controlling the NVCs in diamond holds a core importance towards
their potential applications in quantum information processing, as well as quantum sensing
[20, 49]. To that aim, e-beam lithography was presented as a tool to spatially control the posi-
tion of the implanted nitrogen ions via nanofabricated apertures in electron resist, thus to form
a predefined array of NVCs [49]. By preselecting the implantation dose with respect to the
aperture size (sub 100 nm), single NVCs were formed with ~ 30% probability [49]. Simi-
lar NVC arrays were used as a platform to perform ultrasensitive temperature measurements
(10.1 mK/v/Hz) [53].

Here, chip-scale production of coupled NVCs, i.e. >2 NVCs per aperture, is targeted. In
the case of two NVCs separated by distance r, they interact via their magnetic moments with
the associated short-range dipolar coupling strength scaled as r% [39, 48]. This coupling can
be effective, if it acts within a timescale shorter than the coherence time of the NVCs. In order
to enable a quantum register based on coupled NVCs, the coupling strength between them
should be larger than each of their decoherence rates (T%), thus enabling quantum information
exchange between them. It denotes not only the crucial role of their distance, however their
coherence times as well. To avoid truncation of the implanted NVCs’ coherence times by
magnetic or electric noises at the diamond surface [25, 26, 48], higher implantation energy
of the nitrogen ions is favorable. An obstacle nevertheless raises here. The higher the energy
of the ion implantation into the diamond lattice is, the higher is their scattering in the lattice
("straggling"). For instance, nitrogen ions with energy of 10 keV yield in mean scattering of
~ 20 nm [48]. It shows that beyond a certain limit, shrinking the diameter of the implantation
aperture is not favorable, since the straggling effect is mostly dominant. By performing simu-
lations on the effect of different implantation parameters on the final coupling strength of two
NVCs, implantation energy of 30 keV within the aperture size of 50 nm is revealed to be an
optimized compromise [48].

To realize large-scale arrays of NVCs, a [100]-oriented diamond bulk substrate with 13C nat-
ural abundance is chosen as the starting host platform. A PMMA layer of approximately 400
nm thickness is spin coated on top of the substrate. This thickness is chosen to guarantee
the sufficient masking of PMMA layer against the implanted nitrogen ions. Then, the sam-
ple/resist is baked at 160° C for 4 minutes to get rid of the solvents of the resist solution.
To avoid the charging effect during the e-beam lithography process [S51], a S nm Cr layer is
thermally evaporated on top of the PMMA resist. Then, e-beam lithography process with 30
kV and 10 um as the acceleration voltage and aperture size, respectively (current ~ 40 pA),
is exploited to expose ~ 5000 sites with the matrix distance of 4 yum in a form of several grids

per sample. After this process, the anti-charging Cr layer is removed in Cr-etchant solution,
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Figure 2.2.: Fabrication and characterization of the NVC array arrangement is demonstrated. (a) As
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the first step, ~ 1000 apertures with the diameter of ~ 50 nm are formed in ~ 400 nm-
thick PMMA with the matrix distance of 4 ytm on top of a diamond substrate. (b) Then, 30
nm of chromium (Cr) is deposited by means of high vacuum thermal deposition technique
on top of the whole mask. Next, the lift-off process is performed, which leaves finally
only the deposited Cr layer within the PMMA apertures. This way is utilized to verify
the PMMA aperture size. (¢) An SEM image of one of these Cr points reveals a diameter
of ~ 52 nm. Scale bar shows 50 nm. (d) After verifying the right aperture size, step (a)
is repeated again. Then, nitrogen ions are implanted through the PMMA apertures into
the diamond lattice to generate NVCs. (e) An exemplary confocal image of the developed
NVC array system is depicted. Scale bar shows 10 um. (f) Statistics on the formation
of NVCs within 1941 developed PMMA apertures is shown. As can be seen, ~ 20% of
the apertures possess double NVCs. The statistics is assessed based on the fluorescence
intensity acquired from each spot.
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followed by developing the PMMA resist in MIBK:IPA (1:3) solution for about 2 minutes (see
Figure 2.2-(a)). To know the right aperture size, the electron exposure dose is varied among
several grids. To verify the right dose and hence the correct aperture size, 30 nm of Cr is
thermally evaporated on top of the sample area, pursued by lift-off process. This process is
performed by immersing the sample about 1 hour inside NEP solution at the temperature of
65° C. The prepared Cr sites are then probed in scanning electron microscope (SEM) appara-
tus. As shown in Figure 2.2-(c), for electron exposure dose of ~ 400 pC/cm?, aperture size
with the diameter of ~ 50 nm is achieved. Given the right parameters of the e-beam lithog-
raphy process, the PMMA mask fabrication is again repeated on the same (clean) sample.
Nitrogen ions (14N¥) of the energy and fluence of 30 keV and 10* ions/um?, respectively, are
implanted into the diamond lattice through the lithographically-written PMMA apertures (see
Figure 2.2-(d)). As the next step, the PMMA layer is removed, and the diamond substrate
is annealed at ~ 900° C under 10~/ mbar vacuum condition. Consequently, it is boiled in
triacid mixture (H,SO4:HNO3:HClOy, 1:1:1) for almost 2 hours. This process removes the
amorphous carbon layer at the surface of diamond, in addition to provide oxygen termination

of the diamond surface.

To characterize the final NVC arrays, the sample is inspected by a home-built confocal
microscope under ambient conditions. Figure 2.2-(e) shows an exemplary confocal scan of
implanted NVC sites through the PMMA nano-apertures. To obtain the amount of NVCs per
nano-aperture, ~ 1900 spots are assessed based on their fluorescence intensity in comparison
to that of a single NVC. It is found that the achieved statistics follows a Poissonian behavior
with an average of 1.6 NVC per nano-aperture. In a similar way, the success rate to result in
one and two NVC(s) per nano-aperture is derived to be 30 % and 20 %, respectively (see Figure
2.2-(f)). This statistics proves an efficient match between the simulation and experimental

results to produce large-scale arrays of NVC registers.

To investigate the utilized method to form strongly-coupled NVC pair arrays, all of the
bright sites showing a fluorescence signal at least twice of a single NVC’s are marked. Further
filtering on these sites is performed by measuring the 7> coherence time of the NVCs. There-
fore, implantation sites with NVCs possessing coherence times shorter than 20 (s are omitted
from the study. By applying double electron-electron resonance (DEER) measurement, sev-
eral strongly-coupled NVCs are recorded. The maximum coupling strength is monitored to
be ~ 3.9 MHz which yields in the distance of ~ 3 nm between two NVCs. Consequently,
the overall success rate of 0.1% in the formation of strongly-coupled NVC pairs is achieved,

which is expected to be slightly trimmed by limitations of the measurements [48].
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2.2.2. Patterning flowable oxide (FOX 25)

Leading application of e-beam lithography technique to produce the suitable etching mask
towards developing high quality diamond structures is previously mentioned. Besides PMMA,
another often-used electron resist in the course of this thesis is hydrogen silsesquioxane (HSQ)
commercially named as FOX 25. It is available as the polymer solution in MIBK. With respect
to its properties and also its behavior after developing in etching applications, it is known
as a prominent alternative to silicon dioxide [54]. It can be exposed by electron beams as
well as extreme UV, i.e. wavelengths below ~ 150 nm [54] featuring negative tone resist
characteristic. It is a well-documented electron resist in semiconductor technology essentially
due to its unrivaled sub- 20 nm resolution [54] and high etch selectivity against oxygen plasma.

The latter will be explained in more details in this chapter as well as next chapter.

The general way to process FOX on diamond substrate is as follows. As the first step,
the resist solution should be spin-coated on top of the diamond substrate. Common to all
of its applications in this thesis, 6000 rpm for 45 seconds is applied. Second, it is baked
on a hotplate at temperature of 90° C for 1 minute. For electron exposure, in the course
of this thesis, acceleration voltages of 20-30 kV are used. In contrast to PMMA, the required
electron dose is highly dependent upon the structure size. For instance, nanostructures with the
dimensions of ~ 100 nm could be sufficiently exposed by electron dosage of ~ 1000 uC/cm?,
whereas the structures as large as few microns can be sufficiently exposed by the electron
dosage of ~ 50 uC/cm?. To develop the exposed pattern, the FOX/diamond chip is immersed
in light solution of TMAH, commercially available as MF-322, for about 8 minutes. Via the
above-mentioned recipe, FOX 25 layer with the thickness of ~ 400-500 nm can be formed on
top of the diamond surface. Of crucial threat to the functionality of FOX resist in diamond
structuring applications, is its adhesion to the diamond surface. It is seen that for electrons
induced from acceleration voltages up to 30 kV, no adhesion of FOX layer to the diamond
surface can be achieved. To circumvent this problem, mostly, 5 nm of thermally-evaporated
Cr as the adhesion layer is used. To remove the patterned FOX geometry, hydrofluoric acid

(HF) or equivalently fluorine-containing plasma recipe (e.g. CF4 or SF¢) are mostly used.

While FOX patterns can also be used as active photonic structures [51], here, their applica-
tions as etching mask are exclusively focused upon. To clarify the utilized etching procedures
involving FOX 25 electron resist within the course of this thesis, in the coming section, the

plasma etching procedure will be explained in more details.
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2.3. Reactive lon Etching - Inductively-Coupled Plasma
(RIE-ICP)

The use of plasma-based technologies alongside e-beam lithography is the central part of
nanomachining in semiconductor technology [55]. While plasma has widespread applica-
tions such as sputtering and deposition, dry plasma etching technique holds its unique role in
micro- and nanofabrication methods. In this regard, the main reason is its high controllability
and hence its precision, compatibility with automatized industry, ability of anisotropic etch-
ing, and accurate transfer of the mask pattern to the substrate, even at nanoscale [55, 56, 57].
For some materials like diamond, these capabilities are even more significant since wet etch-
ing of diamond substrates is almost impossible. In recent years, several plasma recipes have
been demonstrated to structure diamond architectures [58, 59]. Similarly, this technique has
been an inevitable part of this thesis. Therefore, general principles of plasma etching will be
reviewed in the following. Afterward, several developed etching recipes through the course
of this work will be shown. It should be mentioned that plasma etching procedure as an im-
portant tool in realization of photonic and mechanical diamond-NVC hybrid structures will be

however explicitly demonstrated in chapters 3 and 4, respectively.

2.3.1. General principles of plasma etching

The so-called fourth state of matter, plasma, is the coexistence of ions and electrons [55, 60].
Plasma is usually formed when a large RF voltage (frequency of 13.56 MHz) is applied to a
pair of capacitively-coupled parallel plate electrodes in a certain low-pressure gas atmosphere
inside a reactor chamber [55, 60]. In the plasma, free electrons collide with neutral species like
the gas molecules. Often they undergo ionization and dissociation processes which results in 2
electrons and 1 ion. These electrons will further collide with the reactor walls and electrodes,
and will be removed consequently from the chamber. Therefore, the plasma would be left
positively charged. To guarantee the plasmas’ charge neutrality, a DC electric field (voltage)
is applied such that the electrons are repelled from the walls of the chamber. The targeted
sample to etch is placed on one electrode which then will be exposed to the ions that are
accelerated from the other electrode. The ionized reactive species close to the sample then
react with its surface, which yields in volatile species that will be desorbed from the sample
surface and finally pumped out from the chamber. This reactive etching at low pressures result
in anisotropic etching profile due to much higher rate of vertical ions towards the sample
surface in comparison to the horizontal ones. This method of etching is thus named reactive

ion etching (RIE). An example of the involved chemistry of the reactive ion etching process
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ICP source

RIE source L{ pump

Figure 2.3.: Scheme of an RIE-ICP chamber is depicted. Gas molecules are introduced from top into
the chamber. The substrate is positioned on top of the electrode connected to the RIE
source. By interacting with the reactive species, the substrate is etched, then the volatile
etch product gas will be pumped out from the chamber. In the case of RIE-ICP chambers,
a separate power generator is exploited to control the magnetic field applied to the plasma
through the coils surrounding the chamber (shown by brown symbols). This system gives
high density of low-energy plasma with high uniformity, which yields in high etching rates
associated with highly-anisotropic etching performance. Figure is adapted from [56].

of diamond can be explained therefore by using Ar/Cl, as the appropriate etching gas. During
this process, Ar ions are utilized to sputter the diamond surface, which enables the chemical
reaction of the chlorine ions with the carbon atoms of diamond in this way: C + Cl, — CCl,.
The etch product CCl, is volatile and will be pumped out and hence the final result is etching

the diamond surface [58].

Given a specific substrate material and the corresponding etching gas, the amount of the
etched material from the substrate surface per unit time is defined as the associated etching
rate. To fabricate structures on a substrate, an etching mask is created on its surface prior
to the etch process. It is desirable that the etching rate for the mask is significantly smaller
compared with that of the substrate. The ratio between the two etching rates is defined as
etch selectivity. [55, 60]. To achieve the best etching behavior in terms of etching rate and
etch selectivity, the plasma parameters such as the RIE power, gas flow rate, pressure in the
chamber, etc should be optimized. For instance, to achieve high aspect ratios of the designed
geometry in the etched substrate, the ions should come in the most possible anisotropic way,
i.e. at perpendicular angles to the substrate. To fulfill this, the chamber pressure must be
reduced as much as possible, to reduce the secondary collisions of the ions. To that purpose,
as well as for achieving higher etching rates, inductively-coupled plasma (ICP) can achieve a
high quality and a high density plasma particularly at low pressures [56].

To realize the ICP arrangement, the RIE chamber is equipped further with a magnetic coil
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that is controlled by a separated power generator (see Figure 2.3). By applying an auxiliary
magnetic field to the plasma, the density and uniformity of the plasma can be enhanced [56].
Consequently, higher etching rate and etch selectivity can be achieved, while higher quality
of the etched area can be in parallel attained. Furthermore, separate control over the RIE and
ICP systems offers individual control over the energy and density of the plasma accordingly
[56]. In this work, RIE-ICP plasma apparatus has been intensively used as the primary plasma

etching tool.

2.3.2. Applications of RIE-ICP process

In the following, several examples of RIE-ICP applications following the developed recipes
will be mentioned. These applications can be divided into two main categories: (i) exploit-
ing plasma to generate a high quality oxygen-terminated diamond surface without any etch-
induced degradation of the spin and optical properties of NVCs. This developed procedure is
even observed to enhance the coherence times of the shallow NVCs underneath. ii) To etch
predefined structures in the diamond substrate. In this regard, high quality plasma procedures
are developed and optimized to perform perpendicular and angled etching processes.

i) Controlled diamond etching with nanometric precision is demanding, especially towards
further applications based on shallow NVCs. Importantly, plasma etching process should
avoid any degrading effect on the spin and optical properties of shallow NVCs. To that aim, a
two-step plasma procedure is developed which includes: 1) ignition of the plasma only with
RIE power (no ICP) for few seconds which is continued by employing 2) only ICP (no RIE)
process to perform the etching process. Step 1 is run with 10 mTorr of pressure and 30 W of
RIE power using 30 sccm of oxygen flow rate. This step results in diamond etching rate ~ 4
nm/min, revealed by AFM measurements. As soon as the plasma is ignited by means of the
mentioned process, and it is sustained (which takes few seconds), the RIE source is shut down
and the ICP source is activated. Step 2 is activated by setting 30 sccm of oxygen flow rate and
10 mTorr of chamber pressure, and by adjusting ICP power to 180 W. This process yields in
~ 1.5 nm/min of diamond etching rate, measured by AFM. Hereby, this recipe is named as
soft oxygen ICP process. By means of this plasma procedure no residual of amorphous RIE-
damaged diamond layers could be indicated, monitored by AFM and X-ray photoelectron
spectroscopy (XPS) measurements. Importantly, the XPS measurements additionally proves
the full coverage of the diamond surface with oxygen species. By applying this technique
to the NVC created by 5 keV of nitrogen implantation, no degradation of their fluorescence
could be seen. However, importantly, an average threefold increase in the coherence times of
the shallow NVCs could be registered. This enhancement is attributed to the modification of

the electric configuration of the diamond surface, i.e. removal of the surface charges.
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i1) In contrast to the previous application, in this category, higher etching rates resulting in
a geometry as close as possible to the etching mask is desired. Another critical criterion to
consider is however, the compatibility of the employed etching procedure with the embedded
NVCs in the diamond substrate. In particular, the utilized etching procedure should not bring
any degradation to the spin and optical properties of the remaining NVCs, notwithstanding
the etching depth and the etched geometry. To fulfill this, mostly etching procedures based
on oxygen are used to realize diamond-NVC hybrid systems. To name some examples of
the developed RIE-ICP processes in diamond structuring through this thesis, besides the ones
which will be discussed in detail in chapters 3 and 4, a) anisotropic and b) angled etching
procedures will be described in following.

a) To perform anisotropic etching of diamond, the combination of both of the RIE and ICP
procedures is simultaneously utilized. In this way, 100 W of RIE, 600 W of ICP, 10 mTorr of
pressure, and 30 sccm of oxygen flow rate is applied to the sample. The sample is positioned
on top of the RIE plate, which is kept at temperature of ~ 20° C. The explained etching recipe
results in approximate etching rate of 170 nm/min for (100)-oriented diamond substrate. The
choice of the appropriate etching mask depends on the geometry of the targeted structure as
well as the etching depth, etc. For example, to realize the diamond nanopillar structures, FOX
25 is chosen as the etching mask. As described in the last section, it is a negative electron
resist which is shown to be an excellent etching mask against oxygen plasma. As can be seen
in Figure 2.4-(a), this resist is deposited on top of the diamond surface. The presented FOX
pillar mask has an approximately uniform diameter of 200 nm and a height of 420 nm. After-
ward, the substrate is etched by means of the given plasma recipe for about 1.2 yum. As can
be seen, the geometry of the FOX pillar is transferred to the diamond substrate, while only ~
150 nm of FOX 25 mask is remained after etching (see Figure 2.4-(b)). This residual FOX 25
resist can be removed e.g. by immersing the sample in buffered HF solution for few minutes
(see Figure 2.4-(c)). Given the mentioned etched depth of diamond and FOX, etch selectivity
of ~ 4.5 is achieved. It is seen that this etch selectivity is dependent on the temperature of
the sample during the etching process. For instance, by setting the RIE plate temperature to
-30° C, the same amount of FOX 25 mask could stand against =~ 1.8 um of diamond etching,
thus giving etch selectivity of ~ 6.5. In both cases, the obtained etching selectivity is seen
to be independent of the crystallographic orientation of the diamond substrate. For instance,
for both of the (100)- and (111)- oriented diamond substrates, the same dimensions of the di-
amond nanopillar structure is measured after the etching process. It should be mentioned that,
the size of the FOX 25 mask affects the associated etch selectivity a lot. For instance while the
mask of ~ 100 nm shows etch selectivities less than 10 (discussed earlier), microscale FOX
25 masks show minimum etch selectivity of 30.

b) The vertical etching, as described above, is capable of transforming the geometry of the
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Figure 2.4.: Transverse (a, b, ¢) and angled (d ,e, f) etching of diamond substrate is demonstrated. a)
Shows the FOX 25 etching mask on top of the diamond substrate. Scale bar shows 400
nm. b) Diamond substrate is etched by means of oxygen RIE-ICP procedure using the
mask shown in (a). As can be seen, the diamond nanopillar geometry is realized, while
~ 150 nm of the FOX 25 remains. Scale bar shows 400 nm. (c) Residual of the etching
mask is removed by leaving the sample for few minutes in buffered HF solution. Scale
bar shows 400 nm. (d) Shows the constructed Faraday cage to perform the angled etching
process of diamond substrate. The cage is an aluminum prism with triangular cross-section
of ~ 2 cm. Scale bar shows 2 cm. To perform such a way of etching, first transverse
etching of diamond is accomplished. Then, angled way of diamond etching is pursued
by introducing the Faraday cage shown in (d) to the etching chamber. f) An example of
angled etching process is shown. Single-side and double-side clamped nanobeams with
lateral dimensions of ~ 200 nm and length of ~ 5 pum are fabricated. The white color of
the structures is due to presence of the residual of Cr etching mask. Scale bar shows 10

um.
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etching mask to the substrate in a vertical way. Therefore, realization of suspended structures
by means of this method is not feasible. Although alternative methods like FIB milling can be
instead employed, the etching procedure is still preferable. This preference roots in key char-
acteristics of plasma etching such as the required etching time independence on the number
of desired structures within a chip, and absence of the secondary material depositions (like
Ga) in the case of FIB milling [61, 50]. In this part of applications of the plasma etching
procedure, directional (angled) etching of diamond is discussed. In this method, perpendicu-
lar (to the sample) etching still exists, however, directional etching is added by employing a
Faraday cage inside the RIE-ICP chamber around the sample. The mentioned Faraday cage
is a triangular cross-section aluminum prism that is positioned on top of the RIE plate un-
der which the diamond sample is located (see Figure 2.4-(d)). This Faraday cage shields the
substrate from electromagnetic fields. Thus, the plasma ions inside it accelerate along a path
perpendicular to the cage surface. Once the ions are inside the cage, they are no longer ac-
celerated and hence, directed to the sample surface with an angle which is dictated by the
given geometry of the Faraday cage [61, 50]. To utilize this method to realize free-standing
diamond nanobeams, a bulk diamond substrate from Element Six is chosen as the starting chip
substrate. A Cr etching mask is patterned on top of it by means of the previously-described
e-beam lithography and lift-off processes. Then, the vertical etching process is performed by
applying RIE-ICP process based on oxygen plasma. Afterward, the Faraday cage is placed on
top of the sample, inside the plasma chamber, and the etching process is pursued. It is seen
that by introducing the Faraday cage, the etching rate is decreased. Nevertheless, high quality
directional etching performance can be achieved (see Figure 2.4-(e)). As presented in Figure
2.4-(f), single-side and double-side clamped free-standing diamond nanobeams with width
of ~ 200 nm and length of ~ 5 um are fabricated. A visible distance (clearance) between
the diamond nanobeam and the diamond substrate (=~ 2 pm) truly proves the angled etching
procedure. These diamond nanobeam structures can be used as nanophotonic [62, 63] and
nanomechanical architectures. In chapter 4, hybrid mechanical diamond-NVC structures will

be discussed in detail.

