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Invention, my dear friends,
is 93% perspiration,
6% electricity,
4% evaporation,
and 2% butterscotch ripple.

- Willy Wonky & the Chocolate Factory






Abstract

Moore’s Law demands for innovation not only to solve the question of how to store
even more information on even smaller areas but also in how to access this infor-
mation. Both problems make point defects in solid-state systems very interesting.
Color centers in diamond are one of these atom-like systems. Their electronic spins
can be used as a versatile sensor or quantum storage. These sensors live up to their
full potential when combined with a scanning technique as atomic force microscopy
(AFM). The precise control of the position combined with an atom-sized light source
or sensor opens up various possibilities. The main struggles encountered by the field
so far are the difficulty of retaining the crystal quality of bulk diamond and simul-
taneously have a sharp tip to get the best topological feedback possible. In our
work, we present three different avenues to tackle this. We conduct a study of the
cause of decoherence in plasma etched nanostructures and test different treatments
to reduce the effect. We test a novel method to stabilize an alternative color center
believed to be less sensitive to electric field noise. Furthermore, we explore a new
approach combining top-down fabrication and bottom-up overgrowth to get sharp
tips with good crystal quality. The combination of the individual avenues has the
potential to bring the sensing and imaging capabilities of color center-based sensing
to the next level.
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List of symbols and abbreviations
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t time
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Al Aluminum

Al; O3 Alluminium oxide

Ar Argon

B Bohr

C Carbon

12¢ Carbon isotope

13C Carbon isotope

Cl Chlorine

DI water deionized water

F Fluorine

H Hydrogen

HF hydrofluoric acid

HSQ hydrogen silsesquioxane
IPA iso-2-propanol

Mg Magnesia

N Nitrogen

4N Nitrogen isotope

PN Nitrogen isotope

O Oxygen

S Sulfur

Si Silicon

TEMED Tetramethylethylenediamine
TMAH Tetramethylammonium Hydroxide



List of symbols and abbreviations
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1. Introduction

Is Moore’s law dead? As with Schrodinger’s cat as long as we don’t try, we won’t
know. In 1965 the co-founder of Intel Gordon Moore made a prediction. He pos-
tulated that the number of transistors one can fit in a given unit of space would
double every two years [1]. At the time, it was only an observation of a trend, but as
time continued, it became a self-fulfilling prophecy, transistors became smaller and
more numerous. Now over 50 years later, we approach the end of an era. An era
dominated by silicon-based computer chips, an era with impressive developments.
To give an example, a smartphone today, something nearly every person carries
around, has more computation power than the computer on the spacecraft deliv-
ering the first human to the moon in 1969. Today the average transistor on the
market has a size of 14nm. The newest generation of commercially available chips
fabricated and released by Intel this summer has even a 10 nm architecture, and
the release of a 7nm general-purpose GPU is expected for 2021 [2]. But what comes
next? How small can we go? We approach fundamental limits like the speed of
light and the atomic nature of matter. For perspective, the diameter of an atom
ranges from 0.1 to 0.5nm, meaning 10nm is only between 20 and 100 atoms in a
row. Furthermore, the speed of light provides a natural limitation on how fast a
computation can be processed via a single transistor, as the information cannot be
transferred faster than at the speed of light. Additional to the fundamental physical
limits comes the increasing cost of fabricating smaller and smaller transistors. We
come to the point where it is not lucrative anymore to go smaller. However, does
the end of Silicon-based electronics simultaneously herald the end of Moore’s law?

What is certain is that new technology with new concepts beyond classical silicon-
based electronics is needed. Fortunately, there are various ideas and different ap-
proaches. Among those, the idea of a quantum computer is one of the most ad-
vertised ones. Here concepts of quantum mechanics, such as entanglement and
superposition, are used to overcome the problems of a classical computer. Other ap-
proaches rely on spintronics [3], electronics based on spins instead of charge, optical
computing [4] or biological computing [5].

For several of these fields, point defects in solid-state materials are very attractive
candidates. As they combine atom-like systems with excellent coherence properties
with the advantage of scalability of a solid-state system. Among the many materials
studied, diamond has several attributes rendering it an excellent host, to name a
few, exceptional hardness, optical transparency, chemical inertness, and a spin-free
lattice. Color centers in diamond can be used either as qubits (quantum bits) or
as versatile sensors. Their spin states and optical transitions can be harnessed for
applications ranging from quantum communication [6] to quantum networks [7] and
quantum sensing [8, 9].

The best-studied defect in diamond is the nitrogen vacancy center. It has proven
to be an excellent sensor and has attracted particular interest, triggered by recent
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success in, e.g. nanoscale imaging of superconductors [10] and ultra-thin magnets [11,
12], as well as high-frequency probing of spin waves [13].

It all started with a publication in 2005 by Chernobrod and Berman [14] sug-
gesting the creation of a scanning magnetic microscope based on the combination
of a photoluminescent nanoprobe exhibiting optically detected magnetic resonance
with a scanning microscopy technique, like atomic force microscopy. They predicted
nanoscale lateral resolution and single spin sensitivity. The scanning geometry en-
ables a controlled positioning of the sensor in close proximity of the sample. Further,
the topography and magnetic field measurements can be recorded simultaneously,
simplifying the interpretation of the measured fields. First attempts to implement
such a spin microscope with nitrogen vacancies were made by gluing nanodiamonds
onto AFM tips[8, 11, 15, 16]. Nanodiamonds have the disadvantage of being a
not very defined system with limited control over the point defects orientation and
environment, resulting in less than ideal optical and coherence properties.

A more recent approach relies on “top-down” fabrication of monolithic AFM tips
from high-purity, single-crystalline diamond (SCD) [17, 18]. Next to the known crys-
tallographic orientation and crystal purity, these tips have the additional advantage
of a waveguiding effect of the fluorescence. Hence, minimal power is needed to excite
the color center, the fluorescence count rate is increased, and as a result of both, a
higher signal to noise ratio is attainable.

To maximize the resolution and sensitivity, one wants to put the sensor as close to
the sample as possible. For this, color centers are incorporated very shallowly only a
few nm under the diamond surface. Unfortunately, such shallowly, spins are plagued
by spin noise present on the sample surface resulting in degradation of coherence and
optical properties [19]. A deeper understanding of the interactions between diamond
surface and color centers is thus the first step towards creating better sensors and
reaching the next level of sensitivity. In this thesis, we explore different routes
towards optimizing such sensor tips. The first approach focuses on understanding
and optimizing the surface chemistry for nitrogen vacancy-based sensors. The second
proposal revolves around the stabilization of a promising alternative color center
through targeted surface chemistry modification. And the third avenue relies on the
optimization of the scanning probe geometry.

1.1. Scope of this thesis

This thesis is focused on studying and optimizing diamond scanning probes for
sensing of nanoscale magnetic fields with a lateral resolution on the order of tens
of nanometers. Specifically, we address the surface of such single-crystalline all dia-
mond scanning probes with the motivation to employ them as sensors for magnetic
sensing with nanometer resolution.

In Chapter 2, we give an overview of the material properties of diamond in general
and as a host for quantum systems in particular. We introduce the concept of color
centers with a detailed description of the most popular two point defects, namely
the nitrogen vacancy and silicon vacancy. We continue by explaining how a color
center-based measurement looks like, using the negatively charged nitrogen vacancy
as an example. Next, we present a few sensing applications and describe their
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implementations. To conclude this chapter, we discuss why it is mandatory to
minimize the sensor to sample distance and the influence of the diamond surface on
the color center’s spin and optical properties.

In Chapter 3, we focus on the oxygen terminated diamond surface using the
negatively charged nitrogen vacancy as reference. Oxygen termination is the most
widespread surface termination used but is still not very well controlled. In the first
part, we discuss different studies of oxidation protocols under the aspects of charge
state stability and influence on coherence time. In the second part, we discuss the
different aspects of the problem of reduced optical and coherence properties of the ni-
trogen vacancy center and present our findings. In the first measurement presented,
we focus directly on the impact of diamond nanofabrication on the coherence of
nitrogen vacancies and how to counteract it. In the second set of measurements, we
evaluate x-ray photo spectroscopy as a tool to characterize diamond surface quality
and chemical composition of the diamond surface-termination. We conclude the
chapter by summarizing our insights and by discussing them concerning previously
reported work and suggesting further experiments.

In Chapter 4, we discuss the impact of hydrogen termination on the diamond sur-
face and the electronic configuration of different color centers. First, we introduce
the transfer doping model explaining the band bending and surface conductivity ob-
served for hydrogen-terminated diamond. Then we present our protocol of hydrogen
termination based on thermal annealing in a hydrogen atmosphere, including x-ray
photo spectroscopy measurements to confirm the successful modification. We con-
tinue by studying the impact of the termination on the charge states of the nitrogen
and silicon vacancies at room and low temperature. Next, we discuss the role of
surface adsorbed water and introduce aluminum oxide as a possible capping layer
to protect the diamond surface chemistry. Besides discussing hydrogen as termina-
tion, we present the idea of a new surface termination technique enabling the direct
writing of a termination onto the diamond.

In Chapter 5, we focus on the optimization of the diamond probe itself by studying
a novel fabrication approach combining top-down pillar fabrication with bottom-up
overgrowth. We find the resulting pyramids to have a very smooth surface and tip
radii on the order of 10 nm. The phononic properties of the pyramids are studied by
incorporating color centers into the pyramids. We find excellent collection efficiencies
from color centers close to the pyramid apex. To conclude the chapter, we discuss
the potential of these nanopyramids as future sensing tips.

In the last chapter, we conclude the thesis by summarizing our findings and the
insights gained. We discuss how the different optimizations could be combined and
what additional experiments will be needed to improve our understanding of the
diamond surface further.






2. Color centers in diamond

As hinted at in the last chapter, this thesis is focused on color centers in diamond
with the motivation to create better sensors for applications in sensing magnetic
and electric fields. In this chapter, we give the reader background information about
diamond itself and its potential as a host material. It is not a coincidence that many
interesting and promising color centers are point defects in diamond (there are over
500 known centers [20]). Next, we introduce the color centers relevant to this thesis
and present a few sensing applications. Then we introduce the reader to the main
focus of this thesis: the diamond surface and its influence on color center-based
sensing.

2.1. Diamond as host

"Diamonds are forever” is not just a well-known song by Shirley Bassey but also
an appropriate description of the chemical inertness and mechanical robustness of
this material [21]. To understand where these properties come from, one needs to
have a closer look at the diamonds lattice structure, which is depicted in Fig. 2.1.
Diamond is a carbon-based material. Each atom has four valence electrons with the
configuration 2s2p. To be able to bond with four neighbors, the one 2s- and three
2p-orbitals are hybridized into four sp? orbitals. The angle between the sp? orbitals
defines the diamond lattice geometry, which forms a face centered cubic (fcc) lattice
with an interatomic distance of 1.54 A and a lattice constant of 3.57 A.

The fcc geometry, together with the strong C-C covalent bonds, are the reason for
the chemical inertness and mechanical hardness of diamond [22, 23]. The rigidity of
the C-C bonds and the connectedness of the atoms results in an excellent tempera-
ture conductivity (22 Wem™'K™!), with a Debye temperature of 1860 K, the highest
of all known solids [23, 24].

The electronic properties of diamond are dominated by the large indirect bandgap
of 5.5eV. As a result, undoped diamond forms an insulator with a very high break-
down field of 10 MV /cm at room temperature [24, 25]. Another consequence of the
wide band gap is the optical transparency window of diamond, which ranges from
deep UV to the far IR. This large band gap is one of the main reasons for the nu-
merous color centers observable in diamond, as a broad range of energy levels and
energy spacings can ”fit” within the band gap. A further reason why diamond is
an ideal host, especially for sensing applications, is that the most abundant isotope
of carbon ?C (98.9%) is nuclear spin free and therefore does not deteriorate the
coherence properties of the sensor spin [26]. Furthermore, it is possible to grow dia-
mond in a controlled way such that even isotropically pure diamond (**C > 99.7 %)
is feasible [27].

In summary, diamond provides an environment protecting the sensor inside from
all types of mechanical and chemical influences while being an excellent heat con-
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Figure 2.1.: Tllustration of a diamond lattice unit cell. One carbon atom and its four
neighbors are colored in red to emphasize the tetrahedral structure of the diamond
lattice.

ductor and insulator without adding any background noise in terms of electric or
magnetic fields. As Nobel Laureate Wolfgang Pauli once said, ” God made the bulk;
the surface was invented by the devil” [28].

2.2. Color centers for sensing

Color centers in diamond are optically active point defects. They not only deter-
mine the color and, therefore, the price of the diamond, but also form atom-like
systems with a vast number of possible uses in the fields of quantum science and
technology. Their spin properties and optical transitions can be harnessed for ap-
plications ranging from quantum communication [6] to quantum networks [7] and
quantum sensing [8, 9]. Of the various color centers occurring in diamond, we will
present two that have proven relevant and have already found applications in several
fields of quantum science and technology.

2.2.1. The nitrogen vacancy center

One of the best-studied color centers is the negatively charged nitrogen vacancy
(NV) in diamond. It is a two-atom defect, in which a nitrogen atom replaces
one carbon atom of the diamond lattice and a neighboring carbon atom is miss-
ing (Fig.2.2(a)). The defect has trigonal Csy symmetry with the major symmetry
axis passing through both the nitrogen atom and the vacancy and positioned along
a (111) axis of the diamond crystal [30]. Consequently there are four different NV
orientations, corresponding to the crystallographic directions [111], [111], [111] and
[111].
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Figure 2.2.: (a) Model of the nitrogen vacancy defect in the diamond lattice. Car-
bon atoms are represented as gray spheres and the nitrogen as a blue sphere. The
vacancy is represented as a white sphere for better visibility of the defect geome-
try. (b) Schematic of the NV~ electric structure, including the ground (*4,) and
exited (3F) state triplets as well as the singlets (*A;, !F) forming the metastable
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represent phonon induced decays. The schematic is adapted from [29]
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Figure 2.3.: (a) Schematic of off-resonant NV excitation with green laser light. The
electron is excited into vibronic states and decays non-radiatively into the pure,
electronic excited state by emitting phonons. From there, the system can either
decay directly to the ground state and emit a photon into the zero phonon line (ZPL)
or decay to the excited vibronic states of the ground state by emitting a photon
into the phonon sideband. (b) Representative NV spectrum measured at room
temperature with the ZPL at 637nm, and phonon sideband of the ZPL extending
to ~ 750 nm. This figure is adapted from [32].

2.2.1.1. Electronic and optical properties

The neutral NV has five unpaired electrons, two from the nitrogen atom and one
from each of the dangling bonds of the carbon atoms that neighbor the vacancy.
The remaining three valence electrons of the nitrogen atom are used to form covalent
bonds with its neighboring carbon atoms. Depending on the position of the Fermi
level in diamond, other charge states can be observed [31]. Due to its magneto-optic
response, the negative charge state is the most relevant NV charge state for sensing
applications. For simplicity’s sake, whenever the abbreviation NV is used in this
work, the negative charge state is meant unless a different charge state is explicitly
stated. The sixth electron of the NV is typically donated by a nearby N atom,
also known as P1 center. Two out of the six electrons of the center are unpaired,
resulting in a total electron spin of S=1.

The electronic energy levels of the NV can be described with three major states,
consisting of a ground state, an excited state, and a metastable state (Fig.2.2(b)).
The metastable state is formed by two spin-singlet states, the ground and excited
states by spin-triplet states. For a detailed description of the underlying physics
we refer the reader to[29, 30]. The my = =£1 states have a higher likelihood to
decay non-radiatively via the metastable state, resulting in approximately 30 % lower
fluorescence when the NV is excited from the mgy = +1 ground states. This enables
the determination of the spin state based on the fluorescence count rate detected.
Another consequence of this spin selective decay is that roughly 80 % of the spin
population ends up in the my = 0 after a few excitation cycles with green laser light

(~ 1ps).
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Figure 2.4.: (a) NV ground state spin triplet in the presence of a magnetic filed
along the NV symmetry axis. The ms = +1 states are separated from the mys = 0
state by the zero field splitting (Dg). The degeneracy ot the ms = +1 states is
lifted in the presence of a magnetic field by the Zeeman splitting (2ynvByy). The
transition between m, = 0 and my = +1 or my; = —1 can be driven by applying
microwave magnetic fields of the frequency v, indicated by solid blue arrows. The
relative fluorescence intensity of the different states is indicated by the brightness
of the red spheres. (b) Typical electron spin resonance trace (red dots) fitted with
the sum of two Lorentzian dips. This figure was reproduced from reference [34].

When the NV is excited off-resonantly with green laser light, it is pumped into
a vibronic state from which it decays into the electronic excited state by emitting
phonons into the diamond lattice. 'When the NV decays from the ground state,
only ~4% of the fluorescence light is emitted in the Zero Phonon Line (ZPL),
with the rest of the fluorescence ending up in the phonon sideband (Fig.2.3(a)).
A representative spectrum can be seen in Fig.2.3(b) with the ZPL at 637 nm and
the phonon sideband extending to ~750 nm. Although the weak emission into the
ZPL is one of the main obstacles to overcome for applications relying on coherently
interconnecting several NV centers for large scale quantum networks [33], it is not a
major issue for sensing.

2.2.1.2. Optically detected magnetic resonance

In typical magnetic resonance spectroscopy, the absorption spectrum of an oscillating
magnetic field with a frequency in the microwave regime is measured. In the case
of the NV, optical initialization combined with spin-dependent fluorescence allow
for direct optical detection of the microwave absorption. The zero-field splitting of
the NV lies in the GHz range, and the transition can be driven with a microwave
magnetic field. A green laser is used to initialize the NV spin state, and at the same
time, a microwave field is applied, and the fluorescence is recorded. The frequency of
the magnetic field is swept over the range of interest; when the frequency matches
the transition frequency, some of the m, = 0 population will be transferred to
the mg = +1 state, which results in a dip in the measured fluorescence. When a
magnetic field aligned to the NV axis is applied the degeneracy of the m, = +1
states is lifted due to the Zeeman effect Fig.2.4(a). Therefore two dips appear in
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Figure 2.5.: (a) Representation of the pulse sequence used to measure Rabi oscilla-
tions. Between the spin initializations (I.) and read out (III.) a MW pulse of length
7 is applied (step (I1.)). (b) Bloch sphere representation of the NV spin states during
the different phases of the measurement. (c¢) Example Rabi curve (red dots) fitted
with an exponentially decaying sinusoid function. The extracted m-pulse length is
155 ns.

the spectrum. The magnetic field projected onto the NV axis can be calculated from
the splitting between the ms = +£1 states through:

AVesr - 2fYNV-BNV (21>

Where Av., is the frequency-difference between the two transitions,
wv=28 MHz/mT is the gyromagnetic of the NV and Byy is the magnetic
field projected onto the NV axis [15].

This measurement technique is suitable to measure 'd.c.” magnetic fields with a
sensitivity proportional to the linewidth of the ESR transition. The linewidth is
influenced by the MW and optical pumping power but ultimately limited by the
dephasing rate (1/75) of the NV spin [35]. The ’a.c.” field sensitivity, in contrast,
is proportional to the decoherence rate (1/73). A detailed discussion on the topic
of 'a.c.” and ’d.c.” field sensitivity can be found in [8, 36]. Both 75 and T5 can be
measured directly employing measurement schemes relying on coherent spin manip-
ulation. The T, time is typically used to compare different systems.

