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Abstract
Diamond is a unique material with outstanding properties and the perfect host for
different crystal defects in its lattice, so-called color centers, which provide exceptional spin properties, rendering them a promising platform for the development
of novel devices and components in quantum information technologies (QIT) and
quantum sensing applications. To overcome diamond’s high internal reflection due
to its high refractive index, color centers need to be incorporated in photonic diamond structures, leading to enhanced photon collection efficiencies and therefore
better performances of the final devices. In addition, the incorporation of NV centers in diamond AFM tips allows for the realization of scanning probes as magnetic
sensors in nanoscale magnetometry.
The focus of this thesis was on the fabrication and optimization of different photonic diamond nanostructures, such as suspended waveguides and nanopillars for
the integration of NV and SiV centers, as well as AFM tips for the incorporation
of NV centers within their apices. In this regard, different fabrication parameters
during electron beam lithography and reactive ion etching and their impact on the
final quality of the nanostructures have been investigated. SiV centers have been
generated in situ during diamond growth in nanopillars, while NV centers were created at nanotips by vacancy-induced He ion implantation into nitrogen-rich type Ib
diamond and subsequent annealing.
The thesis starts with a short introduction, highlighting the importance of the current research. The second chapter covers the theoretical background, which provides an adequate understanding of the fundamental diamond properties, diamond
growth, color centers and the application of diamond nanostructures. The experimental procedures, systems and materials are introduced in chapter 3. The following
chapter 4 presents the main results in regard to the development of fabrication processes for diamond waveguides, nanopillar arrays and AFM tips. The presence of incorporated color centers within the fabricated diamond nanostructures are discussed
on the basis of optical measurements (fluorescence mapping and photoluminescence)
in chapter 5. Finally, the thesis concludes with a summary and an outlook, including
possibilities for future work.
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Zusammenfassung
Diamant ist ein einzigartiges Material mit außergewöhnlichen Eigenschaften und
die perfekte Host-Matrix für verschiedene Gitterdefekte, sogenannte Farbzentren,
welche bemerkenswerte Spineigenschaften bieten, die als vielversprechende Plattform für die Entwicklung von neuartigen Bauelementen und Komponenten in der
Quanteninformationstechnologie und in Anwendungen der Magnetometrie gehandelt wird. Um die hohe interne Reflektion des Diamanten zu überwinden, die aus
dem hohen Brechungsindex resultiert, müssen diese Farbzentren in photonische Diamantstrukturen integriert werden. Dadurch wird nicht nur die Photonensammeleffizienz verbessert, sondern auch die Performance des resultierenden Bauelementes.
Zusätzlich ermöglicht die Eingliederung von NV Zentren in Rasterkraftmikroskopspitzen die Realisierung von magnetisch-sensitiven Messsonden, die für Magnetometrie im Nanomaßstab geeignet sind.
Die vorliegende Dissertation konzentriert sich auf die Herstellung und die Optimierung von verschiedenen photonischen Diamantstrukturen, wie hängende Wellenleiter und Nanosäulen für die Implementierung von NV und SiV Zentren, sowie
AFM Spitzen für den Einbau von oberflächennahen NV Zentren. Diesbezüglich wurden verschiedene Herstellungsparameter in der Elektronenstrahllithographie sowie
in plasmaunterstützten Trockenätzverfahren und der Einfluss auf die resultierende
Qualität der Nanostrukturen untersucht. Der Einbau von SiV Zentren innerhalb der
Säulen erfolgte in situ während des Diamantwachstums, wohingegen NV Zentren in
den Nanospitzen durch die Implantation von Heliumionen in einen stickstoffreichen
Typ Ib Diamanten mit der einhergehenden Entstehung von Fehlstellen und dem
anschließenden Ausheizen erzeugt wurden.
Die Arbeit beginnt mit einer kurzen Einleitung, welche die Bedeutsamkeit der vorliegenden Forschung hervorhebt. Das zweite Kapitel umfasst die theoretischen Hintergründe, um ein adäquates Verständnis von den fundamentalen Eigenschaften
des Diamanten, Diamantwachstum, Farbzentren und Diamantnanostrukturen zu
vermitteln. Die experimentellen Verfahren and Methoden werden in Kapitel 3
vorgestellt. Das folgende Kapitel 4 präsentiert die wesentlichen Ergebnisse im Bezug
auf die Entwicklung von verschiedenen Herstellungsprozessen für hängende Diamantwellenleiter, Nanosäulenfelder und AFM Spitzen. Das Vorhandensein von eingebetteten Farbzentren innerhalb der hergestellten Nanostrukturen wird in Kapitel 5
auf Basis von optischen Messungen (Fluoreszenzmapping und Photolumineszenz)
diskutiert. Zum Schluss folgt eine Zusammenfassung mit einem Ausblick auf weitere Möglichkeiten für zukünftige Arbeiten.
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1

Introduction

Beside its natural appeal as a gemstone, diamond is a unique material with fascinating properties, which have attracted an ever-increasing research interest in recent
years. While most of the commercial applications of diamond are closely related to
its well-known and various extreme physical properties, e.g. mechanical hardness for
cutting tools, thermal conductivity for heat spreaders, broad optical transparency
for optical windows [1], recent developments have proven great potential of specific
defect centers in diamond, so-called color centers, for a wide range of novel applications in quantum technologies. Among them, the nitrogen-vacancy (NV) and
silicon-vacancy (SiV) centers feature highly promising properties even under ambient conditions and demonstrated single photon emission, which is the fundamental
constituent of quantum information processing. Single quanta of light can be used
to encode and transmit information, ensuring a secure information exchange based
on the laws of quantum mechanics (quantum cryptography) [2]. In a world, where
virtually all information is exchanged digitally and espionage is the order of the day,
quantum cryptography based on color centers in diamond, could provide a tremendous security improvement of data transfer.
Moreover, the negatively charged NV center provides a coherent electron spin systems, which can be used as long lived spin quantum bits (qubits) for storing quantum
information. Such a “non-classical” quantum mechanical system could be used as
a building block for quantum computers which could potentially exceed classical
computing power [2].
In addition, this point defect provides a highly promising platform as magnetic
sensor. Since it can be considered as an optically active “artificial atom” with subnanometer size, in principle spatial resolutions on a nanoscale are possible, combined
with high sensitivities to magnetic and electric fields due to long spin coherence
times. Furthermore, the NV center features unique magneto-optical properties,
i.e. high photostability and spin-dependent fluorescence intensity for an efficient
optical spin initialization and readout, which can be reliably manipulated using microwave fields, suitable for nanoscale magnetometry under ambient conditions [3]. In
this regard, the critical element is the incorporation of single NV centers at the apex
of an AFM tip. To harness the full potential of NV centers not only for applications
in magnetometry [3], but also in quantum information technologies, it is crucial
1
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to integrate the defect centers in photonic diamond structures [2]. Nanophotonic
devices like waveguides and nanopillars can significantly increase the fluorescence
collection efficiency of embedded color centers and in addition photonic crystal cavities can be used to engineer their photonic properties, like emission bandwidth and
lifetime. For the use of color centers in diamond as single photon sources, the photon
collection efficiency is of critical importance, limiting the performance of the source.
Moreover, reducing the lifetime of a color center via cavity coupling results in higher
single photon emission rates and thus higher bit rates [2].
Since not only the structuring of diamond, but also the precise creation of color centers within the nanophotonic devices is non-trivial and technologically challenging,
sophisticated fabrication processes are necessary to realize such diamond nanostructures [2].
In this context, the focus of this thesis was the fabrication and optimization of different photonic diamond nanostructures for the integration of NV and SiV centers,
paving the way for the development of novel devices and components in quantum
information technologies and nanoscale magnetic sensing. Therefore, nanocrystalline
diamond (NCD) films and single crystal diamond (SCD) have been used as starting
materials to structure suspended waveguides, nanopillar arrays and AFM tips. All
nanostructures have been fabricated by conventional top-down procedures, which
rely on electron beam lithography (EBL) and reactive ion etching (RIE). Different parameters in EBL, including proximity corrections and exposure dose variations, and different RIE recipes have been investigated to achieve well-developed
nanostructures. An additional bottom-up approach has been utilized for the creation of NCD AFM tips. This method was based on the templated overgrowth of a
pre-patterned silicon substrate, which was achieved via standard photolithography,
anisotropic wet etching of silicon in potassium hydroxide and diamond growth in
a hot filament chemical vapor deposition (HFCVD) system. Different methods for
the incorporation of SiV and NV color centers within those diamond nanostructures
have been shown and future possibilities for their creation will be discussed.
All experiments of this thesis were directed to the funding project “Quantum coins
and nano sensors” from the Volkswagen Foundation.
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Fundamentals

In this chapter the most relevant fundamentals of diamond will be presented from a
scientific viewpoint in order to provide an adequate understanding of the background
of the current thesis. First, general properties of diamond will be summarized,
followed by its growing mechanism. Afterwards, the most prominent luminescent
diamond lattice defects, so-called color centers, will be introduced with a special
emphasis on the nitrogen-vacancy (NV) and silicon-vacancy (SiV) center. At the
end, different diamond nanostructures and their role as host matrix for color centers
will be discussed.

2.1

General properties of diamond

Diamond is an allotrope of carbon, which is the sixth element of the periodic table. Together with other allotropic modifications like graphite, graphene, carbon
nanotubes or fullerenes, carbon features a great variety of materials. Due to their
different structural compositions, their chemical and physical properties can fundamentally differ from each other. The difference between diamond and graphite is
one of the most prominent comparisons [4]. Figure 2.1 shows a simplified carbon
phase diagram including the phase transitions between diamond and graphite [5].

Pressure [GPa]

diamond

liquid

graphite
gaseous

Temperature [1000 K]

© 2000, WILEY-VCH Verlag GmbH)

Figure 2.1: Phase diagram of carbon. (Reprinted with permission from [5],
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As indicated by the carbon phase diagram (Fig. 2.1), graphite is the stable carbon
modification at standard conditions. The Gibbs free energy for the transition of diamond to graphite is negative (−2.9 kJ/mol at standard conditions [6]), which should
induce a spontaneous conversion of diamond into the thermodynamically more stable modification – graphite. However, this phase transition is kinetically inhibited
by a large activation barrier at room temperature and pressure, thus making diamond a metastable allotrope of carbon [6].
Carbon possesses two inner shell electrons and four valence electrons according to
its electronic ground state 1s 2 , 2s 2 , 2p 2 , as shown in Figure 2.2. The electron configuration in diamond exhibits four degenerate sp 3 hybrid orbitals, which are formed
by overlapping of the wave functions from the 2s and 2p orbitals [4].

E

sp3
2px 2py 2pz
2s2
hybridization

Figure 2.2: Atomic orbital diagram of carbon’s four valence electron configuration (2s 2 , 2p 2 ) and its hybridization into four degenerate sp 3 hybrid
orbitals. (Adapted from [4])
The diamond lattice consists of sp 3 hybridized carbon atoms with four direct neighbors in a tetrahedral lattice arrangement. It can be described as two interpenetrating
face-centered cubic (fcc) sublattices shifted from each other by one fourth of the diagonal cube length. Thus, the first sublattice has its origin in (0, 0, 0) and the
second one in ( 41 , 14 , 41 ) with a lattice constant a of 356.7 pm [4]. The unit cell of the
diamond lattice is schematically shown in Figure 2.3.
Beside the diamond lattice structure, the relatively strong and short covalent C–C
bonds contribute to diamond’s exceptional physical and chemical properties. Each
covalent diamond bond has a binding energy of 3.7 eV and a length of 154 pm [7]
with a 109.5 angle between the bonds [4]. In addition, diamond has one of the highest atomic densities of any solid (1.77 · 1023 cm−3 in equal measure 177 nm−3 [8]). As
a result, all these properties are responsible for diamond’s extreme hardness, which
is defined as 10 on Mohs scale of mineral hardness. Hence, diamond is the hardest
natural material, although nowadays several synthetic materials have been shown
with a higher hardness than diamond (e.g. fullerene polymers fabricated under high