2.4. Summary and outlook

In this chapter, two main parts of semiconductor fabrication technology, i.e. electron beam
lithography and plasma etching are reviewed. Their utilization under the frame of this the-
sis to fabricate hybrid diamond-NVC structures are discussed. The main challenge to utilize
these techniques can be rooted in properties of diamond and, the special care which should

be considered to preserve the properties of the embedded NVCs during the structuring pro-
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cess. Successfully, fabrication procedures using the mentioned techniques are developed to
provide hybrid high quality diamond-NVC structures. In this chapter, production of an ar-
ray of coupled NVCs, optimized surface treatment of diamond substrate with shallow NVCs
and, nanophotonic and nanomechanical diamond nanostructures are demonstrated. Given the
knowledge presented in this chapter, the reader can follow the fabrication parts of chapters 3

and 4 in a better way.
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3. Hybrid Diamond-NVC Photonic Structure

The demonstrated results in this
chapter are mainly presented
and published in [64], S. Ali
Momenzadeh et al. Nano Lett.,
2015, 15 (1), pp 165-169.
Detecting external magnetic fields is one of the key applications of NVCs in diamond (see

chapter 1). As discussed, for using NVCs as magnetic field sensors (magnetometers), their
proximity to the magnetic material under investigation is of vital importance. The magnetic
field sensitivity of such a magnetometer is limited additionally by the spin coherence times
(T> and T5') of the NVC probe and the number of collected fluorescence photons. Therefore,
to deliver a sensitive magnetometer (6B ~ nT/v/Hz) based on the NVC probe, one should
aim for an augmented collection of the fluorescence photons of the NVC probe, while this
probe should be positioned few nanometers below the diamond surface and still possess long
coherence times. This sounds challenging since e.g., as of today, there is a trade-off between
the depth of NVCs and their coherence properties due to surface spin noise. Nevertheless,
one can consider NVCs inside diamond nanocrystals [42, 65, 66] as the fundamental system
to utilize for NVC magnetometry. The suitability of these systems as magnetometers can be
however ventured by some key issues such as poor coherence times [67] and photostability,
large and not controllable distance from the diamond surface, and random orientation of the
symmetry axis and hence spin component of the NVC probe with respect to the external
magnetic field. Although most of these issues have been addressed and solved in recent years,
employing NVCs embedded into the bulk diamond is still more controllable and preferable
in magnetometry applications [68]. In this chapter, a hybrid quantum structure consisting
of a diamond photonic nanostructure and embedded NVC quantum probe is presented. An
engineered conically-tapered nanopillar as the waveguide for efficient optical excitation and
fluorescence photon collection of a single shallow NVC located at its extremity forms this
hybrid architecture. An order of magnitude enhancement in the photon collection efficiency,
in comparison to the NVC under the nonstructured diamond surface, followed by conservation
of the spin coherence times, sets this architecture as a robust bright platform for NVC-based

magnetometry as well as scanning probe applications.

In this chapter, required theoretical backgrounds for the development and characterization
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3. Hybrid Diamond-NVC Photonic Structure

of the mentioned hybrid structure will be reviewed. In this regard, photophysics of NVCs fol-
lowed by introductory information about electric dipoles inside optical fibers will be presented.
Then, theoretical and numerical simulations to achieve the optimized geometry towards en-
hanced photon collection efficiency will be given which will be followed by demonstration
of the fabrication process. Next, experimental results of the benchmark experiments on the
optical and spin interfaces of the NVCs inside the mentioned structure will be shown. At
the end, few perspectives, as the next-generation applications of this hybrid geometry, will be

discussed.

3.1. Theoretical backgrounds

Assuming an NVC inside a photonic waveguide structure, the number of the collected pho-
tons per unit time is given by I'(1)-n(A), where I' and 1 are the wavelength (A1)-dependent
emission rate of the NVC and the photon collection efficiency of the photonic structure, re-
spectively [34]. The former is reciprocal to the optical lifetime of the NVC, while the latter
is given by the coupling efficiency of the NVCs to different modes of the waveguide and the
extraction efficiency of the photons from those waveguide modes. In this section, photophysi-
cal properties of the NVCs will be discussed. In this manner, NVCs will be mainly studied as
classical electric dipoles inside the diamond lattice.

Based on Fermi’s golden rule, the spontaneous emission rate of this dipole at a position 7 is

determined by [69]:
2

Tw - = -
[=—) |i-E (M| d(0—a,), (3.1)
ko

where  is the optical transition frequency of the NVC, and [i is its dipole moment. (%, o) are
the wavevector and polarization of all the possible modes of the photons, where these modes
have the local electric field shown as E. As can be seen, for the emission rate of NVCs, their
dielectric environment i.e. geometry and effective refractive index of the host material, their
position and orientation inside the host material, and the electric fields of each optical modes
at the their location must be taken into account. This dependence, which was given in Eq.
(3.1), is known as electromagnetic linear density of states (LDOS), expressed as [69]:

1
RS

N INE
i Ep ()| 8(0 - o). (3.2)

In the nonstructured diamond host, the optical emission and excitation of the NVC is combined
of many different optical modes which imposes difficulties on the analytical calculation of Egs.

(3.1) and (3.2). Therefore, in a more general way as an alternative approach, the photophysics
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Figure 3.1.: Optical absorption and excitation are shown in an optical two-level system. The absorp-
tion, radiative, and non-radiative decay rates are noted with x,, k., and K,,, respectively.

of the NVC will be discussed in following using the optical two-level system model.

3.1.1. Optical two-level system

The optical two-level model represents an emitter system composed of ground state (GS)
and excited state (ES) separated by transition energy of Zw (see Figure 3.1) [70]. In this
scheme, given the absorption cross-section ¢ of the emitter under the illumination intensity of
I; (photons/mz-s), the absorption rate (k) of the emitter from GS to the ES is expressed by ¢-1;.
Then, a return to the GS will happen either through radiative (fluorescence), or non-radiative
decays associated with the radiative and non-radiative decay rates of k, and k., respectively.
In this case, the average lifetime of the ES is defined as 7, = 1/k, assuming k, = (K + K;)
as the decay rate of the ES. Increasing the illumination intensity, there will be a saturation
point at which the absorption rate is equal to the decay rate of the ES. The corresponding
saturation illumination intensity (/) can be shown as k,/c. When the emitter is in the ES after
the absorption of a photon, it cannot absorb another one. Nevertheless, it relaxes to its GS,
and after a time average of 7, = 1/k, can absorb another photon. Therefore, the probability of

a photon to excite the emitter in an arbitrary time is smaller than unity and can be given by:

T I
Te+1T, L+

(3.3)

a

The amount of the absorbed light by the emitter in this case can be seen as [;-P,. Therefore,
the fluorescence intensity (Ir) of the emitter will be equal to the fraction of the excited-state

and radiative-decay (fluorescent) lifetimes multiplied by the above-calculated absorbed light
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intensity. By performing the following calculation:

If:( k. )'<1,..1s>:( k; .1> [ SR
ky + ky, I+ 1 ky + kyy : 1+% I at 1-|‘%7 (34
SN— ! !
If,sal

and by converting the illumination intensity to the illumination power and also the fluorescence
intensity to the fluorescence rate, the fluorescence rate of the emitter (¥ in photons/s) within

the two-level system frame as a function of the illumination laser power (P) can be written as:

X (3.5)

where Fg and Py are the saturation fluorescence rate and saturation power, respectively.

In case of NVCs, experimental observations such as second-order time-intensity photon
correlation measurements [71, 72] promote the existence of a third level, namely a shelving
metastable state (MS), and therefore deviation from the two-level picture. In the coming sub-
section, the phenomenological study of the three-level system will be carried out, where the
fluorescence intensity correlation function and its relation to the net and background fluores-

cence intensities of the NVC will be derived.

3.1.2. Optical three-level system

To study the NVC optical behavior in a more precise way, considering the presence of the
metastable state (MS) is inevitable. This state resembles a trap in which the system is kept for
hundreds of nano-seconds [71]. As shown in Figure 3.2, the population is pumped from the
GS to the ES, where it decays with the decay rate of I'| from the ES to the GS. In contrast to the
two-level system, another decay channel is also possible featuring decay rates of I, and I3 from
the ES to the MS and from the MS to the GS, respectively. The other non-shown transitions
will be neglected hereinafter. To get the right quantitative image of the optical three-level
system describing the photodynamics behavior of the NVC, the relevant rate equation (Eq.
3.6) for the population of the GS, ES, and the MS should be solved, while the assumption of
Pgs + Pgs + Pys=1 and Pgs(7 = 0) =1 and Pgs(7 = 0) = Pyvis(7 = 0) = 0 should be taken into

account as the initial conditions of the system [71, 72].

J Fss —k I I3 Fgs
7 Pes | = kK —-Ii—I, O Prs (3.6)
Pus 0 I —1I3 Pus
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Figure 3.2.: The scheme of an optical three-level system including the GS, ES, and the MS states is
shown. The pumping and decay rates of k, I, I, and I3, respectively, are depicted.

Solving the rate equation shown in Eq. (3.6) considering the above-mentioned conditions

yields in the second-order correlation function g(? (1) = %;T)) to be read as [72]:
gP (1) =1—Be T+ (B—1)e "7, (3.7)
where the employed constants are written as:
n~k+1I, (3.8)
kT
~T 3.9
nAal4 I (3.9)
kT
~ 2 (3.10)

Ml
P G(k+17)

As can be seen in Eq. (3.7), the g at the delay time 7 =0, is equal to zero since there is zero
probability to detect a photon from a single-photon emitter, if one has just been detected. In
the case of N emitters, the g(z)(r = 0) is equal to 1-}\, [72]. In the case of NVCs, even with
the presence of only a single emitter, g(2) (T =0) = 0 is usually detected, which can be due to
the noise sources like the background signal originating from the hosting diamond structure,
or the fluorescence background from other emitters close to the one under investigation. To
study this case, the total measured intensity of a single NVC consisting of (i) as the pure
(net) intensity of a single NVC and b - (i) as the Poissonian background intensity [72, 35] is

assumed. Therefore, one can write the g(2) function for the total intensity in the general case
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of N emitters as follows:

P (T 50 +b(0)) (T k(e + ) +5(0) ) | o

(i +b(0))

By assuming N = 1 for the single emitter case and g(z)(’c = 0) = 0 for a net NVC intensity

signal, Eq. (3.11) at delay time of T = 0 is given by:

1
gtzotal(r = 0) =1- (b—|— 1)2 (312)

By multiplying (i) to the nominator and denominator of Eq. (3.12), it can be rewritten as:

. 2
o (T=0)=1— (<i><iB) : (3.13)

where B = b - (i) is the background signal intensity.

So far, the photodynamics of the NVCs independent of their host diamond structure are
reviewed. However, as already mentioned, number of the collected photons per second is also
dependent upon the host structure of the NVC, the optical modes and the interaction of the
NVC with these modes. In this section, accordingly, an introductory information about the
cylindrical dielectric waveguides (fiber) and the emitter dipoles inside those structures will be

given.

3.1.3. Optical fibers

Here, cylindrical dielectric waveguides, i.e. optical fibers will be shortly reviewed. Among
them, the step-index fibers (hereinafter will be shortly mentioned as fiber) will be focused upon
[73, 74]. In fibers, the refractive index of the core (n) is higher than that of the cladding (n.;).
An optical ray inside such a fiber is guided via the TIR effect when its angle of incidence with
respect to the fiber axis is smaller than sin~! (n.;/n.). With respect to the refractive indexes
of the core and the cladding of the fiber, and also the radii r, and r;, (Figure 3.3), the fiber can
guide different optical modes. In this way, it is convenient to define the V parameter which
governs the number of the modes and their corresponding propagation constants. This fiber V

parameter is written as:
2
VZT-ra-NA7 (3.14)

where NA of the fiber in Eq. (3.14) is given by:

NA = /n2—n?,. (3.15)
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Figure 3.3.: The scheme of a step-index fiber with the radii of r, and r, of the core and cladding,
respectively, is shown. As mentioned, the refractive index of the cladding is smaller than
that of the core (n. < n.).

In principle, two distinct sets of optical modes can be attributed to a fiber; "guided" and
"radiation” modes. For guided modes, the radial part of the modal field is oscillatory only
in the core of the fiber and decays in the cladding, while for the radiation modes, the fields
are oscillatory even in the cladding. Each mode in a fiber is associated with its propagation
constant f3 that can be written as n, s - k dependent on the effective refractive index of its mode
in the fiber n,rr and its wavenumber k. For guided modes, ngl < ngff < ng satisfies, where
for the case of radiation modes 0 < ngff < n? is true. The propagation constant 3 can take
continuous values for the radiation modes, while it can only assume discrete values for the
case of guided ones [74]. For a given geometry of a fiber with the associated V parameter, the
number of the guided modes is ~ %Vz at the limit of large V parameter [74].

For each mode, there is a value of the V parameter below which it cannot be guided. For
instance, in a fiber with V' < 2.405 only one guided mode exists. This fiber is called single-
mode, and is of a remarkable importance in optical communication systems. The guided mode
of such a fiber, i.e. the fundamental mode, resembles the Gaussian mode [75], for which the
highest confinement of the light occurs within the fiber core. Given a specific wavelength of
the optical beam, and refractive indexes of the core and cladding, the fiber core radius can
be chosen in a way such that the fiber only guides the fundamental mode and cuts the higher
modes. In this case, the radius of the fiber core, based on the above-mentioned information

can be written as:

A

2.614/n2—n?

Based on the geometry and refractive indexes of the fiber, or equivalently its V' parameter,

(3.16)

Ty =

the normalized propagation constant of the fiber can be introduced by b(V) = %, which
c el
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Normalized propagation constant (b(V))

V parameter

Figure 3.4.: The variation of the normalized propagation constant and accordingly the effective refrac-
tive index of the fundamental mode of the fiber is shown vs. its V parameter. As depicted,
the effective refractive index of the fiber for the fundamental mode is bound between the
refractive index of the cladding and that of the core.

satisfies 0 < b(V) < 1 for the guided modes. For the fundamental mode, b(V) is read as [74]:

()
1+ (d+VHI/A
b(V)=1— ;2)

(3.17)

This size-dependent variation of the effective refractive index of the fundamental mode inside
a fiber (Eq. (3.17)) is shown in Figure 3.4.

3.1.4. NVC as an electric dipole inside a fiber

In this part, the emission of an electric dipole associated with an NVC inside an optical fiber
with core radius a will be qualitatively investigated [76]. Given a dipole moment ?’0 of the
dipole with the frequency of @ at the position of 70 (see Figure 3.5-(a)), the polarization
density will be given by 1_J> (?):]_;0 exp(iwt)o (? - ?0). The total emission power of this
dipole is given by summing the power emitted to each discrete guided mode (j) and also

continuous radiation ones, i.e.:

P =Y Pi+Y) / P/(0)dOQ, (3.18)
] Vv
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where Q is defined as a - «/kzn?l — B2. Assuming an NVC dipole radially oriented at the
center of the fiber core and emitting at the wavelength of 700 nm (the cladding of the fiber
is set as air), one can calculate Eq. (3.18) for the fiber with different core materials, i.e.
refractive indexes. As depicted in Figure 3.5-(b) and Figure 3.5-(c), the core diameter and
also the refractive index of the fiber core strongly manipulate the emitted power. It should
be expressed that in Figures 3.5-(a) to -(c), the normalized power, i.e. the emitted power
expressed in Eq. (3.18) divided by the emitted power into the bulk diamond host structure is
shown. As shown in Figure 3.5-(c), as the core diameter is increasing, the normalized power
reaches the maximum value at a certain diameter, after which it will show fluctuation behavior.
Equivalently, as the fiber core diameter increases more guided modes appear, which cause the
mentioned fluctuation behavior. In addition to the core diameter, radial position of the dipole
also affects the captured power of the dipole by the optical modes of the fiber. As illustrated
in Figure 3.5-(d), inside the fiber core, the normalized power decreases as the dipole gets far

from the fiber core axis.

3.2. FEM simulations of diamond photonic structures

In chapter 1, nanopillar photonic structures directly made onto the diamond thin film (thick-
ness ~ um) were introduced as a way to overcome the poor photon collection efficiency of
embedded NVCs [36, 77]. In this approach, the nanopillar structure works as a waveguide
in which emission of the embedded shallow NVC is coupled to its fundamental mode. Then,
guided photons propagate through the back diamond film substrate and finally get collected by
the microscope objective lens below the diamond film. Parallel to this importance, they were
also presented to be integrated into all-diamond scanning probes in NVC-based magnetometry
experiments. To optimize the magnetic field sensitivity of this structure in the magnetometry
applications, increasing the photon collection efficiency of the shallow NVCs, while impor-
tantly preserving their spin coherence properties, is targeted here. It should be noted that due
to the aimed application, only the monolithic diamond structure is considered here and non-
monolithic solutions are excluded (see chapter 1). The general scheme of such a nanopillar
platform is presented in Figure 3.6. This nanopillar structure can be assumed as a waveguide,
1.e. a step-index fiber with air cladding, containing a dipole emitter. Therefore, with respect
to the given information in the last section, the total number of collected photons emitted by
the shallow NVC emitter located at the extremity of the nanopillar structure depends on the
spontaneous emission rate of the emitter, furthermore is dependent upon the 1) position and
orientation of the NVC inside the structure, i1) the geometry of the nanopillar structure, e.g.

its radius, iii) the propagation of the emitted photons through the interface of the nanopillar
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Figure 3.5.: a) Schematic cross-sectional view of an NVC dipole inside a step-index fiber is shown. b)
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and c) The normalized power of an NVC dipole oriented radially at the center of the fiber
core emitting at A = 700 nm captured by the total modes (b) and only guided modes (c) of
the fiber is plotted vs. the fiber core diameter. Insets in (b) and (c) give different refractive
indexes associated with different core material. Fluctuation behavior in the normalized
power due to the presence of new modes inside the fiber is observed. d) The normalized
power of a radially-oriented NVC emitting at A = 700 nm inside a fiber core with n, =
2.02 and diameter of 220 nm is plotted vs. its radial position (a is the radius of the fiber
core). At r/a = 1, the sharp change is due to the discontinuity of the radial field at the
core-cladding interface. Figures (b), (c), and (d) are taken from [76].
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a) b)

purely-cylindrical nanopillar conically-tapered nanopillar

NVC NVC

substrate substrate

Figure 3.6.: The general sketch of the purely-cylindrical (a) and conically-tapered (b) nanopillar ge-
ometries hosting a single shallow NVC is depicted.

structure and the diamond substrate, iv) propagation of the emitted photons inside the bulk
substrate and their transmission through the bulk diamond - air interface and eventually v)

collection of the photons by the objective lens.

To simulate the nanopillar hybrid architecture to achieve the optimized collected number of
photons emitted by the shallow NVCs at its extremity, no change in the spontaneous emission
rate (Purcell effect) of the NVC is assumed which will be experimentally verified later. In
contrast, improving the number of collected photons is targeted. In this regard, 3D finite
element method (FEM) simulation technique is used in which electric field pattern of the
NVC dipole with the emission wavelength of A = 637 nm is studied. Importantly, depth
of 5 nm for NVCs under the apex of diamond nanopillars is selected throughout the whole
simulations. As previously discussed, depth and coherence time of shallow NVCs feature
a trade-off behavior. Some challenges such as the vicinity to the imperfect diamond lattice
quality at the surface [25] and the possible defects surrounding the implanted shallow NVCs
can truncate their coherence times. Nevertheless, NVCs with approximate 7, coherence time
of 50 us are reported [78, 26] for single NVCs with depth of ~ 5 nm in a bulk diamond

substrate.

The orientation of the NVC dipole inside the nanopillar waveguide also changes the per-
formance of the presented hybrid structure. This orientation depends on the crystallographic
orientation of the host diamond material. In the following simulation, the NVC dipole is al-
ways considered to be radially aligned inside the nanopillar (assuming a cylindrical coordinate
system). Furthermore, the total number of the collected photons is also affected by the objec-

tive lens utilized in the confocal microscope. In the presented simulations identical to the
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experiment, an air objective lens with the numerical aperture of NA = 0.95 is utilized. By this
objective lens, photons from the focused NVC within the maximum angle of ~ 144° can be
collected. It should be additionally noted that, in all the following FEM simulations, thickness

of the diamond substrate is set to 2 um to avoid unnecessary computational effort.

3.2.1. Geometry of the nanopillar

Nanopillar geometry, as the waveguide for the photons emitted by the shallow NVC, obviously
plays the crucial role on the collected number of the photons via the NVC-nanopillar hybrid
system. In a simplified sketch, the nanopillar structure with the purely cylindrical geometry
(see Figure 3.6-(a)) can be resembled as a step-index fiber with the n. = 2.4 and n, = 1
refractive indexes for the diamond core and the air cladding, respectively. The height of this
geometry in the following simulation is set to be 1.2 um, which is the maximum reliable
height achievable by the employed fabrication process (will be explained in detail in section
3.3). The radius of this structure manipulates the number of the modes inside it and hence
the total performance of the hybrid structure. Based on Eq. (3.16), this geometry with the
diameter of ~ 224 nm performs as a single-mode cylindrical waveguide for the emission of the
NVC (A =637 nm). The collected electric field intensity vs. the purely-cylindrical nanopillar
(Figure 3.6-(a)) diameter and equivalently the number of guided modes is simulated via a FEM
software and is demonstrated in Figure 3.7.

As shown, by increasing the nanopillar diameter, the collected electric field intensity also
increases which reaches its maximum at the diameter of ~ 250 nm. As calculated, this di-
ameter is approximately the transition from single-mode to multimode waveguide. For larger
diameters, the collected electric field intensity exhibits a slight modulation which corresponds
to the resonances of the guided modes with respect to the diameter of the waveguide [76].
It should be emphasized that only the total number of the collected photons is aimed to be
optimized here and other optical parameters such as number of the modes etc, are not of direct
interest.

In addition to affecting the photon collection efficiency of the hybrid structure, the diameter
of the nanopillar and accordingly the required fabrication procedure might affect the coherence
times of the probe NVC. This can be due to e.g. side effects of the involved deposition or
etching steps (see the next section for more details). To minimize the negative effects imposed
by the fabrication process, the top diameter of the nanopillar geometry is set to be ~ 400 nm.
As can be seen in Figure 3.7, no major difference in the collected electric field intensity exists
between purely-cylindrical nanopillar diameters of 250 nm and 400 nm.

The propagation of the photons emitted by the NVC located at the extremity of the nanopil-

lar structure to the objective lens occurs through three different media: 1) nanopillar geometry
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Figure 3.7.: FEM simulations towards optimization of the collected photon intensity of an NVC lo-
cated on the axis of the purely-cylindrical nanopillar geometry, 5 nm below the diamond
surface is shown. This plot shows the intensity of the collected electric field vs. the diam-

eter of the purely-cylindrical nanopillar geometry (and equivalently, number of the guided
modes).

which acts as a nanowaveguide and 2) the thin diamond film substrate under the nanopillar
structure, and 3) the air between diamond and the objective lens. In this way, the emitted
photons couple with different modes of the nanopillar geometry. Each of these modes are
associated with their characteristic propagation constant which depends on the diameter of
the nanopillar geometry (see the last section). These photons should propagate through the
interface between these two media (1 and 2) that are of different sizes (in comparison to the
emission wavelength of the NVC) and then travel to the objective lens. Therefore this in-
terface can affect the collection efficiency of the photons, emitted by the NVC. This aspect
is optimized by considering a conically-tapered nanopillar geometry (see Figure 3.6-(b)) in
which the bottom diameter is varied independently from the top one. This variation modifies
the effective refractive index and as a result, the propagation constant for each mode of the
nanopillar. This can also be seen as propagation of a wave from a medium to another one
with different refractive indexes. In this way, as shown e.g. in [79], matching the impedance
between these two media can yield to the improved transmission efficiency. Having the trans-
mission optimized, the higher collection efficiency of the NVC emitted photons through the
structure can be achieved. As shown in Figure 3.8, the collected electric field intensity gen-
erally increases vs. the bottom diameter of the nanopillar geometry, reaching the maximum

value around bottom diameter of 1.3 um, and decays afterward. This decay can be due to
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Figure 3.8.: Optimization of the collected photon intensity of an NVC located 5 nm below the diamond
surface at the axis of the conically-tapered nanopillar geometry with the top diameter of
400 nm, via FEM simulation is shown. The intensity of the collected electric field intensity
is studied vs. the bottom diameter of the nanopillar (d,) while the height and top diameter
are fixed (see the inset) at 1.2 um and 400 nm, respectively.

the loss of the collected photons caused by the poor guiding performance of the waveguide.
As depicted, the collected electric field intensity for a conically-tapered nanopillar with the
bottom and top diameters of 400 nm and 1.3 um, respectively, is ~ 250% higher than that for
a purely-cylindrical nanopillar with the diameter of 400 nm. By means of the applied fabrica-
tion process (see section 3.3), conically-tapered nanopillar structures possessing height of ~
1.2 um with the top diameter of 400 nm and bottom diameters only up to 900 nm could be re-
alized. Therefore, in the following simulations, exclusively this structure will be investigated.
For such a nanopillar geometry, the emitted electric field intensity pattern of the NVC dipole

is demonstrated in Figure 3.9.