2.2.1.3. Spin manipulation and coherence time

To determine the coupling strength between the driving MW field and the NV cen-
ter, we conduct Rabi oscillation measurements. Rabi oscillations are based on the
coherent interaction of a two-level system with an oscillatory driving field [37]. A
typical pulse sequence for a Rabi experiment is shown in Fig.2.5(a). To conduct a
Rabi measurement the NV spin is first initialized in m,=0 with a green laser pulse
(Fig.2.5(a)I). Then a microwave (MW) pulse of length 7 is applied (Fig.2.5(a)II).
Finally, the NV state is measured with a second laser pulse (Fig.2.5(a)III). When
a static magnetic field is applied, the my, = 4+1 and m, = —1 states are no longer
degenerate and their transitions can be driven separately. The transition is se-
lected by tuning the frequency of the applied microwave field to match the transi-
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Figure 2.6.: (a) Pulse sequence of a Hahn echo measurement with (b) Bloch sphere
representation of the NV spin during the steps (I.-VI.). After the spin initializations
(I.), an MW 7/2 pulse (II.) creates a superposition state, a second MW /2 pulse
VI. maps the superposition state back onto the initial state. In between the MW
7/2 pulses, the system is left in a superposition state for a time 7 (III. and V.) to
pick up a phase induced by external fields. The 7 pulse (IV.) in the middle leads to
the refocusing of the spin (see main text). (c) Representative spin coherence time
measurement on a shallow, 20+£5nm deep NV using a Hahn echo sequence (red dots)
with fitted with Eq. (2.2) (black line). The T, time found is 64 yus.

tion frequency. In Fig.2.5(b) the spin states are visualized using the Bloch sphere
notation [38], where the north and south pole represent the pure states (typically
|ms = 0) and |ms; = £1)) and the surface of the sphere superpositions of the two
pure states. Initializing the spin in my = 0 and corresponds to north on the Bloch
sphere (Fig.2.5(b)I). Applying the MW field coherently transfers the population
from one state to the other. Doing so for a prolonged time results in an oscillation
between the state populations. Assuming a resonant driving field, the Blochvector
representing the spin state oscillates from the north to the south pole in the gray-
colored plane. The oscillation axis depends on the phase of the MW field. For a
detailed discussion of the phase we refer to reference [32]. The different arrows in
Fig. 2.5(b)(II.) represent positions after the application of MW pulses with differ-
ent durations. In the Bloch sphere notation reading the spin out corresponds to a
projection onto the z-axis (Fig. 2.5(b)(IIL.)).

A typical measurement trace of Rabi oscillations can be found in Fig. 2.5(c). The
resulting oscillation can be fitted with an exponentially decaying sinusoid, and the
m-pulse length can be extracted. The m-pulse is defined as the time needed by the
applied MW field to transfer the spin population from one pure state to the other.
It is therefore a measure for the driving strength. In this specific dataset, a decrease
in contrast is visible, caused by a loss in spin coherence.

To investigate the decoherence of the NV spin, we employ a Hahn echo-based
measurement method [39]. The extracted time is the spin relaxation time 75, also
called spin coherence time. The measurement can also be used to detect whether
the NV is coupled to nearby spins, as the echo part of the pulsing sequence causes a
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selective sensitivity to specific frequencies and suppresses part of the electromagnetic
background noise [19]. A corresponding pulsing diagram can be found in Fig. 2.6(a).
As in the Rabi measurement, the pulsing sequence starts by initializing the NV spin
in mg = 0 with a laser pulse (Fig.2.5(a)l). A 7/2 microwave (MW) pulse is then
applied to create a superposition of the m, = 0 and my = 1 states. The system is left
in this state for a precession time 7 to accumulate phase from the surrounding spin
bath. A 7 pule is then used to invert the accumulated phase such that the second
free precession period leads to a refocusing of the spin. The last 7/2-pulse is then
used to project the spin again onto the m, = 0 state before the final spin readout. A
typical dataset of such a spin echo can be found in Fig.2.6(c). The periodic peaks,
called revivals, stem from the interaction with *C nuclear spins, a natural isotope
occurring within the diamond lattice. The precession of these nuclear spins causes
an oscillating magnetic field acting on the NV spin.

To extract the coherence time, the data is fitted with the following equation [40].

C(t) = Axexp {— (T%ﬂ NZZeXp [— (t 2_7?‘)2] +C (2.2)

The first exponential term defines the envelope function and the main decay with
Ty and n. The value of n depends on the spin bath characteristics and is assumed
to be between one and three [40]. The sum of exponents represents the interaction
with the 13C spins. A and C are fitting constants, Ng is the number of revivals, 75
the revival periodicity and 7 a measure for the width of the peaks.

We have described two types of experiments that we can use to manipulate and
study the NV. The measurement of Rabi oscillations allows us to manipulate the
quantum state of the NV precisely. On the other hand, the Hahn echo measurement
tells us about the local spin bath and allows us to protect the NV against environ-
mental noise. Later in this thesis, we will use both techniques to characterize our
NV centers.

2.2.2. The silicon vacancy center

A more recent star in the field of color centers is the negatively charged silicon
vacancy center (SiV™), in which two carbon atoms are missing from the diamond
lattice, and a silicon atom is situated on an interstitial position between a split
vacancy [42]. The neutral charge state of the SiV center has ten electrons: each of
the six surrounding carbon atoms provides one electron, with the remaining four
electrons stemming from the silicon valence electrons. As with the NV, a nearby
donor provides the additional electron to charge the defect. Like the NV center, the
SiV is oriented along the (111) axis of the diamond, but in contrast to the NV, the
SiV is highly symmetric [43]. It belongs to the symmetry group Dsq, which includes
an inversion center located at the position of the Si atom. As the additional electron
is localized at the Si atom, the SiV has no static electric dipole moment [42] and
is, as a consequence, not susceptible to Stark-shifts caused by electric fields in the
diamond lattice. The electronic structure of the SiV center is depicted in Fig. 2.7(b).
For further details regarding the SiV center, we refer the reader to Ref. [42, 43].
Another benefit of the symmetric architecture and the main advantage for quan-
tum application compared to the NV is that 70 % of the SiV fluorescence is emitted
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Figure 2.7.: (a) Diamond lattice with a Silicon vacancy center. The Silicon atom
(yellow) sits in between two vacant carbon sites. The vacancies (carbon atoms) are
represented by white (black) spheres for better visibility. (b) Electronic structure of
the negatively charged SiV center, including ground and excited state. The optical
radiative transitions are symbolized by solid arrows and phonon induced relaxation
by corrugated arrows. The schematic is reconstructed after Ref. [41]. (c) Typical
SiV™ spectrum measured at 6 K. Inset: zoom in on ZPL with labeled splitting and

transitions.
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into the ZPL at 738 nm. Very narrow linewidths have been reported in the case of
low-strain bulk diamond at 4 K even lifetime limited linewidths [43, 44]. A typical
spectrum can be seen in Fig.2.7(c). In the inset, the ZPL is resolved to reveal
the four transitions between the two gound and excited state sub levels depicted
in Fig.2.7(b). Each of the in total four sub-levels is doubly spin degenerate and
split when an external magnetic field is applied. Due to different g-factors in the
ground and excited states, each transition spits up into four. The positions of the
transitions could then, in principle, also be used to measure magnetic fields [41].

As for the NV, the SiV spin can be coherently manipulated [45]. One of the main
drawbacks of the negatively charged SiV is that, due to electron-phonon coupling,
the coherence time at room temperature is only ~ 30 ns, much lower than for the NV
center (T3 up to 1ms) [27]. Cooling the system to 2 K the authors of [46] measured
a prolonged coherence time of 3 us, and were able to initialize and readout the state
of a nuclear spin. Never the less the necessity to work at cryogenic temperatures
and the short coherence time limit the utility of the SiV™ center for the sensing of
small magnetic fields severely. Another approach is to use nanodiamonds to impose
boundary conditions to reduce the number of phonons of a critical frequency and
thereby extend the coherence time [47]. A very recent idea is to get rid of the
electron and use the neutral SiV, which has a total spin of S=1 and is expected
to have a similar electronic structure as the NV~ and therefore a long coherence
time all while retaining the optical properties of the SiV™. As it has proven to be
challenging to stabilize the neutral charge state, the SiV® is not yet well studied. A
recent publication reports the successful stabilization of the neutral charge state in
a Boron-doped diamond and shows promising first coherence measurements [48].

2.2.3. Sensing applications

Nanoscale quantum sensors using single color center-based electron spins in diamond
have attracted particular interest, triggered by recent success in, e.g. nanoscale
imaging of superconductors [10] and ultrathin magnets|[11, 12], as well as high-
frequency probing of spin waves[13]. Such nanoscale quantum sensors live up to
their full potential when employed in a scanning probe configuration using atomic
force microscopy (AFM) tips that incorporate single spins [8]. This approach allows
for precise, sub-nanometre positioning of the quantum sensor and thereby yields
optimized resolution and sensitivity. While early implementations of this concept
focused on grafting color center-containing nanodiamonds onto AFM tips [8, 11, 16],
recent work increasingly focuses on “top-down” fabrication of monolithic AFM tips
from high-purity, single crystalline diamond (SCD) [17, 18]. A representative SEM
image of an all diamond cantilever with a tapered pillar can be seen in Fig. 2.8. This
approach combines several advantages: It yields highly robust tips, amenable to op-
eration in harsh environments, such as cryogenic conditions [10]. It mitigates optical
blinking and excess spin dephasing, both of which are ubiquitous in nanocrystals [49].
And lastly, it allows for tailoring the photonic properties of the tips to yield high
fluorescence collection efficiencies and thereby high sensitivity [50]. Unfortunately,
this is not the end of the story. To optimize the spatial resolution and sensitivity
per source strength, it is desirable to minimize the sensor-to-sample distance. As
a result, NVs are embedded into the diamond lattice a few nanometers from the
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Figure 2.8.: False-colored scanning electron microscopy (SEM) image of an all di-
amond cantilever (blue) glued to a quartz capillary (gold). The cantilever consists
of a platelet with a tapered pillar, with a circular end facet of 200 nm in diameter.
The color center is incorporated approximately 20 nm below the surface of the pillar
end facet.

diamond surface. However, such shallow NVs are plagued by spin noise present on
the surface resulting in degradation of coherence and optical properties[19]. The
current state of the art being scanning probes with 9nm deep NV in 200 nm pillars
with average coherence times of 44 us at room temperature [18].

2.3. Summary and Outlook

In this chapter, we presented a short overview of the material properties of diamond,
namely its exceptional hardness, optical transparency, and spin-free lattice. We
introduced the concept of color centers with the detailed presentation of two of
the most popular point defects, and we gave an idea of how a color center-based
measurement looks like and how it can be implemented in an actual sensor. We
concluded the chapter by presenting the problem this thesis tries to address, namely
how to improve the quality of the spin and optical properties of color centers close
to the surface of nanofabricated structures. In the next chapters, we focus on the
surface chemistry of diamond and present how the community currently treats the
diamond surface and what we have learned about the origin of the surface noise so
far. In chapters 4 and 5, we will introduce two different, new avenues to address the
issue. The first is focused on the surface chemistry of the diamond and introduces
the neutral SiV as a possible new candidate for nanoscale sensing. The second relies
on a combination of top-down fabrication with bottom-up overgrowth to restore the
surface properties of diamond nanostructures to those of as-grown diamond.






3. Commonly used surface
treatments

In the last chapter, we discussed the potential and needs of color center-based sens-
ing and explained why color center-based sensors work best at a minimal distance
from the sample. As a direct consequence, the color centers need to be incorpo-
rated very shallowly and, therefore, close to the diamond surface. This proximity
leads to several challenges. For simplicity, we will focus on the nitrogen vacancy
in this chapter. When the NV center gets closer to the sample surface, it often
appears to be unstable, with a broad ZPL and poor spin coherence times. These
issues are attributed to fluctuating fields on the diamond surface and sub-surface
lattice damage. There have been several theoretical and experimental studies as
to which surface terminations and treatment protocols should perform best, con-
cerning charge state stability and coherence times [51-54]. We will first give a brief
overview of the existing insights on oxygen terminated diamond surfaces interact-
ing with color centers and will investigate deeper the effects of oxygen plasma on
the quality of the diamond surface and test promising post-treatments to restore it.
Damage introduced during the NV creation will not be addressed in this work (see
references [55, 56] for more details on this subject).

3.1. Motivation

Even though the NV center is one of the most studied color centers in diamond, its
interaction with the diamond surface remains to be fully understood. The creation
of photo-stable, shallow NV centers with satisfactory coherence properties is an
outstanding challenge. Even more so for NV centers incorporated into diamond
nanostructures. One can divide the challenge to create such NV centers into different
aspects. To list the most demanding, the reduction in coherence time when NVs
get closer to the sample surface, the difficulty to create NVs with a stable charge
state close to the surface, and the reduction in coherence time when the diamond
is structured by plasma etching for further applications. One common feature of
all aspects is the fact that a deeper understanding of the diamond surface and its
influence on NV centers is the first step to create NV centers with much better spin
and optical properties. In this chapter, we will mainly focus on the last aspect, as
it is essential for final devices relevant to nanoscale quantum sensing.

3.2. Surface treatments employed thus far

In this section, we will give a brief overview of the experimental and theoretical NV-
surface interaction reported for different surface treatment protocols. We will focus
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on oxygen-based termination techniques as they result in a diamond surface with a
positive electron affinity, which is beneficial for the NV~ charge state stability [51].

3.2.1. Tri-acid treatment

The tri-acid treatment is due to its versatile applications, probably the most fre-
quently used chemical treatment in the diamond nanofabrication. It is used to
remove graphitized diamond, to prepare a reproducible starting point for nanofab-
rication, to clean off HF residues, to generally clean diamond and to ensure a pre-
dominantly oxygen terminated diamond surface [57]. With the term acid clean, we
refer to a wet chemical etching based on a mixture of strong acids. More concretely,
we boil the diamond in a 1:1:1 mixture of nitric, sulfuric, and perchloric acid. The
boiling temperature depends on the sample geometry. For more fragile samples, the
mixture is set to a temperature where the solution just starts boiling, whereas, for
robust samples, the mixture is strongly boiling. The solution undergoes two color
changes from transparent to yellow to transparent again. Depending on the temper-
ature, this can take from 3 to 5hours. After the second color change, the acid clean
is considered finished. The sample is then rinsed with DI water and blow-dried with
nitrogen. A detailed discussion of the method, including requirements necessary for
safe handling of the chemicals can be found in Ref. [57].

The resulting surface chemistry consists of a rather undefined mix of different
oxygen groups (hydroxyl -OH, ether-like C-O-C, carboxyl COOH, and carbonyl
C=0) [58, 59]. It has been shown by various studies that oxygen termination stabi-
lizes the negative charge state of the NV reliably due to a positive surface electron
affinity of +1.7eV [58, 60, 61]. There are, however, other studies that contradict
this and report a strong upward band bending for chemical oxidized diamond sur-
faces. They attribute it either to incomplete oxidation of the surface (with the
remaining binding sites being occupied by hydrogen) or to surface states near the
valence band maximum (VBM) pinning the Fermi level [62]. The connection of band
bending and charge state stability is discussed in Chap. 4. Theoretical studies offer
a different explanation for the observed instability, namely deeply localized surface
states in the band gap predicted for carboxyl groups and closely packed ether-like
bonds [51]. A decrease in charge state stability results in either complete loss of
the additional electron and with it the NVs sensing capabilities or in a less extreme
case in a reduction of detectable ODMR contrast and as consequence sensitivity (see
Chap. 2).

Besides charge stability, the coherence time is of major interest for sensing. Several
studies employing NV-based measurement protocols using spectral decomposition in
pulsed spin manipulation protocols found electronic spin impurities on the diamond
surface, forming a 2D electronic spin bath [19, 63, 64]. The origin of this spin
noise remains unclear. Most often incomplete oxidation of the surface resulting
in unsaturated dangling bonds or adsorbents on the diamond surface of unknown
origin and nature are suspected. Furthermore, several studies even suggest that
this phenomenon is not constrained to diamond but also appears on other surfaces
or interfaces [19, 65]. Mechanical properties, such as surface roughness, have been
shown recently to have minimal influence on NV coherence [52]. The consent in
the NV community is that the oxidation of the diamond surface by immersing the
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diamond in strong acids results in less than optimal surface termination, which is
detrimental to NV’s coherence and optical properties.

3.2.2. Air anneal

Several studies have reported enhanced properties of the optical and coherence prop-
erties of NV centers after an air anneal compared to the acid clean [53, 54, 62].

The literature agrees on the positive development of the charge state stability.
One explanation is a favorable composition of oxygen species. Simulation studies
suggest the combination of -H, -OH, and C-O-C species at the diamond surface, as
present at early stages of thermal oxidation, to be best suited for sensing applications
with a (100) surface [51]. Another explanation is the increase in oxygen coverage of
the surface by eliminating -H bonds [52, 62] or the removal of defects in the diamond
lattice due to gentle etching [66].

Concerning the treatment’s influence on the coherence times of NV centers, one
finds contradicting information in literature. For instance, Ref. [52] reports no in-
fluence on the coherence time whereas Ref. [53] reports an improvement of up to
a factor ten. One striking difference between the annealing protocols used is the
process gas, combined with the work Sangtawesin et al. [67] this could be a plausible
explanation for the contradicting observations. In their study, they correlate NV
based T, measurements with surface spectroscopic techniques and find strong evi-
dence for a modification of the surface chemistry from the unorganized mix present
after the acid treatment towards a more ordered surface chemistry, dominated by
ether bridges [67]. Another explanation could be that the increase in coherence
observed by some authors stems from a layer of damaged diamond that is etched
away by the anneal [66]. In this scenario, variations of the sample history or surface
quality would lead to different results concerning the efficiency of the anneal.

For the experiments shown in this chapter, we adapt the protocol used in Ref. [53].
Before the anneal, the sample is cleaned in a Piranha bath (2:1 mixture of concen-
trated sulfuric acid and 30 % hydrogen peroxide). Then the sample is placed in
a tube furnace and heated in air under atmospheric pressure to a temperature of
465° C. The sample is annealed for 4 hours. The ramping time to heat from RT to
465° C is 45 minutes and 1h to cool down again. After the cool down, the sample is
placed a second time in Piranha solution, rinsed in DI water, and blow-dried with ni-
trogen gas. The exact temperature is essential for efficient oxidation of the diamond
surface and selective removal of amorphous carbon from the diamond surface [68].

3.2.3. Reactive ion etching: High bias plasma

Several different etch plasmas are employed to shape diamond. For the sake of
simplicity, we will only discuss the two plasmas used during pillar fabrication in our
group. The first one is a mixture of Argon and Chlorine, and the second one is
a pure Oxygen plasma. More information about the nanopillar fabrication can be
found in Chap. 5.

Reactive ion etching uses a strong radiofrequency electromagnetic field to ionize
the molecule of an etching gas. Due to their lower mass, the electrons are accel-
erated much stronger than the ions, hitting the sample wafer and the sidewalls of
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the camber. As the side walls are grounded, absorbed electrons are removed from
the chamber. Electrons hitting the sample wafer result in a built-up of a negative
voltage. The plasma is now slightly positively charged due to the higher concentra-
tion of positive ions. In an RIE system, the resulting DC bias is directly coupled to
the applied RF power. For an inductively coupled plasma (ICP) RIE system, the
DC bias field can be set separately, enabling a broader range of processes. In both
cases, the ions in the plasma are accelerated toward the sample due to the bias field.
Upon hitting the sample, the ions can either react chemically with the material of
the surface or sputter the surface by transferring kinetic energy to surface atoms.
Which process dominates depends on the type of ion and the applied bias. As dia-
mond is one of the hardest materials, sputtering is a slow process. This can be used
to etch contaminations on the diamond surface with high selectivity.