°
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Figure 2.3: Unit cell of the diamond lattice. (Reprinted with permission
from [4],
2007,
B.G. Teubner Verlag / GWV Fachverlage GmbH)
pressure [4]). In addition to its extreme hardness, diamond offers a whole series of
unique properties, which also originate from its crystal structure. It has the highest
thermal conductivity of all naturally occurring materials, surpassing that of copper
fivefold, while at the same time its thermal expansion coefficient at room temperature is relatively low [4]. A selection of diamond’s unique properties is highlighted
in Table 2.1.
On top of diamond’s physical properties, it is also chemically extremely inert. It
reacts only with very aggressive reagents under harsh conditions, e.g. molten rareearth elements like cerium or lanthanum at 920 ◦C in an argon gas atmosphere [9] or
with metal films of Fe, Ni or Pt at 850 – 950 ◦C in a hydrogen atmosphere [10]. Nevertheless, diamond offers a broad surface chemistry, making it a promising platform
for many applications: The hydrogen-terminated surface of diamond can be photoTable 2.1: A selection of diamond’s outstanding properties [4, 8].
Hardest natural material (10 on Mohs scale)
Highest thermal conductivity at RT (20 W/cmK)
Extremely high bulk modulus (5 · 1011 N/m2 )
High sound propagation velocity (2 km/s)
High breakdown field (107 V/cm)
Extremely low thermal expansion coefficient (10−6 K−1 )
Electrical insulator (high resistivity around 1014 – 1016 Ω cm)
Wide band gap (5.47 eV), becoming a semiconductor upon doping (e.g. a boron content of >1020 cm−3 for p-type doping)
High refractive index (nλ(644 nm) = 2.41; nλ(230 nm) = 2.7)
Extremely high chemical inertness
5
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chemically functionalized with terminal alkenes. This approach can be applied for a
great variety of chemical compounds. For example, boron-doped diamond electrodes
can be photochemically functionalized with vinylferrocene for electrochemical applications [11]. Due to diamond’s biocompability entire biomolecules can be immobilized at its surfaces, showing full functionality and activity. Therefore, the diamond
surface is first photochemically functionalized with crosslinker molecules, which provide a suitable moiety for further coupling of biomolecules. In this way, diamond
films have been functionalized with proteins [12], antibodies [13] and DNA [14] for
biosensor applications. Beside photochemical functionalization, standard chemical
synthesis can be applied to modify the surface. Therefore, silane linker molecules
can be grafted onto the surface of hydroxy-terminated nanodiamonds. Subsequently,
the linkers can be coupled to small peptides, making it a potential candidate in drug
delivery systems or fluorescence marker applications [15]. Nanocrystalline diamond
films can also be directly functionalized with phthalocyanines for the application
in photoelectrochemical cells [16]. The surface termination, which is necessary for
certain coupling reactions, can be modified. An oxygen-containing surface termination, featuring different functional groups like hydroxy, carbonyl and ether, can
be achieved by UV irradiation [17], UV/ozone treatment [18] or oxygen plasma
treatment [16]. Other surface modifications can be also accomplished by plasma
treatment, for example F-termination with fluorine-containing gases like CHF3 or
SF6 [19] and ammonia plasma for NH2 -termination [20]. The surface termination
of diamond films is not only used for functionalization, but also for guided cell attachment and growth after its patterning, which can play an important role for
biomedical and biotechnological applications [18].
Nanodiamonds and diamond films represent a special form of carbon’s cubic crystalline form, which may contain a fraction of non-crystalline or amorphous carbon.
These materials are generally composed of less than 5 % non-diamond carbon [21].
Diamond films are classified by their crystallite sizes, which are in the range of
2 – 5 nm for ultrananocrystalline diamond (UNCD) and sp 2 -bonded carbon grain
boundaries. On the other hand, grain sizes of nanocrystalline diamond (NCD) films
depend on the film thickness and are usually in the range of several hundreds of
nanometer at the film surface. Diamond films can offer very similar properties to
those of single crystal diamond (SCD), especially NCD films of high quality [21].
Since the term “diamond” is usually referred to SCD and its unique properties in the
scientific community, it is important to mention the use of other forms of diamond
materials.
Defect-free diamond is an excellent electrical insulator with a high resistivity around
6
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1015 Ω cm [4]. Due to its wide band gap of 5.47 eV at room temperature, it is virtually impossible to generate charge carriers via thermal excitation. Even at high
temperatures of 700 K, the band gap is still in the range of 5.34 eV [4]. However,
pure diamond exhibits high charge carrier mobilities at room temperature (electron
mobility: 1800 cm2 V−1 sec−1 ; hole mobility: 1500 cm2 V−1 sec−1 ) [8]. Despite the
fact that no charge carriers are present in bulk diamond, a high concentration of
holes (∼1013 cm−3 ) can be found at a hydrogen-terminated diamond surface at room
temperature, inducing a highly conductive p-type semiconducting surface layer [22].
The surface conductivity is in the range of 10−4 – 10−5 Ω−1 at room temperature,
which can be removed by dehydrogenation or oxidation of the surface [23]. However, the hydrogen-termination is only a necessary but not sufficient prerequisite for
the high p-type surface conductivity. The exposure to air is also essential, leading
to the formation of a mildly acidic water layer physisorbed at the surface. This
redox environment provides an electron sink, inducing the hole accumulation layer
at the diamond surface [23]. In general, NCD films exhibit a pronounced conductivity, which stems from the sp 2 grain boundary material. Thus electronic levels
are introduced within the band gap of the diamond, inducing a so-called “hopping
conductivity” [4].
Diamond’s electrical properties can be modified, becoming a p- or n-type semiconductor upon doping with boron or phosphorus, respectively [24]. Boron introduces
an acceptor level of ca. 0.35 eV above the valence band [25] and phosphorus provides donor levels of 0.46 eV below the conduction band [24]. Upon heavy borondoping (1021 cm−3 ), metal-like behavior can be achieved at room temperature [26].
Even superconductivity has been demonstrated for heavily boron-doped diamond
(>2 · 1021 cm−3 ) at low temperatures (<4 K) [27]. This modulation of diamond’s
electronic properties makes it a promising platform as electrode material e.g. for
electrochemical disinfection of water [28].
The optical properties of intrinsic diamond include a wide transmittance range from
the near UV to the far infrared, as illustrated by the schematic absorption spectrum
in Fig. 2.4. Diamond is one of the most prominent transparent solid materials with
a featureless and weak absorption in the visible region. Due to its purely covalent
bonds, no dipole moments are present in pure diamond and thus no intense infrared
absorption (the so-called “Reststrahlen band”) can be observed [29]. However, a
weak intrinsic absorption between 2.5 and 6.7 µm can be attributed to two- and
three-phonon combination bands [30]. The UV absorption edge correlates to the
wide and indirect band gap of ca. 5.47 eV (≈226 nm) at room temperature [29]. For
all wavelengths greater than 230 nm, the transmission is above 60 % (including re7
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Figure 2.4: Schematic absorption spectrum of intrinsic diamond.
(Reprinted with permission from [29],
1993, Elsevier Science Publishers B.V.)

flectivity losses) and apart from the phonon absorption bands in the infrared region,
the transmission is close to 70 % for wavelengths greater than 400 nm. Consequently,
diamond is an attractive material for optical windows. On the other hand, impurity
atoms like nitrogen or boron introduce additional absorption bands, which are also
responsible for the characteristic blue (boron) and yellow (nitrogen) coloration of
diamonds [29]. Additionally in polycrystalline diamond (PCD) films, a rough surface and the presence of non-diamond carbon, like graphitic defects incorporated in
the crystal lattice, and the sp 2 content of grain boundary material, lead to severe
transparency losses via light scattering and absorption [31]. However, it has been
shown that some of these problems can be overcome in the production of “white
diamond” films [32].
Due to diamond’s crystal structure, a sharp first-order Raman line at 1332 cm−1
is a characteristic feature of the diamond lattice. It is based on the vibration of
the two interpenetrating fcc sublattices against each other [35]. Therefore, Raman
spectroscopy is a fundamental tool to characterize the quality of diamond and of
diamond films [33]. An exemplary Raman spectrum of a natural SCD is shown in
Figure 2.5a. The diamond line (1332 cm−1 ) is a reliable indicator against a background of various non-diamond carbon like graphitic carbon or sp 2 grain boundary
material. Small shifts of the diamond line can occur due to stress in a diamond
film [33]. The Raman spectrum of a PCD film (Fig. 2.5b) shows additional peaks
and bands in a range of 1100 – 1600 cm−1 . Most of them are correlated to nondiamond carbon like the band around 1140 cm−1 , which is usually found in NCD
8
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(a)

General properties of diamond

(b)

Figure 2.5: Raman spectra of a natural SCD (a) and of a PCD film (b),
showing the fundamental diamond line at 1332 cm−1 . ([a] reprinted with
permission from [33],
1989, Materials Research Society; [b] reprinted
with permission from [34],
2013, Springer Nature)
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films. This band can be attributed to trans-polyacetylene at the grain boundaries
in the films [36], which shows an additional band around 1430 – 1470 cm−1 [37].
A weak signal at 1350 cm−1 (D band) and the band around 1520 – 1580 cm−1 (G
band) are correlated to sp 2 amorphous carbon [38]. Raman spectroscopy is very
sensitive to graphitic impurities in diamond films, since the Raman efficiency (scattering cross-section) is much higher for sp 2 than for sp 3 carbon [39]. In addition, the
Raman efficiency is also strongly dependent on the used excitation wavelength [40].
As indicated in Table 2.1, diamond exhibits a high refractive index, which depends
also on the wavelength. An overview of the refractive index is shown in Figure 2.6
for a broad wavelength range from 250 to 1650 nm. Its value decreases starting from
the UV region of ca. 2.66 at 240 nm to ca. 2.42 in the visible region [41]. This strong

Figure 2.6: Refractive index of a single-crystal CVD diamond as a function
of the wavelength, measured by ellipsometry. (Reprinted with permission
from [41],
2017, The Optical Society)
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dispersion contributes to diamond’s exceptional brilliance, leading to the prominent
play of colors when cut as a gemstone [4]. Additionally, due to diamond’s high
refractive index the critical angle for total internal reflection at a diamond–air interface is exceptionally small (24.6 ). Thus, light entering diamond is more likely
to be totally internally reflected without any intensity losses, which usually occurs
several times, before exiting the diamond in another direction [42]. While this effect
contributes also to diamond’s prominent brilliance, it has a detrimental impact on
the photon collection efficiency of the light emitted from color centers within the
bulk diamond. Since this topic introduces one of the main challenges behind the
work of the current thesis, it will be discussed in detail later.

°
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Due to its wide range of exceptional properties, diamond has sometimes been envisioned as “ultimate engineering material”. However, the practical use of diamond
proved to be very difficult, due to the cost and scarcity of large natural diamonds.
Many attempts were made to create artificially diamond from another common
carbon source – graphite. Since graphite is the thermodynamically more stable
modification of carbon at room temperature and pressure, as discussed earlier, conversion of graphite into diamond proved to be extremely difficult [1]. Therefore,
researchers have tried to recreate the natural conditions where diamond is the more
stable allotrope (Fig. 2.7), i.e. heating carbon under extreme pressure. According to
this method, the first synthetic diamonds were successively demonstrated by Bundy
et al. in the research laboratory General Electric Company in 1955 [43].
Consequently, this technique was termed high pressure, high temperature (HPHT)
growth of diamond. However, the diamond crystals produced by the HPHT method
varied in sizes ranging from nanometers to millimeters, which limited their practical use primarily for industrial processes, exploiting their mechanical properties like
hardness and wear resistance [1]. Further applications became accessible with the
development of the chemical vapor deposition (CVD) technique by Eversole et al.
from Union Carbide in 1962 [44] and experiments by Derjaguin et al. in 1968 [45].
A great advantage of this method was the reduction of equipment and energy cost
by growing diamond homoepitaxially on natural diamond substrates by thermal decomposition of carbon-containing gases under reduced pressure and moderately high
temperatures up to 900 ◦C compared to the HPHT method [1]. In these early experiments, the growth rates of diamond were rather low and accompanied by undesired
co-deposition of graphite impurities. Nevertheless, this obstacle has been overcome
by preferential etching of graphite rather than diamond due to the introduction
10
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Figure 2.7: Phase diagram of carbon with indicated regions of HPHT
and CVD growth of diamond, as well as the natural formation region.
(Reprinted with permission from [48],
2009, IOP Publishing Ltd)
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of atomic hydrogen during the deposition process [46]. Later on, it has also been
shown that diamond could be grown on non-diamond substrates [47]. Combining all
these findings, the breakthrough of diamond CVD was advanced by Matsumoto et
al. in 1982, demonstrating high quality diamond films, which were grown in a “hot
filament” (HF)CVD reactor on non-diamond substrates (including silicon wafers)
at reasonable growth rates (∼1 µm h−1 ) [49]. This sequence of progress towards the
artificial synthesis of diamond promoted an increased worldwide interest in diamond
CVD, in both the scientific community and industry [1]. The different regions of
growth conditions for CVD and HPHT synthesis as well as the natural genesis are
illustrated in the carbon phase diagram in Figure 2.7.