3.2.2. Position of the NVC inside the nanopillar geometry

Due to the non-deterministic structuring of the nanopillar geometry with respect to the im-
planted NVCs in the fabrication process (see the next section), the radial position of the NVCs
with respect to the nanopillar axis is randomly distributed. As mentioned before, e.g. in the
discussion of Eq. (3.18), the maximum emitted power comes from an emitter dipole radially
at the center of the nanopillar geometry. The more the emitting dipole inside the nanopillar
recedes from its axis, the more the emitting power decreases (see Figure 3.5-(d)). In this part
of the FEM simulations, the radial position of an NVC dipole 5 nm below the diamond surface
inside a conically-tapered nanopillar with bottom and top diameters and height of 900 nm, 400

nm, and 1.2 um, respectively, is varied (see Figure 3.10). It should be noted that common to
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Figure 3.9.: The electric field intensity pattern emitted by an NVC 5 nm below the diamond surface
radially at the center of a conically-tapered nanopillar with bottom and top diameters and
height of 900 nm, 400 nm, and 1.2 um, respectively, obtained from FEM simulations,
is shown. (a) and (b) show the in-plane and out-of-plane emission intensity patterns,
respectively.

all the cases, the NVC dipole is radially oriented in-plane through this simulation.

3.2.3. Emission wavelength dependency

NVC in diamond has a broad emission spectrum [71] which consists of zero-phonon line
(ZPL) at A ~ 637 nm and phonon sideband (PSB) from A ~ 650 nm to A ~ 800 nm. In or-
der to limit the FEM computational effort, all the above-mentioned simulations are executed
only for the ZPL wavelength. As discussed at the beginning of this chapter, different emis-
sion wavelength for the emitter changes both the emitted power and also the behavior of the
waveguide. Here, to check the effect of broad emission spectrum on the presented simula-
tions, the amount of the collected electric field intensity of a single NVC radially aligned at
the center of a conically-tapered nanopillar (see Figure 3.9) as a function of the wavelength in
the spectral range of the NVC emission is evaluated. By weighting the obtained result with the
NVC emission spectrum, it is concluded that by performing the FEM simulations only at the
ZPL, the overall collected electric field intensity is overestimated by about 20%. Still, as will
be shown later, the FEM simulation results and experimental data consistently show similar

behavior.

3.3. Realization of the Nanopillar-NVC hybrid system

To experimentally realize the conically-tapered nanopillar geometry with the bottom and top
diameter and height of 900 nm, 400 nm, and 1.2 um, respectively, first, nitrogen ions (!°N)

are implanted into a thin diamond film (thickness ~ 30 um) machined from an initial (100)-
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Figure 3.10.: Dependency of the collected electric field intensity of an NVC with the depth of 5 nm
inside a conically-tapered nanopillar (height: 1.2 um, bottom diameter: 900 nm, top
diameter: 400 nm) on its distance from the nanopillar axis using the FEM simulation
is presented. In this plot the effect of receding both in-plane (black curve) and out-of-
plane (red curve) of the electric dipole with respect to the nanopillar axis (see the inset)
is shown.

oriented ultrapure electronic grade (13C natural abundance) CVD diamond substrate (see chap-
ter 2). The implantation dose is 100-200 ions/m?, where the implantation energy varies at
energies of 2.5, 5, and 10 keV. After the ion implantation, the substrate is annealed at the tem-
perature of ~ 900° C for two hours under the vacuum pressure less than 10~% mbar. Next, to
remove the non-diamond (graphite) layer at the surface of the diamond, the substrate is boiled
in the triacid mixture (H,SO4:HNO3:HCIO4; 1:1:1 ratio) for approximately two hours [25].
The generated NVCs are distributed in depth of ~ 3-30 nm, based on the stopping and range
of ions in matter software (SRIM [80]).

After generation of NVCs, fabrication of the conically-tapered nanopillar geometry out of
the diamond substrate hosting implanted NVCs is accomplished by means of electron-beam
lithography technique to make the etching mask, followed by the etching process using RIE-
ICP method (see chapter 2 for more details). To that aim, the diamond thin film substrate
is glued by PMMA on top of a silicon wafer for structural support. Then, a Cr layer of 5
nm thickness is thermally evaporated on top of the diamond substrate as an adhesion layer.
FOX 25 is employed as the electron-beam resist which also acts as the etching mask. After
spin coating for 45 seconds at the revolution rate of 6000 rev/min and soft baking of FOX
25 at 90° C for 1 minute (the resulting thickness ~ 450 nm), another 5 nm layer of Cr is

deposited as an anti-charging layer. The exposure to the electron beam is done in Raith Eline
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Figure 3.11.: Realization scheme of the conically-tapered nanopillar geometry is shown. The thin
diamond film substrate hosting shallow-implanted NVCs and the adhesion Cr layer (a)
will be addressed in the next steps for the generation of the FOX 25 mask (b) by means of
e-beam lithography technique. The RIE-ICP etching method is applied (c) to transfer the
shape of the mask to the diamond substrate. After the etching step, the diamond sample
is cleaned (d) in buffered HF, Cr etching, and triacid mixture solutions.

apparatus with 20 kV of acceleration voltage and 10 um aperture (current ~ 40 pA) where
the exposure dose is 3000-4000 uC/cm?. It should be highlighted that the shape of the FOX
25 mask plays the key role in forming the final conically-tapered geometry of the nanopillar.
In fact by overexposing the FOX 25 resist, the amount of backward-scattered electrons from
the diamond substrate to the resist increases. Therefore, by increasing the exposure of the
lower part of the resist to electrons in comparison to the upper layers, the bottom diameter
of the resist (etching mask) becomes larger than its top one after the developing process. It
should be mentioned that bottom diameters larger than 900 nm do not deliver good etching
resistance performance. After the electron exposure and in prior to developing the exposed
resist, the anti-charging Cr layer is removed in Cr etching solution. The developing process
is performed for 8 minutes in MF-322 developer solution. As the next step of the fabrication,
RIE-ICP process is performed in Oxford PlasmaPro NGP80 machine to etch the area of the
diamond substrate which is not covered by the FOX 25 mask. Oxygen plasma (30 sccm of
flow rate) divided in three steps with duration of each 2 minutes using constant RIE power
of 100 W under 10 mTorr chamber pressure is applied. The ICP power is adjusted at 600 W
- 400 W - 600 W values for the consequent etching steps to control the corrosion rate of the
mask and thus the final nanopillar shape. Between each consequent oxygen etching step, 7
seconds of O2/CF4 (30 sccm O, / 2 sccm CF4) with the RIE and ICP powers of 30 W and
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Figure 3.12.: SEM image of the conically-tapered nanopillar geometry is shown. a) An array of ta-
pered nanopillars (scale bar = 5 um) is depicted. (b) SEM image of a conically-tapered
diamond nanopillar with the approximate bottom and top diameter of 900 nm and 400
nm, respectively, is shown where its height is ~ 1.2 um (scale bar = 500 nm).

150 W, respectively, is used to remove the residual FOX 25 particles located on the etched
surface of diamond, which act as the secondary etch mask against the oxygen plasma and thus
lead to the roughness of the etched surface [81]. This short step is observed to be enough
to avoid formation of diamond nanograss. After the whole etching process, approximately
200 nm of the FOX 25 resist is still remained. However, to avoid any harmful effect of the
plasma to the shallow-implanted NVCs, e.g. to deteriorate their coherence times (see the next
section), the etching process is stopped after ~ 6-7 minutes. The whole etching process results
in an etching rate of ~ 180 nm/min, thus etching selectivity of ~ 6. Next, the residual of the
etching mask is removed by immersing the substrate into buffered HF solution for 10 minutes.
Afterward, the sample is cleaned in Cr etching solution and finally triacid solution. The latter
is applied to guarantee the oxygen termination of the surface and to remove any residual of
the fluorine which possibly got introduced to the surface via the HF solution. The explained
fabrication process is schematically presented in Figure 3.11. As this fabrication is based on
statistics, multiple (thousands) of those nanopillar geometries are made onto the diamond thin
film substrate. An SEM image of those structures can be seen in Figure 3.12-(a), where a
single conically-tapered nanopillar geometry with approximate bottom and top diameter of

900 nm and 400 nm, respectively, and height of ~ 1.2 um is depicted in Figure 3.12-(b).

66



3.4. Experimental characterization

3.4. Experimental characterization

3.4.1. Optical benchmark measurements

In this section, the optical and spin interface of the developed nanopillar-NVC hybrid system,
is characterized. As the first step, the optical properties of these waveguides are investigated by
a home-built confocal microscope running under ambient conditions using excitation light of
532 nm wavelength employing longpass fluorescence filter (650 nm - LP) and an air objective
lens with NA = 0.95 located on the nonstructured side of the thin diamond film substrate.
Figure 3.13-(a) shows the confocal image of the NVCs generated by the ion implantation
energy of 2.5 keV, located on the apex of the conically-tapered nanopillars with 400 nm of top
and 900 nm of bottom diameter. This image illustrates the relatively low optical background
of the achieved geometry. For instance, even at ~ 700 uW of incident laser power (measured
before the objective lens), an empty tapered nanopillar has only ~ 15% of the photon count

rate of a tapered nanopillar hosting a single NVC.

To assure the number of NVCs in each nanopillar and also acquire information about the
signal-to-noise ratio of the collected photons from each nanopillar (information about count
rate originated from pure NVC and background), second-order autocorrelation measurements
(g(z)) are performed. These measurements are carried out via detecting the fluorescence pho-
tons emitted by the NVCs in such waveguides by means of two avalanche photodiodes (APDs)
in the Hanbury Brown and Twiss (HBT) configuration (Figure 3.13-(b)). As illustrated in Eq.
(3.12) and Eq. (3.13), using the g(z) function value at the delay time 7 equal to zero, one
can estimate the number of emitters, in addition to checking the signal-to-noise ratio asso-
ciated with the fluorescence signal. For instance, for the inspected nanopillar-NVC hybrid
system in Figure 3.13-(c), based on Eq. (3.13), background signal of only ~ 15% of the pure
NVC fluorescence signal is monitored. In the investigated sample, approximately 30% of
the conically-tapered nanopillars show a second-order autocorrelation signal (¢ (1 = 0) <
0.5) indicating single photon emission (Figure 3.13-(c) and -(d)) with excellent photostability.
Further optimization in the dose of the nitrogen implantation can improve this yield.

Based on the discussion at the beginning of this chapter, the amount of photons emitted
by the NVC inside the nanopillar geometry depends also on the spontaneous emission rate of
the NVC itself. To check this, the excited-state lifetime measurements are performed using
10 ps pulses of 532 nm wavelength laser together with time-correlated single photon count-
ing electronics probing several single NVCs (confirmed by the g(?) measurements) inside the
nanopillar geometry. For comparison, measurements are taken for shallow NVCs inside the
presented hybrid platform as well as under the nonstructured (bare) diamond surface. Com-

mon to most of the cases, a double exponential decay behavior is observed. By integration, the
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Figure 3.13.:
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(a) Confocal image of an array of the hybrid nanopillar-NVC photonic structure is shown.
The relatively low background signal in the etched area and also the tapered nanopillars
lacking NVCs is clear. For the sake of clarity, example of nanopillars with no, single,
and multiple NVCs are marked. Scale bar represents 10 um. Sketch of the HBT setup
(b) to perform the second-order fluorescence autocorrelation (g(z)) measurements (c) is
depicted. As can be seen in (c), the g(z)('v:O) ~ 0.18 indicates a clean (see the main text)
fluorescence signal proving a single-photon emission behavior. (d) Number of NVCs
inside the nanopillar geometry can be estimated using the output of autocorrelation mea-
surements. As demonstrated, almost 30% of the hybrid systems possess single NVC.
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Figure 3.14.: Decay rates of the excited state emission of NVCs located few nanometers below the di-
amond surface inside and outside of the nanopillar geometry vs. the implantation energy
are shown. As can be seen in most of the cases, the decay shows two-component expo-
nential decay (nonzero fast decay shown in black squares) while the slow-decay (shown
in red circles) mostly has values longer than the well-known bulk value of 12 ns (shown
with a dashed orange line). To compare the effect of the presence of the nanopillar ge-
ometry and NVCs’ depth (equivalently their implantation energy), NVCs resulting from
different implantation energies inside and outside of the nanopillar geometry (inside the
gray-filled rectangle) are investigated. The plotted results in this figure do not conclude
any systematic effect of the nanopillar waveguide on the excited-state lifetime of the
embedded shallow NVCs.

faster decay component shows less than 5% of signal contribution in comparison to the slower
decay component. As depicted in Figure 3.14, the fast decay rate is observed to be < 5 ns
consistently. Since these decay rates are close to the time resolution of the setup, they might
be in fact even shorter. This contribution can be attributed to an unbleachable background
signal or partially quenched NVCs in the vicinity of the NVC under investigation. In contrast,
the longer decay rate which resamples the excited-state lifetime, is revealed to always exceed
12 ns, as the well-known value for the excited-state lifetime of NVCs located few microns
below the diamond surface [71] (shown with dashed line). In the case of NVCs located ~
1 um under the apex of the diamond nanopillar [34], approximately 30% of change in their
excited-state lifetime was expected in comparison to those under the diamond nonstructured
surface. This change was reported to be due to interference which occurs between downward
emitted photons by the NVC and the photons which are reflected from the top facet of the
nanopillar. In the case of shallow NVCs under the conically-tapered nanopillar surface, the
monitored increase on the excited-state lifetime occurs mostly because of a reduction of the

electric LDOS (see Egs. (3.1) and (3.2)) due to the close vicinity to the diamond-air interface
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Figure 3.15.: (a) Saturation plot of an NVC few nanometers below the facet of the presented conically-
tapered nanopillar geometry is shown. The total, net, and background signals are shown
by gray-dotted, blue-dotted, and orange-dotted curves, where the black line shows the
fit based on the model given in Eq. (3.5). (b) Saturation fluorescence rate and power of
NVCs inside the conically-tapered nanopillar geometry with the height of 1.2 ym and top
diameter of 400 nm, where the bottom diameter is varied. As can be seen, the larger the
bottom diameter the higher (lower) will be the saturation count rate (power). This indeed
proves that the presented structure is a broadband waveguide for both the excitation and
emission of the embedded NVCs. The horizontal error bars of 20 nm show the tolerance
in the bottom diameter due to the precision of the fabrication process and also the SEM
imaging accuracy.

[82]. This statement is confirmed since the same observation is also registered for the shallow
NVCs under the nonstructured surface of diamond (see Figure 3.14). Therefore, it can be
concluded that no systematic change in the spontaneous emission rate of the NVCs is made

by positioning them inside the conically-tapered nanopillar geometry.

After preselecting the hybrid systems possessing a single NVC inside, and also checking
their lifetimes, the optical characterization of these nanostructures is continued by checking
their fluorescence saturation behavior. These measurements are done again by a home-built
confocal microscope running under ambient conditions (see Appendix). The collected phonon
sideband is spatially filtered by a 50 um pinhole. To decide on the right size of the pinhole em-
ployed in the confocal setup, the beam collected back from the conically-tapered nanopillars
by the microscope objective lens is focused onto the chip of a cooled-CCD camera (Cascade
512B). The FWHM of the Airy curve is observed to be ~ 2 pixels large, where each pixel is 16
um. Therefore, a 50 um pinhole is seen to be suitable since it collects all the signal photons
while it rejects the major part of the background contribution. To investigate the saturation
behavior of these structures, the number of detected photons as a function of the incident laser

power (measured behind the objective lens) is measured. To obtain the net NVC fluorescence

70



3.4. Experimental characterization

and background count rates from the total detected signal of an NVC inside a nanostructure,
three methods can be used:

1) to measure the background signal from a nanopillar containing no NVC, which can be
found in the confocal scan (Figure 3.13-(a)). This method is not generally valid, however
applies truly to those nanostructures which show a low background signal in comparison to
the net NVC fluorescence signal.

i) the background signal can be fitted from the total detected count rate using the Eq. (3.5)
by considering an additional term in which the background signal is linear to the pumping
power.

ii1) the g(z) (7 = 0) function (see Eq. (3.13)) at different pumping powers can be measured
which gives the ratio between the net and background signal.

An example of the saturation curve can be seen in Figure 3.15-(a), where a single NVC
resulted from 2.5 keV of NT implantation energy in a nanopillar with approximate height,
bottom diameter, and top diameter of 1.2 um, 900 nm, and 400 nm, respectively, is inspected.
In this figure, the gray-dotted curve shows the total detected counts, where by fitting (black
line) the data using the above-mentioned ii) method, the background signal (orange-dotted)
can be subtracted which yields in the net NVC fluorescence signal (blue-dotted plot). The
obtained NVC saturation fluorescence count rate and power are 1.36+0.01x10° /s and 27+1
uW, respectively. In comparison to the shallow NVCs under the bare diamond surface, an
enhancement (reduction) in the saturation count rate (power) of the NVCs inside the presented
hybrid system by more than 1 order of magnitude is achieved.

Another important point regarding the superiority of this hybrid system is the low back-
ground signal. The above-mentioned signal-to-noise ratio recorded from the demonstrated
structure can be rephrased now based on the normalized photon shot noise defined by v/Fiotal/ Fret
where Fioa1 and Fre are the total and net NVC detected fluorescence count rates, respectively.
For instance, for the same NVC-nanopillar hybrid system, at the incident power of 1 mW, this

quantity is ~ 9 x 10~% Hz~1/2

. This achieved value is at least one order of magnitude smaller
than the case of shallow NVCs under the nonstructured diamond surface.

To verify the FEM simulations leading to the optimized geometry of the conically-tapered
nanopillar, the saturation power and count rate of several single NVCs generated from 2.5
keV of N* implantation energy in the mentioned geometry with the top diameter fixed at
~ 400 nm and different bottom diameters are measured. As shown in Figure 3.15-(b), the
geometry with larger bottom diameter (= 900 nm) delivers higher (lower) saturation count rate
(power) indicating a more efficient waveguide for the excitation and emission of the NVCs
in comparison to the ones with smaller bottom diameters. As depicted in this figure, the
nanopillar geometry with 900 nm of bottom diameter gives mean saturation photon count

rates of about 1.5x 10° /s with the maximum up to ~ 1.7x10° /s. As this hybrid system shows
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Figure 3.16.: Simulated and measured detected saturation intensities of the NVCs embedded in the
conically-tapered nanopillar geometry are compared. The red dots show the measured
data (error bar of 20 nm in bottom radius) for four different bottom diameters of the
nanopillar structure, where the blue curve shows the simulated collected electric field
intensity. As can be seen, consistent match exists between these two curves, proving the
validity of the FEM simulations with respect to the experimental achievements.

no effective influence on the excited-state lifetime of the embedded NVCs, while it features
a huge enhancement in the number of the collected photons, it is concluded that the photon
collection efficiency of the NVCs due to the presented hybrid engineered nanostructure is
augmented more than one order of magnitude in comparison to the nonstructured diamond
host.

The maximum value of the fluorescence saturation count rate vs. bottom diameter of the ta-
pered nanopillar structure (Figure 3.15-(b)) is mostly attributed to the case in which the NVC
is located close to the axis of the nanopillar. Given these maximum values of the fluores-
cence saturation count rate for the given bottom diameters, one can compare the experimental
and FEM simulation results. As illustrated in Figure 3.16, their behavior manifests a consis-
tent match for four different geometries of the conically-tapered nanopillar. This is of great

importance, since it supports the reliability of all the assumptions made through the FEM
simulations.

3.4.2. Spin-dephasing times measurements

It is already discussed that the magnetic field sensitivity of an NVC is limited by its spin-
dephasing times. For the NVC - conically-tapered nanopillar hybrid geometry, an order of
magnitude enhancement in the photon collection efficiency is achieved. In this subsection,

the dephasing time of the embedded NVCs is probed (see chapter 1). 7> dephasing times are
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Figure 3.17.: (a) Scheme of the NVC-tapered nanopillar hybrid system in spin-dephasing time mea-
surements; magnetic field of 100-150 G is aligned to the NVC axis, where MW pulses
are applied to the NVC via a copper wire spanned over the nonstructured side of the
diamond substrate. (b) Plot of 7, times of NVCs inside the hybrid system and also un-
der the bare (nonstructured) diamond surface vs. different N* implantation energies is
given. As can be seen, similar values from two different cases are obtained. This notes
the preservation of the spin properties of shallow NVCs inside the nanopillars due to the
designed geometry and applied fabrication process.

measured by means of optically detected Hahn echo scheme [24] probing the coherence of the
ground state mg =|0) to m; =|—1) of the NVC electronic spin under ambient conditions. By
means of a permanent magnet, magnetic field of 100-150 G is aligned parallel to the NVC axis
under investigation. In this configuration, the microwave pulses are applied through a 20 um-
diameter copper wire spanned over the nonstructured surface of the diamond substrate. In this
way (Figure 3.17-(a)), while neither undesired optical effect (background), nor mechanical
force is applied to the nanopillars, the power of the applied microwave pulses seems to be
sufficient (7 pulse ~ 50 ns).

The 75 times of the NVCs resulted from 2.5, 5, and 10 keV energies of ion implantation
within the nanopillar structure are obtained close to the values of those under the nonstructured
diamond surface (Figure 3.17-(b)). This preservation of the shallow NVCs’ dephasing times,
even for those generated by 2.5 keV implantation energy which should yield to the shallowest
NVCs in comparison to others (based on simulation, [80]), can be due to the relatively large
top diameter of the tapered nanopillars (= 400 nm). This relatively large area prevents the

negative effects of the fabrication process, e.g. the etching steps, on the coherence times of
the NVC probes.

As a step further, dynamical decoupling scheme to enhance the 7, time of the NVCs inside
the nanopillar structures is performed. As an example, Carr Purcell Meiboom Gill (CPMG)-N
pulse sequence [83, 84, 85] (N is the number of 7 pulses, see Figure 3.18-(a)) is applied to an
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Figure 3.18.: a) Scheme of the CPMG pulse sequence is depicted. b) The measured 7, (CPMG-N)
vs. N for an NVC generated from 2.5 keV of implantation energy is depicted (applied
magnetic field of 117 G). By fitting this data to 7> (CPMG) = N? - T> (Hahn echo), v
exponent of ~ 0.50 is derived.

NVC generated by 2.5 keV of implantation energy, under 117 G of applied magnetic field. It
is observed that, by applying N =90 7 pulses, the 7> time of this single NVC can be prolonged
from ~ 9.3 us to ~ 94 us. It is known that the relation between the measured 7 (Hahn echo)
(or equivalently N = 1) and T, (CPMG-N) is given by 7> (CPMG) = N¥ - T, (Hahn echo),
where for an NVC with a simple Lorentzian spin bath y=2/3 [83, 84]. For this NVC, y=0.50
=+ 0.01 is obtained. This change in the exponent can be due to different frequency and origin
of the noise bath at the vicinity of the NVC, mostly due to its vicinity to the diamond surface
[84].