Argon is an inert gas and, as a result, the Argon-based plasma etches mostly by
sputtering the sample surface. Chlorine, on the other hand, is highly reactive and
adds a chemical component to the etch. This enables Chlorine-based plasmas to
clean off Chromium, titanium, and silicon-based residues efficiently. Additionally,
Argon-Chlorine plasma has been shown to etch diamond without roughening the
diamond surface [69]. Oxygen, on the other hand, etches the diamond very well
chemically and, depending on the applied bias, forms a combination of both aspects.
The bias is needed to define the anisotropy of the etch.

A typical etch combines both plasma first an Argon-Chlorine plasma to remove
residues that could not be removed with wet chemistry, then oxygen plasma to
etch the diamond efficiently. If necessary additional Argon-Chlorine plasma steps
can be added to clean off repositioned material in between oxygen etch steps. The
combination of Argon-Chlorine and oxygen plasma results in a smother final etch
surface compared to etch protocols purely based on oxygen plasma. Alternating
steps of Argon-Chlorine and Oxygen-based plasma have been reported to reduce
the surface roughness of diamond samples [18].

Various reports have shown that high bias plasma treatments damage the diamond
crystalline structure and, as a consequence create charge traps and defects, which in
turn cause a loss in coherence [66, 70]. It remains unclear if the deterioration of spin
properties can purely be attributed to induced damage, if the surface termination is
altered additionally or if another unknown effect is present. An example of such an
effect would be the adsorption of radicals on the diamond surface or the implantation
of ions [71].

3.2.4. Reactive ion etching: Zero bias plasma

Zero bias plasma, also referred to as soft plasma, is dominated by chemical etching
and as a result, can be used to terminate the diamond surface or to remove layers of
diamond slowly and gently. In our experiments, we worked until present only with
an oxygen-based soft plasma, which has been reported to etch amorphous carbon
selectively [66]. The process parameters used for this soft plasma are pressure 1 Pa,
flux 60sccm, ICP power 300 W, and RF power 0 W. In contrast to the high bias
plasma, the etching is isotropic and of pure chemical nature. Various successful
surface termination protocols relying on soft plasma have been reported, such as
Nitrogen [72], Fluorine [73], Oxygen [61] and Hydrogen [61]. The slow etch rate and
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Figure 3.1.: schematic of the fabricated structures with different pillar diameters
(200nm, 500 nm and 1pxm) and etch depth (500nm, 1pm and 1.5 gm). The NVs
inside the diamond lattice are symbolized by red points. Insets: SEM images of
representative diamond pillars taken under a 45° angle.

strong selectivity to etch weak chemical bonds can be employed to etch damaged
diamond material in a controlled way resulting in enhanced NV spin properties [66].

3.3. Nanofabrication plagued by loss in coherence
time

To minimize the sensor-to-sample distance and enable a scanning measurement con-
figuration using diamond spins, nanofabrication is mandatory. The current state of
the art for this consists of all-diamond cantilevers formed by a thin diamond slab
holding conically shaped nanopillars as local probes[74]. One of the drawbacks of
this approach is the necessity of shaping diamond using different techniques. Com-
monly used are lapping, polishing, and plasma-based techniques. In this section, we
present and discuss our observations regarding plasma-induced reduction in coher-
ence time measured on shallow NV centers in fabricated nanostructures compared
to coherence times measured on NV centers in bulk diamond.

3.3.1. Coherence properties of NVs hosted in diamond
nano-pillars

Oxygen plasma is one of the most commonly used plasmas in diamond nanofabrica-
tion due to its etch selectivity. However, oxygen plasma related processes have been
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Figure 3.2.: Coherence times of NVs in nanopillars with different pillar diameters
and lengths were measured and fitted, as described in Chap.2. A representation
of the fabricated structure can be found in Fig.3.1. Statistics are built on the
measurements of 5 NV centers per group considered (pillar diameter and etch time).
The red line indicates the median and the bottom (top) edges of the box the 25
(75'") percentiles. The whiskers extend to the most extreme data points. Outliers,
which are not considered, are marked with the symbol ”+”.

reported to be harmful to the coherence properties of shallow nitrogen vacancies. To
systematically investigate this problem, we patterned a diamond test sample with
three write fields of disks with different sizes (200 nm, 500nm and 1um) and ex-
posed them to oxygen plasma for varying time intervals (5, 10 and 15 minutes). The
base material used is a single crystalline diamond with implanted NVs (N, 6keV,
3*10" ion/cm?) at a depth of 944 nm [18]. More information about the fabrication
process of nanopillars can be found in Sect.5.2.1. A representation of the final de-
vice geometry can be seen in Fig. 3.1 with insets of SEM images of the widest and
most narrow pillars fabricated, for all three pillar length.

To evaluate the effect of the plasma on the spin properties of NV centers near
the diamond surface, we measured the 75 times of 5 NVs per pillar diameter and
etch-interval. As a reference, we measured 5 NV ensembles in an unpatterned area,
subsequently referred to as ”bulk”. The results are visualized in Fig.3.2. A clear
reduction in coherence time is observed for all the NVs in pillar independent on
pillar diameter or exposure time, compared to the NVs in bulk. On top of this,
no significant difference can be detected between the different measurements on
pillars. This uniformity indicates that the observed reduction of coherence times
cannot be attributed to either spins or other surface effects at the sidewalls of the
etched structures. If the reduction in coherence were caused by spins sitting on the
sidewalls of the pillar, the area directly exposed to the plasma, we would expect
the wider pillar to perform better as the NV has, on average, a higher distance
from the side walls. An etch time-dependent reduction of spin coherence could be
explained by the plasma creeping in between the etch mask and the top surface of
the pillar. No such dependence was observed. However, we can not role out this
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possibility entirely as the reduction could already have happened during the shortest
time interval. Another explanation could be that the plasma damages the diamond
though the etch mask. This hypothesis could be tested by measuring the coherence
time of a sample entirely covered with an etch mask and exposed to 5 minutes of
oxygen plasma. If no reduction in coherence time can be detected, we would suggest
repeating the experiment with shorter etch intervals.

Summarizing from these first measurement we can deduce three main points: 1st
the reduction in coherence time happens during the first 5 minutes of oxygen plasma
and does not seem to get worse with more prolonged exposure; 2nd the top surface
of the pillar appears to be the most likely source of decohering defects and 3rd a
distance of 300 nm from the mask border to the NV spin is not enough to evade the
effect.

3.3.2. Surface treatments: TEMED and air anneal
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Figure 3.3.: The Coherence times of the same five NVs in the 600 nm long pillars
were examined after different types of treatment (gray directly after fabrication,
blue after immersion in TEMED and red after annealing in air). Five NVs in the
bulk area were measured as a reference. As the density is too high to distinguish
individual NVs, the data stem from different ensembles for all measurements. The
red line indicates the median, and the bottom (top) edges of the box the 25 (75th)
percentiles. The whiskers extend to the most extreme data points. Outliers not
considered are marked as 7+".

To deepen our understanding of the source of decoherence and to explore pos-
sible countermeasures, the same diamond was subsequently exposed to tetram-
ethylethylenediamine and annealed in air. After each treatment, coherence time
measurements were performed on the same NV centers, as in the previous section.
The first treatment tested was immersion in tetramethylethylenediamine (TEMED)
for one hour. TEMED is commonly used to stabilize free radicals. The idea of the
treatment was to quench the plasma-activated surface and absorb Oxygen radicals.
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The same 5 NVs in the 600 nm, long 200 nm wide pillars and the 600 nm long,
1 um wide pillars were measured before and after immersion. For the bulk value
we measured five new NV ensembles in the same area already investigated in the
previous section. The result of the 7, measurements can be seen in Fig.3.3. The
grey squares represent the T, times measured directly after fabrication, and the blue
squares the T, times after TEMED treatment. In short, no clear tendency can be
identified in the average T, time after the treatment. The mean got slightly better
in the case of the 1 um pillars and slightly worse for the NVs in the 200 nm pillars.
One point to highlight is the significant increase in the variance of the bulk value.
This increase could be a sign of a more heterogeneous diamond surface in this area.
However, the measurements performed on the pillars did not continue the trend.

Next, we annealed the sample in air at a temperature of 465° C for 4 hours. The
protocol and more information about the treatment can be found in Sect. 3.2.2. For
evaluation, we measured the coherence time of the same NVs as for the TEMED
treatment. The result is represented with the pink squares in Fig. 3.3. For the bulk,
we again measured the coherence of 5 ensembles in the same area as before. We
observe an apparent reduction in coherence time for the bulk value but also a reduced
variance. We explain the loss in coherence with a potential miscalibration of the
temperature during annealing, and as a result, a considerably higher etch rate [68].
Such a miscalibration would lead to the removal of more than just the defective
diamond layers and as a result, very shallow NVs. It is to be noted that the variance
is significantly reduced, indicating a rather homogeneous surface termination of the
unstructured diamond. The results associated with nanopillars present a different
behavior. Compared to the values before the anneal, some NVs show a definite
increase in coherence time, others a slight reduction. The overall variance in the
data points increased for both pillar fields. We assign this increased variance to two
competing effects: the reduction in NV depth, leading to lower coherence times,
and the removal of spin contamination or damaged diamond material, increasing
the spin coherence. Comparing the maximum values for both pillar sizes, we see
an apparent increase, for the 200 nm pillar the maximal coherence time measured
directly after the fabrication improved due to the anneal by a factor of two.

We conclude that the anneal in air is a promising treatment to reduce plasma-
induced surface noise. For the measurements taken on pillars, the average T times
found were comparable to the ones measured directly after the fabrication, despite
reducing the NV depth considerably. To confirm this result, we propose to test the
treatment using lower annealing temperatures or shorter annealing times to avoid
the loss in spin coherence by removing an unnecessary amount of diamond. Further,
the reproducibility needs to be verified and the etch rate calibrated carefully. Lastly
these results are in good agreement with previous studies [53, 75]. Both predict an
improvement in coherence time after annealing a diamond sample in oxygen-rich
atmosphere but where Oliveira et al. [75] attribute it to the removal of defective
diamond Lovchinsky et al. [53] associate it with a change in the surface chemistry.

3.3.3. Surface analysis by X-ray photo spectroscopy

The prolongation of coherence time is one of our main goals, therefore, it seems
natural to use T, measurements as an evaluation criterion. The downside of these
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measurements, however, is the long measurement time and limited surface area
characterized per measurement. To complement our understanding of the surface
chemistry and material properties of the diamond surface, we conduct a series of
X-ray photo Spectroscopy (XPS) measurements. The technique probes the binding
energy of the core level electrons of surface atoms by irradiating the sample surface
with X-rays of a known frequency and measuring the number of escaping electrons
and their kinetic energy. The anode emits X-rays when exposed to a high energy
electron beam, with the electron source being the cathode. The most common cath-
odes are thermionic sources like W filaments, and the typical anodes are Magnesia
Ka, hv = 1253.6 eV, or Alumina Ka, hv = 1486.6 eV based. For further details we
refer to[76]. For both energies, the detected electrons stem from the top 5nm of
the sample material. It is possible to increase the surface contribution of the mea-
surement signal by tilting the sample and measure at a shallower angle [76]. The
following equation connects the kinetic energy of the measured electrons Fy;, and
the energy of the X-ray photons huv.

Ekin =hv — Ebond - (b (31>

With Ey,, accounting for the binding energy between electrons and nucleus relative
to the Fermi level and ¢ the material-specific work function. As binding energies
are atom specific, the material composition of the sample can be determined. If the
individual peaks are measured with a high-enough resolution, even shifts in energy
induced by chemical bonds can be resolved. When the ionization cross-section for
different species is factored in the number of electrons measured from a specific
atom-shell, are proportional to the number of atoms at the sample surface [76].

3.3.3.1. Chemical surface composition

We start our XPS measurement series by comparing three polycrystalline optical
grade diamonds. The first diamond was measured in an untreated state, as received
from EG6, the second diamond was measured after treatment with our standard acid
clean (see Sect.3.2.1) and the third diamond after an air anneal (see Sect.3.2.2).
First, we measured full spectra, or ”survey spectra”, on all samples to identify the
elements present. For the measurement, we used a Mg Ka source with an acceler-
ation voltage of 10kV, a current of 10mA, and an energy step size of 0.5eV. For
a better signal to noise ratio, we averaged over three sweeps. All survey spectra
in Fig.3.4(a) were normalized to the intensity of the Cls peak, to enable a direct
comparison of the remaining peaks. The Ols peak is larger on the acid cleaned
diamond, and the air annealed diamond compared to the diamond measured as re-
ceived. Further we detected a nitrogen-containing contamination on the as received
diamond (Fig.3.4(b)). This contamination was not detected on the acid cleaned
or air annealed diamond. On the acid cleaned diamond, we found traces of Sulfur,
which might indicate residuals of sulfuric acid remaining from the acid clean (see
Sect. 3.2.1) even after rinsing the sample in DI water.

After identifying the material composition, we measured more highly resolved
spectra for the elements of interest. Detailed spectra were recorded for the Ols
and the Cls peak with a step size of 0.05eV, and averaged over ten sweeps (see
Fig.3.5). As diamond is an insulator, the continuous removal of electrons during
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Figure 3.4.: (a) Survey spectra measured on optical grade diamond after different
treatments. All survey spectra were measured with the parameters: source Mg Ka,
acceleration voltage 10kV, current 10mA, energy steps size 0.5eV, and averaged
over three sweeps. All surveys were normalized to the Cls peak intensity. The
labels O KLL, and C KLL mark the position of the oxygen and carbon Auger peak.
(b, ¢) Zoomed-in parts of the survey spectra depicted in (a) to make small peaks
caused by minimal contaminations visible. The color legend for all panels is the same
and indicates the preparation of the sample measured red: diamond as received from
E6, blue: diamond cleaned in an acid clean and black: diamond annealed in air.
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Figure 3.5.: Detail spectra of the Ols and Cls peaks measured on optical grade
diamond after different treatments. All spectra were measured with the parameter:
source Mg Ka, acceleration voltage 10kV, current 10 mA, energy steps size 0.05eV,
and averaged over ten sweeps. The charging-induced energy shift was corrected by
assigning the maximum of the Cls peak the energy 284.8 eV, and correcting the Ols
spectra accordingly. Both peaks were fitted with a Gaussian Lorentzian peak shape
(70 % Gaussian, 30 % Lorentzian). A legend explaining the sub-peaks used for fitting
can be found in Tab. 3.1. The color code specifies the treatment of the sample, red:
diamond as received from E6, blue: diamond cleaned in an acid clean and black:
diamond annealed in air. On each sample two different areas were measured.
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the measurement leads to a charged surface and a change in ¢ (Eq.(3.1)). This
causes an offset in the measured XPS spectra. We corrected this energy shift by
assigning the C-C peak the energy of 284.8eV. For the analysis of the Cls peak
components, we followed the example of Klauser et al.[77]. In their work, they
compare different diamond surface oxidation methods by XPS spectroscopy. The
Cls peak was fitted with five peaks assuming a Gaussian Lorentzian mixed shape
and a Shirley background. The later is an algorithm to construct a background
sensitive to changes in the data[78]. The same shape and linewidth were used to
fit all the Cls sub-peaks, to ensure a reproducible fitting routine and comparability
across the different spectra (Fig.3.5(b)). In each spectrum, the highest sub-peak
was assumed to stem from the sp® C-C bond, as this is the dominating species in
a diamond sample. All other sub-peak positions were defined relative to the C-C
sub-peak [79]. Towards lower energies, there was only one sub-peak accounting for
the sp? bonds on the diamond surface with an energy shift of -140.1eV from the C-
C sub-peak. There were three sub-peaks shifted towards higher energies associated
with oxidized carbon (Fig.3.5(b)). The first one (C™') appears at an energy shift
of 1.5£0.1eV, and originates from single oxidized carbon C-OH or C-O-C. The
second sub-peak (C*) has a shift of 2.540.1eV, and is caused by double oxidation.
Possible chemical groups are -O-C-O- or C=0. The third and final sub-peak (CI)
is caused by carboxyl groups (a C with three bonds to oxygen) and has an energy
shift of 3.5-4.5eV. In Tab. 3.1 all components used to fit the detail spectra with the
respective tolerances are summarized. These chemical shifts are normally used for
organic polymers, but it is widely accepted that the energy shifts assigned also hold
for carbon-oxygen groups on the diamond surface [80]. The authors of [80] give an
overview of different XPS studies conducted on oxygen and hydrogen-terminated
(111) and (100) diamond. For the Cls peak, the components used to fit are largely
the same with differences in the detailed fitting routines. The situation for the Ols
peak is less clear than for the Cls peak. As the shifts introduced by the various
oxygen groups are very close together, and the sub-peaks are in general rather broad,
many research groups concentrate on the Cls peak only. We fitted the Ols peak
with two components based on standard values used in organic chemistry. We again
used a Shirley background and the same mix of Gaussian Lorentzian line shape (70 %
Gaussian, 30 % Lorenzian) as for the Cls peak. The positions of the sub-peaks were
set to 531.5-532eV for C-O single-bonded species and to 533 eV for C=0 double-
bonded components (see Fig. 3.5(a)).

For every sample, two detail spectra were measured on different positions of the
diamond sample. The respective data sets are shown in the same color code (red: as
received, blue: acid clean and black: air anneal) in Fig.3.5. First, we note that all
samples appear rather uniform because of their very similar chemical composition.
Second, the spectra measured on samples treated with acids and air anneal have
a much higher signal Ols peak. This increase indicates higher surface coverage
and, therefore, a more complete surface termination. Another point to note is the
presence of the sp? peak: this component is more pronounced for the acid cleaned
and the air annealed sample, compared to the as received sample. Comparing the
Cls sub-peak composition of the chemical oxidized and thermally oxidized sample,
no apparent differences can be seen. In the Ols peak, the O2 component appears
smaller for the sample annealed in air compared to the O2 component of the acid
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Cls
Component sp? sp? CcH cHi CcHi
Energy shift (eV) | -1 £0.1 0 +1.3 £0.1 +2.5 £0.1 +3.5-4.5
Species Cc=C C-C C-OH, C-O0-C -0-C-O-, C=0 -COO-
Ols
Component 01 02
Position (eV) 533 531.5-532
Species C-0O C=0

Table 3.1.: Components used to fit the Cls and O1ls detail spectra. For each peak
the relative position with respect to the sp® C-C peak or the energy value assumed
and the corresponding chemical groups are listed.

clean sample. For more quantitative statements, we integrated over the areas of the
sub-peaks and displayed the normalized areas in a bar plot (see Fig. 3.6).