2.2.1

Growth mechanism

The growth of diamond by CVD has been largely studied since the early 1980s. This
technique in general involves the decomposition of carbon-containing gas precursors
under reduced pressure leading to the deposition of carbon atoms on a solid substrate [50]. In the case of natural or synthetic diamond substrates, the growth is
termed homoepitaxial or single crystalline and in the case of non-diamond substrates
heteroepitaxial. Since diamond does not grow spontaneously on foreign substrates,
usually an extra nucleation step is required. This step introduces the necessary
nucleation seeds on a non-diamond surface that grow three-dimensionally until the
nuclei coalesce, forming a continuous polycrystalline film [50]. The average grain size
of the film depends on the growth duration and increases with increasing film thickness, since the growth of diamond can be attributed to the van der Drift model [51].
Depending on the average grain size, the resulting films are distinguished as poly-,
nano- or ultrananocrystalline diamond films and their macroscopic properties de11
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Figure 2.8: Schematic overview of the processes occurring during diamond
CVD. (Reprinted with permission from [50],
2010, IOP Publishing Ltd)
pend on parameters like the grain size or the ratio of sp 3 - and non-sp 3 -bonded
carbon atoms [50].
Several different CVD methods have been developed for the deposition of diamond,
which include, but are not limited to, hot filament CVD (HFCVD) [52], microwave
plasma CVD (MWCVD) [53], dc plasma CVD [54] and dc arc plasma jet CVD [55].
While all techniques have their different process details, they share a number of
common features [50]:
(i) The dissociation of carbon-containing precursor molecules plays a fundamental
role producing the molecular building blocks (e.g. CH3 • ) that are incorporated
in the diamond lattice [1]. This is achieved by mixing the reactant gases in
the chamber, where the gas molecules pass an activation region (e.g. hot
filaments, electric discharge, microwave plasma, dc plasma arc jet, etc.) which
leads to the dissociation of the gas molecules into reactive species like radicals
and atoms. After this activation of the reactants, they continue to mix and
undergo chemicals reactions until they reach the substrate surface, where they
can either adsorb and react with the surface, desorb back into the gas phase
or diffuse on the substrate surface until an appropriate reaction site is found.
These surface reactions can lead to formation of diamond, if all conditions are
suitable [1]. A general flowchart of the explained processes, which can occur
during diamond CVD, is illustrated in Figure 2.8.
12
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(ii) Most likely of the same importance is the presence of atomic hydrogen, which
plays a crucial role in several chemical reactions [1]. It is formed by dissociation of H2 in the activation region and consequently serves as reactant for
the creation of reactive radicals, such as CH3 • , from neutral species like CH4
(Fig. 2.8). In the growth process, atomic hydrogen selectively etches graphitic
sp 2 carbon, which is also co-deposited during typical CVD processes, much
faster than diamond-like sp 3 carbon. Thus, any graphitic clusters are etched
back to the gas phase, leaving a net result with a slow build-up of the diamond
lattice. Additionally, atomic hydrogen reacts with other hydrocarbon species
preventing the agglomeration of long-chained polymers, which might deposit
onto the surface and eventually interfere with the diamond growth. Furthermore, atomic hydrogen is also an important factor in the reconstruction of the
surface termination. While diamond is fully sp 3 bonded in the bulk, so-called
dangling bonds need to be terminated at the diamond surface, keeping the
sp 3 diamond lattice stable. This is achieved by hydrogen atoms, preventing
cross-linkage and subsequent reconstruction of the surface to graphite. Although the diamond surface may be nearly fully saturated with hydrogen, a
complex set of chemical reactions steadily leads to the abstraction of the hydrogen termination by atomic hydrogen. Consequently, the reactive surface
site can react back to its stable hydrogen termination with another nearby
hydrogen atom or occasionally with a CH3 • radical, which leads effectively to
the addition of a carbon atom to the lattice. A similar process can occur to an
adjacent surface site next to the newly added methyl radical, as illustrated in
Figure 2.9. Further H abstraction from one of the added methyl groups leads to
the formation of a radical, which reacts with the other adjacent methyl group
to completely lock the two new carbon atoms into the diamond lattice [1]. A
simplified overview of these processes is shown in Figure 2.9.
(iii) All enhanced CVD methods use moderately high substrate temperatures in the
range of 500 to 1200 ◦C to achieve efficient diamond growth. As shown in the
carbon phase diagram (Fig. 2.7), only a specific range of conditions will lead to
the deposition of diamond, which all CVD methods try to sustain. Outside this
temperature range, graphite or diamond-like-carbon is often deposited [50].
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Figure 2.9: Schematic overview of the reaction processes at the diamond
surface leading to the stepwise incorporation of CH3 • species and the growth
of diamond. (Reprinted with permission from [1],
2000, The Royal Society)

©

2.2.2

Single crystal diamond (SCD)

In general, the most common method to grow single crystal diamond (SCD) is
homoepitaxial CVD on natural or synthetic diamond substrates. However, other
substrates have been demonstrated for heteroepitaxial growth of (001) SCD on thin
epitaxial interlayers of iridium, deposited as nucleation layer on oxide substrates
such as sapphire [56]. Thereby, large-scale heteroepitaxial growth of SCD critically
depends on a suitable lattice-matched substrate. In this regard, the Ir/sapphire
system not only provides a small lattice mismatch parameter (7 % larger than diamond), but also high chemical and physical stability to the typical conditions during
diamond CVD, i.e. the presence of a hydrogen plasma at high temperatures and reduced pressure. Since sapphire substrates are relatively inexpensively available with
large diameters and high crystalline perfection, this approach could be used for heteroepitaxial growth of wafer-scaled (001) SCD [56]. Another multilayer system has
14
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been demonstrated for heteroepitaxial diamond growth on (001) silicon substrates,
which provides a lower thermal expansion mismatch than the mentioned oxide substrates and the possibility to integrate silicon and diamond electronics. The huge
lattice mismatch of −35 % between silicon and diamond is accommodated by a multilayer structure consisting of a 20 nm thin pulsed-laser-deposited yttria-stabilized
zirconia film and a 150 nm thick iridium layer deposited by e-beam evaporation.
This multilayer system acts as buffer layer for the large lattice mismatch in three
smaller steps, showing high thermal stability, lower mosaicity compared to depositions without the buffer layers and high-quality diamond growth on silicon without
delamination issues even for 45 µm thick diamond layers [57].
Homoepitaxial CVD of single crystal diamond is a complex process, which strongly
depends on several factors. The deposition method itself as well as the deposition
parameters like gas mixtures, temperatures and pressures have an impact on the
growth conditions determining whether the film morphology will result in UNCD,
NCD, PCD or SCD [58]. The model for the growth mechanism chemistry by May
et al. [58] shows that the type of the resulting film is simply determined by the
concentration ratio of atomic hydrogen [H] and the sum of all primary hydrocarbon
P
radicals [CHx ] (x < 4) near the growing diamond surface. Thus, all different
P
growth conditions serve to adjust this ratio [H]: [CHx ], and with it, the growth
rate and average diamond crystal size <d > during diamond CVD. A logarithmic
P
plot of <d > as a function of the concentration ratio [H]: [CHx ] (x < 4) close to
the growing CVD diamond surface is shown in the following Figure 2.10 for three
different substrate temperatures Ts [58].

Figure 2.10: Average diamond crystal size <d > as a function of the concentration
ratio of atomic hydrogen and all primary hydrocarbon radicals
P
[H]: [CHx ] (x < 4) near the growing CVD diamond surface for three different substrate temperatures Ts . MCD stands for microcrystalline diamond.
(Reprinted with permission from [58],
2008, American Chemical Society)
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In general, growth conditions for large crystallites and thus SCD require extremely
high concentrations of atomic H close to the growing surface. Consequently, growth
is dominated by the stepwise addition of CH3 • to monoradical surface sites [58].
Another, more accessible, model was described by Wild et al. [59] introducing a
so-called α parameter – a growth parameter which describes the relative growth
rates of the {100} and {111} facets and can be defined as:
α=

V(100) √
· 3
V(111)

(2.1)

whereas V(100) and V(111) describe the growth rates of the different crystal directions.
This α parameter depends on growth conditions such as temperature and methane
concentration, as depicted in Figure 2.11. The various resulting idiomorphic crystal
shapes are also shown for different values of the growth parameter α.

Figure 2.11: Schematic depiction of idiomorphic crystal shapes for different α parameters and its dependence on methane concentration and substrate temperature. The arrows indicate the longest dimension of the crystallites defining the fastest growth direction. (Single images reprinted with
permission from [59],
1994, Elsevier B.V.)

©

The fastest growth direction is defined by the longest crystallite dimension, as indicated by the arrows in Fig. 2.11. Thus, preferential growth of a specific crystal
direction can be achieved, if the growth conditions (Ts and [CH4 ]) result in an α
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parameter close to the desired shape/value . For example, growth along the (100) direction is preferred, if α is close to 3 according to the octahedron in Figure 2.11 [59].
The α parameter can also be used to describe the growth of polycrystalline diamond
films [50].
After homoepitaxial growth of SCD, a lift-off method can be used to remove a thin
and large SCD plate from the diamond substrate. This method requires high energy
ion implantation (4 –5 MeV; C or O ions) for the creation of a well-defined damaged
layer below the diamond surface. Subsequent annealing and selective etching of the
created graphite layer successfully removes thin sheets of SCD. Since this process
could be repeated ad infinitum, it shows great potential for the fabrication of flat
and large-area single crystal diamond sheets [60].

2.2.3

Poly- and nanocrystalline diamond films

As already mentioned, different types of diamond films can be distinguished depending on the average grain size as poly- (also micro-), nano- and ultrananocrystalline
diamond films. UNCD films are a special case, since they do not grow in the standard van der Drift regime (Fig. 2.12) due to a high renucleation rate. This results
in a very fine grain material with crystallite sizes in the range of 3 – 5 nm. The films
show no columnar growth and the grain sizes, and thus the surface roughness, are
independent of the film thickness [61]. In general, UNCD films are characterized by
crystalline grains embedded in a non-diamond carbon matrix, whereas the overall
composition shows a high degree of diamond phase (up to >95 %) and less than 5 %
graphitic or amorphous carbon [62].
Poly- and nanocrystalline diamond films grow in the van der Drift regime (Fig. 2.12),
thus grain size and surface roughness increase with the film thickness. In general,
such films grow with a very high initial nucleation density with little or no renucleation. The grain sizes are in the range of several hundreds of nanometer in the
case of NCD films and above 1 µm in poly- or microcrystalline diamond films [61].
The van der Drift growth model is schematically illustrated for the case of a twodimensional space in Figure 2.12. Assuming infinite surface diffusion, growth starts
from randomly orientated two-dimensional cubic crystals until adjacent nuclei meet
each other after a specific time ∆t. The crystal front (bold line) as well as the intercrystal boundaries (dashed lines) are indicated for further time steps ∆t, showing
how the average grain size increases with film thickness and growth time [51].
An exemplary cross-section of a PCD film is shown in Figure 2.13a, indicating typical columnar growth characteristics of such films. Starting from very small grains at
17
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t=25 Δt

t=5 Δt
t=Δt

Figure 2.12: Schematic illustration of the van der Drift growth model
for randomly orientated cubic crystals in a two-dimensional space. The
crystal front (bold lines) and the intercrystal boundaries (dashed lines) are
constructed for several time steps, indicating the growth mechanism of the
crystals. (Adapted from [51])
the nucleation site, it is clearly visible how the mean grain size increases with film
thickness. Three-dimensional simulations of faceted film growth have shown similar
results, as depicted in Figure 2.13b. Larger crystallites and fewer grain boundaries
are present near the surface, while the grains are elongated in the direction of growth.
In general, smaller grains disappear as the thickness of the film increases, since they
are overgrown by neighboring crystals [63].

a)

b)

Figure 2.13: (a) Cross-sectional SEM image of a 6 µm thick PCD film
grown on Si. (b) Cross-sectional views of simulated faceted film growth
in three dimensions. The three micrographs show columnar growth for
different α parameters (1, 2 and 2.9, from left to right). ([a] reprinted with
permission from [40],
2007, Elsevier Inc. and [b] from [63],
2004, Acta
Materialia Inc. Published by Elsevier Ltd.)
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The α parameter can also be used to determine the microstructure and morphology
of poly- and nanocrystalline diamond films. The film morphology strongly depends
on the orientations of the surviving grains during growth competition. Together
18
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with the ratio of the different crystal growth rates (see eq. 2.1, p. 16), it is possible
to determine the development of a textured film. The composition of the crystal
front is predominated by grains with the fastest growing direction as time proceeds.
For example, an α parameter close to 3 will result in a pronounced textured film,
predominantly showing pyramidal {111} facet structures [63].
Beside homoepitaxial growth, diamond films can be deposited heteroepitaxially on
a variety of non-diamond substrates. The most common substrate for growing CVD
diamond films are probably single crystal Si wafers, because of their availability,
low cost and favorable chemical and physical properties [1]. In general, any potential substrate material for diamond CVD must fulfill certain important criteria, like
withstanding typical CVD conditions, i.e. a high melting point (usually >700 ◦C)
under reduced pressure. Because of the high deposition temperatures, another criterion is a thermal expansion coefficient comparable with that of diamond, in order
to prevent compressive stress in the diamond film upon cooling. The capability of
forming a carbide layer to a certain extent is an additional important requirement
for a suitable substrate material. The resulting interfacial carbide layer will promote
diamond growth and support adhesion of the diamond film to the substrate [1].
Si, as well as other Si compounds like SiO2 , quartz and Si3 N4 and other materials
like B or metals like Ti, Nb, Ta, Cr, Mo, W belong to strong carbide-forming materials, and therefore are suitable substrates for diamond deposition, as long as the
other criteria are sufficiently satisfied. Obviously, carbide materials themselves like
SiC, WC, and TiC are particularly suitable as substrate materials [50]. Substrate
materials with little or no solubility or reaction with carbon show no formation of a
carbide interlayer and therefore weak adhesion. Such materials include metals like
Cu, Sn, Pb, Ag, Au and some crystals like sapphire, Ge and graphite. On the other
hand, due to the weak adhesion these substrate materials can be used to develop
a method for making free-standing diamond films, since the films will often tend
to readily delaminate after deposition [1]. Nevertheless, growth of well-adherent
diamond films can be achieved even on such substrates by using an appropriate
interlayer. Together with adjusted deposition conditions, including oxygen-assisted
low temperature depositions at 550 – 700 ◦C, growth of CVD diamond films has been
demonstrated on stainless steel (304) with the help of a silicon interlayer [64]. Diamond growth on sapphire has also been shown by using iridium as an intermediate
nucleation layer [56].
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2.3