In summary, based on the presented statistical study, it can be concluded that the developed
conically-tapered nanopillar geometry preserves the spin properties of the embedded shallow
NVCs. By further improvements of the diamond surface to reduce the surface magnetic and
electric noises [86, 25], the T, dephasing times of the NVCs embedded into the nanopillar
geometry might be even further augmented. In addition, by employing alternative methods
to generate the shallow NVCs such as using 6-doped diamond surface and helium irradiation
technique [26], the spin dephasing times can be approximately five-fold enhanced.

In recent years, magnetometry at low temperatures (LT) has emerged as a new field in NVC-
based metrology techniques [86, 87, 88]. As in room temperature NVC-based magnetometry,
in addition to the 7; spin-dephasing time, 77 spin-lattice relaxation time [89, 90] also plays an
important role. At LT, the 75 coherence time of ensemble of NVCs was shown to be enhanced
using dynamical decoupling schemes approaching 77/2 [90]. Importantly, 77 relaxation times
of ensemble of NVCs at LT were reported to exceed 1 min [91]. It should be mentioned that

measuring the long (> ms) 77 times at the single NVC level under the nonstructured diamond
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Figure 3.19.: (a) 71 dephasing curves of a single shallow NVC at the extremity of the conically-tapered
nanopillar at 7 =~ 5K in the presence (green color) and absence (black color) of 100 G
aligned magnetic field are depicted. The blue and orange exponential fits give approx-
imate 77 values of 300 ms and 100 ms, respectively. (b) The inverse 77 values of the
investigated NVC in the absence of applied magnetic field is shown vs. temperature. As
it is demonstrated, going from room temperature down to ~ 5 K, the 7; relaxation time
increases from ~ 5 ms to ~ 100 ms. This dependency is fitted by the model given in Eq.
(3.19).

surface can take relatively long. At LT due to technical challenges such as degradation of
the collection tools, e.g. the microscope objective lens, this takes even longer in comparison
to room temperature. Here as a remedy, by benefiting from high collection efficiency of the
presented nanopillar structure, 77 time of a shallow NVC embedded in the presented hybrid
structure, at different temperatures and magnetic fields is feasible to measure. Applying the
same pulse scheme used in [91] to a single NVC within the presented hybrid platform at ~
5 K, Tj value of 95.3+9.94 ms in the absence of the applied magnetic field is measured. In
comparison to the previously-reported values from ensembles of NVCs [91], this investigated
NVC shows a shorter 77 time. This can be caused by magnetic noises and other defects at
the diamond surface. By applying magnetic field of ~ 100 G aligned to the axis of the NVC,
the 77 time is extended by more than three times approaching 306.8+49.8 ms, which can be
caused by decoupling from S = 1/2 spin defects such as P1 centers (see Figure 3.19-(a)) [91].

Tracing the 77 spin-lattice relaxation times of shallow NVCs vs. temperature can give
information about the phononic environment of the NVCs [91]. To this aim, the 77 relaxation
time of the previously-investigated NVC versus different temperatures within the range of
room temperature to LT in the absence of applied magnetic field is measured. As shown in
Figure 3.19-(b), as the temperature is decreased from room temperature down to ~ 5 K, the
T relaxation time increases from ~ 5 ms to ~ 100 ms. The temperature- (7') dependency of

the 77 times can be fitted to a model which consists of a sample-dependent term (A) and a

75



3. Hybrid Diamond-NVC Photonic Structure

two-phonon Orbach process term [91]:

1 B
| exp(gor) — 1

(3.19)
In this equation, A and B are fitting parameters, where A and kp are vibrational energy and the
Boltzmann’s constant. Two visible differences can be seen between the results about ensemble
of NVCs [91] and the given results about the probed single shallow NVC. (i) In comparison
to the ensemble results, the Orbach process is observed to be the only temperature-dependent
term, while the two-phonon Raman process could be negligible [91, 92]. (ii) By fitting the data
presented in Figure 3.19-(b) to Eq. (3.19), the vibration energy of A = 92.92+6.40 meV is
obtained, whereas for the case of NVC ensemble, A is ~ 70 meV. This deviation can be related
to the modified phonon density of states for this shallow NVC at the extremity of the tapered
nanopillar [93], or the presence of paramagnetic noises at its surrounding. Both effects are
nevertheless originated from the surrounding environment of the shallowly-implanted NVC

and its close vicinity to the diamond surface.

3.5. Summary and outlook

In conclusion, a novel hybrid photonic nanostructure for hosting shallow NVCs is developed.
This hybrid arrangement consists of conically-tapered diamond nanopillar structure with the
embedded NVCs which are located few nanometers under its apex. A prominent photon
count rate of ~ 1.7 x 10° /s is achieved from a single shallow NVC which brings a new area
for NVCs in monolithic bulk diamond structures. This structure gains approximately 13-fold
enhancement in the collected number of photons emitted by the single NVC, in comparison
to those under the nonstructured diamond surface. This enhancement is achieved while no
change is observed in the excited-state lifetime of the NVCs inside the nanopillar structure,
compared to those under the nonstructured diamond surface. Consequently, it is concluded
that the achieved augmentation is attributed to the enhancement in the photon collection ef-
ficiency and not any Purcell enhancement. With respect to the FEM simulations, only ~ 50
% of the emitted electric field intensity is collected by the objective lens. This points to the
possibility of further enhancement of the achieved photon count rate, e.g. by steering more
emitted photons to the objective lens via applying coating material on the pillar geometry, etc.

In addition, no degradation of the NVCs’ T, dephasing times is observed due to the nanopil-
lar geometry and also the utilized fabrication process. Furthermore, as an enabling platform
for LT magnetometry-based measurements, the 77 relaxation time of a single NVC inside this

nanopillar structure at LT is measured, revealed to exceed 300 ms. Benefiting from its un-
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i A

Figure 3.20.: Diamond scanning probe including a tapered nanopillar geometry is shown. (a) A tapered
nanopillar directly fabricated onto a diamond cantilever (marked with the black oval) is
attached to a quartz fiber which is then glued into an AFM tuning fork. (b) The marked
area in image (a) is magnified here. As shown in the black circle, the nanopillar geometry
is a key element of this diamond scanning probe. Scale bars in figures (a) and (b) depicts
100 um and 5 pum, respectively. The demonstrated figures (a) and (b) are courtesy of
Anurag Kanase and Amit Finkler.

precedented number of collected photons, further investigations on the phononic environment
of the shallow NVCs in comparison to the bulk ones is also accomplished.

This hybrid architecture can be lent into several improvements and further applications in
NVC-based magnetometry field thanks to its one-order-of-magnitude enhanced photon col-
lection efficiency. Among those, one can point to enhanced signal-to-noise ratio of magnetic
field sensing, and some perspective applications such as all-diamond scanning probes and bi-
ological studies involving cells, accordingly:

e As discussed before, magnetic field sensitivity by means of NVCs is scaled as \/LF with their
photon count rate F'. Therefore, the one order of magnitude enhancement in the count rate of
NVCs by means of the nanopillar structure introduces an approximate three-fold enhancement
in the sensitivity. By engaging single-shot readout technique to reduce the measurements’ ac-
quisition time, in addition to using the nanopillar structure, a tremendous enhancement in the
signal-to-noise ratio is achieved [94]. Combining these two benefits, it is shown that e.g. an
enhancement factor of ~ 20 in the signal-to-noise ratio of 77 measurement is acquired, in
comparison to the non-pillar sample with standard readout.

e In addition to the notable sensitivity of the NVCs as magnetometers, they can be further
integrated into all-diamond scanning probes which yields simultaneously in high sensitivity
and nanoscale spatial resolution [77]. To that aim, the tapered nanopillar structure with in-
corporated shallow NVCs can be made monolithically onto the diamond cantilevers, which
enables the controlled scanning of the NVC probe over the sample area under investigation.
As can be seen in Figure 3.20, the developed conically-tapered nanopillar structure is made

onto a diamond cantilever with the thickness of ~ 2 um, which is glued to a quartz tube and
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then onto an AFM tuning fork. This complete scanning probe tool can be used in high-spatial-
resolution magnetic imaging [95].

e The presented platform can be utilized in biological applications in which NVCs are used as
nanosensors for the physical/chemical properties of cells that are directly cultured on top of
the diamond nanopillar arrays [96]. In this way, the achieved one order of magnitude decrease
in the saturation power of the NVCs inside the nanopillar geometry (in comparison to those
under the diamond nonstructured surface) can induce much less side effects such as heating

inside the cells, then render more reliable measurements output.
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The demonstrated results in this
chapter are mainly presented
and published in [97], S. Al
Momenzadeh et al. Phys. Rev.
Applied, 6, 024026 (2016).

Coupling mechanical degrees of freedom to various quantum systems has attracted huge in-
terest recently [98, 99, 45]. In this regard, hybrid architectures based on mechanical structures
and well-controlled quantum objects have been developed. The quantum objects utilized in
these devices range from ultracold atoms [100] to superconducting circuits [101], quantum
dots [102], and solid-state spin defects [45], whereas the mechanical systems are mostly free-
standing beams or thin membranes, in different sizes and geometries [98, 99]. In this chapter,
hybrid mechanical diamond-NVC structures will be discussed, which in particular thin circu-
lar diamond membranes and diamond microcantilevers will be presented. In the first section,
theoretical backgrounds consisting of a brief review about mechanical degrees of freedom
such as stress and strain, classical and quantum harmonic mechanical oscillators, mechani-
cal properties of diamond, and interaction of the NVCs with different mechanical degrees of
freedom such as vibration and stress, will be given. In the next section, thin circular diamond
membranes with embedded NVCs will be presented. Design and fabrication of this hybrid
architecture will be shown, which will be continued by characterizing the system by employ-
ing NVCs as nanoscale sensors for the mechanical degrees of freedom of the membrane, e.g.
its deflection, radial stress, residual stress, etc. This is accomplished via the readout of the
optical and spin interfaces of NVCs as embedded nanosensors inside the membrane. So far,
interaction of NVC with its local mechanical environment is studied. In the next section, an
array of diamond microcantilevers, and specifically, double mechanically-coupled diamond
microcantilevers will be discussed. In this line, mechanically-coupled microcantilevers will
be proposed as quantum bus to couple two distant NVCs. The relevant realization and charac-

terization of this platform will be given afterward.
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4.1. Theoretical background

4.1.1. Mechanical degrees of freedom

At the first step, one can consider a rigid bar with length / and cross-section A. Given an ap-
plied uniform external force F acting perpendicular to the cross-section of this bar, an equiva-
lent stress given by o = F /A is applied to it. This stress yields to a relative length difference
Al of this bar. The relative change in the length of this bar is explained by strain given by
e=Al/l. The relation between the stress applied to the bar and the resulting strain is given by
Hooke’s law [60, 103]:

o=E-¢g, 4.1)

where E is the material-dependent Young’s modulus of the bar.

In 3D material it is more intricate than the described formula. For the sake of simplifica-
tion, hereinafter only isotropic elastic material will be considered. Isotropic materials possess
mechanical properties which are independent of any direction in space. In matrix form within
the Cartesian coordinate frame, assuming a constant temperature of the rigid body, the relation

between stress and strain components are given by [60, 103]:

Oxx l-v v % 0 0 0 Exx
Oyy v 1-v 0 0 0 Eyy
oz | E \Y \Y 1—v 0 0 0 &
o.| (+v)(1-2v)|[ o 0 0 (1-2v) 0 0 & |
Oy, 0 0 0 0 (1—-2v) 0 E;
Oyy 0 0 0 0 0 (1-2v) Exy
4.2)

where Vv is the Poisson’s ratio of the material. To make the double index notation clear, for

instance, the strain components as function of displacement u are thus defined as [60]:

du, duy du, duy  duy du, du, duy

_ du;

Eox = By = = = By = e =L B = b £y = = 4.3
oY gy 90 8y+8x’xZ 8Z+8x’yz 31+8y( )

4.1.2. Classical and quantum mechanical oscillators

In classical mechanics, following Newton’s second law, a damped harmonic oscillator in the
absence of any external force with undamped angular frequency of @ is explained by the

following equation of motion [60]:

¥+ 20 wi+ w*x =0, 4.4)
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where x is the position of the oscillator. { is a dimensionless measure called damping ratio,
which determines the damping behavior of the system. For such a system, an important factor
is the dimensionless quality factor (Q-factor) that is defined as the ratio of the energy stored
in the oscillator and the energy which is lost per each cycle of oscillation. Clearly, a system
with higher Q-factor can relatively save the mechanical energy for a longer time. The Q-factor
of the oscillator is written equal to 1/2&. On the other hand, this factor describes how narrow
the oscillator’s resonance, i.e. its bandwidth is, relative to its resonance frequency. Given a
mechanical oscillator with angular resonance frequency @ and corresponding bandwidth A,
the Q-factor is equal to @/A®. The product of the resonance frequency and the Q-factor, i.e.
o - Q, of a mechanical oscillator is an important figure of merit. For instance, the minimum
detectable force by a mechanical oscillator is scaled with (@ - Q)_% [104]. The maximum
reported value of @ - Q is 104 Hz to date [105].

Within quantum mechanics, a harmonic oscillator with mass m and the corresponding po-
tential of ’"T“’sz, follows the Hamiltonian H = ic@(N + 1/2), where the occupation number
operator is given by N = a’a. The two given operators a and a' are the bosonic annihilation

and creation operators, respectively, which are given by:

1 . 1

a:= —— (mox+ip), a' \= ——
vV 2m(oh( P) V2moh

where p is the momentum operator of the oscillator and 7 is the Planck’s constant divided by

(mwx—ip), 4.5)

27. The energy eigenvalues for such a system follow iiw(n+ %), in which n can be seen as the
number of phonons. The average number of phonons obeying Bose-Einstein distribution at a

given temperature 7' can be written as:

1
exp <,?B—“}> —1

where kp is the Boltzmann’s constant [106]. For example, a mechanical oscillator with reso-

(n) = (4.6)

nance frequency of @ = 1 MHz has ~ 107 phonons at room temperature (T = 300 K).

A mechanical resonator system in quantum mechanics possesses a zero-point energy, i.e. a
non-zero ground-state energy, equal to 7’7“’, which is in contrast to its analogous in classical
mechanics. Equivalent to the concept of zero-point energy another important parameter can
be derived, named as zero-point fluctuation (ZPF). For a quantum harmonic oscillator, by
considering the lower limit of the Heisenberg’s uncertainty principle, the zero-point fluctuation

parameter is given as [107, 108]:

/ / h
XZPF = <X2>= W’ 4.7)
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in which m, s is the effective mass of the oscillator [109]. Detecting the zero-point fluctuation
of a mechanical oscillator, named also as standard quantum limit (SQL), has been under major
research focus within the QED field. To that aim, measurement imprecision equal to SQL
[110] or even below the SQL [111] is reported.

4.1.3. Diamond mechanical properties

Diamond is historically known as a hard material, for instance via its high Young’s modulus.
This property yields to various applications of diamond in drilling and pressing instruments.
In addition, diamond has other remarkable properties which represent it as an interesting ma-
terial to be used in nanomechanics and QED. Young’s modulus of diamond depends on its
crystalline type and quality, i.e. if it is polycrystalline or single-crystalline [112]. In addition,
it depends on the orientation of the crystal. Single-crystal diamond substrates possess isotropic
Young’s modulus in the (111) plane, equal to 1164 GPa, as well as Poisson’s ratio equal to
0.0791 [112]. These values vary for other crystal and strain orientations (planes) by ~ 10%.
On average, Young’s modulus and Poisson’s ratio of bulk CVD diamond can be mentioned as
1143 GPa and 0.0691, respectively [112]. This large value of Young’s modulus does not only
manifest in hardness of diamond, but also delivers relatively high resonance frequency values
of diamond mechanical oscillators.

Numerous attempts have been recently reported on fabrication of diamond microcantilevers
performing as mechanical oscillators [113, 50, 114]. Since diamond is chemically inert, it
promotes further applications of those structures in different fluids rather than air [115].

Diamond is reported to have low intrinsic dissipation [115]. This causes a low energy loss
in diamond mechanical resonators. Based on this fact and advanced fabrication techniques
in addition to different possibilities of diamond surface treatment, diamond mechanical res-
onators in the geometry of microcantilevers with Q-factors exceeding 10° are reported [104].
They even could overtake the quality factors of silicon cantilevers with comparable dimensions
[104].

4.1.4. Interaction of NVC with mechanical degrees of freedom

In this section, interaction of different mechanical degrees of freedom such as vibration and
stress (strain) with the ground-state spin levels of the NVC is reviewed. Three pertinent con-
texts such as 1) magnetic-mediated, ii) strain-mediated and iii) surface acoustic wave (SAW)-
mediated spin-phonon coupling will be accordingly discussed. The interaction of the men-
tioned mechanical components with the orbital states of the NVC has also been studied before

[116], however will not be mentioned here. It should be mentioned that within this thesis,
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spin-phonon interactions based on 1) and ii) are mainly focused.

Common to all the following scenarios, is a hybrid system consisting of two main compo-
nents; a) ground-state spin of the NVC and b) a mechanical resonator system with angular
resonance frequency of @ which generates timely-periodic phonons. In such a hybrid system,
the spin-phonon coupling strength, g, plays a crucial role. In the same way, an important figure

of merit is called the cooperativity parameter, which is written as:
c=5 (4.8)

where I and Y = @/Q are the decoherence rate of the NVC and the dissipation rate of the me-
chanical resonator, respectively (Q represents the quality factor of the mechanical resonator).
It is mentioned that for hybrid systems having C > 1, a single phonon induced by the mechan-
ical resonator can strongly influence the coherence of the NVC probe [117]. Therefore, within

such a system the interaction of the NVC and the mechanical resonator is coherent [45].

Spin-phonon interaction based on magnetic coupling

As mentioned in the first chapter, an applied magnetic field B to the NVC breaks the degen-
eracy of ground-state my=|+1) spin levels via Zeeman interaction. When the NVC and the
applied magnetic field oscillates spatially with respect to each other, the relevant Hamilto-
nian term for this interaction can be written as YNy (V -r)B-S which explains the spatially-
modulated Zeeman shift [45]. This is experimentally realized via installing a nanocrystal
diamond hosting an NVC on a nanowire as a harmonic oscillator within a magnetic field gra-
dient [118], or an NVC inside a bulk diamond substrate under the modulated magnetic field
applied via a magnetized AFM tip [119] (see Figure 4.1-(a)). Theoretically, the Hamiltonian
of the whole system is composed of three main terms dependent upon the NVC, mechani-
cal oscillator, and the interaction between the NVC and the oscillator. The interaction of the
NVC and the phonons of the vibration of the mechanical oscillator can be described by Hj,; =
g (a + aT) S where g is the coupling strength of a single phonon to the spin of NVC given by
WvGnzzrr (N = 2.8 MHZ/G, and 7 is the symmetry axis of the NVC). In the given formula,
G, is the magnetic field gradient described by %—lj, a is the annihilation operator of the oscil-
lator mode of the mechanical oscillator with the zero-point fluctuation shown by zzpg. These
terms are previously introduced in Eq. (4.5) and Eq. (4.7). In Ref [119], spin interface of
NVC via Hahn echo sequence is used to sense the mechanical motion of a magnetized AFM
tip. During the delay time between the /2 and 7 pulses of the Hahn echo sequence, the os-
cillating magnetic field caused by the AFM displacement is imprinted in the spin evolution as

a coherent phase (see Figure 4.1-(b)). Therefore timely-periodic collapses and revivals occur
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Figure 4.1.: Scheme of the spin-phonon interaction via magnetic coupling is demonstrated. (a) Shows
the scheme of a mechanical resonator with resonance frequency of @ with an attached
magnetized AFM tip (blue triangle) to generate a spatially-modulated magnetic field. In
this case, an NVC is located inside the diamond bulk substrate. (b) Mechanical resonator
oscillation with respect to the MW pulses of the Hahn echo sequence is depicted. In such
a manner, the Hahn echo signal of the NVC probe can be used to describe the oscillation
of the mechanical system. Figures are adapted from Ref [45].

in the fluorescence signal accumulated from the NVC as a function of the delay time (Hahn
echo signal) at integer multiples of the mechanical oscillation period, 27 /®. They reflect the
spin evolution of the NVC probe due to the driven motion of the mechanical resonator. Con-
sidering the system under the explained classical mechanical drive, the fluctuations due to the
thermal motion are negligible. Therefore, the resulting Hahn echo signal resembles a zeroth
order Bessel function [117]. Via this context, the achieved spin-phonon coupling strength ~
10 Hz is reported [45] whereas the reported cooperativity parameters are < 1 [118, 119]. This
way of spin-phonon coupling by means of classical driving of the mechanical oscillator under
magnetic field gradient will be employed and described further in the next sections regarding

NVCs embedded in thin circular diamond membranes and diamond microcantilevers.

Similar to the driven classical motion of the mechanical oscillator via the spin-phonon in-
teraction, its quantum motion, i.e. its zero-point fluctuation can be also detected. Given the
oscillator near its ground state, the quantum fluctuation of the oscillator can be observed via
readout of the spin state of the NVC e.g. by means of Carr Purcell Meiboom Gill (CPMG)
pulse sequence. To that aim, the sensitivity of the NVC probe can be enhanced by synchroniz-
ing the spin evolution with the vibration period of the mechanical oscillator, i.e. by adjusting
T = /@, where 7 is the delay time between & pulses of the CPMG sequence, and ® is the
angular resonance frequency of the mechanical oscillator. Therefore, a dip at the mentioned
delay time in the spin coherence signal of the NVC can occur, where its dip is dependent on

the number of 7 pulses employed in the CPMG sequence, and its width is related to the spin
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coherence times of the NVC, spin-phonon coupling, and the resonance frequency and quality

factor of the mechanical oscillator [117].