The atom percentage of the individual components was calculated by integrating
the area of the fitted peaks. The ratio between the Cls and Ols peak carries
information about the surface coverage of the termination. The calculated ratios
are 0.048 for the as received, 0.11 for the acid cleaned, and 0.094 for the oxygen
annealed sample. Here the increase of the amount of oxygen on the annealed and
acid cleaned sample compared to the as received one is even more evident. The
lack of difference in the C*!, C* and C*'' components, representing the different
oxidation degrees of carbon, suggests that the surface terminations are too similar
to differentiate by XPS. This is consistent with the results presented by Ref. [77] but
contradicts Ref. [67]. One possibility to study the surface chemistry in more detail
would be to measure angular XPS to increase the surface sensitivity or to switch
to FTIR or another surface-sensitive technique. The Ols peak, on the other hand,
shows a reduction of the O2 component for the air annealed sample. However, due to
the many different species contributing to the Ols peak, no reliable source could be
found to explain the different components for diamond surface reconstruction. All
O1s peaks measured are rather broad, indicating the presence of multiple different
functional groups. We can presume a decrease in C=0 bonds, but as the Cls
components did not mirror this behavior, we refrain from any conclusion.

The results of this work show significant discrepancies with Ref.[67]. There,
differences between the wet chemical and thermally oxidized diamond surfaces were
examined. The most obvious difference is the missing O1 sub-peak and the general
peak position and size of the Ols peak in [67]. Additionally, we find a higher oxygen
coverage on our samples. Both observations are surprising as we use very similar
preparation techniques. One explanation could be a different surface reconstruction
due to the pure oxygen atmosphere the authors of [67] used during their anneal. We
exclude the possibility of surface contaminations as they would have appeared in
the survey spectra.

3.3.3.2. Material properties

After the difficulties of differentiating between the oxygen species and the inconsis-
tent information found for the Ols peak, we decided to use a hydrogen plasma to
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Figure 3.6.: Bar plot of the atomic percentage of the different components mea-
sured. The spectra considered can be found in Fig.3.5. All the components were
normalized with respect to the amount of C-C measured to facilitate the comparison.
The color code indicates the sample treatment. The error bar gives the variation
between two sample areas measured. A legend of the components can be found in
Tab. 3.1

prepare an oxygen-free reproducible starting point for our next measurement series
and to focus on the Cls peak alone. For this, we used a set of four polycrystalline
diamond samples and exposed all to a hydrogen plasma with the parameters RF
power 100 W, gas flow 30scecm Hs, Vgias 298 V and a pressure of 1.8 Pa. We then
removed one sample and treated the remaining three with an oxygen plasma for
10 seconds, we removed another sample and turned the plasma on for another 50
seconds. The plasma parameter used are RF power 10 W, gas flow 30 sccm Os, Vpjas
80V and a pressure of 0.97Pa. After which, the 3rd diamond was removed, and
the last sample was exposed for 4 more minutes. A schema illustrating the sample
preparation can be found in Fig.3.7(a). All four samples were measured in the same
run using the experimental parameters Al Ka source with an acceleration voltage
of 10kV, a current of 10 mA, and an energy steps size of 0.05eV. We changed from
the Mg source to Al as this is combined with a monochromator and gives a better
resolution of the peak shape. The Cls spectra were averaged over 12 sweeps. The
resulting XPS detail spectra can be seen in Fig.3.7(b).

A detailed analysis of the development of the Cls peak with increasing exposure to
oxygen plasma leads us to three main conclusions. First, the Cls peak of the sample
exposed to hydrogen plasma only still shows the C™' component associated with C-
O bonds. We conclude that the hydrogen plasma did not eliminate the oxygen
termination from the diamond surface. A reason could be that the sample was
not heated up as reported by other references using a hydrogen plasma for surface
termination [31]. The second observation is about the peak shape of the Cls peak.
With increasing exposure to oxygen plasma, it appears to become more narrow. The
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Figure 3.7.: (a) Schematic of the sample preparation used. In total, four samples
were exposed to a Hydrogen plasma. After 2 min the first sample was removed. The
remaining three samples were exposed to an oxygen plasma, after 10 seconds one
more sample was removed. The two remaining samples were exposed for 50 seconds,
one was taken out and the last one was exposed for another 4 minutes. (b) Cls detail
spectra measured on optical grade diamond after increasing exposure to oxygen
plasma. All spectra were measured with the following parameters: source Mg Ka,
acceleration voltage 10kV, current 10 mA, energy steps size 0.05eV and averaged
over ten sweeps. The charging induced energy shift was corrected by assigning the
maximum of the Cls peak the value 284.8eV. The component associated with sp?
bonds is colored in red.
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width of the Cls peak has been reported to correlate with disorder [81], possibly
due to the presence of C-H bonds [77]. A third observation is an appearing shoulder
associated with the sp? hybridization of carbon or amorphous carbon. We assume it
to be caused by damage induced by the oxygen plasma. This, in turn could explain
the decrease in coherence time found in our 75 measurement as seen in Fig. 3.1. The
shoulder does not seem to increase after the first minute of plasma exposure. This
observation is consistent with our findings in the T,-based measurement.

Inspired by the results of Ref. [66], we implemented the soft oxygen plasma
in an attempt to reduce the sp? related sub-peak. In their work, they showed a
correlation between this sub-peak and damage in the diamond surface layer. They
etch the damaged layer with oxygen-based zero bias plasma and measure a positive
influence on NV coherence.

The sample used for this measurement was a 8x8mm polycrystalline diamond
treated with 5min Argon-Chlorine and 5min Oxygen plasma with the parameters
used to etch nanopillars (see Sect.5.2.1 or [18]). Half of the diamond was then cov-
ered with a quartz platelet, and the uncovered area was etched for another 30 minutes
using a soft oxygen plasma (Sect.3.2.4). The soft oxygen plasma should be purely
chemical and as such similar to a thermal anneal, but in a better-controlled environ-
ment. In addition to that, such a routine holds the promise of a more straightforward
implementation in our fabrication routine.

After the sample preparation XPS spectra were measured on both the uncov-
ered(Fig. 3.8(b) green) and covered area (Fig.3.8(b) red). In Fig.3.8(a), a survey
spectrum measured on the uncovered area can be seen. The Cls and Ols peaks are
expected as we measure an oxygen terminated carbon species. The F1s peak, on the
other hand, was unexpected but can be explained by HF residues from the cleaning
process or from the ICP chamber used to etch the sample as there are also CF,
processes run in the chamber. All spectra were normalized to the peak maximum of
the Cls peak. As diamond is insulating, we corrected the charging induced shifts by
taking the Cls peak as reference peak, assigning it the value 284.8 eV. Comparing
the Cls and Ols peaks before and after the soft oxygen plasma, there are two main
points to highlight (Fig.3.8(c)). First, the Ols peak is drastically reduced in size,
and second, the shoulder on the Cls peak, the pink area in Fig. 3.8(c), shrinks. As
the shrinking peak is associated with amorphous carbon, this is a clear sign of the
successful removal of parts of the damaged diamond surface. The decrease in oxy-
gen is explainable by a reduction of the surface roughness and, therefore, effective
surface area. More tests are necessary to determine if the remaining amorphous
carbon layer can be reduced even further, by optimizing the plasma parameters,
and to verify the correlate between the observed decrease in coherence time and the
peak intensity of this shoulder. For both experiments, a careful study of the plasma
reproducibility and the etch rates is mandatory to be able to control the final depth
of the NVs in a reliable and reproducible way. As our machine is not designed for
this application, the first attempts to do so proved somewhat challenging.
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Figure 3.8.: (a) Full range X-ray spectrum of a diamond surface exposed to a harsh
etching plasma. (b) Schematic of the sample fabrication. I. exposure of the whole
surface with a high bias plasma. II. protection of one area (red) by a quartz platelet
and exposure of the other area (green) to a 0 bias "soft” oxygen plasma. (c) Finely
resolved spectra of the Ols and Cls peak measured on the two parts of the diamond
i.e. the half exposed to a harsh etching plasma only (red area, top panels) and to
the second half to which an additional soft plasma (green area, bottom panels) was
applied. All spectra were measured with the parameters: source Al Ko, acceleration
voltage 10kV, and current 12mA. The survey spectra were averaged over six sweeps
and measured using a step size of 1eV. The detail spectra were averaged over ten
sweeps and an energy step size of 0.2eV was used
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3.4. Summary and outlook

In this chapter, we present a brief overview of the theoretical predictions and exper-
imental findings reported by other groups concerning the effect of different oxygen-
based surface treatments on NV centers. In the second part, we employ two methods,
namely spin coherence time measurements of incorporated NV centers and X-ray
photo spectroscopy, to investigate the effect of oxygen plasma and different treat-
ments on the diamond surface.

In the first experiment, the sensing capabilities of the NV center are employed,
using the change in coherence time observed when the diamond surface is ex-
posed to oxygen-based etching plasma, to investigate the source of decoherence
reported [66, 70]. We find evidence that the affected diamond surface is the top
surface covered by etch mask, that the damage is induced during the first 5 minutes
of plasma exposure and does not appear to get worse with longer exposures. We
identify two possible scenarios: First, the plasma is creeping in between the etch
mask and the sample surface, and second the diamond is damaged through the etch
mask. The identification of the cause is essential to find efficient solutions as any
change in the process bears the risk of introducing new sources of decoherence and
new difficulties. If the plasma is creeping in between the mask and the diamond
surface, an additional adhesion layer could help. A possible avenue to explore there
is the recently published use of a silicon-based adhesion layer [82]. If the diamond is
damaged through the mask, a possible solution could be to transfer the mask into
a metal layer through a wet chemical process and then use this reinforced mask for
plasma etching. To differentiate between the two suggested mechanisms we suggest
two experiments: First expose a diamond surface entirely covered with an etch mask
to 5 minutes of oxygen plasma and compare coherence times before and after second
repeat the measurement as performed for this thesis with shorter time intervals we
suggest 20, 40 and 60 seconds.

In the second part of the experiment, we investigated treatments to recover the
NV spin properties. We found the immersion in TEMED to have no or a negative
effect and the anneal in air to be a promising technique. The average coherence
time measured on pillars was after the treatment comparable to the coherence time
measured in bulk. We could not see an apparent increase in coherence time com-
pared to the values measured directly after fabrication, presumably due to a poorly
calibrated temperature, resulting in the removal of more diamond than necessary.
To asses the potential of this technique, it is necessary to first optimize the annealing
temperature to prevent diamond etching and then repeat the experiment.

The second set of experiments used X-ray photo spectroscopy (XPS) to investigate
the diamond surface. We found XPS very useful in detecting contaminating species
or graphitized carbon layers on the diamond surface but challenging to utilize to
determine the surface chemical composition reliably. It remains unclear if the differ-
ence between wet chemical oxidized surface and surfaces treated by annealing in air
are chemically too similar or if the technique is not sensitive enough. To investigate
this further, we suggest measuring XPS at an angle to increase the surface sensi-
tivity or to supplement the measurements with other surface-sensitive spectroscopic
methods like Fourier transformed infrared spectroscopy (FTIR). This observation
contradicts the theory of wet chemical oxidation having a smaller oxygen coverage
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than the air anneal surface [62, 67].

In the second set of measurements, we investigated the influence of oxygen plasma
on the diamond surface and found clear evidence of the formation of an amorphous
carbon layer. This observation of plasma-induced damage is consistent with previous
reports [75]. Further, we established a soft oxygen plasma protocol and observed a
reduction of the signal caused by amorphous carbon. It proved very challenging to
find parameters creating a plasma with a reproducible and stable bias. We attribute
this to the fact that our ICP is not designed to be run without bias applied. If these
challenges cannot be overcome, the annealing in air or oxygen atmosphere could be
considered as an alternative to reduce damage in the subsurface crystal lattice by
removing the top layers.

In the next step, we want to correlate both measurements to verify that the exis-
tence of the sp? related sub-peak is connected with the observed loss in coherence
time. Additional to the coherence time measurements, we propose to measure charge
state dynamics to gain a more complete picture. We suggest to conduct this com-
parison on an SCD diamond with fabricated pillars containing single NV centers
and to measure 75 times and XPS spectra directly after the fabrication and after
the treatment with soft oxygen plasma or alternatively air or oxygen anneal.

We further believe that a similar experiment comparing the surface chemistry
and coherence time of implanted NV after an anneal in air and after an anneal in
pure oxygen atmosphere to be of interest to the community as this difference in
atmosphere could explain the controversial reports on the effect of the treatment.
We would set up the experiment in the following way: sample fabrication, acid clean,
air anneal, tri-acid clean, oxygen anneal with XPS, charge state, and coherence time
measurements after each tri-acid clean and annealing step.

A further promising experiment would be the investigation of the adaptability
of the findings of Ryan et al. on nanodiamonds to single-crystalline diamond pil-
lars [83]. They reported an increase in spin-lattice relaxation time measured on nan-
odiamonds treated with borane compared to nanodiamond treated with a thermal
anneal. Also, other surface terminations like Fluorine or Nitrogen termination could
be interesting. A more homogeneous base termination is better suited as a starting
point to implement new termination protocols. A homogeneous termination would
also simplify the analysis of the surface chemistry and deepen our understanding of
the spectroscopy methods. Many of the reported termination protocols are based on
a hydrogen termination as a starting point. This led us to the decision to investigate
the hydrogen-terminated diamond surface next.






4. Hydrogen termination and its
influence on color centers

Hydrogen termination is a widely used surface termination in diamond electronics as
it causes surface conductivity based on a two-dimensional hole gas in the top 1-3nm
of the diamond surface [84, 85]. This conductive layer is a result of band bending,
which can be used to stabilize different charge states in diamond, which could not
be observed with oxygen-based terminations. In the first part of this chapter, we
explain the mechanism causing this band bending and how the bending influences
the charge states of color centers in diamond. Followed by a presentation of our
termination protocol, including XPS measurements and fluorescence measurements
of shallow NV and SiV centers to confirm the effectiveness of H-terminations. In
the last part of the chapter, the influence of temperature and the presence of surface
adsorbed water are investigated, utilizing color center-based fluorescence and Kelvin
Probe Force Microscopy measurements.

4.1. Motivation

In the last chapter, we gave an overview of the work done on oxygen terminated
diamond, comparing the most frequently used preparation methods. In the second
part, we presented coherence time and XPS measurements of different oxygen sur-
faces. The treatment by annealing the sample in air and the soft oxygen plasma
appeared promising for coherence time prolongation, but it proved challenging to
detect the chemical changes by XPS consistently. As various termination protocols
use the hydrogen-terminated diamond surface as a starting point, we decided to
investigate this termination next [86, 87]. An additional advantage for the hydro-
gen termination as a starting point is that C-H groups do not introduce a resolvable
chemical shift in the XPS carbon detail spectra. Therefore the hydrogen termination
is an ideal reference to detect chemical changes.

An additional benefit of the termination is the already mentioned impact on the
energy bands and the possibility to observe color center charge states that are not
stable upon creation in the commercially available undoped diamond. This opens
up two exciting opportunities, first the possibility to stabilize the neutral Silicon
vacancy center, a highly promising defect for quantum communication applica-
tions [48], and second, to gain more insights about the role of the diamond surface
when it comes to charge state stability.
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Figure 4.1.: Band diagram of diamond with the charge transition levels of the dif-
ferent nitrogen and silicon vacancy charge states. The energy levels observed by
Schreyvogel et al. [88] are used for the Nitrogen vacancy and the predictions by Gali
et al.[89] for the SiV. The range in which the charge states of the different color
centers are stable are colored with different intensities. Red is used to encode the
charge states of the P1 (N center), blue for the NV and yellow for the SiV.

4.2. Band-bending and charge states

To understand band bending, one needs to consider the electron energy states in a
material. In solid-state physics, band diagrams are often used to visualize changes
in Fermi energy and band edges as a function of position. A common insulator can
be described by a valence band, a conduction band, and the energy gap between
them. The mentioned band edges are then the valence band minimum and the
conduction band maximum. The Fermi energy gives the energy level up to which
the electronic states are filled at a theoretical temperature of zero Kelvin. If the
Fermi energy is higher than the conduction band maximum, the conduction band is
filled with electrons, and analogously if the Fermi energy is lower then the valence
band minimum, the valence band has empty states, holes. Both cases cause the
material to be conducting. If the Fermi level is located within the band gap, as
is the default state for diamond, the valence band is filled, the conduction band is
empty, there are no free charge carriers, and therefore the material is insulating.

An illustration of the band structure of diamond, including the energy levels of
the charge states of the NV and SiV center can be seen in Fig.4.1. In addition to
the color centers, also the energy level of a single Nitrogen donor in the diamond
lattice is represented. The energy level of the nitrogen is largely accepted. For
the NV we chose the values measured experimentally by Ref.[88]. They are in
good agreement with theoretical prediction, which put the NV—/% and NV%* charge
transition levels at Ey+2.67 eV and E¢ - 4.46 eV respectively [90]. For the Siv—/°
charge transition level, the situation is less clear. Different energy transitions are
reported, for example, Fy + 1.5 eV in [89] and at E¢ -1.9 eV in [91]. For the scope
of this thesis, we assume the values, as depicted in Fig.4.1, to be correct. Hence
assuming we have a sample with both NV and SiV defects, the negatively charged



4.2. Band-bending and charge states 39

(a) O-terminated (b) H-terminated

E. x= leV

diamond air

Figure 4.2.: (a) Energy band schematic of oxygen terminated diamond, with a pos-
itive electron affinity x = 1.7eV. The Fermi level is defined predominantly by the
dopant present in the diamond lattice. (b) Mechanism leading to surface conduc-
tivity present for hydrogen-terminated diamond. The negative electron affinity of
hydrogen-terminated diamond y = -1eV shifts the bands upwards, such that the
energy level of the chemical potential i of the adsorbed water layer lies now below
the valence band minimum. The equilibration of the chemical potential of the elec-
trons in diamond and water leads ultimately to band bending (more detail in the
text). The modified energy of a not specified color center charge state is visualized
with the colored line. If the state lies above the Fermi energy, it is unoccupied (red)
and occupied otherwise (green). The inset zooms in on the two-dimensional hole
gas (2D HG) present on the diamond surface. This figure is recreated after the
reference [61].

SiV could only be observed if a majority of the NV is already in a neutral charge
state.

In undoped diamond the Fermi level is located at Ey +2.7 eV in the middle of
the band gap[62]. As a consequence, a NV center in this environment would be
in its neutral charge state since the transition energy NV—/0 lies above the Fermi
level. This donor and acceptor free diamond lattice containing a single NV is a pure
”Gedankenexperiment”. In actual samples, nitrogen is a nearly omnipresent impu-
rity, either due to the creation process of the NV or incorporated during diamond
growth (electronic grade provided by Element 6 [N]® < 5ppb). This additional ni-
trogen present in the diamond acts as a dopant and influences the Fermi level. If
nitrogen is the major impurity, the Fermi level is expected around Ec- 1.7eV [92].
Collins et al.[92] find in their calculation that the Fermi level is predominantly
defined by the concentration of the major impurity present. Further, the authors
of [92] explain the existence of different NV charge states in one diamond sample by
different distances to the next donor or acceptor. When working with color centers
close to the diamond surface, in addition to the donor present in the diamond lattice,
one has to take the surface termination into account as it can lead to band bending.