Defects and color centers

The concept of a perfectly periodic, highly symmetric crystal structure is, in reality,
often misleading. A “real crystal” exhibits many possible defects – disturbances
which interrupt the regular pattern of the crystalline structure. Such imperfections
can significantly alter the calculated properties of an “ideal crystal” (e.g. flow stress).
There are several types of crystal defects, which can be divided according to their
dimensional nature into the following groups [65]:
(i) point defects: vacancies (missing atoms in the lattice), substitutional impurities (replacing atoms at original lattice sites), interstitial atoms (occupying
lattice sites between ideal lattice positions, applies also to impurity atoms)
(ii) line defects: dislocations
(iii) two-dimensional defects: stacking faults, etc.
(iv) three-dimensional defects: holes, inclusions, precipitates, etc.
The most relevant crystal defects for this work are point defects, since they are not
only used as basis to classify different types of diamond, but also play an important role for luminescent color centers in diamond. A simplified illustration of the
mentioned point defects is shown in the following Figure 2.14.

b

a

c

Figure 2.14: Schematic illustration of possible point defects occurring in
a crystal lattice: a) interstitial impurity atom; b) vacancy; c) substitutional
impurity atom. Adapted from [66].
So-called color centers in diamond are optically active impurities or defects in the
crystal structure, which have been widely studied in the last decades due to their
unique properties. Over 500 different color centers have been found in diamond,
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featuring emission wavelengths in a broad spectral range from the ultraviolet to the
near infrared [67].
Incorporated point defects, such as vacancies and impurity atoms, introduce electronic states with energy levels that tend to lie within the forbidden band gap of
diamond, as exemplary illustrated for a vacancy and a nitrogen impurity atom in
Figure 2.15. While the electronic structure of an isolated carbon atom exhibits
discrete energy levels corresponding to the sp 3 hybridized orbitals (Fig. 2.15a), the
superposition of all sp 3 orbitals in the crystal lattice of a solid leads to the formation
of a band structure (Fig. 2.15b). Due to this overlap of orbitals (wave functions)
bonding and antibonding states are formed which results in the development of
continuous valence and conduction bands, since the number of atoms and thus of
energy levels is so high that the individual energy states are extremely close together
and cannot be distinguished anymore. The introduction of a point defect into the
lattice such as a vacancy (Fig. 2.15c) will give rise to electronic states within the
band gap. Since a carbon atom is missing, the interaction of the four orbitals from
the surrounding atoms in the tetrahedral environment will determine the symmetry
of these states (a1 and t2 ). Replacing one of the surrounding carbon atoms with a
nitrogen atom, will lead to a symmetry-lowering perturbation, splitting the t2 states
(Fig. 2.15d). Consequently, the electronic behavior of point defects can be very
similar to that of isolated atoms [68].

Figure 2.15: Schematic illustration of different electronic structures: a) an
isolated sp 3 hybridized carbon atom; b) the diamond lattice; c) a vacancy
point defect; d) a nitrogen-vacancy center (further details are given in the
text). (Reprinted with permission from [68],
2013, Materials Research
Society)
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The classification system of different diamond types is solely based on the concentration of nitrogen and boron impurities and how they are arranged in the lattice
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(Figure 2.16). Type I and type II diamonds are defined by their optical properties,
i.e. the presence or absence of IR absorption bands due to sufficiently high or low
amounts of nitrogen to be detected by IR spectroscopy [69]. This first classification was initially proposed by Robertson et al. in 1934 [70] measuring macroscopic
properties of diamonds.
Type Ia
(aggregated
N impurities)

Type I
(N impurities)

IaA
(A-aggregated N pairs)
IaB
(B-aggregated 4N + V)

Type Ib
(isolated single
N impurities)
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c
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c B c c
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Figure 2.16: Schematic overview of the different diamond type classifications based on nitrogen and boron impurities. (After [69])
Diamond type I is correlated with nitrogen impurities and due to the different arrangements of these defects, divided into type Ia and Ib. Nitrogen is a commonly occurring impurity in natural type I diamonds at levels as high as 200 to 4000 ppm [67].
While type Ib diamonds exhibit individually isolated substitutional nitrogen atoms,
type Ia diamonds contain aggregates of nitrogen impurities, which can be further
classified into the subgroups type IaA and IaB depending on the configuration of
these nitrogen aggregates. In type IaA two adjacent nitrogen atoms are aggregated
as pairs and isolated from other nitrogen impurities in the lattice (A aggregates).
Diamonds that contain aggregates of four nitrogen atoms symmetrically surrounding a vacancy (B aggregates) are classified as type IaB (Fig. 2.16) [69].
Type II diamonds show no nitrogen-related optical and paramagnetic absorption and
therefore their nitrogen content is very low (<1018 cm−3 ). Such diamonds are very
rare in nature, comprising only 1 – 2 % of all naturally occurring diamonds [67]. In
addition to the extremely low nitrogen content, diamonds associated with type II are
further divided into type IIa and IIb depending on their boron content (Fig. 2.16).
Type IIa diamonds show no easily detectable boron impurities, whereas type IIb
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diamonds contain isolated substitutional boron atoms in the diamond lattice [69]
and therefore exhibit optical absorption corresponding to boron-related defects [67].
As a direct consequence of the boron content in natural type IIb diamonds, usually
not exceeding 1017 cm−3 , the electrical resistivity of such diamonds may vary in the
range of 5 to 105 Ω cm [67].
The classification system involves only nitrogen and boron impurities, although
many other lattice defects are known [69]. In particular, Figure 2.17 shows an
overview of a selection of color centers emitting in the visible region, which are
featured as promising single photon emitters for quantum information technologies
(QIT) [2]. In general, color centers are optically active lattice defects with a great
variety of possible compositions of one or several impurity atoms or vacancies. Each
color center can be clearly identified based on its unique spectral fingerprint, i.e. optical emission spectra including the spectral position of the zero-phonon line (ZPL)
and the spectral structure of the vibrational sideband [71]. While this is indicated
exemplary for a small selection of specific color centers in Figure 2.17, the emission
wavelengths of all known color centers span a spectral range from the ultraviolet to
the near infrared. In general, color centers are also responsible for the typical coloration of diamonds due to their (partial) absorption bands in the visible region [67].
Some of the most prominent color centers, which are also relevant for the current
thesis, will be described in more detail in the following subsections.

Figure 2.17: Spectral overview of various single photon emitters in diamond. The location of the zero-phonon line (ZPL) is indicated by the given
wavelengths for each center and the length of the colored bars represents
the approximate width of the spectral emission range including phonon
sidebands. Demonstrated spin manipulations of single centers are indicated
with a black arrow. (Reprinted with permission from [2],
2014, WILEYVCH Verlag GmbH & Co. KGaA)
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2.3.1

Nitrogen-vacancy center

As already mentioned, nitrogen impurities not only play an important role in the
classification system of diamonds, but are also responsible for a great number of
nitrogen-related optically active color centers [67]. If a single substitutional nitrogen
atom is associated with a vacancy occupying an adjacent lattice site in the diamond
lattice, one of the most prominent color centers in diamond is formed, the so-called
nitrogen-vacancy (NV) center [72]. Its crystal structure within the diamond lattice
is schematically depicted in Figure 2.18a.

Figure 2.18: Schematic depiction of the diamond lattice with a NV center (a) and the energy level diagram of a negatively charged NV center
(b). Spin conserving optical transitions between the spin triplet ground
3
A2 and excited 3 E states are shown with solid arrows: green for excitation and red for fluorescence. Spin-selective intersystem crossing (ISC),
involving the singlet states 1 A1 and 1 E, are indicated by dashed arrows.
The zero-field and the Zeeman splitting are denoted with D and 2gµB BNV ,
respectively (further details are given in the text). ([a] reprinted with permission from [72],
2013, Macmillan Publishers Limited; [b] reprinted
with permission from [73],
2014, IOP Publishing Ltd)
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The NV center can occur in three different charge states: positively charged NV+ ,
neutral NV0 and negatively charged NV – . The positively charged and the neutral
states are not magneto-optically active and virtually all NV-related experiments refer
to the negatively charged state NV – [74]. Their different optical and spin properties
will be described on the basis of the negative state, which will be simply referred to
as NV center in the following if not stated otherwise. The negatively charged NV
center possesses six electrons. Three of them are provided from the dangling bonds
of the three surrounding carbon atoms adjacent to the vacancy, and two from the
lone pair of the nitrogen atom. This configuration is referred to the neutral state
NV0 and upon trapping an additional sixth electron from the lattice (typically provided by nitrogen donors), the NV center becomes negatively charged [74]. It has
24

2.3

Defects and color centers

been shown that the sixth electron can be released upon heavy neutron irradiation
obtaining the neutral state NV0 [75].
Due to the electronic structure of the NV center and its trigonal point symmetry
group C3v , the photophysics of the NV defect can be described by the energy level
scheme depicted in Figure 2.18b. Its main features can be explained by a three level
system, consisting of spin triplet ground 3 A2 and excited 3 E states and metastable
singlet states [73]. Both spin triplet states are further split into three spin sublevels.
The axial symmetry of the NV center leads to the two degenerate states mS = ±1
and the energetically lower state mS = 0 [74]. The so-called zero-field splitting D separates the spin sublevels by the energy differences D = 2.88 GHz for the ground state
3
A2 and D = 1.42 GHz for the excited state 3 E at zero magnetic field (Fig. 2.19a,
upper trace) [76]. By applying an external magnetic field, the degeneracy between
the spin sublevels mS = ±1 is lifted by the so-called Zeeman effect. The frequency
separation between the levels is proportional to the magnetic field parallel to the
NV axis (BNV ) and is given by 2γBNV , where γ is the electron gyromagnetic ratio
(2π · 28 GHz T−1 ) [74]. This splitting can be observed by monitoring the photoluminescence (PL) intensity while sweeping through microwave frequencies in a broad
spectrum (Fig. 2.19a). Due to the magneto-optic behavior of NV centers (explained
in the next paragraph), the PL intensity is reduced when the microwave frequency
is resonant to the transition between the spin sublevels mS = 0 and mS = ±1, as
shown by the so-called optically detected magnetic resonance (ODMR) spectra in