Spin-phonon interaction based on strain-mediated coupling

In the spin-phonon coupling concept via magnetic coupling, the procedure by which the mag-
netic field gradient is applied to the NVC is of crucial importance. For instance, as schemat-
ically illustrated in Figure 4.1, a magnetic structure (e.g. a tip) should be placed in the
nanoscale vicinity of the NVC. Here, some limiting problems such as drift effects, or de-
grading effects e.g. on the quality factor of the mechanical resonator might arise which can be
restrictive [45]. Instead, there is an alternative way to realize spin-phonon coupling, namely
the strain-mediated coupling. In this context, a monolithic diamond system is employed in
which NVCs are embedded into the diamond host which is of a geometry of a well-controlled
mechanical resonator e.g. microcantilevers [114, 120, 121] (this mechanical structure will be
discussed in detail in the next sections). It is of a particular advantage that the strain coupling
method is intrinsic to the device which in turn eliminates the mentioned limiting factors such
as thermal drifts and noisy stray fields. In this platform, the vibration (periodic deflection) of
the diamond mechanical resonator generates strain in the diamond crystal (see Figure 4.2-(a)
and (b)), which acts similar to an effective electric field [122] at the location of the embedded
NVC. Considering this effect on the ground-state of the NVC, the according Hamiltonian can
be written as [45, 114]:

4y

H =DS§+’}’NVs-B+d|‘SZZS§ -3

e.57 +& 8. (4.9)

In this Hamiltonian, S=1 is the Pauli spin operator, and d|| and d | are the axial and transverse
strain susceptibilities, respectively. The orientations are defined with respect to the NVC axis.
The axial strain component is written as €,;, where €. = &, & i€y,. The raising and lowering
spin-1 operators are written as S4 = S, £iS,. As given in the Hamiltonian, the axial and
transverse strain play a perturbative role which leads to frequency shifts in the m; = -1 levels,
given by [45, 114]:

A4 :dHé‘H:i:\/(’)/NvBZ)Z—F(dLSL)Z, (4.10)

where the total transverse strain is denoted by €, given as , /€2, + 8y2y [45, 114]. As mentioned
in Eq. (4.10), the axial strain induces a linear modification of the zero-field splitting (D), where
the transverse one mixes the m; = -1 states which causes a quadratic splitting between them
(see Figure 4.2-(c)) [114]. The axial and transverse susceptibility constants are obtained to be
d) =13.4+0.8 GHz and d; = 21.5£1.2 GHz, respectively, using the spin readout of single

NVCs inside diamond microcantilevers [121]. The strain-mediated spin-phonon coupling pa-
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Figure 4.2.: Scheme of the strain-mediated spin-phonon coupling is demonstrated. (a) Shows the
scheme of a diamond mechanical resonator (microcantilever) with an embedded NVC.
The deflection of the cantilever induces strain. With respect to the FEM simulations (b)
the maximum strain (€,,) is found to occur at the vicinity of the clamping point of the can-
tilever. (c) The effect of axial and transverse strain on the my=|+1) spin levels is depicted.
The axial strain causes a linear shift added to the zero-field splitting, while the transverse
strain mixes these states. Figures (a) and (c) are adapted from [45].

rameters are reported to be ~ 0.01 Hz [120, 121], where recently a higher coupling parameter

is achieved to be ~ 2 Hz, by shrinking the dimensions of the diamond cantilever [114].

Spin-phonon interaction based on surface acoustic waves (SAWSs)

In this part, the spin-phonon coupling based on surface acoustic waves (SAWs) will be re-
viewed. SAWSs are phononlike excitations which are known to be bond to the surface of a
solid, e.g. a piezoelectric (or piezomagnetic) material. Since the bulk and surface of the solids
are different in terms of the propagation of sound waves (it behaves less rigidly at the surface),
these waves are usually not matched to the bulk. They are therefore Rayleigh wave solu-
tions which decay exponentially to the medium, showing a characteristic penetration depth
of approximately one wavelength [123]. From the semiclassical point of view, these acoustic
phonons create a time-dependent strain field. Similar to the previously-discussed harmonic
oscillations, the zero-point fluctuation for SAWs in piezoelectric material is given by Uy =

2vaSA where p is the density of the solid, vy is the sound velocity in the solid, and A is the
effective mode area on the surface.

SAW resonators with Q-factor of ~ 12500 at @w. > 10 GHz are experimentally demon-

strated in diamond heterostructures (AIN/diamond) [124]. This architecture can be used as a
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a) b) AFM cantilever

Diamond \',

. . . NVC
Piezomagnetic material nanocrystal \

Diamond Piezomagnetic material

Figure 4.3.: Schematic geometry of the spin-phonon coupling of NVC via the piezomagnetic material
is shown. (a) Shows a piezomagnetic material deposited on top of a diamond substrate
hosting an NVC close to its surface. (b) Depicts an NVC inside a diamond nanocrystal
which is positioned to the nanoscale proximity of the piezomagnetic material with the aid
of an AFM tip.

platform for spin-phonon coupling with the embedded NVCs. This device can be imagined as
a single NVC embedded into a diamond substrate with a distance of ~ 10 nm from its surface,
where a piezomagnetic layer is deposited on top of the diamond substrate. Another equivalent
geometry can be formed of a diamond nanocrystal hosting an NVC that is attached to an AFM
cantilever positioned in the nanoscale proximity of the piezomagnetic material (see Figure
4.3). The Hamiltonian of such a system in the presence of an external magnetic field (B) is
given by [123]:

Hxvsaw = DS2 +wyB-S+w.a'a+gny Z Ny S* (a + aT> . 4.11)
o=x,y,2

In Eq. (4.11) ng, is a dimensionless factor dependent on the orientation of the NVC with
respect to the magnetic field generated by the SAWs, and a is the bosonic operator for the lo-
calized SAW mode with the associated resonance frequency of @.. The spin-phonon coupling
strength in the presence of the piezomagnetic material is estimated to be 3 orders of magnitude
larger than that in the case of direct strain coupling [123]. So far, the effect of decoherence
on this system has been neglected. Nevertheless, even by considering the decoherence of the

NVC and the SAW mode, the cooperativity parameter exceeding 1 looks to be feasible [123].
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4.2. Thin circular diamond membrane and the embedded
NVCs

Recently, several breakthroughs have been achieved by coupling the fundamental vibrational
mode of diamond cantilevers [125, 104, 114] to the ground-state spin of NVCs [120, 121, 126].
Besides cantilevers, thin membranes are also well-known mechanical geometries. They have
been utilized in a wide range of applications from classical high-precision pressure sensing
[127] to observation of quantum effects such as cavity quantum electrodynamics (QED) [99].
For instance, silicon nitride (SizN4) thin membranes have been reported to be used in QED
experiments [128]; such as membranes possessing lateral dimensions of few millimeters and
sub-micron thickness being used in membrane-in-the-middle geometry [129]. In contrast to
numerous reports on application of semiconductor membranes, realization of such a prevalent
structure from diamond remains still a significant challenge to overcome. In addition to the
mentioned applications, developing a diamond membrane-NVC hybrid system can open a new
avenue towards further applications. For instance, based on the striking characteristics of this
hybrid system like low cytotoxicity and long term stability [130], diamond mechanical struc-
tures with embedded NVCs can be found attractive for mechanobiological applications [131].
For example, they could pave the way for next-generation non-invasive, three-dimensional,
and real-time observation of extracellular forces, e.g. in traction force microscopy [132].

In this section, a thin circular single-crystal diamond membrane hosting shallow-implanted
NVCs will be presented. This membrane has a diameter of ~ 1.1 mm, a thickness of ~ 1.2 um
and surface roughness of ~ 0.4 nm. To examine the mechanical properties of this membrane,
the embedded NVCs are employed as nanosensors coupled to different mechanical degrees of
freedom of the membrane. In this regard, the fluorescence point spread function (PSF) [75]
measured for individual embedded NVCs is utilized to detect the deflection of the membrane
under a static (DC) applied pressure. Further, by means of coupling of the ground-state spin
levels of the NVCs to the mechanics of the membrane, the membrane is monitored under
applied DC pressure and in-resonance vibration (AC), as well as its residual stress. Moreover,
Hahn echo sequence is applied on the spin interface of the nanosensor NVCs to acquire more
detailed information about the spin-phonon coupling regime. At the end, this spin-phonon

coupling regime is discussed in more details featuring numerical and analytical calculations.

4.2.1. Continuum mechanics and spin-stress model

In continuum mechanics theory (CMT), circular membranes are categorized into three main
classes of thin, thick, and flexible ones (see Figure 4.4). The behavior (e.g. deflection) of the

flexible membrane cannot be analytically defined, and hence, it is out of study here. However,
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b) c)

____________________________________________

Figure 4.4.: The scheme of thick (a), thin (b), and flexible (c) circular membranes is depicted. The
flexible membranes do not show well-defined behavior and hence, are out of the current
study. The comparison of the thickness (¢) and central deflection (w) under an applied
pressure, divides the circular membranes into two main categories of thick and thin ones.
Figure is adapted from [127].

based on the thickness (7) and central deflection (w) under a given applied pressure (P), circular
membranes fall into two main types of thick and thin ones [127]. For thick (thin) circular
membranes, w is smaller (larger) than 7. For thick membranes under an applied pressure, its
deflection is dominantly determined by bending moments at its rim, whereas for the thin ones,
straining of its neutral fiber plays a dominant role. In reality, circular membranes are reported
to have radii between ~ 10 um to ~ 1 mm, while for the thin membranes the thickness varies
from ~ 100 nm to ~ 1 um and for the thick ones from ~ 10 um to ~ 100 um. The smaller
membranes are challenging to fabricate, and the larger ones are usually addressed as plates. It
should be noted that given a certain geometry of the circular membrane, it can show both the
thick and thin membrane behaviors, while applied pressure and the resulting deflection play

active roles on this classification.

Since thin circular membranes show higher sensitivity to the applied pressure in comparison
to the thick ones [127], throughout this work, thin circular diamond membranes are focused.
This geometry will be hereinafter shortly named as "membrane". Given a diamond membrane,
the relation between the applied pressure and deflection at the center (P-w), neglecting bending

moments, is given by [127]:

4tw 2 wlE
P="_ ST 412
R? (GO+3R2(1—V2))’ (+12)

in which oy and R are the radial residual stress and radius of the membrane, and £ ~ 1.2 X
102 Pa and v=0.069 are the Young’s modulus and Poisson’s ratio of diamond, respectively

[112]. Hereinafter, 1-v? phrase is approximated to 1. As can be seen in Eq. (4.12), a thin
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membrane is expected to exhibit a nonlinear response to the applied pressure (thick membrane
shows a linear response). In addition, for a given applied pressure, membranes with larger
radii will deflect more. Therefore, notwithstanding a nonlinear dependence on the applied
pressure, maximum pressure sensitivity will be achieved for the maximum possible radius and
minimum possible thickness. Fabrication of this geometry will be addressed in detail in the

next subsection.

As mentioned before, deflection of the diamond membrane under the applied pressure cre-
ates crystal stress in the diamond lattice which alters the ground-state spin resonance frequen-
cies of the embedded NVCs (longitudinal and transverse shifts) [120, 121, 122, 133, 134].
In this part of this thesis, only the longitudinal frequency shift and thus the stress along the
axis of the NVCs is studied. Assuming a cylindrical coordinate system (r,0), the radial and

tangential strain vs. the central deflection for a diamond membrane can be written as [127]:
2 w? 2 w? r
Epp — = erp——— [ 1= = 4.13
RR 3 R27 TT 3 R2 ( Rz) ) ( )

respectively. To convert the central deflection of the membrane to the longitudinal shift in the
NVC ground-state spin resonance levels, the spin-stress model [135] is applied. For a (100)

diamond surface, the matrix form of the stress tensors of each NVC orientation (given by A-D)

is given by:
Ox Oxy O O 0 —0y
Sa=|0y o 0|SB=] 0 0 O
0 0 O -0y 0 oy “4.14)
0 0 O Oy —0Oyx O
Sc=10 oy Oy |[SD=]|-0y O 0],
0 oy O 0 0 O

where (X,Y,Z) represents Cartesian coordinate system related to the diamond unit cell (see
Figure 4.5). Therefore, the longitudinal frequency shifts for each orientation (A-D) can be

given as:

1
Ap =Ac = 5 [A| (oxx + oyy) + 245 (oxy)]
1 (4.15)

A =Ap = 3 [A1 (oxx + oyy) + 245 (—oxy)],

where A| and A, are the stress coupling constants. As can be seen in Eq. (4.15), the different
NVC orientations fall into two sets of two with distinct frequency shift distributions (A} =
Aacand A_ = Agp). To be able to apply the spin-stress model, Eq. (4.13) should be rewritten

in the Cartesian coordinate frame. This conversion is accomplished using the Mohr’s circle
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Figure 4.5.: Unit cell of the diamond with an NVC is shown to illustrate the different (x,y,z) and
(X,Y,Z) notations used in the analytical study of the stress applied to the NVC spin.
As depicted, (X,Y,Z) demonstrates the Cartesian coordinate system for the diamond unit
cell, where (x,y,z) presents the NVC. Regarding the NVC, orientation along z is named
as longitudinal, whereas x and y demonstrate transverse orientations.

concept from CMT [136], as given in this way:

oxx =F (ERR COSZ(Q) +&rT sinz(e))

oyy =E (€rr sin®(0) + err 0052(9)) (4.16)

oxy =EF (% sin(29)(£RR — ETT)) .

Consequently, the frequency shifts obtained in Eq. (4.15) vs. the central deflection (w) for

different positions of the membrane in the cylindrical coordinate system is read as:
1 2w? r? ) 2w?r?

4.2.2. Fabrication procedure

To realize the planned structure, commercially-available thin diamond films are exploited as
the starting material (see chapter 2). They are CVD electronic grade '*C natural abundance
bulk diamond substrates commercially available by Element Six, which were machined by
DDK to the dimension of ~ 2 mm X 2 mm X 0.027 mm with the surface roughness of ~ 2 nm
(measured by AFM over several areas of 0.5 um x 0.5 um). After cleaning by Aqua regia and
triacid mixture, nitrogen ions (1’NT), with the energy and dose of 10 keV and 50 ions/um?,
respectively, are implanted. After cleaning in Piranha solution, the sample is heated up to ~

900° C for approximately 2 hours under vacuum of <10~ mbar, followed by boiling in triacid
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Figure 4.6.: General scheme of the exploited etching technique to transfer the circular membrane ge-
ometry to an implanted thin diamond film is depicted. The superiority of angled-wall hole
in the diamond mask (b) in comparison to the vertical-wall hole (a) is shown. By using
this etching mask with angled-wall hole through, no trace of trenching and cracking can
be seen.

No cracks

mixture [25] that finally activated NVCs. The chosen energy and dose result in single NVCs
resolvable by home-built confocal microscope (see Appendix) with the average depth of ~ 20
nm [80]. Then, the sample is flipped and glued by PMMA on top of a type-I diamond substrate
as structural support during the membrane geometry fabrication process. This etching process
must be able to simultaneously etch the non-implanted side of the diamond thin film, with a
relatively high etching rate, for > 25 um and still leave a smooth surface. To that aim, an
etching technique consisting of two crucial components; (i) the RIE-ICP etching recipe based

on Ar/SFg gas mixture and ii) the auxiliary diamond etching mask, is developed.

(i) To fabricate the nanomechanical and nanophotonic structures consisting of diamond and
embedded NVCs, usually etching recipes based on O, gas are utilized [64]. By using this
method, relatively high etching rates (~ 150-200 nm/min) are achieved, where importantly
the structure is not fluorescent in the spectral range of NVC fluorescence. However, by using
this technique for more than ~ 1 pum, it is seen that the surface of the diamond becomes
rough, which prevents producing high quality structures. This is due to generation of etch-

induced defects at the diamond surface, which transfer more in depth as the etching process
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is progressing. To avoid this problem, application of plasma procedures with gas mixture of
Ar and Cl; are repeatedly reported [50, 137]. This technique ends in smooth final surface (~
1 nm RMS roughness), nevertheless is relatively slower (< 100 nm/min) than the O, recipe
[137]. In this work, a novel etching recipe based on gas mixture of Ar and SF¢ is developed.
This recipe turns out to show the benefits of both of the mentioned etching recipes. Through
this recipe, the main etching (sputtering) task is done by Ar gas, where the SFq gas helps to
smooth the diamond surface, simultaneously.

(i1) To perform top-down fabrication technique based on deep etching of diamond, the etch-
ing mask is of great importance. Not only to show less etching rate in comparison to diamond
and hence act as a mask, it should also not introduce additional roughness of the etched sur-
face. To avoid the final rough area, it is decided to use bulk diamond substrate as the etching
mask. In this way, no additional surface roughness is introduced by redeposition of the etching
mask. In addition, since the thickness of the mask is one order of magnitude larger than the
sample itself, it does still sufficiently act as an etch mask. This mask is a type-I diamond (see
chapter 1), in which a hole is laser cut at its center by Medidia GmbH roughly with the same
diameter as the final membrane, however importantly with angled wall profile (16°).

Etching rate of diamond in the vicinity of its etched wall is larger than at the other places,
resulting in thinner parts close to the rim of the circular membrane, i.e. trenching effect. This
is due to concentration of the ions in the vicinity of the etched wall [138], which indeed causes
cracks in the final structure. To tackle this problem, an angled-wall diamond mask is applied.
By using this mask, the problem is solved through faster corrosion rate of the mask close to
the hole in comparison to other places. Therefore, at the rim of the membrane, diamond film
is etched less than its center, which compensates the trenching effect. Schematic explanation
of this process can be found in Figure 4.6.

The etching process is done in Oxford PlasmaPro NGP80 RIE-ICP machine under vacuum
of ~ 107% mbar, plate temperature of 20° C, RIE power of 100 W, ICP power of 600 W, and
gas flow of 40 sccm and 25 sccm for SFg and Ar, respectively, under the chamber pressure of
20 mTorr. To minimize side effects of the heat generated by the etching process, it is divided
into consequent etching/cooling steps of 5 min/2 min, respectively. After etching, to remove
the fluorine termination, the surface is etched for few nanometers by means of soft ICP oxygen
plasma technique [25]. To check the etching depth and profile, the resulting sample (see Figure
4.7-(a)) is inspected by Dektak profilometer (see Figure 4.7-(b)), giving the etching depth of
>25 um which shows etching rate of ~ 170 nm/min. The comparison of the initial thickness
and the etching depth denotes the thickness of the membrane at the center of the diamond film
to be 1-2 um. Further, it shows only ~ 1 um deviation of thickness over the whole diameter
of 1.1 mm, denoting only 0.1% deviation. The resulting surface roughness is measured over 1

um x 1 um area in several positions of the membrane by means of AFM, revealed to be ~ 0.4
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Figure 4.7.: The hybrid NVC-diamond membrane system is demonstrated. The fabrication process
results in a (a) ~ 2 mm X 2 mm X 0.027 mm diamond film with a 1.1 mm diameter thin
membrane at its center. It is glued on a glass with a hole at its center to avoid mechanical
contact to the membrane. Scale bar shows 500 um. (b) The etching profile of the fab-
ricated sample is shown, where the etching depth of > 25 um is revealed. By using the
angled-wall hole in the diamond mask substrate, no trace of cracks and trenching can be
seen in the final sample, where only a minor thickness deviation of ~ 0.1% through the
whole diameter is left.

nm. This shows approximately 5-fold improvement of the surface roughness in comparison to
its initial value, by means of the presented novel etching recipe, even after etching >25 um of

diamond.

4.2.3. Experimental characterization

The fabricated hybrid device is mounted in the home-built confocal setup (see Appendix) as
it is schematically shown in Figure 4.8-(a). To avoid mechanical contact with this device, it
is mounted on a glass holder with a central hole. For the same reason, to apply MW pulses,
a 20 um-diameter copper wire is spanned over its thick part. The acquired confocal image
of an area near the center of the membrane (Figure 4.8-(b)) proves the right applied implan-
tation parameters, as well as the gentle deep etching process. To obtain information about
the mechanical properties of the device, it is installed in a nitrogen gas pressure vessel (as
depicted schematically in Figure 4.8-(a)), positioned on top of the confocal setup. The mem-
brane deflection under a DC pressure is measured by monitoring the fluorescence PSF (along
the optical z- axis) of single NVCs near the center of the membrane, as the nitrogen gas pres-
sure is increased. The recorded applied pressure vs. deflection of the membrane at its center
is shown in Figure 4.9-(a). The non-linear (cubic polynomial) behavior clearly shows that the
final hybrid structure obeys the CMT of thin circular membranes. By fitting the data using the
model given in Eq. (4.12), values of t = 1.2 + 0.2 um and 6y = 54 + 6 MPa for the effective
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Figure 4.8.: The mounting of the hybrid diamond membrane-NVC system is schematically illustrated.
(a) It shows the hybrid device mounted under a nitrogen gas vessel in a home-built con-
focal setup. (b) The confocal image from an area near the center of the membrane is
presented. It shows no negative effect caused by the applied fabrication process. Scale bar
represents 3 {m.

thickness and the radial compressive residual stress of the device, respectively, are obtained.
This derived thickness is in good agreement with the value of ~ 1-2 um, estimated by optical
microscopy. It should be added that even for the applied pressures up to 3 bar, no damage to
the hybrid device can be monitored. Analytically, the burst pressure of the membrane device

is given by [127]:

t-o, [3 I—v
Pburst:4'Ty E(Gy_GO) E

in which oy~ 90 GPa is the yield stress [139] of diamond. Given the values for diamond and

(4.18)

geometry of the presented membrane, burst pressure is ~ 2500 bar. This value sounds more
ideal rather than realistic for the presented experiment, since breaking of the membrane in the
installation points occurs likely at much lower pressures.

As a complementary attempt, to assess the sensitivity of the presented hybrid device to
pressure, a small pressure is applied to the system while monitoring the fluorescence photon
count rate of a single NVC located at its center. As can be seen in Figure 4.9-(b), ~ 2 x 103
counts/sec decrease in the photon count rate is clearly observed. This change in the fluores-
cence rate can be attributed to the displacement in z- focus of the PSF of the NVC sensor and

hence, converted into an applied DC pressure as small as ~ 40 Pa. In this case, the photon shot

Pa
VHz'
the photon count rate of NVCs as nanoprobes through incorporating an ensemble of NVCs

noise limit on the pressure sensitivity is <6

This value can be improved by increasing

into this structure.

To compare the minimum detected pressure (MDP) of the presented hybrid device us-
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Figure 4.9.: Optical investigations of the membrane-NVC hybrid system are depicted. (a) Applied
DC pressure to the system vs. deflection at its center is plotted. The cubic polynomial
behavior of the curve is a clear characteristic of the mechanics of a thin circular membrane.
Vertical error bars demonstrate 0.05 bar whereas the horizontal error bars are not shown.
(b) Recording the fluorescence rate of a single NVC located at the center of the membrane
in the absence and presence of a small applied pressure is shown. As explained in the main
text, this pressure is calculated to be ~ 40 Pa.

ing quantum nanosensors (= 40 Pa) with recently presented microelectromechanical systems
(MEMS)-based pressure sensors, it can be said that the developed device is comparable to the
MEMS piezoelectric or capacitive pressure sensors (MDP ~ 10-1000 Pa) [140, 141, 142, 143],
however less sensitive in comparison to the achieved value by flexible sensors, i.e. MDP=0.1
Pa [144].

After using the optical interface of the embedded nanosensor NVCs, their ground-state
spins are also utilized to monitor the DC mechanical motion of the membrane. As described
in Eq. (4.17), two different frequency shifts (A1) are expected for two different sets of NVCs
crystallographic orientations (A,C and B,D) under the (100) diamond surface (see Figure 4.10-
(a)). These two shift distributions show identical maxima at the center of the membrane (r =
0). By considering the thickness and radius of the membrane equal to 1.2 um and 575 pum,
respectively, the longitudinal frequency shift in the ground-state spin resonance of a single

NVC at the center of the membrane can be calculated in this way:
AJr,center = Af,center ~ 0.012 [MHZ/,UIIIZ} X W2 (4.19)

where w in um is the deflection at the center of the membrane. To measure this frequency
shift, ODMR measurements are performed on single NVCs located near the center of the

membrane. To be confined to the longitudinal frequency shift and suppress the transverse one,
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Figure 4.10.: (a) The simulation of the longitudinal frequency shift (absolute value) distribution over
the membrane area is plotted (for an applied pressure of 1 bar) for two different sets
of NVC crystallographic orientations. There is an azimuthal asymmetry in both of the
plots, which is imposed by breaking of the symmetry due to the nonsymmetric orien-
tation of the NVCs. (b) The absolute value of the experimental and the model data of
the longitudinal frequency shift detected by a single NVC located at the center of the
membrane is depicted. The developed model considering the membrane mechanics and
the spin-mechanical interactions predicts similar behavior as the ODMR measurements.

approximately 90 G of magnetic field is aligned to the axis of the NVC under investigation.
As plotted in Figure 4.10-(b), a linear behavior of the longitudinal frequency shift (plotted in
absolute values) vs. the applied pressure is observed, showing a gradient of ~ 2.3 MHz/bar. As
shown in Figure 4.10-(b), an appropriate consistency between the experimental and theoretical
curves (based on Eq. (4.19)) can be seen, which supports the developed model of the spin-
mechanical coupling and mechanics of the membrane. A slight deviation between these two
curves can be however attributed to the small inhomogeneity in the thickness of the membrane

close to its rim as well as non-ideal clamping conditions.