A good example of the influence of surface termination on the properties of the
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sub-surface diamond lattice is the hydrogen termination. Fig.4.2 illustrates the
difference between oxygen terminated diamond with a positive electron affinity and
hydrogen-terminated diamond with a negative electron affinity. The electron affinity
x of a material is defined in solid-state physics as the amount of energy gained when
an electron is moved from the vacuum outside the material to the conduction band
minimum inside the material. Therefore, if the electron affinity is negative, energy
is gained when a conduction electron is moved out of the material. The negative
electron affinity of hydrogen-terminated diamond causes a shift in energy levels
putting the chemical potential p of the aqueous wetting layer covering the diamond
surface below the valence band maximum. As a result, electrons are depleted from
the diamond until the chemical potential of the electrons in the diamond and the
water layer equalize. This depletion leads to an accumulation of positive charge
in the diamond and negative charge in the adsorbed water layer, which leads to
the bending of the energy bands. The valence band rises above the Fermi level,
introducing a two-dimensional hall gas (2D HG). The Fermi level can be defined
as the total chemical potential of the electrons. The described charge transfer is
possible because of the presence of an acceptor state outside of diamond laying lower
in energy as the conduction band maximum [93]. This acceptor state is believed to
be formed by a reduction of atmospheric oxygen or other atmospheric contaminants
in the adsorbed water layer [94]. This mechanism is named ”transfer doping model”
and is a widely accepted explanation of the surface conductivity.

How far the band bending reached into the diamond depends mainly on the donor
concentration present. Newell et al. [95] confirm a strong correlation with nitrogen
concentration in their simulation and find a complete charge state conversion to the
neutral charge state for the top 50 nm of diamond material, assuming a concentration
of 101?/cm® NV~. Similar behavior has been reported experimentally by Hauf et
al. [61] studying the NV charge state of different implantation depth and doses. With
our standard implantation parameter (1lell cm™2N 12keV, 7° implantation angle),
resulting in NVs located ~20 nm below the surface, we expect to find predominantly
NV or even NV,

4.3. Hydrogen termination of the diamond surface

Hydrogen termination is a commonly used technique in the field of diamond elec-
tronics. As discussed in the previous paragraph, it leads to a two-dimensional hole
gas at the diamond surface and hence, a locally confined conductive channel. This
opens the possibility to directly pattern conductive circuits on diamond, just by lo-
cally changing the surface chemistry. For this to be possible, the termination process
needs to be compatible with e-beam lithography or another scalable nanofabrica-
tion process. As a consequence, the most commonly used technique to achieve
H-termination is plasma-based. However as already seen in the Chap. 3, plasma can
cause damage to the diamond structure. Also, the typical recipe involves heating
during the plasma, which is technically not possible in our plasma chamber. Because
of this, we decided to focus on a technique often used for nanodiamonds employing
thermal annealing of the substrate in hydrogen atmosphere [96].
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Figure 4.3.: (a) Picture of a thin diamond sample on the quartz boat before the
anneal in hydrogen atmosphere. (b) XPS survey spectra of oxygen (top) and hy-
drogen (bottom) terminated diamond surface, with labeled Cls and Ols peaks. To
enable better comparability of the C to O peak ratio, the measurement counts were
normalized to the Cls peak amplitude.

The diamond was first cleaned with a tri-acid clean followed by a solvent clean
to ensure a reproducible starting point, free of possible residues. Next, the sample
was placed on a quartz boat (Fig.4.3(a)) and inserted into the oven. To ensure an
oxygen-free atmosphere, the whole system was purged for ten minutes with Argon
gas. In the next step, the sample was heated under hydrogen atmosphere to 750° for
6 hours and then cooled down in a mixture of hydrogen and argon gas. A detailed
recipe can be found in Appendix A.1.

As the temperature of 750°C is not high enough to dissociate hydrogen [97], it
is commonly assumed that the termination protocol is based on thermal dissocia-
tion of functional groups on the diamond surface [98]. This creates active surface
sites, in the form of dangling bonds and unsaturated carbon-carbon bonds, which
have the power to dissociate molecular hydrogen and form -CH groups [96]. A sim-
ilar mechanism has been reported for the thermal hydrogenation of diamond nano
particles [99)].

To assess the success of the surface termination, we measured XPS spectra before
and after the termination Fig.4.3(b). The Ols peak is strongly reduced after the
termination. The remaining oxygen measured could stem from organic surface con-
taminations, adsorbed water, or an imperfect surface termination. As the hydrogen
atom has no core electrons, it cannot be detected by XPS [100].

4.3.1. NV centers under Hydrogen terminated surfaces

To test the previously reported charge state conversion from NV~ to NV? (and possi-
bly NVT) as well as the reversibility of the process, an implanted diamond was char-
acterized optically by confocal microscopy after different surface treatments. The
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Figure 4.4.: Sequence of confocal images and ESR curves measured of the same
diamond sample with different surface terminations. The first is measured on an
oxygen terminated diamond surface after an acid clean (a, d), then the diamond is
measured after the hydrogen termination with our standard protocol (b, e) and the
last time after recovering the oxygen termination by acid cleaning the sample again
(c, f). An optical excitation power of 300 W at a wavelength of 532 nm was used
for (a) and (b) and 200 uW (c¢). The scale bar in all panels equals 5 um. The ESR
curves are normalized with the percentage indicating the change in counts.
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sample used was an electronic grade single crystalline diamond obtained from EG6,
implanted with nitrogen at our standard density used for scanning probe fabrication.
The implantation parameters used were lellcm™2N, 12keV and a 7° implantation
angle. After implantation the sample was annealed, resulting in a NV density of
~30 um? at a depth of 1746 nm from the diamond surface (Sect. 5.2.3). More infor-
mation on the implantation and annealing protocol can be found in Chap.5. The
first confocal map was measured after an acid clean (see Chap. 3), then the sample
was hydrogen-terminated and measured again. For the last confocal map, the oxy-
gen termination of the diamond was reestablished by performing an acid clean (see
Fig.4.4).

The confocal setup used was a homebuilt optical setup using continuous 532 nm
excitation. We refer the reader to Ref.[101] for a description of the setup. To
separate the excitation from the collection path, we employ a dichroic mirror with
a cut off wavelength of 635nm (Semrock FF635 Di01) and, therefore, only collect
light emitted above 635 nm. As a result of the blue shift of the NV® (ZPL centered
at 575nm) spectrum compared to the NV~ (ZPL centered at 637nm) we collect
less photons if the NV is in its neutral charge state and even none for the NV*,
as it does not show fluorescence upon optical excitation [88]. This allows us to
readily differentiate between the charge states of the NV center under the surface.
Comparing Fig. 4.4(a) and (b), the expected reduction in count rate is clearly visible.
In addition to that, we were able to measure an ESR signal on the oxygen terminated
sample but not on the hydrogen-terminated one (Fig.4.4(d) and (e)). From this,
we deduce that the hydrogen termination indeed results in a dominant charge state
of NV? (and possibly NVT). After the boiling in acid, the fluorescence counts were
recovered, and we could again detect an ESR signal from the sample (Fig. 4.4(f)). We
attribute the decrease in average fluorescence signal between Fig (a) and (c) to the
difference in excitation power and a possible reduction in background fluorescence.
A recent publication claims the Hydrogen termination not to be fully reversible
by boiling the sample in acids [102]. However, since the authors of [102] implant
Nitrogen into a hydrogen-terminated sample, the origin of this observation cannot
be fully assessed. Moreover, the authors use a plasma-based termination, which
could present a possible source of plasma-induced damage and which may destroy
NV centers.

To gain more information about the charge dynamics of the NV centers in the
sample, a charge state readout protocol similar to Shields et al. [103] could be imple-
mented to compare the charge stability of the Oxygen terminations before and after
the Hydrogen termination. Ideally, this would be implemented on a sample with
pillars or marker structures to be able to identify the same NV before and after
hydrogen termination. Additionally, we suggest to include saturation curve mea-
surements for NV fluorescence to keep track of the development of the background
fluorescence.

4.3.2. Switching of SiV~ emission by H-termination

The neutral SiV center is an auspicious system for quantum applications. It com-
bines the SiV~’s high fraction of emission into the ZPL (> 80%) with the excellent
spin coherence times (~ 1 ms) typical of NV~ [27, 104]. As SiVV is difficult to sta-
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Figure 4.5.: (a),(b), and (c) confocal maps of the same diamond nanopillars con-
taining SiV centers. The diamond surface in the three cases was terminated with
oxygen or hydrogen, respectively. An additional bandpass filter was used to limit
the background fluorescence. For the excitation 5.5 mW of continuous 532 nm laser
light was used. The scale bar in all maps equals 5 ym. The sample was measured
before (a) and after (b) hydrogen-termination. An exemplary spectrum of the pillar
indicated with an arrow in the corresponding confocal map can be found in (d) and
(e). Here only a long-pass filter at 700nm employed. The red circle in (¢) marks
a spot on the surface where the laser was parked for ~ 20 minutes. (f) Several
spectra were recorded on the same pillar measured before (white arrow), showing
the reappearing SiV™ ZPL. Approximately one spectrum per minute was recorded.
The first spectrum (black) was taken directly upon laser illumination and the last
spectra (red) after ~ 5 min of continuous laser illumination.
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bilize, it is not yet well studied. So far, one of the few successful reports in doing so
employs Fermi level engineering of the diamond substrate, to stabilize this charge
state [48]. This process was a difficult and meticulous task, given the difficulty of the
necessary addition of Boron to the diamond during the growth. As the Hydrogen
termination also influences the Fermi level, we had the idea to use this termination
as a novel and easier method to stabilize the neutral SiV charge state. In the fol-
lowing part, we describe the effect of Hydrogen termination on the SiV charge state
in different samples and configurations.

For a first test, we used an electronic grade diamond sample with shallow SiV
centers in pillars. To create SiV the sample was implanted with lell cm™2 Si at an
energy of 25keV under an implantation angle of 7o and annealed for 4h at 400°C
followed by a step for 8h at 800°C (see Ref. [105]). According to SRIM simulations we
expect SiV centers in a depth of 1946 nm (Appendix A.2). To increase the collection
efficiency of the fluorescence and to mark the SiV positions, we fabricated nanopillars
on the diamond. The last step of the fabrication is an acid clean; therefore, the
sample was oxygen terminated. For details on the fabrication process and the acid
clean, we refer to Chap.5 and Chap.3. To characterize the sample, a combination
of confocal microscopy and optical spectroscopy was used. An excitation power of
5.5mW at a wavelength of 532nm is used to obtain confocal maps. To limit the
background fluorescence a bandpass filter was added to the collection path.

A confocal map of the sample after fabrication is shown in Fig.4.5(a). To con-
firm the presence of SiV™ color centers, we measure the spectra of the pillars which
appear bright in the confocal scan. An example can be found in Fig.4.5(d), with
the corresponding pillar indicated with an arrow in Fig.4.5(a). After optical char-
acterization, the diamond was hydrogen-terminated and characterized again. The
confocal map appears considerably darker (Fig.4.5(b)). Due to scattering effects,
we could identify the position of the pillars. Measuring the same pillar as before, we
could no longer detect any SiV~ related fluorescence around 740 nm (Fig. 4.5(e)).

We observed that under strong laser illumination, the SiV fluorescence can be
recovered (Fig.4.5(c) red circle). To investigate the observation more methodically,
we exposed a second pillar and simultaneously recorded spectra (Fig.4.5(f)). We
measured a continuously increasing SiV signal. The reappearance of SiV fluorescence
was only seen on pillars and did not change after long periods of dark time or
disappear when reducing the laser power. Therefore we assume a change in surface
termination caused by laser-induced heating. This is supported by the report of
photochemical functionalization of hydrogen-terminated diamond using a 254 nm,
4.9eV laser [106]. An additional argument in favor is that we observe no change
when we subject an unstructured area to the same laser irradiation. Due to the
high heat conductivity of the diamond, the surface is not heated as strongly in
the bulk area compared to the pillar. We assume that the process for this laser-
induced surface modification similar to the one we exploit for hydrogen termination.
Namely, surface groups dissociate, and the now active sites dissociate gases present
in the atmosphere or bind to adsorbents present on the diamond surface. As a
result, we expect the resulting surface termination to be a mixture of hydrogen,
oxygen, and possibly nitrogen species. Nitrogen is the gas that is primarily present
in air and oxygen because it is the second most abundant gas and is also present
on the diamond surface inform of an adsorbed water layer. A similar composition
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has been observed recently for a diamond exposed to a pulsed laser in air (1064 nm,
3 1J/pulse, 50 ns) [107].

To summarize, we successfully changed the SiV charge state from negative to
presumably neutral and found a technique to switch individual pillars back to SiV™
permanently. To investigate the nature of the altered diamond surface and use its
potential, we propose additional steps. First, one should try to find the critical
laser power needed to alter the surface termination on bulk diamond. Due to the
high thermal conductivity of diamond, it might be necessary to use pulsed laser
excitation instead of continuous excitation. The critical laser power could be probed
by exposing hydrogen-terminated diamond to an increasing amount of laser power
while monitoring the fluorescence signal of incorporated color centers until a change
in charge state is detected. The selective removal of the Hydrogen-termination
could be used to pattern electric circuits on the diamond surface or tailor the charge
state distribution to one’s needs. To identify the chemical species, we propose XPS
measurements on bulk diamond or, if the termination on bulk diamond proved
difficult, one could also measure a field of densely packed nanopillars with XPS.
If our proposed mechanism is correct, this technique could be used to pattern the
diamond surface locally with different chemical species by changing the gas present
during the exposure.

4.3.3. Hydrogen terminated diamond at cryogenic temperatures

After verifying the disappearance of the spectral signature of the SiV center’s neg-
ative charge state, the logical next step is to measure the SiV® spectral signature
around 946 nm. For that, we sent the hydrogen-terminated sample characterized
and prepared here in Basel (data are shown in Fig.4.5) to Professor Alex Hogele’s
laboratory in Munich. Their optic setups are optimized to measure fluorescence in
the infrared, where the neutral SiV emits. Unfortunately, the group could not detect
any SiVY related fluorescence-more on the topic later in this section (Fig. 4.8). How-
ever, their studies revealed an interesting observation presented in Fig.4.6. During
their measurements, they took on every position a full spectra at room tempera-
ture and 4K. In Fig.4.6(a) and (b) a map of the integration of the spectral range
735-740nm can be seen for both temperatures. Their map shows the same area
already characterized in Basel (Fig.4.5). The two bright spots in (b) correspond to
the laser-illuminated pillars shown in Fig.4.5(c). The spectra for the pillar in the
red circle can be seen in (c) for 4K, and (d) for 295 K. At both temperatures, a
clear SiV™ signature is visible as expected. For the 4 K map, additional bright spots
are appearing in close agreement to the positions where we measured pillars con-
taining SiV™ centers under oxygen termination. After heating the sample to room
temperature, the spots disappear again. The spectra measured on the pillars iden-
tifies the appearing fluorescence as SiV~. However, compared to the laser annealed
pillar, the appearing peak low indicating a relaxation but not complete elimination
of the hydrogen-induced band-bending. This observation could be explained by the
holes freezing out under cryogenic conditions. Nebel et al. [108] found in their work
sample dependent critical temperatures, below which the hole sheet density was
reduced. They attribute these sample-specific critical temperatures to differences
in the diamond surface, such as imperfections in the hydrogen termination, surface
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Figure 4.6.: Hyperspectral mapping of SiV fluorescence from H-terminated dia-
mond: on each point of the map, a full optical emission spectrum was recorded,
under 532nm excitation. (a) and (b) show the integrated counts in the spectral
range from 735nm to 740nm as a function of position. The spectra were recorded
at 4K (a),(c)and (e) with an excitation power of 100 uW or at room temperature
(b),(d) and (f) with an excitation of 2mW. In (c) and (d) the spectrum of the laser
laser funktionalized pillar (c. f. Fig.4.5(c)) circled in red is shown at 4K (c) and
295K (d). In (e) and (f) the spectrum of an untreated, hydrogen terminated pillar
is shown at 4K (e) and 295K (f).
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Figure 4.7.: Specta of 3 different NV in hydrogen terminated diamond measured
with a 300 uW, 515 nm excitation. The temperature during the measurement was
6 K. The lined area indicated a cosmic ray.

roughness, and negatively ionized adsorbents generating Coulombic disorder at the
diamond surface. These irregularities introduce differences in the up bending of the
valence and conduction bands, and as a result, generate electronic traps and destroy
the long-range order. These differences in local band bending together with local
differences in doping could also explain the spread in charge states observed.

To investigate this apparent reduction in band-bending further, we examined a
single crystalline diamond sample implanted with NV centers. The implantation
parameters were °N, 12keV, le'lions/cm? and 7° resulting in an NV depth of
17+6nm. After the implantation the diamond was annealed with or standard an-
nealing protocol [18] and hydrogen-terminated (Sect.4.3). The measurement was
performed at a temperature of 5 K using an excitation wavelength of 515nm. Mea-
suring the spectra we found the expected NV° ZPL at a wavelength of 575nm, and
one other peak at varying wavelengths. We observed these unexpected peaks at
wavelengths from the ZFL of the NV~ up to 700nm. Approximately every third
NV center measured had this shifted peak. It is unclear if these peaks are associ-
ated with the NV~. Our first idea was an electric field induced ZFL shift. However,
this seems rather unlikely considering the electric field strength of 410£5kV/cm
reported by Broadway et al.[109], for the Hydrogen terminated diamond surface.
To investigate this further, the first step is to verify if the appearing peak is in-
deed N~ related. We propose either to try to stabilize the charge state by green
laser illumination and measure ESRor to conduct correlation measurements between
the ZPL of the neutral and negative NV center. Interestingly spectra measured on
hydrogen-terminated diamond at 7 K with shallow SiV centers also had an unknown
peak shifted from to higher frequencies of ZPL of SiV®. Additional to the measure-
ments in Munich, we sent a different sample to Princeton to Professor de Leons
group, as they are most experienced in detecting SiV® fluorescence. The sample had
nanopillars fabricated here in Basel containing single SiV at a depth of 1946 nm
([Si], 25keV, 3e10' ions/cm?, 7°).They did not find any fluorescence near 946nm,
the ZPL of SiV%, but found a signature at 991 nm in several pillars (Fig. 4.8). The
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Figure 4.8.: Both panels show spectra measured with a 905nm excitation, at a
temperature of 7K. The sample measured was a hydrogen-terminated diamond with
implanted SiV centers and structured with nanopillars. The measurements were
performed in Prof. de Leon’s research group in Princeton.

observed peak is not a Raman line as it did not shift when changing the laser exci-
tation. The origin of the peak is unclear further experiments are being conducted
to see if the peak correlates with the SiV™ charge state. This opens up the question
if the observed peaks could be the SiV? and NV~ peaks, as they have a similar
electronic structure, a similar reaction to external influences seem reasonable.

To summarize, the Hydrogen induced band-bending appears to be less pronounced
in cryogenic temperatures and might induce a shift in the ZPL of the N~ and
SiV?. The reduction in efficiency observed is consistent with the reduced hole sheet
density reported by Nebel et al. [108]. The observed shifted peaks need to be further
investigated, first to confirm if they are NV respectively SiV related at all and second
to find a suitable explanation for the shift.