Figure 2.19: (A) ODMR spectra of a single NV center without an external
magnetic field (upper trace) and with a 43 G magnetic field applied along the
NV symmetry axis corresponding to the [111] crystal axis (bottom trace).
(B) Electron spin resonance (ESR) frequencies of the ground state (gs)
and the excited state (es) as a function of the magnetic field amplitude
applied along the [111] crystal axis. ([76],
2009, IOP Publishing Ltd and
Deutsche Physikalische Gesellschaft)
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Figure 2.19. The frequency separation between mS = −1 and mS = +1 of both
triplet states, 3 A2 and 3 E, in dependence of the applied magnetic field is shown in
Figure 2.19b [76].
The optical transitions between 3 A2 and 3 E are strongly spin-conserving, meaning that no spin-flips occur while cycling between these two states. In addition, the
magneto-optic behavior of NV centers is strongly influenced by the singlet state [74].
The shelving rate via non-radiative intersystem crossing (ISC) from the the spin sublevel |3 E, mS = 0i to the singlet state 1 E is much smaller compared to that from
|3 E, mS = ±1i. On the other hand, decay from the lowest 1 A1 state preferentially occurs towards |3 A2 , mS = 0i (Fig. 2.18b). These spin-selective transitions
are the basis for efficient electron spin polarization into |3 A2 , mS = 0i via optical
excitation. Moreover, due to the fact that these ISCs are non-radiative, the PL
intensity is significantly higher when the state |3 A2 , mS = 0i is populated [73]. This
spin-dependent fluorescence intensity leads to an optical contrast between the spin
sublevels mS = 0 and mS = ±1 of up to 30 %, which enables optical readout of the
NV center spin state under non-resonant laser excitation [77]. This is also the reason
why a reduction in PL intensity is observed, when a NV center, initially polarized
in |3 A2 , mS = 0i via optical excitation, is driven into the spin sublevel mS = ±1
by applying a resonant MW field. Consequently, the NV center can be applied as
magnetic field sensor by monitoring the Zeeman shifts of the spin sublevels mS = ±1
in the presence of a magnetic field [73].
The resulting PL spectrum of an ensemble of NV centers is shown in Figure 2.20a.
The main transition between the lowest levels of both triplet states, which means a
purely electronic transition without involving phonons, has a resonant wavelength
of 575 nm in the case of NV0 and 637 nm in the case of NV – , respectively. This
important transition is also called zero-phonon line (ZPL). However, in the case of
the NV defect most of the luminescence intensity appears in the phonon sidebands
around 630 – 800 nm [74] and only 4 % of the emitted photons originate from the
ZPL transition [78].
An additional emission band in the infrared region with a ZPL of 1046 nm has
been associated with the transition between the intermediate singlet state 1 E and
1
A1 [79], as indicated in Figure 2.18b. This transition was only observable during
optical excitation with wavelengths shorter than the ZPL of the NV center (637 nm),
indicating the population of the 1 E singlet state via spin-selective intersystem crossing from the excited triplet state 3 E [79].
Due to the spin-selective ISC rates of the spin sublevels and the singlet state, a
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Figure 2.20: (a) PL spectrum of an ensemble of NV centers showing the
excitation laser (532 nm), the ZPLs of NV0 (575 nm), NV – (638 nm) and
its phonon sidebands (630 – 800 nm). (b) Time-resolved photon emission
during a 2 µs laser pulse. (Reprinted with permission from [74],
2014,
Annual Reviews)
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temporary contrast in luminescence intensity can be observed in time-resolved PL
spectra during a readout laser pulse, as illustrated in Figure 2.20b. If the initial
NV state is polarized in |3 A2 , mS = 0i by optical pumping, a higher PL intensity is
initially detected, which gradually recovers due to singlet decay. If the NV state is
initially prepared in the spin state |3 A2 , mS = ±1i by applying a resonant MW π
pulse, a temporary reduction in luminescence intensity can be observed in the timeresolved PL spectrum due to the fast ISC rate of |3 E, mS = ±1i to the metastable
singlet state. Subsequently, because of the preferential decay of the singlet state to
|3 A2 , mS = 0i, the lower PL intensity recovers to the steady-state value within the
metastable singlet state lifetime [77].
Beside the unique magneto-optic behavior of the NV center, even the longest room
temperature spin dephasing time (T2 = 1.8 ms) in solid state systems was observed
for single NV electron spins in ultrapure CVD SCD [80]. By applying dynamical
decoupling techniques to ensembles of NV centers, the spin coherence time could
be increased to T2 ≈ 0.6 s at 77 K (T2 ≈ 3 ms at 300 K) [72]. Moreover, optical
characteristics of single NV centers show extreme photostability at room temperature in SCD, which means no detectable change in their fluorescence spectrum as
a function of time [81, 82]. In addition to the high photostability, high count rates
up to 2.4 Mcps have been demonstrated for single NV centers in nanodiamonds on
solid immersion lenses under continuous wave excitation at room temperature [83].
Bright and photostable fluorescence has also been demonstrated for ensembles of
NV centers in detonation nanodiamond particle aggregates (<200 nm), making them
suitable for use in bioimaging applications [84].
A disadvantage of this color center is its long radiative decay lifetime, which depends
on the host material: Fluorescence lifetimes of single NV centers in type Ib SCD are
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in the range of 10 ns [82], while reaching values up to 28 ns in nanodiamonds [85].
The lifetime has an important impact on the performance of a color center, limiting its maximum excitation and photon emission rate [85]. On the other hand, the
quantum efficiency, which depends also on the host material and is defined as the
probability of emitting a photon once the system is prepared in the excited state, can
reach values as high as 0.7 and 0.8 for shallow implanted NV centers in a depth of
4.5 and 8 nm in SCD, respectively [86]. Quantum efficiencies of NV centers in 25 nm
nanocrystals vary in the range from 0 to 20 %, while single NV centers in larger
nanocrystals (100 nm) show an even wider distribution between 10 and 90 % [87].
Single NV centers have been demonstrated as single photon emitter, rendering them
as promising platform for quantum key distribution in single photon quantum cryptography [88]. Single photon emission is characterized by measuring the second
order autocorrelation function g (2) (τ ). A dip at zero delay (τ = 0) indicates the
quality of the single photon sources and a value of g (2) (τ = 0) < 0.5 is a generally
accepted indicator for single photon generation [78]. Autocorrelation measurements
for single NV centers revealed pure single photon emission with values of g (2) (0)
close to zero [89].
The NV center is also a promising platform for applications in quantum computing [90]. Its spin sublevels of the ground state mS = 0 and mS = ±1 can provide the
two-level system of a qubit, which can be initialized and readout optically and operated with MW pulses. Together with its other remarkable properties, like very long
coherence times and photostability, single-qubit gate operations have been demonstrated for ensembles of NV centers [90].
There are several ways to create NV centers in diamond, which will be discussed in
detail after introducing the silicon-vacancy (SiV) center.

2.3.2

Silicon-vacancy center

The negatively charged silicon-vacancy (SiV – ) center, which will be simply termed
SiV center in the following, is another promising candidate that has been widely
studied in the last decades. It is very rare in natural diamonds, whereas very
common in synthetic CVD diamonds due to the general presence of silicon sources
in the growth chamber like silicon substrates or quartz windows. The involvement
of silicon impurities to the emission of this defect center was first verified by Clark
et al. in 1995 [91]. The crystallographic structure of the SiV center is schematically
depicted in Figure 2.21a, consisting of one silicon (Si) atom splitting two vacancies
(V). This split-vacancy configuration has a D3d symmetry and has been confirmed
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by electron paramagnetic resonance studies in 2008 [92]. The associated emission
spectrum of the SiV center is depicted in Figure 2.21b, showing the ZPL at 738 nm
and visible phonon sidebands.

Figure 2.21: (a) Schematic model of the SiV center, consisting of one
silicon (Si) atom between two vacancies (V). (b) Room temperature PL
spectrum of a SiV center including the ZPL at 738 nm and visible phonon
sidebands. (Reprinted with permission from [78],
2011, IOP Publishing
Ltd)
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Beside the negatively charged state of the SiV center, it can also occur in a neutral
charge state SiV0 with a ZPL at 946 nm [93]. In contrast to the NV center, single SiV
centers in nanodiamonds on iridium have shown a very narrow ZPL down to 0.7 nm
at room temperature with a high fraction up to 80 % of photons emitted into the
ZPL [94]. Thus, the SiV center provides promising properties as room temperature
single photon source for QIT applications [85]. Another advantage is the low background fluorescence of this diamond host system in the red spectral region where
the ZPL of the SiV center (738 nm) is located [95]. Such single SiV centers have
shown very bright and pure single photon emission with count rates up to 6.2 Mcps
under continuous excitation and g (2) (0) values below 0.05 [96]. However, some of
the investigated single SiV emitters showed blinking or permanent photobleaching,
only ca. 25 % showed full photostability [96]. The very short lifetimes of the excited
state were in the range of 0.2 – 2 ns [94], however single SiV centers created via
ion implantation into type IIa SCD showed count rates only in the range of several
kcps despite a short lifetime of 1.2 ns [97]. Non-radiative transitions possibly due to
residual damage from ion implantation could lower the emission rate of the SiV center [2]. On the other hand, emission rates in the range of several 100 kcps, also with
a radiative decay lifetime of ca. 1.3 ns, have been shown for in situ created single
SiV centers in high quality, low stress HPHT diamond [98]. Hence, the fluorescence
rate of the SiV center strongly depends on the quality of the host material.
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Furthermore, the SiV center shows preferential absorption of linearly polarized light,
as well as linearly polarized fluorescence at room temperature [99], which renders
the SiV center a promising platform in quantum cryptography, where polarization
is used to encode information [2].
The SiV center exhibits a much lower quantum efficiency compared to the NV center,
which means a lower probability of emitting a photon once the system is prepared in
the excited state [78]. Estimated quantum efficiencies for SiV centers in PCD films
are in the range of 5 % measured at 77 K [100] and for single SiVs in nanodiamonds
on Ir below 10 % at room temperature [96]. The major reason for these low values is
the large probability of non-radiative recombination, which is most likely related to
defects, such as dislocations in the crystal [96, 100]. Moreover, radiative transitions
can be quenched by phonon-related relaxation in solid state host materials like diamond. The phonon energy in diamond is relatively high with a value of 165 meV and
the ZPL of the SiV center (738 nm ≈ 1.68 eV) could be quenched by a multi-phonon
relaxation involving 10.2 phonon energies [96]. However, one method to overcome
the non-radiative pathway and to enhance the ZPL intensity has been shown by
resonant cavity coupling of SiV centers incorporated in one- and two-dimensional
photonic crystal (PhC) cavities in SCD films [101].
The fine-structure of the ZPL is complicated and consists of many peaks, which can
be resolved at cryogenic temperatures, as shown by the PL spectrum in Fig. 2.22a.
The fluorescence spectrum is comprised of 12 lines, associated with three groups of
four lines each, whereas the intensity ratios for the strongest lines in each group correspond to the isotopic natural abundance of silicon ( 28Si : 29Si : 30Si = 92.3 : 4.7 : 3.0)
[91]. Each isotope gives rise to four optical transitions originating from a doubly
split ground and excited states [102], as indicated in Fig. 2.22b. The energy separations within these two doublets are in the range of 1.07 meV for the excited
state and 0.2 meV for the ground state, respectively [91]. The resulting spectral
signature at zero magnetic field indicates a spin- 21 ground and excited state, which
has been verified by measurements of the Zeeman splitting pattern in an applied
magnetic field [102]: Each doublet sublevel further splits into two states, leading
to a total of 16 possible transitions. In addition, spin-selective population of the
excited states has been demonstrated via resonant excitation and fluorescence in a
strong magnetic field (4 T) for ensembles of SiV centers in SCD. This optical control
of the electronic spin renders the SiV center a potential candidate as an efficient
spin-photon quantum interface [102].
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Figure 2.22: (a) Fluorescence spectrum for an ensemble of SiV centers
at 4 K. The inset shows a crystallographic model of the SiV center, with a
silicon atom (blue) between two vacant lattice sites (dashed circles) along
the <111> axes in a diamond matrix (grey). The spectrum reveals four
major transitions originating from the 28Si isotope, forming two doublets
(labelled A-D), and much weaker, red-shifted peaks due to the 29Si and
30
Si isotopes. (b) Corresponding energy level scheme for the 28Si isotope,
indicating the origin of the four optical transitions (A-D in [a]) due to the
split ground and excited states. (Reprinted with permission from [102],
2014, Macmillan Publishers Limited)

©

2.3.3

Creation of color centers

Two main methods are commonly used for the creation of color centers: Ion implantation with the corresponding ion species and in situ incorporation from a solid or
gaseous dopant source, present in the reaction chamber during CVD growth. Here,
the focus will be on the generation of NV and SiV centers.
i) implantation and irradiation techniques
The creation of ensembles and single NV centers has been demonstrated via focused N+ implantation with high energies of 2 MeV into very pure type IIa diamond (N content <0.1 ppm) [89]. Subsequent high temperature vacuum annealing
(>750 ◦C) promotes diffusion of implantation-induced vacancies to substitutional nitrogen atoms in the lattice, forming stable NV centers under these conditions [103].
The probability of creating one or more NV centers strongly depends on the ion
energy and flux. While the initial NV creation efficiency was thought to be one
NV center per implanted 2 MeV nitrogen ion [89], isotopically labelled 15N ion implantation demonstrated that the yield of NV formation is only in the range of
2.5 % per implanted 15N ion with an acceleration energy of 7 keV due to the native
14
N content, which is still sufficiently high even in high purity diamond (N content
<0.1 ppm) [104].
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The implantation depth profile strongly depends on the used ion energies and other
parameters, like ion species, angle of incidence, layer thickness and the material
properties of the target (density, elemental composition). To predict the profile
of the implanted ions, simulations are often used based on Monte Carlo modeling
packages. One of the most common software is SRIM1 (Stopping and Range of Ions
in Matter). SRIM simulations can not only be used to estimate stopping ranges of
implanted ions and their distribution, but also to predict damage events and created
vacancies along the implantation tracks. Exemplary SRIM simulations of nitrogen
implantation into diamond are shown in Fig. 2.23 for two different acceleration energies (30 keV red curve, and 300 keV black curve) [78]. While the shown implantation
profiles end in a depth of ca. (40 ± 11) nm (30 keV) and (299 ± 36) nm (300 keV),
SRIM simulations for 2 MeV nitrogen ion implantation in diamond estimate an implantation depth of ca. 1 µm [89]. On the other hand, very shallow implantation
depths of ca. 8 nm can be reached for low acceleration voltages of 5 keV [105]. Additionally, Pezzagna et al. demonstrated that also the yield of NV formation strongly
depends on the ion energy [105]. Since the number of implantation-induced vacancies increases with higher ion energies, the probability of forming a NV center with
the corresponding implanted nitrogen atom is higher due to the amount of available
vacancies around the substitutional nitrogen lattice site [105].