Similar to the optical interface of the nanosensor NVCs, their ground-state spin could be
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Figure 4.11.: A histogram of the longitudinal frequency shift of approximately 15 NVCs per each
crystallographic orientation (A-D) from D = 2.870 GHz is measured. Common to all
four different orientations, most of the NVCs show longitudinal frequency shifts lower
than 1 MHz. As mentioned in the main text, this yields in average frequency shift of 0.82
MHz which is translated in approximately 52 MPa of net radial residual stress.

also used to measure small DC pressures. As an example, one can use Ramsey interferometry
to detect small strain field (pressure). Ramsey signal as a function of waiting time (7) can be
written as [145]:

Sg(T) =C) —Cre (?> cos(@7) (4.20)
where C1 and C; are positive fitting parameters, T is the coherence time, and @ is the detuning
of the microwave frequency from the zero-field splitting (D). This detuning can be written as

sum of magnetic, pressure, and temperature shifts, respectively:
o =2n(Afg+Afp+Afr) (4.21)

The above-mentioned shifts can be rewritten e.g. as Afy = C7.0T or Afp = Cp.0P where Cr
~ 70 kHz/K (at room temperature) and Cp ~ 2.3 MHz/bar (as reported here) are the coupling
constants for temperature [146] and pressure, respectively, and 6T and OP are the changes in

temperature and pressure, respectively.

To suppress the magnetic noise one can use alternative sequences, e.g. presented in [44]
or elsewhere [53]. Still, to measure small pressures, one should certainly overcome tempera-
ture fluctuations. It means that for the spin-based technique to match the ~ 40 Pa sensitivity
of the photon-based technique, the temperature of the sample should be constant within 10
mK range, which is challenging under realistic circumstances. Consequently, it can be con-

cluded that the measurement technique based on the optical interface of the embedded NVCs

98



4.2. Thin circular diamond membrane and the embedded NVCs

is superior for piezometry at low pressures.

In addition to the applied static pressure, single NVCs are also applied as local probes to
sense the residual stress in the device. Residual stress is an inevitable component of micro-
and nanostructures, which effectively deviates their mechanical properties from the expected
values [127]. This deviation consequently complicates/limits their application. As assumed in
CMT, the main residual stress in the circular membrane geometry is the radial residual stress
due to clamping [127]. To measure this residual stress, ODMR signal of 15 NVCs per each
four different orientations, located radially at the center of the membrane, are measured (see
Figure 4.11). The measured longitudinal frequency shift from the default value of D = 2.870
GHz is then recorded, giving the average shift of ~ 0.82 MHz (Figure 4.11). To exclude the
residual stress due to the vicinity of the NVCs to the diamond surface, 30 implanted NVCs
(in the same depth) are inspected in a reference sample. Then, by the same method, frequency
shift of ~ 0.57 MHz is obtained, which gives the net frequency shift of ~ 0.25 MHz. Based
on the spin-stress model and CMT (Eqgs. (4.12), (4.17)), radial residual stress of oy ~ 52
MPa is obtained, showing a good agreement with oy ~ 54 MPa achieved through optical
measurements. This result manifests the capability of NVCs as nanoscale probes to peruse the

residual stress in diamond mechanical structures.

4.2.4. NVC-oscillator system

In this part, measurements on the NVC optical and spin interfaces, and the membrane as a me-
chanical oscillator are focused. Towards implementation of proposals based on spin-phonon
coupling in NVC spin-oscillator systems [147, 117], the AC mechanical behavior of the NVC-
membrane device is studied. In this way, the lowest order (fundamental) vibrational mode of
the membrane is investigated. This mode resembles a drum-shape vibration which shows
maximum amplitude at its center [127]. To excite this fundamental mode, the membrane is
installed on top of a piezo chip connected to a frequency generator (see Appendix). To acquire
the resonance frequency, the fluorescence photon count rate of a single NVC near the center
of the membrane is monitored while the frequency of the piezo chip is swept. A dip in the
fluorescence intensity at w ~ 27w x63 kHz is detected, indicating the fundamental resonance
mode of the membrane (Figure 4.12-(a)). The same result is observed using photodiodes to
check the reflected laser power back from the center of membrane [125, 104, 113]. To exclude
the resonance behavior of the piezo chip itself through the mentioned measurements, the thick
part of the diamond film lying far from the membrane is also monitored. Using both of the
mentioned techniques, a 2-digit quality factor (10-80) is obtained. Since the quality factor is
likely to be limited by atmospheric damping, higher quality factors are expected to be achieved

in vacuum [104]. Next, the vibrational amplitude of the membrane is estimated optically via
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observing the vibrationally-induced broadening of the focus point width of the NVC sensor.
In this way, the vibrationally-induced broadening of the focus of single NVCs near the cen-
ter of the membrane is estimated vs. different piezo driving voltages (Figure 4.12-(b)) [148].
Like the displacement with DC pressure, the vibrational amplitude is non-linear in the piezo
driving voltage. Nevertheless, for small voltages (<2 V) the vibration amplitude is seen to
be approximately linear. In this voltage regime, a linear slope of ~ 0.38 um/V can be fitted.
It should be noted that this non-linear behavior can be stemmed from the piezo chip itself.

However, this reason is excluded with respect to the technical specifications of the piezo chip.

As the next step, coupling of the spin of NVCs to the fundamental mode of the membrane is
studied. To that aim, spin-echo (Hahn echo sequence) measurements are performed on single
NVCs near the center of the membrane while its fundamental mode is driven. A magnetic
field of ~ 290 G is also aligned to the axis of NVCs. As discussed before, NVCs near the
center of the membrane couple dominantly to its fundamental vibration mode. This vibra-
tion induces a modulation of the applied magnetic field sensed by the NVC and thus its spin
resonance frequencies [117, 121]. This vibrationally-induced interaction between the NVC
spin and the membrane oscillator can be estimated in the linear regime (low piezo voltages)

through a periodic detuning term gz(v)cos®t, where g is the coupling parameter of the spin to
a membrane vibration phonon, and z(~v) is the voltage-dependent dimensionless amplitude of
the oscillation (i.e. vibration amplitude at each piezo driving voltage divided by zzpp ~ 1016
m) [117]. As explained in the last section about spin-phonon interaction mediated by magnetic
coupling, this non-synchronized vibrationally-induced detuning results in decoherence of the
NVC spin, observable e.g. in Hahn echo signal (Figure 4.13-(a)). The resulting Hahn echo
signal as a function of waiting time (7) can be given by the product of the zeroth order Bessel

function and an exponential decay term based on 73 time, as follows [117]:

H(t) = Al <4gz(f)v) sinz(%)> et R L p (4.22)

where o is the eigenfrequency of the membrane oscillator (27t x 63 kHz), x(7) is the dephasing
due to thermal motion which is negligible in mechanical-driven regime [117], and A, 7, and
B are the fitting parameters. Given the vibration amplitude vs. different piezo voltages from
Figure 4.12-(b), by fitting the function in Eq. (4.22) to the Hahn echo signal at each piezo
voltage, the corresponding values of 7, and g can be obtained. For instance, the coupling
parameter is estimated to be g =6.12+0.51 x 10~% rad/s (Figure 4.13-(b)). On the other hand,

having the 75 times at different piezo voltages, the driven decoherence rate can be calculated

100



4.2. Thin circular diamond membrane and the embedded NVCs

a) b)
i —~ 2.0
. 1.00‘ g
® > — data
c | .
ko S 15 — fit
£ 0.957 %_
3 £ 1.0
N ©
2| [ 5
5 090{ |—fit 5 05
z S
> 0.0 1
40 50 60 70 80 o 1 2 3 4 5
Frequency (kHz) Piezo driving voltage (V)

Figure 4.12.: (a) Measurement of the fundamental mode frequency of the membrane by means of
embedded single NVC is shown. (b) In-resonance vibration amplitude of the membrane
vs. the piezo driving voltage is estimated by means of single NVCs, revealing an overall
nonlinear behavior. Nevertheless, this behavior can be approximated to a linear fit with
slope of 0.38 um/V for voltages <2 V.

accordingly [120]:

F(V)szt( ! ! ) 423)

Ly Tyv=o

where T5y—q) is the NVC spin coherence time at the absence of the membrane vibration.
The corresponding decoherence rate vs. different piezo driving voltages is then demonstrated
in Figure 4.14-(a). As shown, it presents an ascending behavior as piezo driving voltage in-
creases. The precise origin of this voltage-dependent decoherence rate is not clear. However,
it can be related to the non-linearity of the membrane’s mechanics and related factors, such as
imperfect damping and coupled excitation of multiple vibrational modes. Further investiga-
tions would be subject of future works.

With respect to the theoretical explanations before, the derived spin-phonon coupling can
be originated in either stress-mediated, or magnetic field gradient-mediated processes. As
the mentioned measurements are performed under ~ 300 G of applied magnetic field aligned
to the NVC axis, any unexpected spin transverse interaction is considered to be canceled
out. The only stress-mediated frequency shift is therefore the longitudinal one, which can be
estimated using Eq. (4.19) for e.g. 0.5 um of vibration amplitude to be ~ 3 kHz. On the
other hand, the frequency shift induced by the magnetic field gradient generated via the same
membrane vibration amplitude under the static applied magnetic field is estimated to be ~ 30
kHz. Since this value is approximately one order of magnitude larger than the strain-mediated
frequency shift, it is assumed that the explained spin-phonon coupling is mainly induced by the
magnetic field gradient. As given in [117], the vibrationally induced magnetic field gradient

can be calculated as g/(y-zzpr) ~ 27 T/m (7 is the gyromagnetic ratio equal to 2.8 MHz/G for
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Figure 4.13.: (a) Hahn echo signal under ~ 290 G in absence (green curve with blue fit [24]) and pres-
ence (black curve with red fit) of in-resonance mechanical driving is demonstrated. An
oscillation behavior obeying Bessel function proves that the system is in driven regime,
as presented theoretically before [117]. (b) Coupling parameter of the spin of a single
NVC to a single phonon of membrane vibration vs. the piezo driving voltage is shown.
As depicted, almost a constant value is obtained to be g =6.12+1.09 X 10~ rad/s.

g-factor of 2).

Regarding further realizations of proposals towards quantum information processing using
NVC-diamond mechanical hybrid devices [147], the coupling parameter can be drastically
improved by reducing the membrane dimension and applying a higher magnetic field gradient.
For instance by further reducing the radius and thickness of the membrane to 100 ym and 0.3
um, respectively, and by employing magnetic structures [149, 150] introducing magnetic field
gradients of 5x10° T/m, the coupling parameter can be improved by 5 orders of magnitude
exceeding g of 50 Hz. This term plays an important role since the cooperativity term (Eq.
(4.8)) scales with g% [117].

4.3. Diamond microcantilevers and embedded NVCs

So far, interaction of isolated NVCs with stress (strain) and vibration of mechanical structures
is presented. This interaction was first theoretically explained, which was then studied within
a developed circular diamond membrane platform. In this platform, embedded NVCs were
utilized e.g. as nanosensors for applied and residual stress. This NVC-membrane hybrid sys-
tem was also characterized as a spin-oscillator system in which spin-phonon coupling was as-
sessed. It was derived that by miniaturizing this system, higher spin-phonon coupling strengths

are achievable. Given this, this hybrid system can be employed in further quantum-mechanical
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Figure 4.14.: (a) Driven decoherence rate is plotted vs. the driving voltage of the piezo chip. Nonlinear
behavior of the membrane oscillator and possible heating effects can cause ascending
decoherence rate. (b) Simulated spin-phonon coupling parameter (g in Hz) is shown
vs. radius and thickness of the membrane. In this simulation, residual stress of the
membrane and the magnetic field gradient are considered to be 100 MPa and 5x10°
T/m, respectively.

applications (such as QED applications). To implement hybrid quantum-computing architec-
tures, there are proposals e.g. in [151] on application of NEMS. In these proposals NEMSs
play a role as quantum spin transducers which consist of an array of coupled mechanical os-
cillators hosting NVCs, whereas a magnetic field gradient provides an efficient spin-phonon
coupling. To approach this goal, an alternative to the thin circular membrane geometry would
be free standing beams, which can be fabricated in an array form with the desired geometry
and dimension.

Free standing beams are well-known mechanical systems with vast magnificent applications
in mechanical structural engineering to MEMS (and/or NEMS) devices [127]. For instance,
in MEMS/NEMS devices they are presented to play the central important role as the sensor for
detection of ultra-small masses, e.g. in molecular scales [152, 153], thanks to their ultra-small
mass and high Q factors [104]. Recently, these devices (mostly cited as cantilevers) have been
fabricated from single-crystal diamond substrate, both in micro- [113] and nanoscale [50, 125]
dimensions, offering applications in hybrid NVC-mechanical systems [116, 120, 121].

Cantilevers were repeatedly mentioned in the theoretical section at the beginning of this
chapter. However, a continuum mechanics background of these devices is still missing. In
the coming subsection, a brief introductory knowledge of cantilevers based on continuum me-
chanics will be given. In the next subsection, double diamond cantilevers as coupled mechan-

ical oscillators will be demonstrated. Then, fabrication of those devices employing a novel
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a) E b) Exx

Figure 4.15.: Scheme of a single-side clamped microcantilever with rectangular cross-section is
shown. (a) 2D scheme of the cantilever with the length and thickness of [ and ¢, re-
spectively, under a transverse (parallel to y axis) applied force F at its free end is demon-
strated. This force induces a deflection (w) parallel to the cantilever thickness, which
depends on the coordinate along its length (x). Figures (b) and (c) present the first two
vibrational flexural modes of the cantilever. (b) Presents the 1% flexural mode of the
cantilever which is called as fundamental mode. (c) Shows the 2"¢ vibrational flexural
mode of the cantilever. In figures (b) to (c), the FEM-simulated spatial distribution of the
strain component &, through the cantilever geometry is shown. For instance, given the
fundamental mode, strain is maximum close to the clamping point of the cantilever.

fabrication technique will be presented, followed by their optical characterization. At the end,

perspective of these devices towards quantum applications such as cooling will be discussed.

4.3.1. Cantilevers in continuum mechanics

Although cantilevers with different cross-sectional geometries such as circle and trapezoid
forms have been analytically studied, in this part only the ones with rectangular cross-section
will be considered. In addition, since the single-side clamped cantilevers are mostly focused
in the NVC-mechanical hybrid systems, only these systems [127] will be explained here.
Here, a cantilever with thickness, width, and length of #, d, and [, respectively, only clamped
at one side is assumed. A constant force of F is applied to its free end which causes it to deflect
(see Figure 4.15-(a)). This deflection (w) is a function of the distance from the clamping point

of the cantilever, x, and is given by [127]:

2F

Y= Ean

x? (31 —x), (4.24)

in which E is the Young’s modulus of the cantilever. Usually the deflection at the free end of
the cantilever (tip) is important (shown by wy), which can be obtained by putting x =/ in Eq.
(4.24). Deflecting the cantilever (as depicted in Figure 4.15-(a)) induces strain in it. This strain

104



4.3. Diamond microcantilevers and embedded NVCs

has its maximum magnitude at the surface of the cantilever. On the other hand, the maximum
value of such a strain can be found at the clamping point of the membrane. Given an applied
force F which induces a maximum deflection of wy at the free end of the cantilever, the strain

at the surface of the cantilever and along the x axis is written as [127]:

exx(x) = (3) x),, (4.25)

2 3

It should be mentioned that sign of the force and strain depends on their direction with respect
to the deflection. For instance, given a certain wg and for a given x, the absolute value of eyy is
identical for both surfaces of the cantilever, however at one side it is positive and at the other
one it is negative (tensile and compressive strain). Nevertheless, for the sake of simplicity,
only their absolute values are mentioned above in Egs. (4.24) and (4.25) [127].

After considering the cantilevers in static mode, their dynamic mode i.e. their vibration will
be shortly discussed here. For a cantilever which is clamped at one side and free at another
side, several vibrational modes exist. Each vibrational mode associates with specific resonance
eigenfrequency and possesses specific deflection behavior. The first two vibrational (flexural)
modes of such a cantilever are simulated by FEM software and shown in Figures 4.15-(b)
and -(c). The first resonance mode (see Figure 4.15-(b)) is usually named as the fundamental
mode. With respect to Euler-Bernoulli beam theory and neglecting the residual stress of the

cantilever, the resonance frequency of this mode is inversely scaled with /> of the cantilever

f1~0.16 (112) \/? (4.26)

where E and p are the material-dependent Young’s modulus and density of the cantilever, re-

and is given by [127]:

spectively [127]. As can be seen, this resonance frequency is not dependent upon the width
of the cantilever (d). It is worthy to mention that Eq. (4.26) is written for ideal-shaped can-
tilevers, e.g. as shown in Figure 4.15. In case of deviation from the ideal geometry, the real

resonance frequency will be accordingly deviated from the given value in Eq. (4.26) [154].

4.3.2. Mechanical quantum bus

One of the key issues in the context of quantum computing is the scalability of the quantum
nodes (qubits) and hence the entire quantum computer itself. To that aim, coupling distant
qubits has been actively pursued in recent years. Several architectures employing different
quantum buses have been proposed in this regard. For instance, coupling of distant quantum
dots was reported by means of MW resonators as the appropriate quantum bus [155]. Equiv-

alently, distant quantum dot circuits were coupled by means of cavity photons [156]. Toward
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a) b) Mechanical quantum bus

Common mode

/ VB

NVC 2

Figure 4.16.: (a) Two NVCs are located each at the extremity of two separated cantilevers which are
mechanically coupled to each other. Based on the mechanical coupling of these two can-
tilevers, they show common mechanical modes. Applying an identical magnetic field
gradient to both of these NVCs, due to their location, they feel the same vibrational
behavior and hence, spin-phonon coupling strength. Thereupon, although these two can-
tilevers are separated from each other and can be addressed, initialized, and readout sep-
arately, they can be coupled through the common modes featuring a mechanical quantum
bus. (b) As mentioned in the main text, the spin-phonon interaction (g), i.e. the coupling
strength between each NVC spin and the common mechanical mode phonons (g) play
a crucial role, since the indirect coupling strength of two separated NVCs through the
mechanical mode as the quantum bus is dependent on g2.

the same goal, coupling of distant NVCs has been also under notable research interest in last
years. Although coupling of two NVCs within few nanometer distance has been successfully
performed via magnetic dipolar interaction [39, 48], this does not seem to be feasible when
the NVCs get separated from each other more than few tens of nanometer. To tackle this
deficiency, several alternative proposals have been made by defining different platforms. For
instance, proposals on magnetic ordering of distant NVCs [157], or coupling of distant NVCs
by means of NEMS arrays [151] have been presented.

In this part, coupling of two distant NVCs (distance ~ pm) via a common mechanical
mode is discussed (see Figure 4.16-(a)). This layout can be seen as two NVCs each located
at the extremity of two coupled identical diamond microcantilevers, that are sharing com-
mon mechanical modes. A strong magnetic field gradient (VB ~ 10° T/m), e.g. induced
by a magnetized tip, is identically applied to these two NVCs. Since they are located both
at the extremities of two individual cantilevers, two main advantages arise. i) They feel the
same vibrational behavior with respect to the magnetized tip and hence undergo the similar
spin-phonon interaction. ii) These two NVCs can be individually addressed, initialized, and
readout, while they are coupled to each other via the common modes of the coupled micro-
cantilevers. This platform based on the common modes of two coupled diamond cantilevers is
then seen as a quantum bus, which can be scaled up to more than two cantilevers in a similar

way. Within such a framework, Hamiltonian of the system composed of two distant NVCs as
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two qubits which are to be coupled via a common mechanical mode with frequency of @ can
be written as [158]:
H =hwd'a+hg (61, + 065;) (aT + a) , (4.27)

in which bosonic operators are shown with a and a', o;, is the Pauli spin operator (z compo-
nent) of the i’ qubit, and g is the coupling constant between the oscillator and the qubit. For
such a system, the indirect (mediated by the mechanical oscillator) two-qubit coupling con-
stant is scaled with hg2 /@ [158] (see Figure 4.16-(b)), which requires a strong spin-phonon
coupling in comparison to the dephasing rates of the qubit and the mechanical oscillator. In
the following, the spin-phonon coupling for NVC-microcantilever system will be analytically
discussed, then a review of the coupled mechanical oscillators will be given, and finally initial
demonstration including fabrication and characterization of the planned quantum bus structure

will be presented.

As discussed at the beginning of this chapter, the spin-phonon coupling regime can be
realized via strain coupling or magnetic field gradient. Assuming the fundamental mode of
a cantilever hosting an NVC at its joint point, where the strain is at its maximum value, the
stress-mediated spin-phonon coupling can be obtained via g = %)ZCZO)-ZZPF (En denotes the
energy eigenvalue) [102]. By substituting each quantity by material- and geometry-dependent
parameters and only considering the strain-induced longitudinal frequency shift, the resulting

spin-phonon coupling constant (g) can be derived as:

1 1
E3 % 1 2
= (%) (7)) @

in which 7 is a numerical constant, A is the longitudinal spin-stress coupling constant, £ and p
are the diamond Young’s modulus and density, and / and d are the dimensions of the cantilever,
respectively (see Figure 4.15-(a)). With respect to Eq. (4.28), to achieve a higher spin-phonon
coupling constant, the miniaturization of the cantilever should be addressed. Recently by
developing such cantilevers, NVC spin-phonon coupling constants up to ~ 2 Hz could be
obtained [114], whereas the further size shrinking is challenging and most likely degrades the
NVC spin properties. Therefore, to achieve higher spin-phonon coupling strength which can
pave the way toward realization of two coupled distant NVCs, one should consider alternative
method e.g. spin-phonon coupling via an applied magnetic field gradient. For instance, a
diamond cantilever with dimensions of (20,1,0.2) um as the length, width, and thickness,
respectively, has angular resonance frequency of ~ 10 MHz and zero-point fluctuation of
~ 10~'% m. By applying a magnetic field gradient of 20 G/nm to the NVC located at its

extremity, the spin-phonon coupling strength of ~ 2 kHz is consequently achievable [159].