4.3.4. Clarification of energy levels

As there are some uncertainties in the community concerning the localization of the
charge state transition energy level of the SiV center, we prepare a diamond with
both color centers, the NV, and the SiV, present. To ensure approximately the same
depth localization we implant a nitrogen-enriched diamond with lellcm™2 Si at an
energy of 80keV and anneal the sample for 4 h at 400° C, followed by an annealing
step for 8h at 800° C (see Ref. [105]). SRIM simulation predicts SiVs to be located
at a depth of ~55 nm. We assume that the NVs are created by recombination of the
implantation induced vacancies with the nitrogen already present in the diamond
lattice. As a result, the NVs are expected to be located more shallow than the SiV
centers. The spread of the implanted ions and induced vacancies is shown in A.2.
Examining the sample after color center creation, we found clear evidence of
NV~ and SiV~ center under oxygen termination (Fig.4.9(b)). This is unexpected
considering the predicted position of the charge conversion level of the SiV™ to the
SiV2~ center. From it, we would expect SiV™ to appear only when the NV is in its
neutral charge state Fig.4.9(a). As an orientation help a band diagram indicating
the Fermi level ranges, where each charge state is stable and the expected Fermi
level for both hydrogen and oxygen-terminated diamond, at the position of the
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Figure 4.9.: (a) Simplified version of Fig. 4.1 with the assumed location of the Fermi
level at the position of the color centers for the O-terminated (Ef o_term and the H-
terminated (Ep, p_term) diamond.(b) Spectra measured with 1 mW, 532 nm excitation
on a sample containing NVs and SiV under different surface termination. The
blue trace is measured directly after an acid clean and the orange after hydrogen
termination. The sharp edge around 630 nm is due to a dichroic in the beam path.

color centers, can be found in Fig.4.9(a). After hydrogen termination, we found an
increased SiV~ peak and a reduced NV~ phonon sideband (Fig.4.9). We interpret
the increase in SiV~ fluorescence as a sign that several centers converted from SiV2~
to SiV~ [110] and the reduction of the phonon sideband as a consequence of the
conversion of NV~ to NV°. This puts the SiV~/° charge state conversion level lover
than the NV~/°. With this explanation and the previously introduced theory of the
charge state being influenced by the distance to the next donor, our observations
are in agreement with reported ab initio calculations[92, 110]. We attribute the
differences in the spectrum found, compared to the previous spectra shown (Fig. 4.4
and Fig. 4.5) to the increased depth of the implantation and the unknown nitrogen
concentration of the sample. The band bending effect of the hydrogen termination
does not reach as far into the diamond for higher nitrogen concentrations [111].

4.4. Water layer on diamond surface

In this section, we investigate the importance of the water layer adsorbed on the
diamond surface for the band bending observed on H-terminated diamond. Our mo-
tivation to understand the role of adsorbed water in the band bending mechanism
is two-fold. For one, there are reports about the surface conductivity disappearing
when heating a diamond sample in vacuum [112]. The disappearing surface conduc-
tivity implies a reduction of band bending in the absence of the water layer on the
diamond surface. This could mean that the negative charge state of the NV is stable
if one can protect the diamond surface from water. This could enable us to study
the NV spin and optical properties under H-termination.
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Figure 4.10.: (a) Drawing of a position-sensitive detector measuring cantilever de-
flection by detecting the relative position change of a laser reflected from the can-
tilever backside. (b) Illustration of the working principle of Kelvin Probe Force
Microscopy. Vacuum level (Ey,.) , work functions (®) and Fermi levels (Ep) of
the sample and tip for different cases: I. tip and sample are at a distance d with
no electric contact II. tip and sample are in electric contact though the leads and
ITI. an external bias Vp¢ is applied to compensate the contact potential difference.
Reproduced from [113].

4.4.1. KPFM study in water-free environment

To better understand the diamond surface and the overall role of the surface ad-
sorbed water layer, we performed Kelvin Probe Force Microscopy in a glove box
filled with inert gas. These measurements were taken in collaboration with Ernst
Mayer and his research group at the University of Basel.

4.4.1.1. Introduction to Kelvin Probe Force Microscopy

Kelvin Probe Force Microscopy (KPFM) is an Atomic force microscopy (AFM)
based method for detecting the Contact Potential Difference (CPD), the difference
in work functions of the sample (®;) and an AFM tip (®;). During the measurement,
both sample topography and CPD are recorded simultaneously. The cantilever is
excited mechanically using a frequency close to its first resonance mode. When the
AFM tip is approached to the sample surface, tip-surface forces act on the tip, and
the cantilever resonance frequency shifts slightly. This leads to a change in vibra-
tion amplitude and cantilever deflection, respectively. A position-sensitive detector
(PSD) is used to detect the cantilever deflection through a laser reflected from the
cantilever backside (Fig.4.10(a)). The change in amplitude is used as a feedback
signal to keep the tip-to-sample distance constant and record the sample topog-
raphy. To understand the principle of CPD measurements, one needs to consider
the material properties of the sample and tip (Fig.4.10(b)). Every material has its
work function, the minimum energy needed to move an electron at the Fermi level
inside the material surface to the Vacuum level (Ey ), which is defined as the energy
of a free stationary electron in perfect vacuum outside of the material. When two
materials are separated by a big enough distance such that no electrons can tunnel
between the two, the vacuum level is aligned, but the work function and, therefore,
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Figure 4.11.: (a) Picture of the holder designed to optimize the electric contact
between the KPFM holder and our sample. Topography (b) and the corresponding
CPD (c) of a 2x2um diamond surface with a layer of unknown surface adsorbents.

the Fermi level can differ. If tip and sample are brought into electrical contact, a
current flows, and at the equilibrium state, the Fermi level is equalized. The transfer
of electron leads to a build-up of surface charges and as a consequence an attractive
force between the surfaces. These forces can be nullified by applying a potential
between sample and tip to counteract the CPD. In amplitude-modulated KPFM a
combination of V¢ and Vp¢ potential is applied with the AC frequency being tuned
to the second resonance of the cantilever. This enables the simultaneous recording
of CPD and topography. Further details on the KPFM method can be found in
references [113] and [114].

4.4.1.2. KPFM on diamond

To study the influence and nature of the wetting layer and the surface adsorbents,
we performed KPFM measurements on hydrogen and oxygen terminated diamonds.
Measurements were performed in a glove box filled with dry nitrogen to ensure an
inert and humidity-free atmosphere (Oy and HyO level below 0.1 ppm). The samples
are measured in situ, directly after transferring them into the glove box and after
annealing for 2 hours at a temperature of 400°C. A FlexAFM with a C3000 controller
(Nanosurf) was used to measure topography and a UHFLI lock-in amplifier (Zrich
instruments) to control the KPFM feedback. All measurements were performed
with Pt/Ir5-coated PPP-EFM cantilever (Nanosensors, f;=75+40kHz, f;~500kHz).
Further detail of the measurement setup can be found in reference [115].

As pure diamond is an insulator, it was not evident in the beginning if the con-
ductivity of our slightly doped material is high enough for reliable KPFM measure-
ments. We optimize electrical contact with the sample by using a specially made
holder clamping the sample from all sides (Fig.4.11 (a)). As a first test, we chose
a dirty area on one sample. As can be seen, comparing Fig.4.11(b), and (c), we
can see a clear difference in CPD in three places, and these align perfectly with
what appears to be holes in the layer of adsorbents. As we see a difference in CPD
between the areas, we assumed the remaining conductivity to be high enough.

4.4.1.3. H-term vs. O-term diamond

To investigate the water layer on H-terminated diamond more closely, we conducted
a series of measurements. First, we measured the sample directly after loading it into
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the glove box. To remove water from the sample surface, we then heated the sample
to 400°C for 2 hours, let the sample cool down, and measured it again. With this
heating, we hoped to desorb the water layer on the diamond surface, including the
adsorbents involved in the charge transfer doping process. To ensure reproducibility,
we took the sample out of the glove box, left it in atmosphere for 30 minutes, then
reintroduced it to the glove box and measured it again. After that, we repeated the
annealing step and measured the sample a last time. We conducted this experiment
for two samples, one hydrogen, and one oxygen terminated diamond for reference.
For two reasons, we used single-crystalline diamonds, for all the experiments shown.
First, the surface roughness of single-crystal diamond is a lot smaller than for poly-
crystalline diamond, and second, the grain boundaries in polycrystalline diamond
could interfere with the KPFM measurement by locally changing the Fermi level
due to defects or dopants. The hydrogen termination was prepared by the previ-
ously introduced protocol (Sect.4.3) and the oxygen termination by acid cleaning
the diamond (Sect. 3.2.1).

For each measurement, we collected the topography and CPD of a 2x2 um area.
To visualize the CPD values of all the measurements, we plotted the histogram of
the CPD maps (Fig.4.12). An example of a set of measurements (topography and
CPD) can be seen in Fig.4.11(b) and(c). As we performed no measurement using
the tips on a known material, we can not calibrate its work function, and therefore
we can only compare relative values. The difference between the CPD before and
after annealing the hydrogen-terminated surface is 0.093 V for the first and 0.087
V for the second measurement set Fig.4.12(a). The unexpected shift between the
first and third measurement could be due to a change of the tip, either geome-
try or an adsorbed contamination. The oxygen and hydrogen-terminated samples
cannot be compared directly, as a different tip was used, which could result in a
further offset. For the oxygen terminated sample, the annealing induced shift is
with 0.20 V and 0.22 V twice as large as for the hydrogen-terminated sample. The
shift towards lower CPD with annealing the sample is consistent with what was
previously measured for nanodiamonds for both terminations [115]. In these mea-
surements, the authors found a more significant shift for both terminations with
0.5 V for the hydrogen-terminated and 0.35 V for the oxygen terminated nanodia-
monds. The authors of [115] explain the shifts by a desorbing surface-bound water
layer; since it is expected that a porous powder (such as a nanodiamond sample)
contains more hydrogen than a crystalline surface, we do not see their results as
contradicting our measurements. Following the argumentation in [115], we assume
a thinner water layer on the hydrogen-terminated diamond surface compared to the
oxygen terminated surface, which is in agreement with [116]. As we do not see a
substantial change in CPD for the hydrogen-terminated diamond, we assume the
two-dimensional hole gas still to be present even after annealing. A possible expla-
nation for this could be that the temperature is not high enough or that we would
need to heat for a more extended period to allow for full removal of the water layer
from the system.

For future measurements, we suggest to pattern gold markers on every surface
to be able to calibrate the work function of the measurement tip. In such a mea-
surement, one could also determine the Fermi level on oxygen terminated diamond
prepared with different protocols. With these additions, KPFM would be a powerful
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Figure 4.12.: Histogram of KPFM values of a 2x2um scan of a hydrogen (a) and
oxygen (b) terminated diamond surface. The sample was measured after introduc-
tion to the glove box (I.), then after annealing inside the glove box for 2 hours to a
temperature of 400°C (II.), then the sample was taken out of the glove box for 30
min reintroduced remeasured (III.) and annealed once again (IV.)

tool to investigate the diamond surface and the cause of charge state instabilities.
However, the technique can only live to its full potential when a possibility to char-
acterize the work function of the tip is present.

4.4.2. Alumina oxide as protection layer

The deposition of aluminum oxide (Al;O3) is an often-used technique in the field of
diamond electronics to stabilize the surface conductivity. Al,O3 protected devices
based on hydrogen-terminated diamond surface conductivity have been reported to
perform over a wide range of temperatures (10K-700K) and up to high voltages (~1
kV) [117]. This could be of interest for the protection of the neutral charge state of
the SiV. For oxygen terminated diamond capped with aluminum oxide, the absence
of surface conductivity has been reported [118]. This led us to the idea to test Al,Oj
as a protection layer for NV~ based measurements. The deposition technique used is
Atomic layer deposition (ALD). Two precursors are used in an alternating fashion
to grow the oxide layer by layer. In the case of Al,O3, the precursors used are
trimethylaluminum (TMA) and water. ALD has the advantage to coverer three-
dimensional structures evenly in a conformal way and would, therefore, ultimately
be compatible with cantilever fabrication.

To test the interaction of Al,O3 with incorporated color centers and measure its
optical properties, we deposit 1 nm of Aly,O3 on the surface of an implanted single
crystalline diamond. Our standard NV implantation is used (lellem™2 N, 12keV, 7°
implantation angle) followed by an anneal (see Chap. 5) to mobilize the vacancies and
create NVs. The diamond is treated with an acid clean and examined by confocal
microscopy, previous to the ALD deposition. After the deposition, we investigate
the surface by confocal microscopy again and see a clear increase in fluorescence (see
Fig.4.13). We assume the fluorescence to be caused by the additional Al,Oj3 layer,
upon green laser exposure, it appeared to bleach. The darker square in Fig.4.13(b)
was exposed to green laser light (140 uW) for 5 minutes.
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Figure 4.13.: Confocal image of a diamond sample implanted with NVs, using con-
tinuous 532 nm excitation at a power of 140 yW. The sample is measured before (a)
and after (b) deposition of a 1 nm thick aluminum oxide layer. The darker square in
(b) has been exposed to 5min of continuous scanning laser illumination. The scale
bar is 5 ym in both panels.

To summarize, we were able to deposit an even film of Al;O3 on the diamond
surface, but already 1nm of Al,O3 leads to significant background fluorescence, for
the exciton wavelength and power typically used to measure NVs. Further experi-
ments with longer bleaching times are necessary to determine if the fluorescence can
be reduced enough to enable ODMR and other spin manipulation experiments. We

did not examine the Al,O3 fluorescence spectrum in the wavelength range relevant
for SivY.

4.5. Summary and Outlook

We started this chapter with an introduction to the model of energy bands and
band-bending and used them to explain the charge transfer doping responsible for
the surface conductivity observed on hydrogen-terminated diamond. Further, we
listed the reported charge transition states for the NV and SiV center and put them
into context with the Fermi level expected for different surface terminations and
diamond substrates.

We successfully established a hydrogen termination protocol based on thermal
annealing under hydrogen atmosphere at ambient pressure. We verified the success
and reversibility of the process by XPS measurements and the comparison of the
emission of shallow implanted nitrogen vacancies. From the reduction in fluores-
cence observed after H-termination, we conclude that the most favorable NV charge
states are NV? and NV rather than the NV~. This indicates a Fermi level below
Ev +1.7eV.

In the next step, we hydrogen-terminated a sample containing shallow silicon va-
cancies in fabricated nanopillars and removed the termination selectively from two



56 Hydrogen termination and its influence on color centers

pillars by laser illumination. We verify the disappearance and reappearance of the
SiV~ emission by measuring spectra on nanopillars that were previously character-
ized under oxygen termination. We find no sign of the 740nm SiV~™ ZPL on the
hydrogen-terminated pillars and a clear SiV™ ZPL signal on the laser-illuminated
pillars. Compared to the oxygen termination, the signal measured on the laser-
illuminated pillar was weaker, either because of an incomplete surface termination
or possibly a different termination combining nitrogen and oxygen species.

After successful eliminating the SiV~ fluorescence at room temperature spectra of
the H-terminated and laser-treated pillars were measured at cryogenic temperatures,
and the resulting spectra were compared to the RT spectra. Interestingly, it was
found that the hydrogen-termination appears to have a weaker effect on the charge
state of color centers at low temperature, we suggest the freezing out of holes as a
plausible explanation. To investigate this further, Hall effect conductivity measure-
ments, as conducted in Ref. [108] could help to complete the picture and verify the
suggested reduction in hole sheet density. Ideally, for such a test, both Hall effect
conductivity and fluorescence spectroscopy measurements should be conducted on
the same sample for a range of temperatures.

Next, we clarified the positioning of the SiV charge conversion levels relative to
the positioning of the NV~/0 charge conversion level, by implanting a nitrogen-
enriched diamond sample with Si atoms. We found our results in good agreement
with the calculation by Adam Gali et al. [89], placing the SiV~/? and SiV?~/~ charge
conversion levels below the NV~/° charge conversion level (c.f. Fig.4.1).

To investigate the influence of water adsorbed on the H-terminated diamond sur-
face on the band bending, we conducted a series of KPFM measurements under
inert gas comparing the oxygen terminated diamond surface with the hydrogen-
terminated surface in the presence and absence of the surface water layer. We found
a reproducible shift in CPD between the surfaces with and without the water layer.
The detected shift is consistent with previous reports on nanodiamonds and sug-
gests a thinner water layer on the hydrogen-terminated diamond compared with
the oxygen terminated diamond. So far, we could not detect an indication of the
band bending being reversed by the annealing. We assume that higher temperatures
are necessary to desorb not only the water layer but also the charged adsorbents
stabilizing the 2D hole gas. The measurement on a hydrogen-terminated diamond
surface without adsorbents could bring some interesting additional insights. The
decreased efficiency of the band bending could open up an opportunity to study the
NV~ under hydrogen termination. However, also the NV? is so far not well studied
and could offer some insights relevant to the negatively charged NV when it comes
to charge state dynamics.

For the neutral charge state of the SiV, an important next step is to verify the
charge conversion from SiV~ to its neutral charge state by measuring the SiV®
spectral signature directly. Open questions concerning the quantum efficiency of
the SiV? in general and under these specific circumstances remain. If the quantum
efficiency is further reduced due to interactions of the SiV® with the hydrogen-
termination or the adsorbed water layer, direct observation of the fluorescence could
prove difficult. The correlation of the Fermi level with the presence of an adsorbed
water layer and the sample temperature could constitute another problem. One
possible solution could be the capping of the diamond surface with an alumina
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oxide layer. We performed some preliminary experiments on a diamond implanted
with shallow NV centers. We find a strong fluorescence after the deposition of only
1nm, but fluorescence could be bleached up to some extent by laser illumination.
An essential next step is to analyze the fluorescence spectrum of aluminum oxide in
the range relevant for the SiV° emission. Alumina has been shown to stabilize the
surface conductivity of the diamond and protect the diamond surface for diamond
electronic devices for temperature ranges from 10 K to 700 K.

The establishment of a hydrogen termination protocol opens up various possi-
bilities for other termination protocols. Some examples of termination protocols
using hydrogen termination as starting point are Nitrogen termination [87] or Flu-
orine termination [86]. Additional to these protocols, we suggest a possibly novel
technique to terminate the diamond surface locally using laser illumination, with an
unknown variety of different species. Patterning the diamond surface with different
terminations could be interesting for various reasons and research fields. For color
center-based research, it could present an ideal platform to study the influence of
these terminations on the color center charge state and its optical and spin proper-
ties in a comparable and reproductive way. In biology, diamond films patterned with
different hydrophilic areas are studied for guided cell attachment and growth [119].
For the field of diamond electronics, this technique could be used to pattern electric
circuits. Depending on the needed resolution, the suggested method could be an
easy and comparably cheap alternative to the normally used e-beam lithography
combined with plasma-induced surface termination.

Summarizing, the hydrogen-terminated diamond surface is a unique system offer-
ing lots of different open phenomena to study and to use in prospective applications.






5. Single crystalline diamond
pyramids and their potential for
sensing applications

After discussing different surface termination protocols and their influence on shal-
low color centers, we present, in this chapter, a new approach avoiding the plasma-
induced damage of our usual fabrication processes. In the first part, we introduce the
fabrication of all diamond nanopyramids formed by the overgrowth of nanopillars.
We describe the nanopillar fabrication, the overgrowth process, and the incorpo-
ration of color centers. In the second part, we present our findings studying the
photonic properties of overgrown structures, using confocal microscopy and numer-
ical simulations. We further discuss substrate quality, smoothness of the surface,
and sharpness of the tip, of the overgrown structures.