Figure 2.23: SRIM simulations of nitrogen implantation into diamond
showing the depth profile of implantation-induced vacancies (dashed lines)
and the final locations of the nitrogen atoms (solid lines). The red and
black curve indicate acceleration energies of 30 keV and 300 keV with an
implantation dose of 1011 ions/cm2 , respectively. (Reprinted with permission from [78],
2011, IOP Publishing Ltd)
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As a result, the production efficiency of NV centers in diamond has been shown to
increase from less than 1 % with ion energies ≤5 keV to almost 50 % for N implantations at MeV energies [105].
The creation of single SiV centers has been demonstrated via Si2+ ion implantation
into diamond and subsequent high temperature (1000 ◦C) vacuum annealing [97].
The implantation depth for ion energies of 10 MeV was estimated to be around
2.3 µm according to SRIM simulations. However, the fabrication of single SiV centers with narrow optical linewidths and small inhomogeneous distributions has been
achieved only recently via 150 keV 29Si+ ion implantation into high quality diamond
(N content <5 ppb) and a subsequent two-step high temperature, high vacuum annealing [106]. Similar to the production efficiency of NV centers, the creation yield
of SiV centers was in the range of 0.5 – 3 %, supporting the model that SiV formation
is limited by the presence and diffusion of nearby vacancies during annealing [106].
Instead of a focused ion beam implantation method, a broad-beam technique has
also been shown for nanofabrication of NV centers through mask apertures patterned
on diamond. This approach enables the precise generation of single NV centers on
sub-100 nm length scales with a high throughput capacity [107].
Since nitrogen is a common impurity in diamond, different irradiation techniques
with focused ion and electron beams have been demonstrated to create NV centers in type Ib diamond due to implantation-induced vacancy formation and subsequent annealing: Such techniques include, but are not limited to He+ ion implantation [108, 109], Ga+ ion implantation and high energy (400 keV) focused electron
beam irradiation [103]. Combinations of N and C ion co-implantations in ultrapure CVD diamond (N content <1 ppb) are also possible, showing an enhanced
creation yield of NV centers by over 50 % due to the additional “damage only”
co-implantation of the carbon ions [110]. Most recently in 2019, even more complex
ions have been used for implantation, like C5 N4 Hn ions from an adenine (C5 N5 H5 )
source, to achieve strongly coupled triple NV centers in type IIa diamond after annealing [111].
Even femtosecond laser writing has recently been shown to create vacancies into diamond, which can form NV centers with native nitrogen impurities during annealing.
Precise position control within 200 nm of the desired location in the transverse plane
was achieved with a creation probability of ca. (45 ± 15) % [112].
In 2018, a surprisingly simple method was shown by Becker et al. for nitrogen implantation in diamond using a conventional scanning electron microscope (SEM)[113]
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(Fig. 2.24). The mechanism is based on the interaction of electrons from the SEM
beam with nitrogen molecules which are introduced into the chamber, yielding nitrogen ions by impact ionization. In addition, due to the electrically insulating
character of diamond, a negative potential is induced on the diamond surface by
the same electron beam. Consequently, the positively charged nitrogen ions are accelerated towards the diamond surface and as a result implanted into the diamond.
Subsequent annealing leads to the formation of shallow (single) NV centers [113].

Figure 2.24: Schematic model of ion implantation with a SEM: (a) an
electron beam is focused onto an insulating sample accumulating a negative potential; (b) positively charged ions are created by impact ionization
and (c) consequently accelerated towards the sample. (Reprinted under
a CC BY license 4.0 (http://creativecommons.org/licenses/by/4.0/)
from [113], DOI:10.1038/s41598-017-18373-z,
2018, Springer Nature)
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Since NV centers are promising candidates as qubits in quantum computing, which
imposes strict positioning requirements [114], novel implantation techniques have
been developed for deterministic positioning control of N ions into diamond: Deterministic creation of NV centers has been shown by ion beam alignment through a
pierced atomic force microscope (AFM) tip [115, 116]. While a sub-nm spatial resolution is predicted by using a linear Paul trap as deterministic single ion source [115],
a resolution of 25 nm has been demonstrated for the implantation of shallow (∼8 nm)
NV centers with a conventional low-energy (5 keV) N ion beam [116]. Most recently
in 2019, even the deterministic generation of shallow (∼13 nm) NV centers within
a two-dimensional photonic crystal cavity with a lateral implantation resolution of
74 nm has been demonstrated by a pierced AFM tip ion implantation technique [117].
Another promising technique, which could also be applied for deterministic single ion
implantation for the generation of NV centers with nanometer resolution, is single ion
transmission microscopy using a deterministic single ion source [118, 119]. The basic
principle is illustrated in Fig. 2.25. For imaging, transmission events are recorded
for a well-defined number of extractions, while scanning a partially transmissive object or a profiling edge in the focal plane. In such a microscope setup, imaging and
implantation are highly complementary, since spatial resolution for positioning of
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dopants strongly depends on referencing via imaging of the sample [118, 119].

Figure 2.25: Schematic depiction of a single ion transmission microscope,
consisting of laser-cooled ions (blue arrow) in a linear segmented Paul trap,
deflection electrodes (yellow), einzel-lens (blue) and a secondary electron
multiplier detector behind a transmissive mask or profiling edge (green).
The extraction pathway of single ions via pierced metal end-caps of the ion
trap is shown in light-blue. (Reprinted with permission from [119],
2016,
American Physical Society)
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In the case of deterministic creation of SiV centers, precise position control has been
demonstrated via direct and maskless focused ion beam (FIB) implantation of Si
ions and subsequent annealing. High SiV-positioning accuracies of several tens of
nanometers have been achieved relatively to a targeted mode-maximum of a photonic diamond nanocavity [120] and in diamond nanopillars [121].
ii) in situ doping
The spontaneous formation of NV centers during CVD diamond growth is quite
common due to the natural abundance of nitrogen in the atmosphere. Hence, it is
difficult to remove all unwanted residual nitrogen in typical diamond growth chambers and on the contrary inhibit the incorporation of NV centers during diamond
CVD [122]. Rabeau et al. showed that the formation of NV centers during nanodiamond CVD growth strongly depends on crystal size, with an optimal value of
ca. 60 – 70 nm for optically active single NV incorporation. The nitrogen background
level was estimated to be around 0.1 % even without deliberate addition of nitrogen
gas to a typical gas mixture of 0.7 % CH4 in H2 during CVD growth, corresponding
to an N/C ratio of ca. 0.15 in the gas phase [122].
Nevertheless, Ohno et al. demonstrated a growth technique with nanometer-precise
depth control of a thin nitrogen-doped layer (1 – 2 nm) by controlled introduction
of N2 gas during CVD [123]. This delta-doping method allows the formation of a
correspondingly well-defined NV layer after subsequent electron irradiation and an35
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nealing, which can also be controlled in shallow depths of 5 – 100 nm below the
surface. Together with long spin coherence times of T2 > 100 µs (5 nm below the
surface), due to the high crystal quality achieved by this technique, delta-doping
provides great potential in material engineering for sensing applications [123]. However, due to inefficient activation of the N2 precursor, only a relatively low nitrogen
incorporation (∼1016 cm−3 ) could be achieved within the delta-doped layer. To this
end, Jaffe et al. demonstrated most recently a new delta-doping method for ultra
localized and highly delta-doped layers (1.8 · 1020 cm−3 ), while maintaining the diamond host quality. This approach is based on a surface nitridation process using a
pure N2 microwave plasma and subsequent in situ diamond CVD overgrowth [124].
The incorporation of SiV centers during diamond growth can also be achieved in
situ by the addition of silicon-containing precursor molecules, like silane (SiH4 ), to
the gas mixture during CVD. To this end, it has been shown that the SiV ZPL emission intensity (738 nm) initially increases with higher silane concentrations, which
abruptly decreases after reaching a maximum at a ratio of ca. 0.6 % SiH4 /CH4 (for
PCD films deposited on AlN substrates) [125]. Very similar results have also been
demonstrated for in situ doping of homoepitaxially grown SCD layers [126].
Additionally, solid dopant sources, like silicon wafers positioned close to the growth
substrate, can be used in a hydrogen containing plasma to incorporate SiV centers [127]. In these conditions, silicon wafers are efficiently etched by atomic hydrogen releasing silicon atoms into the reaction chamber, which can be then incorporated into the growing diamond lattice during the deposition to form SiV centers [127]. Moreover, Felgen et al. showed that this method can also be applied to
incorporate SiV centers in NCD nanopillars which are fabricated on silicon wafers
and subsequently overgrown in an additional CVD step [128]. During this overgrowth step, the bare silicon substrate surface between the nanopillars is etched by
atomic hydrogen from the gas phase, providing silicon atoms for the incorporation
of SiV centers in the pillars, which has been demonstrated by an enhanced ZPL
emission (738 nm) after the overgrowth step [128]. Similar results have been demonstrated by Jaffe et al. for overgrown SCD nanopillars incorporating SiV centers only
in the overgrown layer [129].

2.4

Diamond nanostructures

As already implied, the combination of diamond’s outstanding properties and the
possibility to incorporate color centers with unique optical properties has rendered
diamond a highly promising platform for many applications. Therefore, the precise
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and controlled fabrication of diamond nanostructures is of critical importance. For
this purpose, there are two general structuring methods: top-down and bottom-up,
which will be described in more detail in section 3.2.
In general, coupling of color centers to photonic diamond nanostructures is crucial to
enhance the photon collection efficiency [130]. As already mentioned in section 2.1,
due to diamond’s high refractive index (Fig. 2.6, p. 9), the critical angle for total
internal reflection at the diamond–air interface is exceptionally small (24.6 ). Thus,
only a small fraction of the emitted photons is able to exit the diamond, which
is illustrated for a single emitting dipole oriented parallel to the planar surface
in bulk diamond in Figure 2.26a [130]. In such cases, typical photon collection
efficiencies are only in the range of ca. 3 % [131]. To overcome this problem, optical
cavities have been widely studied to enhance the collection efficiency. In general,
there are two different approaches. The first one relies on avoiding refraction at the
diamond–air interface, which has been realized in early experiments by embedding
emitters in nanocrystals, since the manufacturing of diamond cavities has been very
difficult. Due to the sub-wavelength size of such nanocrystals (∼50 nm), refraction
becomes irrelevant and the defect can be considered as point source emitting light in
air [132]. Another way to overcome refraction at the diamond–air interface is based
on more complex fabrication procedures to create a hemispherical solid immersion
lens (SIL) directly into diamond and thus compensating for the very small angle
for total internal reflection (Fig. 2.26b). As a result, due to the adjusted incident
angle at the interface all emitted photons can exit the SIL in a direction normal
to the surface [130]. Such SILs have been fabricated by a combination of laser and
mechanical processing [130] and focused ion beam milling [133].

°

°

Figure 2.26: Schematic illustration of total internal reflection for θ ≥ 24.6
at a diamond–air interface for a single emitting dipole in bulk diamond oriented parallel to the flat surface (a) and avoiding any refraction at the
interface for a single emitter located in the center of a hemispherical diamond solid immersion lens (b). (Reprinted with permission from [130],
2010, AIP Publishing)
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The second approach of applying photonic structures is based on confining the emitter in optical cavities, since only the radiative decay of the emitter is coupled to the
cavity mode and therefore enhanced by the cavity field (Purcell effect) [2]. The
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Purcell factor FP describes the enhancement of the spontaneous emission rate for
an emitter coupled to an optical cavity and is given by the following equation:
3
FP = 2
4π

 3
λ
Q
n Vmode

(2.2)

whereas λ is the wavelength of the cavity mode, n the refractive index of the medium,
Q the quality factor of the cavity and Vmode its mode volume. Thus, the highest enhancement is realized by optimizing the cavity, i.e. maximizing Q while minimizing
Vmode [2].
Several cavity geometries have been established for the Purcell enhancement of single NV centers in diamond: microring resonator [134], microdisk cavity [135], 2D
photonic crystal cavity [136] and a nanobeam cavity [137]. Similar photonic devices
have been fabricated for the Purcell enhancement of SiV centers, like 1D and 2D
photonic crystal cavities [101].
Beside this purpose of diamond nanostructures, they play also an important role
as efficient interfaces between the atomic scale of color centers and the macroscopic
world (lenses, fibers, etc.) [131]. For many applications in QIT, which are based on
photon emission from diamond color centers, coupling emitters into optical fibers
allows the integration with existing telecommunication technologies [2]. Moreover,
in nanoscale magnetometry the fabrication of NV-containing diamond AFM tips is
the basis of utilizing NV centers as magnetic sensors [73, 74].