Coupled mechanical oscillators are well-known objects in classical mechanics which have
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a)

Figure 4.17.: Scheme of two coupled damped mechanical oscillators is depicted. (a) Shows two masses
each connected to a spring associated with spring constant k, while these two are con-
nected together by spring constant k’. (b) and (c) present FEM simulated strain (&xx)
distribution in coupled modes for two cantilevers with length, width, and thickness, of
80, 5, and 2 um, respectively, that are separated for 5 um from each other. As depicted,
the first coupled mode shows symmetric deflection behavior (b) whereas the second mode
show asymmetric behavior (c).

been analytically discussed, and also realized [160, 161] for different applications such as
ultra-sensitive mass sensing [162]. This system can be seen schematically in Figure 4.17-(a)
as two identical oscillators with the identical mass of m, that are clamped with equal spring
constants of k, which are additionally coupled together via another spring with the spring con-
stant k’. Damping of these masses is assumed to be proportional to their velocity. Therefore,
the valid Newton’s law for the motion of these two oscillators associated with displacement

variables x| and x; is given by:
mx| = —kx; — k' (x; — x2) — by + Fycos(Qt), (4.29)

mxy = —kxp — K ()CQ —xl) — bxy, (4.30)

where b is the damping constant. In the above-mentioned formulation, it is assumed that a
time-dependent force (F; cos ((1t)) is applied only to one mass. The other alternatives such
as forces applied on both masses is not assumed here, however it does not reject the main

conclusion here. By adding and subtracting Egs. (4.29) and (4.30), Newton’s equations for
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Figure 4.18.: (a) Scheme of the coupled cantilevers used in the FEM simulation is depicted, where
the outer edge of the shown picture is mechanically constrained. In this simulation, the
geometry is fixed, only the distance (r) between two cantilevers is swept symmetrically
with respect to the whole geometry (blue dashed line). (b) The FEM simulation result
on the effect of the distance between two cantilevers on the common modes frequency
difference is presented. As can be seen, the splitting between these two resonance fre-
quencies increase as the distance between the two cantilevers decrease.

two different coupled modes will be obtained:
Xs 4 7% 4+ 02xg = Feos(Qt), (4.31)

Xp+yxp+ w]%xf = Fcos(Qt), (4.32)

in which x; = x; +x; and xy = x; —x; are the displacement of coupled slow and fast modes,
respectively, and y and F are defined as b/m and F;/m, respectively. The corresponding

resonance frequencies for these two modes are then given by s = \/g (identical to the single

- — k2K -
oscillator case) and @y = 4/ ===, respectively.
To realize the above-mentioned mechanically-coupled harmonic oscillators, two identical

microcantilevers located close to each other (distance ~ um) are aimed [163]. These can-
tilevers can be structured inside a window etched through the diamond thin film. These two
mechanically-coupled microcantilevers are simulated by means of FEM software. As shown
in Figure 4.17, two symmetric and asymmetric vibrational modes occur as the first two com-
mon modes of the mechanically-coupled cantilevers, which correspond to the slow and fast
modes explained in Eqs. (4.31) and (4.32), respectively. To investigate the effect of the ge-

ometry on these two common modes, two identical diamond cantilevers with dimensions of
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Figure 4.19.: Realization of mechanically-coupled diamond microcantilevers is schematically demon-
strated. (a) A thin diamond film is produced as the starting point, then PMMA and FOX
25 resists are spin coated on it, followed by e-beam lithography process of FOX 25 re-
sist. The designed layout to expose the FOX 25 resist is indeed not the desired structure
geometry, but its inverted geometry. This makes the exposure time much shorter in com-
parison to the ordinary case. (b) The PMMA layer is etched through by means of O,
etching plasma, then 150 nm of Ti is deposited via thermal evaporation technique. (c)
After preparing the Ti mask, the diamond film is etched using O, RIE-ICP plasma recipe.
At the end, SF¢-CF4 RIE-ICP step is applied to remove the residual of the Ti mask. (d)
shows an SEM image of one of the resulting mechanically-coupled microcantilevers.
Scale bar denotes 20 um.

90 um, 5 um, and 2.8 um as their length, width, and thickness are considered (see Figure
4.18-(a)). These dimensions are chosen i) since it yields to an angular resonance frequency
of ~ 21 x 1 MHz and ii) for the sake of simplification in the required fabrication technique.
As shown in Figure 4.18-(b), FEM simulations show that the coupling parameter of these two
cantilevers and hence, the splitting between the two common mechanical modes increases as

two cantilevers get closer to each other.

4.3.3. Fabrication procedure

To fabricate the targeted platform, similar to the fabrication of the thin circular diamond mem-
brane, a thin diamond film with thickness of ~ 30 pum is used. This film is glued on top
of another diamond for structural support (type-I diamond, refer to chapter 1 to see differ-
ent types of diamond) by means of EPO-TEK 353ND epoxy. By using the Ar/SF¢ etching
recipe, it is thinned down to a thickness of 2-5 um. Then, e-beam lithography process is
performed on a FOX 25 resist on top of the spin-coated PMMA layer (double resist layer of
PMMA-FOX 25). In this process, the inverted layout to the final desired structure is writ-
ten on FOX 25 resist. Afterward, the PMMA layer is etched by means of anisotropic O,
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plasma; 30 W RIE with no ICP process, and 30 sccm of O, flow rate with 10 mTorr pressure.
The main point here is etching through the PMMA layer completely while minimizing the
heating side effect which can displace and degrade the FOX 25 mask. After removal of the
PMMA layer, ~ 150 nm of Ti is deposited via thermal evaporation technique (P< 5x107°
mbar, deposition rate < 0.5 A). Tt should be noted that the vacuum condition of the deposi-
tion chamber and the employed deposition rate play vital roles, since they strongly affect the
quality of the Ti layer as etching mask. Next, the lift-off process is accomplished to remove
the PMMA layer underneath the FOX 25 mask by leaving the sample inside NEP solution for
~ 1 hour. This consequently gives the final Ti mask which is identical to the desired coupled
cantilever geometry. The explained e-beam lithography process based on double-layer resist
is well-known in semiconductor technology mainly due to its very good reproducibility and
high resolution [52]. However, the main purpose of its usage here is to drastically reduce the
electron beam exposure time. As the last stage, the etching process is utilized to transfer the
cantilever geometry by etching through the area between the neighbor ones. This etching step
is similar to the one used for nanopillar fabrication. The scheme of the applied fabrication
technique is illustrated in Figures 4.19-(a) to (c). The SEM image of one of the final geometry

of mechanically-coupled cantilevers is given in Figure 4.19-(d).

4.3.4. Experimental characterization

One of the fabricated chips has several windows in which two identical cantilevers, with
the approximate length, width, and thickness of 90 um, 4 um, and 2 um, respectively, are
separated from each other by 2 um (see Figure 4.20-(a)). To characterize the developed
mechanically-coupled cantilever geometry, it is installed on a glass holder with a central hole
(to avoid the mechanical contact), then on top of a piezo chip. The whole device is then
mounted in a confocal setup, as illustrated before. Similar to the related measurements of the
circular membrane geometry, the fluorescence count rate collected from the extremity of the
cantilevers is monitored while the piezo chip frequency is swept. As can be seen in Figure
4.20-(b), two dips are observed which predicate resonance frequencies ®; = 2w x 934+0.5
kHz and @, = 2w x 94040.33 kHz with FWHM of 5.3 kHz and 3.8 kHz, respectively, (see
Figure 4.20-(b)) which correspond to Q factors of approximately 176 and 247, respectively.
This experimentally-achieved frequency splitting is smaller in comparison to the FEM simula-
tion results presented in Figure (4.18). This can be mainly due to different clamping condition
in experiment compared to simulation. Different installation (and hence clamping) of the chip
is observed to manipulate the behavior of the system.

Considering the f; resonance frequency, the thickness is estimated to be ~ 2.5 um, which

matches the measured value by optical microscope during the fabrication process. As dis-
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cussed in Eqs. (4.31) and (4.32), these two resonance frequencies present two different fast
(asymmetric) and slow (symmetric) modes of the coupled cantilevers. Given these two res-
onance frequencies, based on Eqgs. (4.31), (4.32), and Figure 4.17 and by using Taylor ex-
pansion, ’% ~ 6.5 x 1073 is calculated. This value can be enhanced e.g. by fabricating the
cantilevers closer to each other (see Figure 4.18-(b)). The achieved Q factors are comparable
to the former reported values under ambient condition [120], which can be further augmented
e.g. in vacuum condition [104].

To prove the achieved data and hence the concept of mechanically-coupled cantilevers, one
of the cantilevers is then broken and removed (see Figure 4.20-(c)). Afterward, the sample is
characterized in a same way. This time only one dip is observed (see Figure 4.20-(d)), which
is located at @] =27 x 968+0.33 kHz with the corresponding FWHM of =~ 3 kHz, that yields
in approximate Q factor of 322. Based on analytical calculations derived from Eqs. (4.31)
and (4.32), this dip nominally should be located in a same frequency as the ®; of the double
cantilevers. However, a minor displacement (=~ 3 %) is observed, which can be attributed to
the stress which is applied to the cantilever during the breaking process. This manifests as the
residual stress of the cantilever which can affect its resonance frequency [127].

The geometry of the presented microcantilevers can be modified such, that it brings an in-
crease in the ZPF and hence the spin-phonon coupling parameter. This can be accomplished
e.g. by etching through the center of the presented microcantilevers, i.e. embedding a groove
in them. In this way, their resonance frequencies do not change visibly (based on FEM sim-
ulations), whereas their masses are notably reduced. An example of this modified geometry
can be seen in Figure 4.21. For instance, ~ 12 % increase in the ZPF of these modified mi-
crocantilevers is calculated (using Eq. (4.7)), in comparison to those with no modification. By
applying a similar fabrication procedure, modified microcantilevers with ~ 20 % larger ZPF

are feasible, with no further fragility.

4.4. Summary and outlook

In this chapter, first an introductory information is given on different mechanical degrees of
freedom, mechanical oscillators, mechanical properties of diamond, and different ways of
spin-phonon interaction based on the NVC spin interface. Then, a novel versatile hybrid sys-
tem based on a thin circular single-crystal diamond membrane with diameter and thickness of
~ 1.1 mm and 1.2 um, respectively, and embedded single NVCs is demonstrated. A certain
etching technique is developed which is key to producing this hybrid device. Within this ar-
chitecture, NVCs are used as nanoscale probes to detect the membrane motion in DC and AC

regimes, as well as the residual stress of the structure. Theoretical calculations are provided
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Figure 4.20.: (a) Optical image of mechanically-coupled cantilevers is shown. (b) These two dips show
two different resonance frequencies of the fast and slow modes of mechanically-coupled
cantilevers. To prove the validity of the statement about realization and observation of
coupled cantilevers, one of these two cantilevers is broken (c). Then as shown in (d),
only one resonance frequency is observable. Scale bars in (a) and (c) present 20 pm.
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Figure 4.21.: Modified geometry of the microcantilevers is shown (left side). In this way, center of
these microcantilevers is etched through. In comparison to the ordinary geometry (right
side), they can yield in larger ZPF and consequently larger spin-phonon coupling param-
eter. Scale bar shows 20 um.

which support the achieved experimental observations via NVC nanoprobes. Spin-phonon
coupling interaction via magnetic field gradient is further explored in this system. Based on
provided analytical calculations, this interaction seems to be more effective, when the dimen-
sions of the membrane are reduced. Overall, the presented results promote the potential of
diamond quantum hybrid systems to achieve high sensitivity and spatial resolution in piezom-
etry and vibrometry applications. Similarly, such a hybrid system can be exploited further in
optomechanical cavities [164]. Within the presented experiments, the ground-state of single
NVCs is focused; however, one can additionally benefit from the controllable stress in the
demonstrated system to manipulate [116] the excited-state fine structure of NVCs [23].

After developing a single hybrid module, in which the effect of mechanical degrees of free-
dom of a single mechanical object (membrane) on an embedded isolated NVC is studied,
scaling up these modules is targeted. In section 4.3, an array of diamond microcantilevers is
discussed. First, a brief review from continuum mechanics is given about cantilevers. Then,
double mechanically-coupled microcantilevers are suggested as quantum bus to couple distant
NVCs. Preliminary analytical and numerical calculations are presented to assess this structure
for the mentioned purpose. Then, the fabrication procedure is introduced to realize these struc-
tures. By characterizing such a structure, the coupled and uncoupled frequency eigenmodes,
corresponding quality factors, and mechanical coupling parameter are revealed.

The hybrid systems in this chapter include two main subsystems; NVC and mechanical
objects. As previously described, the interaction between these two subsystems is of the dis-
persive form of fig(a +a')o,, in which the dependency of the spin state on the state of the

mechanical object is revealed.
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4.4. Summary and outlook

Recently, cooling the mechanical motion of mechanical oscillators by dissipative two-level
systems, e.g. NVCs, is proposed [165]. In this proposal a driving MW field in the form
of @(Sx (Q) is the Rabi frequency of the two-level system) is added into the model, which
enables the resonant coupling regime. To realize this regime, the coupling strength between
the mechanical system and the NVC should be adequate enough to allow energy transfer
between them. Considering this model, two main challenges might arise. 1) First, to realize
this system, strong spin-phonon coupling and low dissipation rate of the mechanical oscillator
are required (g > @/Q) [166], which is still cumbersome to realize. ii) Second, to further
control the state of the mechanical oscillator by this method, e.g. to perform cooling of it, this
type of cooling requires many cooling cycles, i.e. many control pulses to go to much lower
phonon occupation numbers. Applying large number of control pulses however might not be
feasible due to the limited coherence time of the embedded NVCs.

An alternative to this case, can be again the dispersive coupling form of NVC and the
mechanical oscillator, however by applying heralded control of the mechanical motion by
means of the NVC spin [159]. Through this technique, successive projections of the NVC spin
to a specific state allows cooling down the motional degree of freedom via filtering unwanted
thermal states of the cantilever. A key advantage of this technique is that, it even works
for weak spin-phonon coupling [159]. In this way, the resulting cooling rate is surprisingly
dependent on the instantaneous thermal occupation number, i.e. higher temperatures even

yield in higher cooling rates.
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4. Hybrid Diamond-NVC Mechanical Structures
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A. Measurement Setup

The developed measurement setup is demonstrated in this appendix. This setup is a home-built
confocal optical arrangement equipped with optical and microwave (MW) pulses, working
under ambient temperature and pressure. This setup will be explained in three steps. First, the
confocal part will be shortly presented. Second, the electronic and MW part will be briefly
illustrated. Third, the employed sample holder under an applied magnetic field will be shown.

i) Confocal part: To address the spatially-isolated NVCs in diamond, by performing the
optical pumping and readout of them, a confocal setup is built. The sketch of this setup is
depicted in Figure A.1. This setup is equipped with a diode pumped solid-state (DPSS) 532
nm laser (power ~ 500 mW). Its Gaussian-profile output beam is passed through (focused by
L1, L2, and L3 lenses) two cascaded acousto-optic modulators (AOMs) for generating optical
pulses with very high extinction ratio. Then, this beam is focused by L4 lens to another one
(in-coupler) which is guided to the out-coupler lens by means of a single-mode fiber (SMF).
This fiber is used to spatially filter the non-Gaussian output beam of the AOMs to Gaussian
mode again. The explained setup so far is part of the pumping unit. The power fluctuation of

the output beam in this configuration is ~ 3 %.

The output beam is steered to a dichroic mirror (DM) from which is reflected to the objective
lens (NA = 0.95). The delivered laser power behind the objective lens can be up to 5 mW. The
objective lens is positioned on top of a closed-loop XYZ piezo stage with traveling range of
100 gm x 100 pm x 20 um. The sample is mounted on top of a sample holder which is
fixed on a XYZ manual stage. This manual stage is used to align the sample roughly in the
focus of the objective lens. The piezo stage positions the objective lens precisely such that the
laser beam is focused on the sample. The reflected beam from the sample goes back via the
same path through the objective lens, passes the DM and enters the detection unit. The DM
is capable of reflecting the green beam with more than 90% reflectivity, where it transmits
the emission of the NVC, instead. The reflected beam is focused by L5 lens onto a pinhole
(PH) with aperture size of 50 um. The size of this pinhole is selected based on the numerical
aperture of the objective lens and also the focal length of L5 [75]. Afterward, a long-pass
optical filter (LPF: 650 nm long-pass) is aligned to spectrally filter the phonon sideband of the
NVC emitted photons. The pinhole is imaged by a 2f — 2 f arrangement to the photodetectors
(f is the focal length of L6). To count the photons emitted by the NVC, which are collected
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A. Measurement Setup
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Figure A.1.: Sketch of the developed confocal setup is demonstrated.

so far, two avalanche photodiodes (APDs) as photodetectors are used in Hanbury Brown and
Twiss (HBT) configuration. To split the collected beam equally onto these two APDs, a non-

polarizing beam splitter (BS) is used.

ii) Electronic and MW part: To produce the desired MW frequency and power, and gener-
ally to perform the confocal scanning, CW and pulsed optical and MW measurements, several
units are exploited in the measurement setup. The sketch of the electronic and MW units is
illustrated in Figure A.2.

The microwaves are synthesized by the MW source (frequency generator), which are then split
to two equal-power outputs, however with 90° phase shift. This is of crucial importance for
the dynamical decoupling measurements (see chapter 3). Each output intensity is controlled
by MW switches, governed by the FPGA unit. Then, these two outputs are combined again,
amplified and sent to the sample holder. To avoid back reflection from the sample holder to
the amplifier, a MW circulator is embedded between the amplifier and the sample holder. By
means of these equipments, CW and pulsed microwaves with power of ~ 1 W (in case of
pulsed: with durations down to ~ 50 ns) can be applied to the targeted NVC.

To perform the measurements, data acquisition unit (DAQ) from National Instruments (NI)
and FPGA units are utilized. NI DAQ unit is used to control the XYZ piezo stage, to count the

detected photons by APDs, and also to control the MW source, all in a synchronized way. For
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Figure A.2.: The electronic and MW parts of the measurement setup are demonstrated.

example, confocal scanning and ODMR measurements are accomplished based on this unit.
To generate optical and microwave pulses and also to acquire the photons in a synchronized
way, thus to be able to perform Rabi, Hahn echo, dynamical decoupling measurements, etc,
two FPGA units are used. These FPGA units are acting as pulse generators and time tag-
gers. These FPGAs govern the APDs, AOMs, and MW switches. With the aid of these units,
pulsed measurements with the time resolution of sub-nanosecond is feasible. The whole hard-
ware involved in the measurements are controlled by a PC with a software written in Python
programming language.

ii) Sample holder: The exploited sample holder in this thesis is a printed circuit board
(PCB) with a MW structure to which two SMA connectors are connected. This MW structure
is designed to show 50 ) impedance at 3 GHz frequency. Possibilities of applying gas pres-
sure, and vibrations via the piezo chip to the diamond sample are embedded on this sample
holder (see chapter 4).

To apply static magnetic fields to the NVCs, a permanent magnet from Neodymium-Iron-
Boron (NdFeB) is mounted on another XYZ manual stage by which the magnetic field can be
aligned precisely to the axis of the desired NVC. The whole arrangement shows maximum 1
um drift for the NVC in the confocal scan, and < 1 % drift in the applied magnetic field at

the location of the NVC, over the course of 12 hours.
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Figure A.3.: Figures of the designed sample holder and the mechanical mounting of the sample and
the magnet are depicted. The scale bar in Figure (a)-main shows 2 cm, 5 mm in its inset,
and 5 cm in Figure (b).
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List of Figures

1.1.

1.2.

1.3.

a) Absorption coefficient of diamond is shown vs. the wavelength. As can be
seen, diamond is transparent from the UV to IR region of the spectral range.
Figure is taken from [9]. b) Refractive index of bulk diamond (n) is shown vs.
the wavelength. As demonstrated, the refractive index of diamond decreases

for ~ 20% as the wavelength is increased from 200 nm to 1000 nm. . . . . .

Lattice structure of an NVC defect in diamond is depicted. As shown, NVC
is formed of a substituting nitrogen impurity attached to the neighbor lattice

VAaCanCy. . . . . . . . Lo e e e e e e e e e e e e e e e e e e e e e e

Energy structure diagram of an NVC in diamond in room temperature is de-
picted. a) The energy levels of NVC are located within the band gap of dia-
mond. Ground state (|g)), excited state (|e)), and metastable singlet state (|m))
form the energy scheme of an NVC. The allowed transitions between these
states are depicted. The wavy arrows show the radiative transitions (which are
also spin-preserving) where the straight solid arrows present the non-radiative
ones. Figure is adapted from [20]. b) The |g) of an NVC is focused, not-
ing the zero-field splitting term (D) and the magnetic Zeeman interaction. c)
An emission spectrum of an NVC under pumping wavelength of 532 nm is

demonstrated, showing the ZPL and broad phonon sideband. . . . . . . . ..
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1.4. a) ODMR measurement revealing the m; = = 1 spin sublevels is shown. As
can be seen, with respect to the Zeeman interaction, the ODMR technique
can also give information about the magnetic field applied to the NVC. b)
By applying ODMR technique, the present nearby >N nuclear spin coupled
to the electron spin of the NVC can be detected. c) The ground-state spin
sublevels of the NVC form a quantum mechanical two-level system for which,
by applying the resonant MW pulses, the Rabi period can be measured to
be ~ 100 ns. d) The frequently-used Hahn echo scheme to measure the 75
coherence times of NVCs is shown. Initially the NVC is pumped (P) into its m;
= 0 state. Then 7/2-7/2-7-t/2-7 sequence consisting of resonant MW pulses
and delay times is applied to the NVC. Finally the readout (R) of the spin
state of the NVC is performed. This process is repeated for multiple times to
achieve sufficient signal-to-noise ratio. The Hahn echo decay signal for NVCs
with different depths are shown in Figure 1.4-(e) to -(f). The decay behavior
can be either Gaussian which is imposed by the slowly fluctuating '3C nuclear
spin environment, or be exponential which is set by rapidly fluctuating surface

impurities. Figures (e) - (f) are taken from [24]. . . . . . . .. ... .. ... 28

1.5. a) Total internal reflection (TIR) process with the critical angle (6,) is shown as
an obstacle imposing poor collection efficiency of NVCs. b) Macro- and mi-
croscale diamond solid immersion lenses (SILs) are developed to increase the
photon collection efficiency of bulk NVCs. Figures are taken from [27, 28].
The scale bar in the lower figure presents 10 um. c) Nanopillars are waveg-
uides which are fabricated directly onto the diamond substrate to increase the
number of collected photons from shallow and bulk NVCs. Figure is taken
from [29]. Besides the monolithic solutions to the enhancement of photon
collection efficiency of NVCs, non-monolithic solutions are also developed,
as shown in d), e) and f). In d) silver layer is employed to apply Purcell
enhancement to the photon count rate of NVCs integrated in the nanopillars.
Figure is taken from [30]. e) Another approach can be utilization of a GaP lens
which guides the photons emitted by the NVC to the objective lens. Figure is
taken from [31]. f) By means of bullseye diamond structure which is mounted
on top of a glass substrate, more than one order of magnitude enhancement is

obtained in the photon collection efficiency of NVCs. Figure is taken from [32]. 30
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List of Figures

2.1.

2.2.

Fabrication scheme of the diamond thin films from the starting bulk diamond
substrate is depicted. (a) The bulk substrate is first bisected by means of
high power laser beam (e.g. along the white lines). b) Then, to remove the
cutting-induced rough surface and also approach the desired thickness, they
are thinned down and polished by means of mechanical tools (e.g. along the
red lines). This step is a time-consuming process which is of crucial impor-
tance for the suitability of the output films in their applications. (c) Afterward,
to provide more diamond films, they are transversely cut into few more pieces,
usually with the dimensions of ~ 2 mm X 2 mm X 30 um (e.g. along the
white lines). (d) As an illustrative presentation of the final thin diamond films,
one of them, which is glued on top of a type-I diamond (marked with a blue

circle), is shown. Scale bar shows2cm. . . . . . ... ... ... ......