5.1. Motivation

The advantages of diamond as host also come with some drawbacks, as discussed in
Chap. 2. The hardness and chemical inertness of single crystalline diamond (SCD)
require harsh plasma etching procedures in the nanofabrication process, which leaves
the SCD surface damaged and results in non-ideal coherence properties of the sensing
spins [19]. Besides the optimization possibilities of the diamond surface, also the
geometry of single color center SCD scanning probes have potential for optimization.
The scanning probes usually assume the approximate shape of a truncated cone,
with a relatively blunt, circular end-facet of ~ 200 nm diameter. While this shape
has proven beneficial for the tip’s photonic properties [50], it is far from ideal for
AFM performance for two reasons: First, the bluntness of these tips prevents high-
resolution AFM imaging during single spin magnetometry, which is relevant when
imaging samples with non-planar geometries. Second, pillars with circular end-
facets require excellent angular alignment to be in full contact with the sample,
which typically results in increased spin-to-sample distances leading to a loss in
spatial resolution and sensitivity per source strength [8].

In this chapter, we present a new approach to realizing all-diamond tips for
scanning-probe, nanoscale quantum sensing, which has the potential to address both
issues of the truncated cone-shaped scanning probes highlighted above. These ex-
periments have been conducted in collaboration with our colleagues at the Frauen-
hofer Institut fiir angewandte Festkorperphysik TAF in Freiburg and is published
in Ref.[120]. For this, we combine aspects of “top-down” (etching) and “bottom-
up” (overgrowth) fabrication to yield nanometre-sharp, pyramidal diamond tips, as
illustrated in Fig5.1(a). Specifically, we overgrow SCD nanopillars, fabricated via
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Figure 5.1.: (a) Schematic of the nanofabrication and overgrowth process pursued
in this work. Base material, as well as grown pyramids, are single crystal diamond
(SCD) I: Cleaning and surface preparation; II: Definition of etch-masks by e-beam
lithography; III: Etching of diamond nanopillars using oxygen plasma; IV: Removal
of etch residues and HSQ mask; V: Overgrowth of diamond material to form pyra-
mids; VI: Color center incorporation by *N-ion implantation and subsequent an-
nealing. (b) Scanning electron microscopy (SEM) image of representative diamond
nanopillars after nanofabrication (step II) and (b) after diamond overgrowth (step
IIT). The scale bar = 1 pm in both cases. Both SEM images were recorded at a 45°
tilt angle from the sample normal. Inset: Schematic of the resulting pyramids with
a (111) crystal facet indicated.

reactive ion etching, with high purity SCD by chemical vapor deposition (CVD). The
highly anisotropic growth of SCD transforms these pillars into single-crystalline di-
amond pyramids [121, 122]. The pyramids show high collection efficiencies for color
center photoluminescence, which, together with their sharp apex radius of curva-
ture of < 20nm, makes them perfectly amenable for future applications as scanning
probes.

5.2. Fabrication of single-crystalline diamond
pyramids

The fabrication of diamond pyramids can be divided into three main phases: The
fabrication of the nanopillar template, the template overgrowth, and the incorpora-
tion of color centers into the diamond pyramids. A schematic of the process can be
found in Fig.5.1(a).

5.2.1. Pillar template fabrication

Fabrication processes evolve as knowledge grows and needs change. We choose to
report the most recent protocol for diamond nanopillar fabrication, as we expect it
to be most valuable to the reader. A detailed description of the former process used
to fabricate the actual pillar template can be found in [18] and [123].
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ICP Power | RF power/bias | Flux | Pressure | Etch rate
Plasma (W) (W/V) (scem) (Pa) (nm/min)
ArCl, 400 100/-220 Ar 25 1 60
Cly 40
O, 700 50/-110 60 1.3 100

Table 5.1.: Table with plasma parameter used for nanofabrication of diamond pillar.

The base material used in our process was commercially available, (100)-oriented
electronic grade single crystalline diamond (SCD) (Element6, Electronic grade
[N]¥ < 5 ppb, [B]<1 ppb )[124]. First, the SCD substrate was boiled in a 1:1: 1
mixture of nitric, sulfuric, and perchloric acids previously referred to as ”tri-acid
clean” (Sect.3.2.1). To remove possible acid residues, we performed a ”solvent
clean” (the sample was rinsed with DI water, acetone, IPA, and blow-dried with
nitrogen gas) after the tri-acid clean. This first step aimed to create a reproducible
starting point with a clean surface and well-defined surface chemistry. To get rid
of a possible water layer or solvent residues, we prebaked the sample on a hotplate
at a temperature of 120°C for 2 minutes. Then the sample was spin-coated with
FOX-16, an HSQ based negative e-beam resist distributed by Dow Corning. The
spin-coating was followed by another baking (90 °C for 2 minutes) and another spin-
coating step with Electra 92 (bought from AIIRESIST), a conductive coating used to
mitigate charging effects during e-beam lithography. To finish the resist preparation,
we baked the sample one last time at a temperature 90 °C for 2 minutes. The ex-
pected FOX film thickness was 600 nm. Electron beam lithography with an electron
energy of 30keV, and a dose of 1500-2000 u As / cm? was used to write a pattern
of 200nm diameter circles. After exposure, the sample was developed in 25 wt.%
TMAH for 25s. A Sentech SI 500 ICP-RIE apparatus was used to transfer the mask
into the diamond by plasma etching. A one minute Argon-Chlorine (ArCly) plasma
(see Tab.5.1) ensured a clean surface. Subsequently, a longer oxygen plasma step
(see Tab.5.1) was used, to etch ~ 2 um long pillars. In the next step, the HSQ mask
was removed by a buffered oxide etch (10:10:1 deionized water, ammonium fluoride,
40% HF), and the sample was cleaned in a final acid clean followed by a solvent
clean.

5.2.2. Pillar overgrowth

The nanopillars (Fig.5.1(b)) were then overgrown at Frauenhofer Institut fir
angewandte Festkorperphysik TAF in Freiburg. A total of ~ 1 pum of SCD
([N]<2 ppb [125]) was grown on top of the patterned substrate by microwave plasma-
assisted chemical vapor deposition. For more details on the crystal quality, we
refer to Ref. [125]. Key growth parametersa substrate temperature of 750° C, mi-
crowave power of 2.1 kW, a chamber pressure of 200 mbar and a gas mixture of
3 : 1 [CH4]:[O2] with a methane concentration of 3% in the process gas. The flow
rates for Hy and methane were 291 sccm and 9 scem respectively. The resulting dia-
mond growth velocity along 100 was determined to be Viigoy ~ 0.4 p/h at which the
diamond was overgrown for 75 minutes. As evidenced by the representative scan-
ning electron microscopy (SEM) image shown in Fig. 5.1(c), the pillar overgrowth led
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Figure 5.2.: (a) starting geometry used to simulate the final pyramidal geometry
obtained using the parameter (b) a = 3.5, § =0.1 and vy =0.1 (¢) « =2.9, 8 =0.1
and v =0.1 (d) a=3.5,=01and y=0.1 () a=3.5, =13 and v = 0.1 (f)
a =35 6=0.1and y=4.2. (b,c,e and f) were overgrown with a total amount of
1 pm grown material (in (100) direction) and (d) with 15 gm. For all illustrations:

The facets color of indicates its crystallographic direction: grey (100), green (111),
blue (113) and pink (110) and the scale bar=2 pm.

(a)

to the formation of pyramids with well-defined geometry and excellent uniformity
across the sample. Based on the fourfold symmetry, the orientation of the pyramids
with respect to the (100)-oriented diamond surface, and the angle between the top
facets, we identify these facets as {111}-planes of the diamond crystal. These ob-
servations are consistent with previous reports on diamond nanopillar overgrowth
[122].

Due to the recently established formalism and the software by Bogatskiy et
al. [126], we were able to understand the final pyramidal geometry. Diamond growth
can be conveniently characterized in terms of the parameter o, § and v [127, 128].
They are based on the inverse displacement speed Vi1, Vi19, and Vi13 of the (111),
(110), and (113) faces during growth, normalized to the inverse displacement speed
Vioo of the (100) face. The different displacement speeds depend on the growth pa-
rameter chosen [125]. An example is the reported correlation between Vi3 and the
deposition temperature [129]. The shape of the crystal is determined by kinetics; the
slower the displacement speed of a crystalline plane, the larger the corresponding
surface on the steady-state shape.

‘/100 ‘/100 ‘/100
a=V3"2 =222 ~=y112 5.1
AN Tl Vits 5-1)

Utilizing the script published by Bogatskiy et al. [126], we identified conditions re-
producing the experimentally observed pyramidal shape and studied the influence
of different initial geometries. The cylindrical form of a nanopillar was approxi-
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2 um

Figure 5.3.: For all the cases the overgrown structure was simulated for a total
amount of 1 um grown material (in (100) direction) assuming the growth parameter
a = 3.5, =0.1 and v = 0.1 and varying the stating geometries (a) pillar hight
h=1 pm, pillar diameter d=200nm (b) h=2 pym, d=200nm (c¢) h=3 gm, d=200nm
(d) h=2 pgm, d=400nm and (e) h=2 ym, d=800 nm .For all illustrations: The facets
color of indicates its crystallographic direction: grey (100), green (111), blue (113)
and pink (110).

mated with a 2 ym long pillar with an 200 nm diameter octagon base see Fig. 5.2(a).
We found the most important parameter for the pyramid growth to be the a pa-
rameter characterizing Vi;;. For a & 3 or higher, we found geometries similar to
our pyramids (Fig.5.2(b)). Smaller o parameters lead to a characteristic trunca-
tion (Fig.5.2(c)) with a remaining {100}-facet on top of the pyramid, as found in
previous reports [122]. If the sample is overgrown longer, it will eventually form a
full pyramid (Fig. 5.2(d)). Next we studied the influence of the parameters § and
and found that they need to satisfy the following conditions 5 <1 or 7 <4 else the
corresponding facets would show up on the overgrown structure. The result of 5 >
1 or 7 > 4 can be found in Fig. 5.2(e) and (f).

Next, we studied the influence of different starting geometries on the pyrami-
dal shape. We varied the length and width of the initial geometry and kept the
overgrowth parameters constant for all simulations (see Fig.5.3). We find that the
variation of the pillar length results in different pyramid heights but has no influ-
ence on the geometry of the top facets (Fig. 5.3(a-c)). An increase in pillar diameter
resulted in truncated pyramids with a remaining {100}-facet on top of the pyramid
(Fig.5.3(d) and (e)). When the amount of deposited material was increased, the
simulated geometry featured a sharp pyramid tip again. We found a linear depen-
dence between increased pillar diameter and material needed to preserve the tip
shape.

For our application, we mostly care about a sharp tip. Under this assumption,
critical parameters are o and the initial pillar diameter. The variation of the pillar
length might be interesting for future geometry optimizations.
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Figure 5.4.: (a) Confocal fluorescence map of the same part of an overgrown dia-
mond substrate without pyramids before (left) and after (right) N implantation (ex-
citation power: 150 uW). The visible ”T-shaped” structure is an alignment marker.
The scale bars in both images are 10 um.(b) Fluorescence spectrum of a nanopyra-
mid after implantation (excitation power: 20 pW).

5.2.3. Color center incorporation

To verify the initial absence of color centers, we acid cleaned the overgrown sample
and then examined it in a home-built confocal microscope [18] with numerical aper-
ture NA 0.8 and using continuous laser excitation at 532 nm. The acid clean prior
to the examination is necessary, as diamond samples after overgrowth are typically
by Hydrogen terminated (s. f. Chap.4). The inspection of as-grown samples showed
no significant fluorescence, indicating the high purity of the overgrown and substrate
materials (Fig5h.4(a) left panel).

After the sample was implanted with Nitrogen (Innovion; fluence: N
3ell ions/cm?, energy: 12keV, sample tilt: 7°), annealed (4h at 400°C, 10h at
800°C and 4h at 1200°C) and acid cleaned, we observed significant increase in
fluorescence from the diamond surface (Fig.5.4(a))). A spectrum was taken on a
diamond pyramid contained SiV~ and NV~ characteristics (Fig. 5.4(b))). More de-
tails to SiV and NV spectra can be found in Fig.4.9. The appearance of stray
SiV fluorescence in the implanted sample suggests that Si atoms were incorporated
into the diamond during overgrowth. Implantation of nitrogen then provided the
necessary vacancies for SiV creation during annealing.

Based on numerical modeling of the implantation process (SRIM software pack-
age) run with lattice binding energy 1.5eV, surface binding energy 4.5eV and dis-
placement energy 45eV [130-132], we expect the observed color centers to be lo-
cated within ~ 15nm from the diamond surface (c. f. Fig.5.5(a) NV:1746 nm,
SiV:124+6 nm) [56, 133], for the unstructured area. The mean of the simulated ion
distribution defines the depth, and the square root of the variance the straggling.
The estimations of the SiV depth are based on the assumption that SiV centers
are predominantly created in regions where the implantation created vacancies. For
the pyramids, it is more difficult to predict a distribution as it is unclear how the
surface topography influences the implantation. If we assume an implantation in an
angeled surface similar to the unstructured area, the expectation value for the color
center depth would change to NV:12+5nm, SiV:945 nm for the 47° and NV:945nm,
SiV:6+4nm for the 61° angle (Fig.5.5(b) and (c)). The chosen angles are the ex-



5.3. Pyramid characterization 65

" (b) 47° ' " (c) 61°

Depth in diamond (nm)

Density (10 17 cm'3)

Figure 5.5.: Vacancy (light red surface scaled by 0.1) and nitrogen (blue line) densi-
ties as a function of depth from the diamond surface simulated with SRIM. Average
over 10000 ions with the implantation parameter of lellcm~2 “N 12keV and an
incidence angle (a) 7°, (b) 47° and (c)61°. For all panels the inset illustrates the
trace of 100 simulated ions implanted at the respective angle.

treme cases where the incoming beam is either tilted (7°) towards or away from
the (111)-plane, approximating the angle between the (111) and the (100) plane
with 54°. Another possible scenario is a more perpendicular implantation caused
by a deformation of the field lines due to the sharp tip, similar to reports using di-
amond pyramids as emitter tips [121]. In this case, we would expect a vacancy and
nitrogen distribution closer to Fig.5.5(a), and possibly an increased concentration
of implanted Nitrogen around the pyramid apex. To summarize, every implanted
nitrogen ions creates about 60 vacancies on its way through the diamond until it
settles into the crystal lattice, and we expect the color center to be located within
the first 20 nm from the diamond surface. Further, we expect the SiV centers to be
created more shallow than the NV centers.

5.3. Pyramid characterization

After the fabrication of SCD nanopyramids, we characterized the photonic proper-
ties and the final geometry of the pyramid apex and pyramid surface to assess the
potential of SCD nanopyramids for application as sensor tips for nanoscale magne-
tometry.

5.3.1. Photonic properties

For a detailed characterization of the diamond pyramids’ photonic properties, we fo-
cused on NV~ emission and suppressed unwanted signals from SiV~ emission by an
appropriate short pass filter (Thorlabs FES0700, Cut-Off wavelength: 700 nm). A
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resulting confocal map recorded through the pyramid-base (the fluorescence collec-
tion direction relevant for the scanning probe application we target in the future) is
shown in Fig. 5.6(a). NV~ emission from the pyramids is significantly brighter than
NV~ fluorescence from the nearby unstructured diamond, which already indicates
efficient waveguiding and enhanced collection efficiencies from these structures [134].
The increased fluorescence collected from the pyramids could also be explained by
preferential incorporation of Nitrogen into diamond material growing along the (111)
direction [135]. We exclude this possibility because of the low N-density (less than
0.2 ppb) reported for a sample gown under the same conditions [125].

NV~ fluorescence from both the unstructured surface and from the pyramids
exhibit clear signatures of optically detected electron spin resonance (ODMR) [136].
Figure 5.6(a) shows two representative ODMR traces, one from a pyramid and one
from the surrounding unstructured surface. Both ODMR traces were measured
with the same bias magnetic field applied in a direction not aligned with any of
the diamond sample’s symmetry axes to distinguish different NV families. Each
NV family has a corresponding pair of ODMR lines. Interestingly, the majority of
pyramids investigated show a single pair of ODMR lines, whereas the NV~ ensemble
observed on the unstructured part of the diamond (Fig. 5.6(b)) shows four such pairs,
as expected.

A statistical analysis of the number of ODMR lines observed in the pyramids
allows for an estimation of the NV density in these structures. Out of a total
of seven investigated pyramids, three showed a single pair of well-resolved ODMR
lines, while the remaining pyramids had either two such pairs or unclear ODMR
traces. Assuming a Poissonian distribution of the number of NV’s per pyramid, the
measured probability of 3/7 of observing a single ODMR line yields an expectation
value of ~ 2.6 NVs per pillar. This estimation deviates by more than a factor of
ten from our expected NV density. Using either our implantation parameters and
the known N—NV~conversion efficiency [137] or, alternatively and consistently, the
brightness of NV~ fluorescence from the unstructured surface, compared to a well-
known reference sample, we estimate an NV~ density of ~ 30 ym~2 in the sample
under investigation. For the given pyramid footprint, this would result in an average
number of 45 NV~ centers per pyramid, in stark contrast to our above estimation.
As we will show in the following, this discrepancy results from the nanophotonic
properties of the pyramids: Optical waveguiding is most efficient for NV centers in
the vicinity of the pyramid apex, and as a result, our experiment most efficiently
detects NV fluorescence from this subset of NVs only.

No ODMR signal could be detected when the pyramids were measured though the
pyramid apex (”top-collection”). Measuring saturation curves Fig.5.6(c), through
top-collection and thought the pyramid base and diamond substrate (further referred
to as ”bottom-collection”) we find a strong directionality. Fitting the signal with the
following equation, we can isolate the NV fluorescence the background signal [138].

Isat
I1(P) = 1+%+bP (5.2)

Where I(P) is the measured intensity as a function of the applied laser power P,
P,.: is the saturation power, I, the saturation counts and bP accounts for the
background. The data collected through top-collection appear linear, indicating a
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Figure 5.6.: (a)Confocal image of an array of overgrown pyramids with fluorescence
collected using a short pass filter at 700 nm. The pyramid used for the measurements
in (b) and (c) is indicated with an arrow. Inset: schematic of the sample orientation
during measurement. The scale bar equals 10 pm. (b) Optically detected electron
spin resonance from the diamond nanopyramid indicated in (a) and from surround-
ing bulk. The single pair of ODMR lines observed in many pyramids indicates
a fluorescence signal originating from only a few NVs. (c¢)Fluorescence saturation
curves collected from the top (red) and bottom (blue) side of the same diamond
pyramid. The curve collected through bottom-collection is fitted with Eq. (5.2).

very low NV fluorescence contribution compared to the background signal. This
result is consistent with the lack of measurable ODMR signal. In comparison, the
fluorescence collected through bottom-collection has significant NV content. Fitting
the fluorescence saturation curve with Eq. (5.2) gives saturation counts of 1.1 MHz,
nearly twice as much as measured in the same setup with solid immersion lenses
on single NVs[139]. For single NV emission, this would be amongst the highest
saturation count-rates reported. However, due to the high background, it was not
possible to confirm the NV number with correlation measurements.

In order to experimentally assess the photonic properties of the nanopyramids, we
measured the angular emission patterns from the embedded NV~ centers by back
focal plane (BFP) imaging. In this imagining technique, all the light emitted from
the sample plane in the same direction is focused on one point in the back focal
plane. Hence, a BFP image contains information about the angular distribution
of the light emitted from the sample plane. A description of the technique can be
found in Ref. [140].