2.4.1

Suspended diamond nanobeams

In nanophotonics, the basic principle of light confinement relies on distributed Bragg
reflection or total internal reflection due to a refractive index contrast between elements, like waveguides or photonic crystal (PhC) cavities and the surrounding
medium (typically air) [138]. Typical fabrication methods for suspended nanostructures are based on heterolayer structures, where a sacrificial layer or a substrate
can be removed to produce a free-standing photonic device [101, 137]. However, this
approach is very difficult for the fabrication of high-quality, suspended nanostructures directly into bulk SCD substrates. Therefore, an angled-etching technique has
been developed by Burek et al. based on conventional electron beam lithography
and anisotropic plasma etching by placing the sample inside a Faraday cage [138].
The structuring process and the related techniques will be covered in section 3.2.
Exemplary suspended nanobeams according to this fabrication method are shown
in Figure 2.27.
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Figure 2.27: SEM images of suspended SCD nanobeams with different
widths: (b) 500 nm, (c) 350 nm, (d) 200 nm, (e) 75 nm and corresponding
cross-sectional views by FIB cuts through the 350 nm (f) and 200 nm (g)
wide nanobeams. (Reprinted with permission from [138],
2012, American
Chemical Society)

©

Beyond simple nanobeam waveguides, this technique can also be used to fabricate
nanobeam photonic crystal cavities [138]. The cavity design is based on a chirped
1D lattice of air holes introduced into the suspended nanobeam, as illustrated in
Fig. 2.28. In addition, this fabrication technique allows for simple 3D scaling of the
structure dimensions, since the height and the width of the suspended nanobeams
are determined by process parameters, like the width of the defined etch mask [138].
Suspended nanobeams with different physical dimensions are demonstrated in the
following Figure 2.28a.

Figure 2.28: SEM images of suspended SCD nanobeam photonic crystal
cavities of different physical dimensions (a) and magnifications of the cavity
region (b, c). (Reprinted with permission from [138],
2012, American
Chemical Society)
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According to FDTD simulations, such nanobeam cavity designs can be fine-tuned
to have fundamental resonances at the ZPL emission wavelength of NV centers
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(637 nm) [138] and SiV center (738 nm) [139], reaching Q-factors up to 106 and 104
and mode volumes of 2.26(λ/n)3 and 1.8(λ/n)3 , respectively [138, 139].

2.4.2

Diamond nanopillars

Diamond structures with cylindrical or cone-shaped geometries are simple optical
cavities that can overcome the total internal reflection limitations and thus significantly enhance the collection efficiency of light emission from color centers embedded within those structures [131]. Depending on the shape and aspect ratio of
these structures, they are also termed nanowires [131], nano-rods [140], microcylinders [141] or nanopillars [128] (like in the current work). Their fabrication is based
on conventional top-down methods including electron beam lithography and dry
etching, which will be described in detail in section 3.2.
This geometry has two major roles: (i) it serves as waveguide collecting photons
from the embedded color center and (ii) it serves as dielectric antenna that channels
photons emerging from the top facet of the structure into the collection optics with
>90 % efficiency [131]. As a result, the collection efficiency for photons emitted by
a NV center embedded in a diamond nanowire (∼30 %) can be one order of magnitude higher compared to light emission from NVs in bulk diamond (∼3 %), which
is illustrated in the following Figure 2.29 [131].

Figure 2.29: Emission profile of a NV center (red arrows indicate the position and orientation of the dipole) embedded in a bulk diamond (left) and
in a diamond nanowire (right), according to finite-difference time-domain
(FDTD) modeling. Inset: crystallographic model of a NV center. Emission
direction and corresponding collection efficiencies by a microscope objective with a numerical aperture (NA) of 0.95 are indicated by white arrows.
(Reprinted with permission from [131],
2013, Materials Research Society)
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There are two general polarization scenarios for a dipole embedded within a nanowire:
The dipole can be polarized perpendicular (s-polarized) or parallel (p-polarized) to
the nanowire axis [142]. The polarization axis of the dipole has to be taken into
account, since the fundamental nanowire waveguide mode (HE11 ) is the dominant
emission channel only for a s-polarized dipole [142]. Figure 2.30 illustrates the electric field profiles for s- and p-polarized dipoles located at the apex (a, b) and at
the center of a nanowire (c, d). In the case of a p-polarized dipole, light cannot
be emitted into the waveguide mode, because of a symmetry mismatch. However,
emission into vertically propagating radiation modes still allows for an enhanced
photon collection from an objective lens (Fig. 2.30d) [143].
c)

d)

Figure 2.30: Electric field profile in x-direction for a s-polarized dipole (a)
and in y-direction for a p-polarized dipole (b), both located 5 nm beneath
the apex of a nanowire (1 µm height, 100 nm diameter), obtained with the
simulation tool Comsol Multiphysics. (c) and (d) show a radial component of
the electric field profile for s- and p-polarized dipoles located at the center of
a 2 µm long, 200 nm diameter nanowire, according to FDTD calculations.
Both simulations were modeled for the ZPL emission wavelength of NV
centers (637 nm). Acceptance angles for emission collection are indicated
for the case of an objective lens (NA ≈ 0.9, surface angle ≈ 22 ) positioned
underneath the pillar (a) and of an objective lens (NA ≈ 0.95, θ ≈ 72 )
positioned above the nanowire (c). ([a] and [b] are reprinted with permission
from [144],
2014, Elsevier B.V.; [c] and [d] are reprinted with permission
from [143],
2010, Macmillan Publishers Limited)
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Since the dipole associated with a NV center is polarized in the (111) plane of a
(100) diamond nanowire, a combination of these two dipoles (s- and p-polarized)
must be taken into account [142, 143]. In the case of a s-polarized dipole, almost
100 % of the vertically emitted photons can be collected using an objective lens with
a numerical aperture (NA ≈ 0.95) positioned above the nanowire (Fig. 2.30c) [143].
On the other hand, in the case of a shallow (5 nm) s-polarized dipole approx. 45 %
of the overall emission is guided backwards through a 195 nm diameter nanopillar,
which is collected with an objective lens (NA ≈ 0.9) positioned underneath the pillar
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(Fig. 2.30a) [144]. The different possible configurations of the dipole and the collecting lenses are important to note, since they are required in specific applications:
shallow dipoles and photon collection from the backside of the pillar are crucial
for NV-sensing applications [73, 74] (further details in the following section 2.4.3),
whereas efficient coupling and maximum emission collection efficiency are in general
highly desirable for both, NV- [131, 143] and SiV-based [121] applications in QIT [2].
As already implied, the diameter of the dipole-hosting nanopillar/nanowire has a
major impact on the waveguiding properties and thus coupling efficiencies between
the dipole and the waveguide mode of this diamond nanostructure [142]. Calculations for a s-polarized dipole positioned at the center of a nanowire show a broad
range of diameters (180 – 230 nm) with a high coupling efficiency of >80 % between
the emitted photons and the nanowire waveguide mode for a emission wavelength
of 637 nm (ZPL of the NV center) [142]. The coupling efficiency as a function of
the nanowire diameter is demonstrated in Fig. 2.31a. Not only the diameter, but
also the side wall angle of the nanopillar has a significant influence on the intensity output [144]. An angle of 1 already causes an intensity reduction of 25 %,
whereas larger angles up to 10 induce almost no further significant intensity losses
with a reduction up to 28 %, as shown in Fig. 2.31b. Taking this reduction tolerance into account, the fabrication of nanopillars with slightly tapered side wall
angles (<10 ) may be advantageous in terms of stability and practicability, since

°

°

°

a)

b)

Figure 2.31: a) Coupling efficiency between a NV center and the waveguide mode of a nanowire as a function of its diameter, calculated for a
s-polarized dipole placed at the center of the nanowire. b) Simulated intensity output as a function of the nanopillar diameter for a s-polarized dipole
placed 5 nm below the apex towards an objective lens (NA ≈ 0.9) positioned underneath the nanopillar; intensity losses due to a side wall angle
from 1 to 10 are indicated (blue stars at a diameter of 195 nm). Both simulations were modeled for the ZPL emission of a NV center (637 nm). ([a]
reprinted with permission from [142],
2010, Elsevier B.V.; [b] reprinted
with permission from [144],
2014, Elsevier B.V.)
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fabricating nanopillars with almost perfectly vertical side walls (<1 ) may be very
challenging [144].
Similar results have been shown for SiV centers in monolithic diamond nanopillars:
single photon count rates were ten times higher with respect to single SiV in bulk
diamond, additionally the optical power needed for excitation was reduced by an order of magnitude [121]. Considering the ZPL emission wavelength of the SiV center
(738 nm), coupling efficiencies were simulated (FDTD) for a s- and p-polarized emitter positioned 120 nm below the surface of a 1 µm long nanowire with respect to its
diameter (Fig. 2.32). Different cylindrical geometries were investigated, yielding an
optimal top diameter of 350 nm and a value of 650 nm for the bottom diameter [121].

Figure 2.32: Simulated coupling efficiency as a function of the diameter for
a s- and p-polarized emitter embedded 120 nm below the surface of a 1 µm
long, cylindrical nanowire. Simulations were performed for the ZPL emission wavelength of SiV centers (738 nm). ([121],
2018, Optical Society of
America)
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Dense arrays of SCD nanopillars can also be used as hybrid plasmonic photonic crystal cavities to enhance selectively the emission from near-surface NV centers [145].
Cui et al. showed a mode quality factor of a L3 defect cavity as high as 170 for
a hexagonal lattice of nanopillars with a diameter of 168 nm, a period of 230 nm,
a height of 400 nm [145]. SEM images of this photonic crystal cavity are shown in
Figure 2.33.
Tuning of the cavity mode resonance has been demonstrated by extended reactive
ion etching (RIE) to reduce the feature sizes [145]. Additionally, the mode resonance
frequency can be tuned by adjusting the cavity design, i.e. pillar diameter, lattice
constant, defect size and configuration. Consequently, this method can be used for
emission enhancement of NVs or SiV ZPL transitions in diamond [145].
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a)

b)

°

Figure 2.33: (a) SEM image (45 , 1 µm scale bar) of a hybrid metal–
SCD nanopillar photonic crystal cavity and (b) cross-sectional view by a
FIB cut through the nanopillar region (200 nm scale bar). (Reprinted with
permission from [145],
2015, American Chemical Society)
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A different fabrication approach has been shown by Ondič et al. for an enhanced
photon extraction efficiency (up to 14-fold) from SiV centers in 2D photonic crystal
slabs in polycrystalline diamond layers [146]. This “bottom-up” method is based
on growth on pre-patterned quartz substrates, avoiding direct RIE of the diamond
layer, which often lowers the structural quality of the samples. Extraction enhancement is achieved by spectral overlap between the narrow PL emission of SiVs and
the leaky modes of the PhC, which can be easily fine-tuned by the deposition time,
since the spectral position of the leaky mode resonances varies with the thickness of
the diamond layer [146].

2.4.3

Diamond atomic force microscopy (AFM) tips

In general, nanoscale magnetic sensing with a photoluminescent center in the apex of
an AFM scanning probe was first proposed by Chernobrod and Berman in 2005 [147],
based on initial ideas by Sekatskii and Letokhov [148]. Following this proposal, first
proof-of-concept experiments in NV-based magnetometry have been demonstrated
in 2008 [149, 150]. One major advantage of this technique is that it is free from the
limitations of conventional ODMR methods, where the lateral resolution is related to
the size of the light spot of ca. 30 – 50 nm [147, 148]. On the contrary, the resolution
of NV-based magnetometers is related to the size of the defect center [147], which
is often described as a point defect, where the sensing spins’ wave function can be
localized over a few lattice sites [73]. Thus, spatial resolutions in the sub-nm range
are in principle possible [73]. The basic NV-scanning principle is illustrated in Figure 2.34a, combining an AFM setup with a confocal microscope on top of it. A single
NV-containing diamond scanning probe (Fig. 2.34b) is scanned in close proximity
over a sample, while the magnetic field dependent fluorescence is collected [3].
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Figure 2.34: a) Schematic model of scanning-NV magnetometry, which
combines an AFM setup and a confocal microscope on top of it. b) SEM
image of a diamond NV-scanning probe attached to the end of a quartz
tip. (Reprinted under a CC BY license 4.0 (http://creativecommons.
org/licenses/by/4.0/) from [3], DOI:10.1063/1.4952953,
2016, AIP
Publishing)
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There are several imaging methods for this technique. Iso-magnetic field lines can
be measured, when the MW frequency is fixed to the NV spin transition frequency
in the absence of a sample, which gets detuned from the MW frequency in the
presence of a magnetic field, resulting in an increased NV fluorescence signal (see
Fig. 2.35a) [3]. This is a fast imaging method for probing magnetic structures and
their dynamics on a nanoscale, however for full quantitative magnetic stray field
mapping the Zeeman frequency shift of the NV center needs to be measured while
scanning the AFM probe over the sample, which can be achieved by a frequency lock
of the MW frequency to the NV spin transition via a feedback loop. A completely
quantitative stray field map of a Ni nanorod obtained with such a frequency feedback loop is shown in Fig. 2.35b, as well as the corresponding calculated model (c).
The sensitivity of such magnetic nanosensors is typically characterized by the spin
properties of the NV center, i.e. spin coherence time T2 and spin-dependent fluorescence rates. Since the optical contrast between the spin sublevels mS = 0 and
mS = ±1 is based on the fundamental photophysical properties of the NV center
(see subsection 2.3.1), it can hardly be modified and therefore, as simplified figure
of merit, the shot noise limited sensitivity to time-varying (AC) magnetic fields ηAC
is proportional to the inverse square root of the coherence time [3]:
1
ηAC ∼ √
T2

(2.3)

Due to the direct connection of the coherence time to the sensitivity ηAC , great
effort has been shown towards engineering of ultrapure diamond samples with an
extremely low content of paramagnetic impurities, since the coherence properties
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a)

b)

c)