Fabrication and characterization of the NVC array arrangement is demon-
strated. (a) As the first step, ~ 1000 apertures with the diameter of ~ 50
nm are formed in ~ 400 nm-thick PMMA with the matrix distance of 4 um
on top of a diamond substrate. (b) Then, 30 nm of chromium (Cr) is deposited
by means of high vacuum thermal deposition technique on top of the whole
mask. Next, the lift-off process is performed, which leaves finally only the
deposited Cr layer within the PMMA apertures. This way is utilized to ver-
ify the PMMA aperture size. (c) An SEM image of one of these Cr points
reveals a diameter of ~ 52 nm. Scale bar shows 50 nm. (d) After verify-
ing the right aperture size, step (a) is repeated again. Then, nitrogen ions are
implanted through the PMMA apertures into the diamond lattice to generate
NVCs. (e) An exemplary confocal image of the developed NVC array system
is depicted. Scale bar shows 10 um. (f) Statistics on the formation of NVCs
within 1941 developed PMMA apertures is shown. As can be seen, ~ 20%
of the apertures possess double NVCs. The statistics is assessed based on the

fluorescence intensity acquired from each spot. . . . . . ... .. ... ...
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2.3.

2.4.

3.1.

3.2

3.3.

Scheme of an RIE-ICP chamber is depicted. Gas molecules are introduced
from top into the chamber. The substrate is positioned on top of the electrode
connected to the RIE source. By interacting with the reactive species, the
substrate is etched, then the volatile etch product gas will be pumped out from
the chamber. In the case of RIE-ICP chambers, a separate power generator
is exploited to control the magnetic field applied to the plasma through the
coils surrounding the chamber (shown by brown symbols). This system gives
high density of low-energy plasma with high uniformity, which yields in high
etching rates associated with highly-anisotropic etching performance. Figure
isadapted from [S56]. . . . . . ...

Transverse (a, b, ¢) and angled (d ,e, f) etching of diamond substrate is demon-
strated. a) Shows the FOX 25 etching mask on top of the diamond substrate.
Scale bar shows 400 nm. b) Diamond substrate is etched by means of oxygen
RIE-ICP procedure using the mask shown in (a). As can be seen, the diamond
nanopillar geometry is realized, while ~ 150 nm of the FOX 25 remains. Scale
bar shows 400 nm. (c) Residual of the etching mask is removed by leaving
the sample for few minutes in buffered HF solution. Scale bar shows 400 nm.
(d) Shows the constructed Faraday cage to perform the angled etching pro-
cess of diamond substrate. The cage is an aluminum prism with triangular
cross-section of ~ 2 cm. Scale bar shows 2 cm. To perform such a way of
etching, first transverse etching of diamond is accomplished. Then, angled
way of diamond etching is pursued by introducing the Faraday cage shown in
(d) to the etching chamber. f) An example of angled etching process is shown.
Single-side and double-side clamped nanobeams with lateral dimensions of ~
200 nm and length of ~ 5 um are fabricated. The white color of the structures

is due to presence of the residual of Cr etching mask. Scale bar shows 10 yum.

Optical absorption and excitation are shown in an optical two-level system.
The absorption, radiative, and non-radiative decay rates are noted with x, K,

and K, respectively. . . . ... L

The scheme of an optical three-level system including the GS, ES, and the MS
states is shown. The pumping and decay rates of &, I, I, and I3, respectively,

aredepicted. . . . . . . L.

The scheme of a step-index fiber with the radii of r, and r; of the core and
cladding, respectively, is shown. As mentioned, the refractive index of the

cladding is smaller than that of the core (n,; <ng).. . . . . .. ... .. ...
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34.

3.5.

3.6.

3.7.

3.8.

3.9.

The variation of the normalized propagation constant and accordingly the ef-
fective refractive index of the fundamental mode of the fiber is shown vs. its
V parameter. As depicted, the effective refractive index of the fiber for the
fundamental mode is bound between the refractive index of the cladding and
thatof thecore. . . . . . . . . .. .. L 56

a) Schematic cross-sectional view of an NVC dipole inside a step-index fiber
is shown. b) and c¢) The normalized power of an NVC dipole oriented radially
at the center of the fiber core emitting at A = 700 nm captured by the total
modes (b) and only guided modes (c) of the fiber is plotted vs. the fiber core
diameter. Insets in (b) and (c) give different refractive indexes associated with
different core material. Fluctuation behavior in the normalized power due to
the presence of new modes inside the fiber is observed. d) The normalized
power of a radially-oriented NVC emitting at A = 700 nm inside a fiber core
with n. = 2.02 and diameter of 220 nm is plotted vs. its radial position (a
is the radius of the fiber core). At r/a = 1, the sharp change is due to the
discontinuity of the radial field at the core-cladding interface. Figures (b), (c),
and (d) are taken from [76]. . . . . . . . . .. ... 58

The general sketch of the purely-cylindrical (a) and conically-tapered (b) nanopil-
lar geometries hosting a single shallow NVC is depicted. . . . . . .. .. .. 59

FEM simulations towards optimization of the collected photon intensity of
an NVC located on the axis of the purely-cylindrical nanopillar geometry, 5
nm below the diamond surface is shown. This plot shows the intensity of the
collected electric field vs. the diameter of the purely-cylindrical nanopillar

geometry (and equivalently, number of the guided modes). . . . . .. .. .. 61

Optimization of the collected photon intensity of an NVC located 5 nm below
the diamond surface at the axis of the conically-tapered nanopillar geometry
with the top diameter of 400 nm, via FEM simulation is shown. The intensity
of the collected electric field intensity is studied vs. the bottom diameter of
the nanopillar (d;,) while the height and top diameter are fixed (see the inset)
at 1.2 um and 400 nm, respectively. . . . . ... ... ... ... ... ... 62

The electric field intensity pattern emitted by an NVC 5 nm below the diamond
surface radially at the center of a conically-tapered nanopillar with bottom
and top diameters and height of 900 nm, 400 nm, and 1.2 pum, respectively,
obtained from FEM simulations, is shown. (a) and (b) show the in-plane and

out-of-plane emission intensity patterns, respectively. . . . . . . . .. .. .. 63
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3.10.

3.11.

3.12.

3.13.

Dependency of the collected electric field intensity of an NVC with the depth
of 5 nm inside a conically-tapered nanopillar (height: 1.2 um, bottom diam-
eter: 900 nm, top diameter: 400 nm) on its distance from the nanopillar axis
using the FEM simulation is presented. In this plot the effect of receding both
in-plane (black curve) and out-of-plane (red curve) of the electric dipole with

respect to the nanopillar axis (see the inset) is shown. . . . . . .. ... ...

Realization scheme of the conically-tapered nanopillar geometry is shown.
The thin diamond film substrate hosting shallow-implanted NVCs and the ad-
hesion Cr layer (a) will be addressed in the next steps for the generation of the
FOX 25 mask (b) by means of e-beam lithography technique. The RIE-ICP
etching method is applied (c) to transfer the shape of the mask to the diamond
substrate. After the etching step, the diamond sample is cleaned (d) in buffered

HEF, Cr etching, and triacid mixture solutions. . . . . . . . . . ... .. ...

SEM image of the conically-tapered nanopillar geometry is shown. a) An
array of tapered nanopillars (scale bar =5 pm) is depicted. (b) SEM image of
a conically-tapered diamond nanopillar with the approximate bottom and top
diameter of 900 nm and 400 nm, respectively, is shown where its height is ~

1.2 um (scalebar=500nm). . . . . . ... ... ... ... ...

(a) Confocal image of an array of the hybrid nanopillar-NVC photonic struc-
ture is shown. The relatively low background signal in the etched area and also
the tapered nanopillars lacking NVCs is clear. For the sake of clarity, exam-
ple of nanopillars with no, single, and multiple NVCs are marked. Scale bar
represents 10 um. Sketch of the HBT setup (b) to perform the second-order
fluorescence autocorrelation (g(z)) measurements (c) is depicted. As can be
seen in (c), the g(z)(‘c:O) =~ 0.18 indicates a clean (see the main text) fluores-
cence signal proving a single-photon emission behavior. (d) Number of NVCs
inside the nanopillar geometry can be estimated using the output of autocor-
relation measurements. As demonstrated, almost 30% of the hybrid systems

possess single NVC. . . . . . . . .. ... ...
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3.14.

3.15.

3.16.

Decay rates of the excited state emission of NVCs located few nanometers
below the diamond surface inside and outside of the nanopillar geometry vs.
the implantation energy are shown. As can be seen in most of the cases, the
decay shows two-component exponential decay (nonzero fast decay shown in
black squares) while the slow-decay (shown in red circles) mostly has values
longer than the well-known bulk value of 12 ns (shown with a dashed orange
line). To compare the effect of the presence of the nanopillar geometry and
NVCs’ depth (equivalently their implantation energy), NVCs resulting from
different implantation energies inside and outside of the nanopillar geometry
(inside the gray-filled rectangle) are investigated. The plotted results in this
figure do not conclude any systematic effect of the nanopillar waveguide on
the excited-state lifetime of the embedded shallow NVCs. . . . . . . . .. ..

(a) Saturation plot of an NVC few nanometers below the facet of the pre-
sented conically-tapered nanopillar geometry is shown. The total, net, and
background signals are shown by gray-dotted, blue-dotted, and orange-dotted
curves, where the black line shows the fit based on the model given in Eq.
(3.5). (b) Saturation fluorescence rate and power of NVCs inside the conically-
tapered nanopillar geometry with the height of 1.2 um and top diameter of 400
nm, where the bottom diameter is varied. As can be seen, the larger the bot-
tom diameter the higher (lower) will be the saturation count rate (power). This
indeed proves that the presented structure is a broadband waveguide for both
the excitation and emission of the embedded NVCs. The horizontal error bars
of 20 nm show the tolerance in the bottom diameter due to the precision of the

fabrication process and also the SEM imaging accuracy. . . . . . . .. .. ..

Simulated and measured detected saturation intensities of the NVCs embed-
ded in the conically-tapered nanopillar geometry are compared. The red dots
show the measured data (error bar of 20 nm in bottom radius) for four different
bottom diameters of the nanopillar structure, where the blue curve shows the
simulated collected electric field intensity. As can be seen, consistent match
exists between these two curves, proving the validity of the FEM simulations

with respect to the experimental achievements. . . . .. ... ... .....
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3.17.

3.18.

3.19.

3.20.

(a) Scheme of the NVC-tapered nanopillar hybrid system in spin-dephasing
time measurements; magnetic field of 100-150 G is aligned to the NVC axis,
where MW pulses are applied to the NVC via a copper wire spanned over the
nonstructured side of the diamond substrate. (b) Plot of 75 times of NVCs
inside the hybrid system and also under the bare (nonstructured) diamond sur-
face vs. different N* implantation energies is given. As can be seen, similar
values from two different cases are obtained. This notes the preservation of
the spin properties of shallow NVCs inside the nanopillars due to the designed

geometry and applied fabrication process. . . . . . . . ... ... ... ...

a) Scheme of the CPMG pulse sequence is depicted. b) The measured 7,
(CPMG-N) vs. N for an NVC generated from 2.5 keV of implantation energy
is depicted (applied magnetic field of 117 G). By fitting this data to 75 (CPMG)
= N? - T, (Hahn echo), y exponent of ~ 0.50 is derived. . . . . .. ... ...

(a) T1 dephasing curves of a single shallow NVC at the extremity of the
conically-tapered nanopillar at 7 ~ 5K in the presence (green color) and ab-
sence (black color) of 100 G aligned magnetic field are depicted. The blue
and orange exponential fits give approximate 77 values of 300 ms and 100 ms,
respectively. (b) The inverse T} values of the investigated NVC in the absence
of applied magnetic field is shown vs. temperature. As it is demonstrated,
going from room temperature down to ~ 5 K, the 7} relaxation time increases
from ~ 5 ms to ~ 100 ms. This dependency is fitted by the model given in
Eq. B.19). . . . o e

Diamond scanning probe including a tapered nanopillar geometry is shown.
(a) A tapered nanopillar directly fabricated onto a diamond cantilever (marked
with the black oval) is attached to a quartz fiber which is then glued into an
AFM tuning fork. (b) The marked area in image (a) is magnified here. As
shown in the black circle, the nanopillar geometry is a key element of this
diamond scanning probe. Scale bars in figures (a) and (b) depicts 100 um
and 5 um, respectively. The demonstrated figures (a) and (b) are courtesy of

Anurag Kanase and Amit Finkler. . . . . ... ... .............
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4.1.

4.2.

4.3.

4.4.

4.5.

4.6.

Scheme of the spin-phonon interaction via magnetic coupling is demonstrated.
(a) Shows the scheme of a mechanical resonator with resonance frequency of
o with an attached magnetized AFM tip (blue triangle) to generate a spatially-
modulated magnetic field. In this case, an NVC is located inside the diamond
bulk substrate. (b) Mechanical resonator oscillation with respect to the MW
pulses of the Hahn echo sequence is depicted. In such a manner, the Hahn
echo signal of the NVC probe can be used to describe the oscillation of the
mechanical system. Figures are adapted from Ref [45]. . . . ... ... ...
Scheme of the strain-mediated spin-phonon coupling is demonstrated. (a)
Shows the scheme of a diamond mechanical resonator (microcantilever) with
an embedded NVC. The deflection of the cantilever induces strain. With re-
spect to the FEM simulations (b) the maximum strain (&) is found to occur
at the vicinity of the clamping point of the cantilever. (c) The effect of axial
and transverse strain on the my=|41) spin levels is depicted. The axial strain
causes a linear shift added to the zero-field splitting, while the transverse strain
mixes these states. Figures (a) and (c) are adapted from [45]. . . . . . .. ..
Schematic geometry of the spin-phonon coupling of NVC via the piezomag-
netic material is shown. (a) Shows a piezomagnetic material deposited on
top of a diamond substrate hosting an NVC close to its surface. (b) Depicts
an NVC inside a diamond nanocrystal which is positioned to the nanoscale
proximity of the piezomagnetic material with the aid of an AFM tip. . . . . .
The scheme of thick (a), thin (b), and flexible (c¢) circular membranes is de-
picted. The flexible membranes do not show well-defined behavior and hence,
are out of the current study. The comparison of the thickness (¢) and central
deflection (w) under an applied pressure, divides the circular membranes into
two main categories of thick and thin ones. Figure is adapted from [127].

Unit cell of the diamond with an NVC is shown to illustrate the different
(x,y,z) and (X,Y,Z) notations used in the analytical study of the stress applied
to the NVC spin. As depicted, (X,Y,Z) demonstrates the Cartesian coordinate
system for the diamond unit cell, where (x,y,z) presents the NVC. Regard-
ing the NVC, orientation along z is named as longitudinal, whereas x and y
demonstrate transverse orientations. . . . . . . . .. ... ...
General scheme of the exploited etching technique to transfer the circular
membrane geometry to an implanted thin diamond film is depicted. The su-
periority of angled-wall hole in the diamond mask (b) in comparison to the
vertical-wall hole (a) is shown. By using this etching mask with angled-wall

hole through, no trace of trenching and cracking canbe seen. . . . . . . . ..
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4.7.

4.8.

4.9.

4.10.

The hybrid NVC-diamond membrane system is demonstrated. The fabrication
process results in a (a) ~ 2 mm X 2 mm X 0.027 mm diamond film with a 1.1
mm diameter thin membrane at its center. It is glued on a glass with a hole
at its center to avoid mechanical contact to the membrane. Scale bar shows
500 um. (b) The etching profile of the fabricated sample is shown, where the
etching depth of > 25 um is revealed. By using the angled-wall hole in the
diamond mask substrate, no trace of cracks and trenching can be seen in the
final sample, where only a minor thickness deviation of ~ 0.1% through the

whole diameterisleft. . . . . . . . . . ...

The mounting of the hybrid diamond membrane-NVC system is schematically
illustrated. (a) It shows the hybrid device mounted under a nitrogen gas vessel
in a home-built confocal setup. (b) The confocal image from an area near the
center of the membrane is presented. It shows no negative effect caused by

the applied fabrication process. Scale bar represents 3 um. . . . . . ... ..

Optical investigations of the membrane-NVC hybrid system are depicted. (a)
Applied DC pressure to the system vs. deflection at its center is plotted. The
cubic polynomial behavior of the curve is a clear characteristic of the me-
chanics of a thin circular membrane. Vertical error bars demonstrate 0.05
bar whereas the horizontal error bars are not shown. (b) Recording the flu-
orescence rate of a single NVC located at the center of the membrane in the
absence and presence of a small applied pressure is shown. As explained in

the main text, this pressure is calculated tobe ~40Pa. . . . . .. ... ...

(a) The simulation of the longitudinal frequency shift (absolute value) distri-
bution over the membrane area is plotted (for an applied pressure of 1 bar)
for two different sets of NVC crystallographic orientations. There is an az-
imuthal asymmetry in both of the plots, which is imposed by breaking of the
symmetry due to the nonsymmetric orientation of the NVCs. (b) The absolute
value of the experimental and the model data of the longitudinal frequency
shift detected by a single NVC located at the center of the membrane is de-
picted. The developed model considering the membrane mechanics and the
spin-mechanical interactions predicts similar behavior as the ODMR measure-
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4.11. A histogram of the longitudinal frequency shift of approximately 15 NVCs
per each crystallographic orientation (A-D) from D = 2.870 GHz is measured.
Common to all four different orientations, most of the NVCs show longitudi-
nal frequency shifts lower than 1 MHz. As mentioned in the main text, this
yields in average frequency shift of 0.82 MHz which is translated in approxi-
mately 52 MPa of net radial residual stress. . . . . . . ... ... ... 98
4.12. (a) Measurement of the fundamental mode frequency of the membrane by
means of embedded single NVC is shown. (b) In-resonance vibration ampli-
tude of the membrane vs. the piezo driving voltage is estimated by means of
single NVCs, revealing an overall nonlinear behavior. Nevertheless, this be-
havior can be approximated to a linear fit with slope of 0.38 um/V for voltages
2V e 101
4.13. (a) Hahn echo signal under ~ 290 G in absence (green curve with blue fit
[24]) and presence (black curve with red fit) of in-resonance mechanical driv-
ing is demonstrated. An oscillation behavior obeying Bessel function proves
that the system is in driven regime, as presented theoretically before [117]. (b)
Coupling parameter of the spin of a single NVC to a single phonon of mem-
brane vibration vs. the piezo driving voltage is shown. As depicted, almost a
constant value is obtained to be g = 6.12+1.09 x 10 %rad/s. . . . ... ... 102
4.14. (a) Driven decoherence rate is plotted vs. the driving voltage of the piezo chip.
Nonlinear behavior of the membrane oscillator and possible heating effects
can cause ascending decoherence rate. (b) Simulated spin-phonon coupling
parameter (g in Hz) is shown vs. radius and thickness of the membrane. In this
simulation, residual stress of the membrane and the magnetic field gradient are
considered to be 100 MPa and 5x10° T/m, respectively. . . .. .. ... .. 103
4.15. Scheme of a single-side clamped microcantilever with rectangular cross-section
is shown. (a) 2D scheme of the cantilever with the length and thickness of /
and 7, respectively, under a transverse (parallel to y axis) applied force F at
its free end is demonstrated. This force induces a deflection (w) parallel to
the cantilever thickness, which depends on the coordinate along its length (x).
Figures (b) and (c) present the first two vibrational flexural modes of the can-
tilever. (b) Presents the 1*" flexural mode of the cantilever which is called as
fundamental mode. (c) Shows the 2" vibrational flexural mode of the can-
tilever. In figures (b) to (c), the FEM-simulated spatial distribution of the
strain component &, through the cantilever geometry is shown. For instance,
given the fundamental mode, strain is maximum close to the clamping point
ofthecantilever. . . . . . . . . . . . L 104
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4.16.

4.17.

4.18.

(a) Two NVCs are located each at the extremity of two separated cantilevers
which are mechanically coupled to each other. Based on the mechanical cou-
pling of these two cantilevers, they show common mechanical modes. Apply-
ing an identical magnetic field gradient to both of these NVCs, due to their
location, they feel the same vibrational behavior and hence, spin-phonon cou-
pling strength. Thereupon, although these two cantilevers are separated from
each other and can be addressed, initialized, and readout separately, they can
be coupled through the common modes featuring a mechanical quantum bus.
(b) As mentioned in the main text, the spin-phonon interaction (g), i.e. the
coupling strength between each NVC spin and the common mechanical mode
phonons (g) play a crucial role, since the indirect coupling strength of two sep-
arated NVCs through the mechanical mode as the quantum bus is dependent

ON g2, o

Scheme of two coupled damped mechanical oscillators is depicted. (a) Shows
two masses each connected to a spring associated with spring constant k, while
these two are connected together by spring constant k’. (b) and (c) present
FEM simulated strain (€xx) distribution in coupled modes for two cantilevers
with length, width, and thickness, of 80, 5, and 2 um, respectively, that are
separated for 5 um from each other. As depicted, the first coupled mode shows
symmetric deflection behavior (b) whereas the second mode show asymmetric

behavior (C). . . . . . . . e

(a) Scheme of the coupled cantilevers used in the FEM simulation is depicted,
where the outer edge of the shown picture is mechanically constrained. In this
simulation, the geometry is fixed, only the distance (7) between two cantilevers
is swept symmetrically with respect to the whole geometry (blue dashed line).
(b) The FEM simulation result on the effect of the distance between two can-
tilevers on the common modes frequency difference is presented. As can be
seen, the splitting between these two resonance frequencies increase as the

distance between the two cantilevers decrease. . . . . . . . . . . . ... ...



List of Figures

4.19.

4.20.

4.21.

Al
A2.
A3.

Realization of mechanically-coupled diamond microcantilevers is schemati-
cally demonstrated. (a) A thin diamond film is produced as the starting point,
then PMMA and FOX 25 resists are spin coated on it, followed by e-beam
lithography process of FOX 25 resist. The designed layout to expose the FOX
25 resist 1s indeed not the desired structure geometry, but its inverted geome-
try. This makes the exposure time much shorter in comparison to the ordinary
case. (b) The PMMA layer is etched through by means of O; etching plasma,
then 150 nm of Ti is deposited via thermal evaporation technique. (c) After
preparing the Ti mask, the diamond film is etched using O, RIE-ICP plasma
recipe. At the end, SFg-CF4 RIE-ICP step is applied to remove the residual of
the Ti mask. (d) shows an SEM image of one of the resulting mechanically-
coupled microcantilevers. Scale bar denotes 20 ym. . . . . . . ... ... ..
(a) Optical image of mechanically-coupled cantilevers is shown. (b) These
two dips show two different resonance frequencies of the fast and slow modes
of mechanically-coupled cantilevers. To prove the validity of the statement
about realization and observation of coupled cantilevers, one of these two can-
tilevers is broken (c). Then as shown in (d), only one resonance frequency is
observable. Scale bars in (a) and (c) present 20 um. . . . . . . .. .. .. ..
Modified geometry of the microcantilevers is shown (left side). In this way,
center of these microcantilevers is etched through. In comparison to the or-
dinary geometry (right side), they can yield in larger ZPF and consequently

larger spin-phonon coupling parameter. Scale bar shows 20 ym. . . . . . . .

Sketch of the developed confocal setup is demonstrated. . . . . . . . ... ..
The electronic and MW parts of the measurement setup are demonstrated. . .
Figures of the designed sample holder and the mechanical mounting of the
sample and the magnet are depicted. The scale bar in Figure (a)-main shows

2 cm, 5 mm inits inset, and 5 cmin Figure (b). . . . . ... ... ... ...
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