Fig.5.7(a) top and bottom show, respectively, the resulting BFP emission pat-
terns for NV~ collection through the pyramid apex and through the pyramid base
and substrate. In these subfigures and the following, white circles indicate collection
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Figure 5.7.: (a) Experimentally measured back focal plane images of emission from
a representative pyramid, for top and bottom collection (top and bottom row, re-
spectively) (b) Coordinate system with a unit sphere at the origin. One NV direction
is drawn as a black arrow with a gray area marking the plane perpendicular to the
NV direction. Ilustration of the dipoles (red and blue set of arrows) used to simulate
the NV emission. (c) Position of the NV used for the simulation. (d) Simulation
of far-field power distribution patterns collected from the pyramid top and bottom
(top and bottom row, respectively). Left and right panels are simulations of the
same NV assuming different dipole sets, the red dipoles in (b) were used in the
simulations shown in the left and blue for the simulation shown in the right panel.
The white circles in all panels indicate the NA 0.8 and 0.5.

NA’s of 0.5 and 0.8 (the NA of our collection optics). While top-collection shows dif-
fuse emission into the whole collection NA, bottom-collection shows a BFP emission
pattern that is more centered on the optical axis and shows emission predominantly
within a collection NA of ~ 0.5.

NV~ emission from the nanopyramids shows significant directionality: Approxi-
mately five times more fluorescence light is emitted to the bottom compared to the
top side, as evidenced by both the signal integrated over the BFP images and the
fluorescence saturation curves collected from the top and bottom sides for the same
pyramid (Fig.5.6(c)). This observed directionality of color center emission from
nanopyramids is in qualitative agreement with previous reports [134, 141].

For a better understanding of the observed BFP emission patterns, we performed
numerical simulations using the finite-difference time-domain (FDTD) module of
the commercially available software Lumerical. We replicate the ideal pyramidal
geometry with a nanometer sharp tip, placed individual optical dipoles emulating
NV~ emission onto selected locations on one of the top facets of the pyramid and
at a depth of 20 nm below the diamond surface and calculated the far-field emission
patterns corresponding to our top- and bottom-collection BFPs (Fig. 5.7(d), top and
bottom row, respectively). The NV emission is typically approximated with one or
two dipoles lying in the plane perpendicular to the NV axis. For our simulation,
we randomly assigned one of the four possible NV directions and used the dipole
orientations (relative to the NV) indicated by red arrows in Fig.5.7(b). To exclude
interference effects between these dipoles, they are simulated separately, and the re-
sulting far fields are added incoherently, averaging over the spectral range collected
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in our measurement (650 nm-700nm). To test our approach, we repeat the simula-
tions for one NV position and orientation (Fig.5.7(c)) with a different set of dipoles,
indicated by blue arrows in Fig. 5.7(b). The resulting far-field emission patterns can
be seen in Fig.5.7(d). The resulting pattern is indistinguishable, which supports
the validity of our method.

The simulations qualitatively reproduce our experimental BFP images and show
a clear tendency of waveguiding of NV~ emission towards the pyramid bottom. We
attribute small differences to a difference in position on the pyramid surface and
additional NVs contributing to a background. To quantify the directionality we
consider the commonly used collection factor [74]

I'na
E= 5 (5:3)
where I'yon is the radiative emitter decay rate in a homogeneous medium and I'ya
is the rate of far field photons emitted into the collection NA (here with NA=0.8).
Additional to that we introduce &,.q4 to account for the difference in lifetime due to
the change of dipole environment. The decrease in effective refractive index leads
to a reduction of the radiative density of states resulting in an increase in radiative
lifetime [142].
I'na
Frad ’

where I';.q is the radiative emitter decay rate in the actual dipole position. The
waveguiding properties of our pyramids can best be understood considering &;.q,
because it is normalized to the photons that have been emitted. However, as we
have to consider not only the waveguiding properties but also the impact of the
dipole environment £ is the important value for the comparability of our pyramids
with other photonic structures.

In Fig. 5.8, the collection factors £ (panels (a,c)) and &.q (panels (b,d)) are shown
as a function of the NV position on the pyramid. The simulation was performed
for a selection of 110 randomly placed NVs with random assigned NV direction.
NVs with same distance from the apex but different £”°"*°™ correspond to different
azimuthal positions of the NVs (see inset to Fig. 5.8) and/or different dipole orienta-
tions assigned to the same NV position. In addition to the bottom-collection (c) and
(d) also the top-collection is represented. The average top and bottom-side collec-
tion factor, we find £%H°m= (.14 and £*°P=0.045. Their ratio £bottom /¢top — 3 48 is
in close agreement with our experimental finding of £bottem /¢top ~ 3 () and previous
reports on similar structures [122, 134]. If only the NVs close to the tip (r < 50nm)
are considered, the bottom collection factor found is even slightly higher ¢bottom—
0.15 than otherwise.

Our simulations also shed light on our observed discrepancy between the NV~ den-
sity estimated from the optical (ODMR) signal from the pyramids as compared to
the estimated NV~ density based on implantation parameters (Fig.5.6(b)). Specif-
ically, we find that £”°%°™ is strongly depending on the lateral NV~ location within
the pyramid surface (Fig.5.8(c)). NVs closer to the pyramid apex experience a
stronger waveguiding effect, with £P°%°m peaking at £Pottem ~ 0.5 for r ~ 150 nm.
For NVs closer to the apex £P°'*™ drops again. This drop can be explained by a
combination of two effects. First a decrease in the total rate of radiated photons

frad = (5.4)
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Figure 5.8.: Collection efficiency £(left panels) or &aq (right panels) for NA = 0.8
through the pyramid (a,c) bottom or (b,d) top, as a function of radial distance
between NVs and the pyramid apex. The inset shows the NV locations considered,
where the color of the points encodes the value of £ (respectively (&;aq)-
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Figure 5.9.: (a) AFM image of pyramid top facets. (b) Schematic sketch of a pyra-
mid with colored lines indicating the positioning of the line cuts (blue: along the
edge or red: across the facet) used to fit the tip radii in (d). (c) Line-cut through the
AFM structure highlighted in (a), with osculating circle fitted to the tip (black) (d)
Histogram of tip radii for three different pyramids. The darker (light) bar indicates
the minimal (maximal) radii measured on each pyramid, whereas colors symbolize
the direction of the line cut.

due to an increase in radiation lifetime. This can be understood comparing the
collection efficiency normalized to the emission of a dipole in a homogeneous sub-
strate (Fig. 5.8(c)) with the collection efficiency normalized to the photons emitted
by a dipole in the actual sample geometry (Fig.5.8(d)). Authors of [143] found the
smallest elementary volume influencing the effective refractive index to be a sphere
with radius on the order of A\/4. Assuming A=700nm this is in good agreement with
the observed decrease for NVs positioned at a distance of less than ~ 150 nm. The
second effect is an increase in waveguiding towards the top for NVs located closer
to the pyramid tip visible in &P (Fig.5.8(a)) and £ (Fig. 5.8(b)).

rad

For a qualitative estimate of the NV number contributing to the collected fluo-
rescence signal we assume the NV signal collected though bottom collection to be
dominated by the NVs with ¢ Pottom > ¢bottom /9 Fyrom our previous NV density es-
timate of (~ 30pum™2), we then expect the majority of the emission to come from
approximately three NVs. This estimation is in good agreement with our estimate
based on the ODMR measurements. We stress that further factors might add to this
qualitative argument to explain the lower NV density we observe in the nanopyra-
mids compared to their surroundings. These include potential distortions of electric
field lines by the nanopyramids during the N implantation process, which could
lead to non-uniform implantation profiles.
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5.3.2. Tip and surface characterization

One of the key benefits of working with bottom-up fabricated structures is the in-
creased surface quality of CVD grown diamond compared to diamond etched in
a plasma. To characterize and quantify the surface quality and sharpness of our
diamond pyramid tips, we performed detailed AFM imaging on representative pyra-
mids from our sample (Fig.5.9(a)). The AFM image reflects the pyramidal shape
of the tips already seen in our SEM investigation (Fig.5.1) and shows flat crystal
facets without visible dislocations or crystal terraces. The surface roughness with
root-mean-square amplitude < 1nm of the top facets of the pyramids is consistent
with surface roughness reported for diamond grown under similar conditions [144].
More importantly, our AFM image confirms the sharpness of the pyramid tips al-
ready visible in Fig. 5.9. To quantify the tip sharpness, we extracted line cuts across
pyramid facets and edges as illustrated in Fig. 5.9 (b) and fitted osculating circles to
these line profiles (Fig.5.9(c)). Fig.5.9(d) summarizes our findings and shows the
minimal and maximal radii found in each direction for a selection of three pyramids.
Importantly, all tip radii found were in the range 8 nm to 20 nm, which on the one
hand demonstrates the remarkable sharpness of theses tips and on the other hand
suggests that the values determined here are not masked by the radius of the AFM
tip employed for imaging.

5.4. Summary and Outlook

With our work, we have shown the potential of diamond pyramids created by CVD
overgrowth of diamond nanopillars as an attractive avenue for future all-diamond
scanning probe quantum sensors. We demonstrated a scalable process that yields
sharp diamond pyramids forming highly attractive, robust tips for high-resolution
AFM in general and nanoscale quantum sensing in particular. In the latter case, the
sharpness of the tip would ensure close proximity of a color-center quantum sensor
placed at the apex of the pyramid to a sample of interest. An improvement over
existing approaches [17], which could promote spatial resolution in such imaging to
the sub-10nm range. Furthermore, we demonstrated that the pyramids are effective
photonic nanostructures, which yield high-efficiency fluorescence collection, on par
with currently available nanoscale quantum sensing technologies [17, 145]. The high
collection efficiency, combined with the possibility to tailor the overgrown diamond
material to the needs of the application, make this approach an attractive and versa-
tile method. Such enhancement overgrowth includes native diamond surfaces with
isotropically purified SCD, supporting long spin coherence times for near-surface
color center spins [146], or phosphor doped SCD for a higher NV~ yield obtained by
specific Fermi level engineering to stabilize charge states not naturally occurring in
diamond [48].

Our hopes of increased coherence times of NV spins in overgrown diamond could
not be proven due to the high background fluorescence obstructing the necessary
measurements. Along these lines the purity of the overgrown diamond is a point that
should to be optimized together with two key steps that still need to be addressed
in order to employ such diamond pyramids for scanning probe quantum sensing
experiments: The overgrowth method demonstrated here has to be combined with
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scanning probe fabrication, and individual color centers need to be controllably cre-
ated at the pyramid apex. The first requirement can easily be met since scanning
probe fabrication procedures are readily applicable to the diamond pyramids real-
ized here. Color-center creation at the pyramid apex appears more challenging but
could be achieved by ion implantation with nanoscale resolution, either by nano-
implantation through AFM tips [147] or through focused-ion beam implantation of
color centers [148].






6. Summary and outlook

Color center-based sensing is a field with a bright future in fundamental research
and commercial applications. The fabricated structures in the semiconductor indus-
try become smaller, more fragile, and the resulting devices less power consuming.
These developments open up the need for highly sensitive, non-intrusive methods
for quality control and process optimization. For such tasks and when it comes to
developing new devices based on novel scientific concepts, the NV is a handy mea-
surement tool. All these applications profit from optimizing the diamond surface, as
this directly translates into an increase in sensitivity and spatial resolution. Spatial
resolution benefits because the ideal surface stabilizes the charge state, relevant for
sensing even if the color center is incorporated only 1-2nm below the diamond sur-
face to reduce the sensor-to-sample distance. The resulting increase in sensitivity
would be twofold first due to the smaller sensor-to-sample distance and second due
to an increase in coherence time.

6.1. Summary

We start this thesis by drawing the bigger picture and giving an idea of the endless
potential of color centers for future applications in the different fields of quantum
technologies. Next, we introduce the approach of color center-based sensing in com-
bination with atomic force microscopy.

We give the reader an introduction to the material properties of diamond and
introduce the two most promising color centers for quantum sensing - the SiV and
NV center. Then we give an impression, how color center-based measurements are
implemented and show a state of the art quantum sensor based on the NV center.

In the next chapter, we focus on the state of the art, the oxygen terminated di-
amond with shallow implanted NV centers. We give an overview of the theoretical
and experimental work done by other groups and discuss different treatment pro-
tocols for oxygen surface termination and removal of damaged diamond layers. We
introduce two methods, namely XPS and NV-based sensing protocols, to evaluate
different surface terminations and discuss their advantages and limitations conduct-
ing a series of measurements on plasma-treated diamond surfaces. We find a prob-
able source of decoherence, suggest further experiments to confirm our notion, and
identify the most promising protocols to reduce the plasma introduced spin noise.

The following chapter discusses the hydrogen surface termination of diamond and
different charge states of the SiV and NV centers. We first introduce the concepts
of energy bands, band bending, and Fermi level for the intrinsic and nitrogen-doped
diamond and then discuss the impact on color centers present in the diamond lat-
tice. We successfully established a hydrogen termination protocol and confirmed its
performance and reversibility by XPS and NV fluorescence measurements. We pro-
pose hydrogen termination as a potential new approach to stabilize shallow neutral
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SiV centers and conduct the first series of tests at room and cryogenic temperatures.
Further, we discuss the potential of hydrogen termination as the starting point of
other chemical functionalizations and present a new idea combining thermal surface
treatments with laser writing. Finally, we conduct KPFM measurements on hydro-
gen and oxygen terminated diamond with and without water present to investigate
the diamond surface further.

After discussing different possibilities to modify the diamond surface, we concen-
trate, in the fifth chapter, on the optimization of the scanning probe geometry. We
present a new technique based on the bottom-up overgrowth of a top-down fab-
ricated template. We characterize the resulting geometry by AFM and SEM and
find a pyramidal structure with smooth facets and a sharp tip with a radius on the
order of 10nm. We study the photonic properties of the structures by measuring the
emission profile of incorporated color centers and conducting a series of numerical
simulations. We find excellent collection efficiencies from the color centers situated
close to the pyramid apex.

6.2. QOutlook

In our work, we presented several different ways to overcome material limitations
to quantum sensing imposed by the diamond surface. To conclude, we will present
suggestions concerning the next steps for the surface and sensor geometry optimiza-
tion for NV-based sensing and propose possible future experiments for the neutral
SiV center.

In order to be able to present new and better surface terminations to stabilize
near-surface NV centers, we first need to implement the best-known termination,
as reference for different terminations. From our literature research and personal
experience, we consider the annealing in dry oxygen atmosphere followed by a clean
with piranha the best currently investigated termination. In parallel, we suggest
investigating the reduction of oxygen terminated diamond by borane as it has been
reported to perform very well for nanodiamonds [83]. An alternative approach to the
borane reduction could be the annealing in water vapor, which has been reported
to result in a -OH termination as well [149].

In parallel to the surface optimization, we want to continue the integration of
the diamond nano pyramids into our standard sample fabrication routine. Can-
tilevers with such tips would yield higher topographical resolutions, better control
over sensor-to-sample distance, and less sensibility to small tilts during the sample
mounting. The controlled implantation into the pyramid apex needs to be imple-
mented. Further, the diamond overgrowth parameters need to be adjusted to reduce
Si atoms incorporation during overgrowth in order to be able to study the coher-
ence properties of the NV centers in overgrown diamond. A reduced background
signal would allow confirming the expected enhanced performance of shallow NV
centers implanted into native diamond compared to shallow NV centers in diamond
nanostructures fabricated using plasma-based etch protocols.

For the neutral SiV, the next important step is to verify its existence by measuring
its spectral signature. If the current experiments do not prove fruitful, more shallow
centers could be a possibility to increase the band bending effect and favor the
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neutral charge state even more. Also, a study of the negative charged NV could lead
to further insights concerning possible line shifts the neutral SiV could experience.
We believe the understanding of the behavior of the charge state at low temperature
to be a key to the next phase of color center-based sensing.

The ideal ultimate structure for nanoscale quantum sensing with single NV cen-
ters might consist of a combination of pyramid-shaped tips with optimized surface
termination to stabilize shallow NV center spins. This thesis has laid the ground-
work for these developments, which may lead to further performance enhancements
of this promising new nanoscale imaging and sensing technology.






A. Appendix

A.1. Hydrogen termination protocol

Detailed instructions to conduct the hydrogen-termination of diamond samples uti-
lizing a quartz tube furnace. This description is intended to serve as a guide for
future group members.

© |
(]
AALBORG’

COMMAND MODULE

Figure A.1.: (a) sample on glass carrier (b) storage place of glass carrier (c) Argon
mass flow control (d) water trap (e) control unit of the oven; green button to turn
oven on; orange to turn on heating (f) mass flow control for the hydrogen gas

1. prepare the sample by acid cleaning it and removing it from the silicon sub-
strate

2. reserve oven on the whiteboard (on the wall to the left of the oven)
3. put on gloves

4. change to the glass tube specifically reserved for diamond H-termination (if
not in the oven, it should be in the rack below the table). This is the tube
which has holes in the heat shields and no metal cuff

5. connect the tube to the gas line and the water trap

6. open the tube, put the sample on glass carrier, insert the carrier into the tube
and push it to the middle of the glass tube using a bent wire, insert heat shield
and close tube
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7.

8.

10.
11.

12.
13.
14.

15.
16.
17.

18.

19.

20.

flush the tube for 10 min with Argon:
a) open Argon bottle

b) open the valve between the gas bottle and the mass flow control and the
valve on the gas tube to the oven .

c¢) open the Argon mass flow control (channel 3 — press next — press open)

while Argon flushing

a) for safety reasons open window (small window in the corner to the top
right of the gas bottles) and turn off the air conditioning (red knob on
the wall to the right of the gas bottles)

b) check the connections to the hydrogen generator and make sure nothing
has changed, and no valve is open

¢) turn generator on (switch on the backside and start button on the front).
If there is an error message, do not worry, it happens frequently. Just
restart (repress button on the front), if the error remains, refill water
(user manual). If the error is still not gone contact Daniel Sacker

d) turn oven on and control the temperature set (lower number on display),
if the temperature is not set to 750° C use up and down arrows to set the
temperature

press open on the generator to start hydrogen flow
open valve before and after hydrogen mass flow control

set mass flow control to 40sccm, and press ok. If gas is flowing, a small blue
lamp will blink at the side of the mass flow control unit.

stop Argon flow and start oven (flip orange switch)
it takes approximately 30 minutes until the oven reaches temperature

when the oven is on temperature, make sure that the water trap still bubbles
(indicating an overpressure inside the tube) if that is not the case immediately
add some Argon flow, and make sure the hydrogen generator runs properly

anneal sample for 6 hours
to cool down, start the Argon again and stop the oven

at a temperature of 600° C open the lid of the oven, be careful not to burn
yourself

at a temperature of 200° C stop hydrogen flow (close both valves, stop the gas
flow and press close on the generator)

turn off Argon and take the sample out when the temperature is below 100° C.
(open the tube and fish the carrier out using a bent wire)

turn off hydrogen generator, close the window and turn the air conditioning
back on
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Figure A.2.: Output of SRIM calculations for the implantation parameter (a, b) Si
ions, 25keV, 7° and (c, d) Si ions, 80keV, 7°. A total of 10000 ions were simulated
for both parameter sets.

A.2. SRIM

Srim simulations are typically used to estimate the implantation depth [150]. Here
two different sets of Si ion implantation parameters are simulated. The left panels
(Fig. A.2(a and (c)) show the expected ion distribution and the left (Fig. A.2(b) and
(d)) panels the created vacancies. The following parameters were used to model the
diamond substrate: lattice binding energy 1.5eV, surface binding energy 4.5eV and
displacement energy 45eV [130-132]. The extracted ion ranges are 1946 nm for the
25keV and 55+14nm for the 80 keV implantation.
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