Figure 2.35: (a) Iso-magnetic field image of a single Ni nanorod, which
is shown in the inset (SEM). (b) Measurement of the full field map
of a single Ni nanorod and (c) calculated model for the magnetic field
of a point dipole (m = 3.75 · 10−17 A/m2 projected onto the NV axis
for a NV-to-sample distance of 80 nm. (Reprinted under a CC BY license 4.0 (http://creativecommons.org/licenses/by/4.0/) from [3],
DOI:10.1063/1.4952953,
2016, AIP Publishing)
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of the NV center electron spin state are mainly limited by magnetic interactions
with those impurities [73]. In addition, the NV spin coherence time and thus the
sensitivity can be increased by dynamical decoupling protocols applying MW pulse
sequences to the NV spin to reduce spin dephasing induced by random noise from
the environment [3].
Appel et al. demonstrated single-NV containing AFM probes in high purity diamond
membrane structures with coherence times of T2 = (94 ± 4) µs, resulting in high
√
magnetic field sensitivities of ηAC = (50 ± 20) nT/ Hz [3]. NV-based nanosensors
with such high sensitivities have been shown capable of imaging the magnetic field
from a single electron spin under ambient conditions [151]. The shot noise limited
sensitivity for static (DC) magnetic fields can be described with the inhomogeneous
spin dephasing time T2∗ by the following relation [3]:
ηDC

2
=
π

s

T2
ηAC
T2∗

(2.4)

The spatial resolution of such NV-based magnetometers is solely limited by the
NV-to-sample distance, since the detector size, i.e. the spatial extend of the NV’s
sensing electronic wave function, can be localized over a few lattice sites and therefore can detect in principle changes of magnetic fields on length scales of ∼1 nm [3].
Figure 2.36 demonstrates the spatial resolution of a NV-scanning sensor for two
different NV-to-sample distances. A closer NV-to-sample distance (Fig. 2.36c) revealed magnetic bit tracks with average sizes of ca. 38 nm and the ability to spatially
distinguish magnetic field lines separated by ∼3 nm (Fig. 2.36d).
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Figure 2.36: a) Calculated model for the NV magnetic field image response of bit tracks on a magnetic memory, which are highlighted by dashed
white lines in the corresponding measurement (b), together with a schematic
model of the experiment configuration. c) NV magnetic field image and experimental model as in (b), but with a decreased NV-to-sample distance,
improving the imaging spatial resolution. d) Line-cut along the white line in
(c) indicating a spatial resolution of distinguishing magnetic field lines separated by ∼3 nm. (Reprinted with permission from [152],
2012, Macmillan
Publishers Limited)
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Beside the magnetic sensing capabilities on a nanoscale, NV-scanning sensors not
only combine the advantage of being non-invasive and quantitative, but also provide mechanical robustness, durability and chemical inertness due to diamond’s
outstanding properties [152]. In addition, this technique allows room temperature
operation owing to the exceptional properties of the NV center. Beyond magnetic
imaging, such devices also provide an interesting platform for coherent coupling of
the scanning NV spin to other spin systems. Therefore, quantum information could
be transferred between a stationary qubit and the scanning probe’s NV center [152].
There are several techniques to fabricate single-NV-based diamond AFM probes.
The most straightforward method is based on grafting a single NV-containing diamond nanocrystal, which are commercially available, at the apex of an AFM
tip [149]. Although this strategy is experimentally simple and robust, precise position control of the nanocrystal at the apex can hardly be obtained, thus limiting
the minimal achievable resolution. Additionally, the coherence time of single NVcontaining diamond nanocrystals is short, typically in the range of T2 ∼ 1 µs, limiting
the sensitivity, as already mentioned (see Eq. 2.3) [73].
Conventional top-down fabrication methods of all-diamond scanning probes are
based on lithographic techniques, including electron beam lithography (EBL) and
RIE to structure a hard mask on top of diamond and its subsequent transfer into
it [152], respectively, which will be discussed in section 3.2. The incorporation of
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single-NV centers can be achieved by standard ion implantation methods, as already
mentioned in subsection 2.3.3. On the other hand, bottom-up techniques are usually based on the selective growth of a diamond layer on a pre-patterned substrate,
which will be covered in section 3.2. This approach is usually based on conventional
optical lithography and wet chemical etching of Si in KOH, which allows for an
easily accessible, cheap and fast microstructuring batch process of complete silicon
wafers [153]. An average tip radius of ca. 15 nm, ranging from 5 – 32 nm, has been
demonstrated according to this fabrication method by Hantschel et al. for boron
doped diamond scanning probes, which can be used for advanced nanoelectronics
device characterization in scanning spreading resistance microscopy [154]. Furthermore, based on the idea of using boron doped diamond seeds embedded as growth
nucleation sites at the diamond–substrate interfacial layer [155], conductivity at the
apex of the tip could be increased [154], which could also be transferred to the application of NV-containing diamond seed nanoparticles to incorporate NV centers
at the apex of a bottom-up engineered diamond AFM probe [153].
Another bottom-up technique has been demonstrated by Zhang et al. using templated homoepitaxial growth to create high quality diamond in pyramid-shaped
photonic nanostructures [156]. The template consists of an EBL patterned SiO2
layer on top of a SCD sample: Apertures, ranging from 200 – 400 nm, are opened
into the silica-based mask acting as posts, which supports the pyramid structures
that are formed, when diamond growth exceed the mask thickness in a subsequent
overgrowth step. Depending on the relative growth rates of the {100} and {111}
faces, pyramidal structures can be obtained [156], as shown in the following Fig. 2.37.

a)

b)

Figure 2.37: a) SEM image of a bottom-up engineered pyramidal SCD
structure (scale bar indicates 250 nm). b) Model of the resulting geometry.
(Reprinted with permission from [156],
2016, AIP Publishing)
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In addition, the cavity resonance can be controlled by changing the resonator’s dimensions through adjustments of the aperture diameter d, as indicated in Fig. 2.37b.
As a result, this technique can be used to achieve selective emission enhancement of
NV or SiV centers in high quality, pyramid-shaped diamond nanostructures [156].
Most recently in 2019, a hybrid top-down & bottom-up technique has been demonstrated by Jaffe et al., showing first proof-of-principle experiments [129]. Fig. 2.38
(left) illustrates the main fabrication steps combining standard EBL and RIE for
structuring nanopillars that are subsequently overgrown. The resulting shape of
the overgrown pillars leads to faceted nanotips, as shown in Fig. 2.38 (right). One
major advantage of bottom-up homoepitaxially overgrown diamond nanopyramids
is the high crystal quality and the possibility to incorporate color centers during the
growth [129, 156]. Moreover, AFM investigations showed an excellent tip sharpness
with radii on the order of 10 nm for such overgrown pyramidal structures [157].

EBL

RIE

CVD

Figure 2.38: Schematic model of the hybrid top-down & bottom-up fabrication method (left) and SEM image of a final faceted SCD nanotip (right).
(Reprinted with permission from [153],
2020, Springer Nature B.V.)
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This chapter will provide an overview of the used experimental procedures and processing parameters. First, the deposition system and the necessary preparations
(carburization and pre-treatment) for the deposition of nanocrystalline diamond
films will be described. Afterwards, the main structuring processes will be presented, which include photo- and electron beam lithography, dry etching of diamond,
anisotropic wet etching of silicon and the planarization of NCD films. Visual documentation was performed with a Hitachi S-4000 scanning electron microscope
(SEM), using an acceleration voltage of 10 kV at tilting angles of 0 – 90 . The basic
principle of a confocal microscope for optical characterizations of color centers in
diamond will be given at the end of this chapter.

° °

3.1

Growth of NCD films

As described in section 2.2, many CVD methods have been developed for the deposition of diamond films. Here, the focus will be on the hot filament chemical
vapor deposition (HFCVD) system used in this thesis for the deposition of nanoand polycrystalline diamond (NCD and PCD) films.

3.1.1

HFCVD setup

NCD films were deposited in a home-built HFCVD setup, which is schematically
shown in Fig. 3.1. The reaction chamber consists of three main elements (base, middle section and cover) made of stainless steel with double-walled side walls, which are
connected to a cooling water circuit. Viton-O-rings are used as sealing material between those parts. The base includes connections for the vacuum pump, the NiCr/Ni
thermoelement (0.5 mm, Co. THERMOCOAX), the gas inlets, the power supply
for the heating plate and the power supply for the filaments. The middle section
(not shown) contains four KF flanges: A vacuum-meter for measuring the chamber
pressure during the deposition and a glass window for visual inspection of the process
are connected via one of those flanges. Seven tungsten filaments (ca. 14 cm length,
0.3 mm diameter, Co. HERAEUS) are spanned between two parallel copper blocks
by fixing one end below a screw-nut and the other end to a self-made tungsten coil
spring, as indicated in Fig. 3.1. In this way, tensile stress will prevent the filaments
from bending, which would inevitably occur due to the elongation of the filaments
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Figure 3.1: Schematic side view (a) and topview (b) of the HFCVD setup.
Adapted from [158].
during the carburization or the deposition process. The sample holder made of
molybdenum (80 mm diameter and 9.8 mm thickness) is placed on top of a boron
nitride heating plate (77 mm diameter and 2.2 mm thickness, Co. Boralectric,
model HT/0213), graphite serves as heat conductor between them. The BN heating
plate is placed without further fixation on five ceramic cylinders to prevent potential
mechanical stress during heating and short circuits between the connections of the
heating plate and the reactor walls. The height of the ceramic cylinders and the
copper blocks determines the distance of the filaments to the sample, which is about
10 mm in the current system. At the bottom of the sample holder, a small hole
is drilled into its center to guide the thermoelement to the backside of the sample,
which is either a whole silicon wafer for the deposition of a diamond film or a dummy
silicon wafer where small samples can be placed on. The filaments were heated by
utilizing a programmable DC power supply (TDK-Lambda GEN30-110-1P, 3300 W
output power, 0 – 30 V DC/0 – 110 A, Co. dataTec AG) and an additional power
supply Heinzinger PCY 140-50 (Co. Heinzinger electronic GmbH) was used
for heating of the substrate. Without an additional heating substrate temperatures around 600 ◦C could be reached using standard deposition parameters (see
section 3.1.4). Influx of the process gases (H2 and CH4 ) is implemented by two gas
lines and is regulated by mass flow controllers (MKS Instruments 247, four channel
flow controller, Co. MKS Instruments, Inc.). Venting of the chamber is realized
by an additional third gas line (N2 ), which is implemented via a needle valve [158].
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3.1.2

Carburization

Prior to the actual deposition process of diamond films, a carburization of the tungsten filaments is necessary. This procedure leads to the diffusion of carbon atoms,
which originate from decomposed methane molecules on the metal surface, into the
metal lattice, forming a layer of tungsten carbide (WC and W2 C) [159, 160]. This
process proceeds gradually from the surface towards the center of the filament. As
a result, the resistance of the filament constantly increases [159, 160]. Additionally,
due to the carburization process the volume of the filaments is increased as well,
which leads to an elongation and possible bending of the filaments. To maintain
their initial geometry and distance to the sample, they are tensioned via self-made
tungsten coil springs. After full conversion into WC and W2 C, the filaments become
very brittle and fragile after cooling [159], which eventually leads to their breakage
and subsequent replacement.
In general, the carburization process is performed with similar parameters like the
deposition procedure except for the use of the substrate heater. A dummy wafer
is used during the carburization to protect the thermoelement. The carburization
starts by heating the filaments with ca. 8.5 A per filament in a pure hydrogen atmosphere (500 sccm) at 25 mbar chamber pressure for 30 min. In the next step, the
current is increased in two steps by 5 A every 30 min, reaching the final current setpoint of 70 A (10 A per filament). Subsequently, the methane gas flow of 5 sccm is
switched on and from this point onward the current is monitored carefully. Due to
the increasing resistance of the filaments, the applied voltage needs to be adjusted to
keep the current constant in the range of 70 A. After approx. one hour, the current
becomes more stable and the process needs to be controlled and adjusted at least
every 30 min for additional 3 h. Filaments carburized with this method, typically
last for a total deposition time of 20 – 30 h.

3.1.3

Pretreatment

Before the initial diamond nucleation on a silicon substrate surface is introduced
in the growth process, there is an induction time of several minutes, during which
carbon atoms diffuse into the substrate forming a silicon-carbide surface layer [161].
As demonstrated by the C1s XPS core spectra in Figure 3.2, a silicon-carbide peak
can be detected only at the interface between the grown diamond film and the silicon
substrate.
For the deposition of diamond on non-carbide-forming materials like some metals
(e.g. Cu, Ni, Fe, etc.), a thin graphite layer is formed, on which the diamond
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Figure 3.2: C1s core spectra at the diamond surface (a) and at the interface between the grown diamond film and the scratched silicon substrate
(b). (Reprinted with permission from [162],
1994, American Institute of
Physics)
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starts to grow [163]. The formation of the graphite layer can be attributed to the
catalytic reactivity of Ni and Fe substrates with carbon, causing a decomposition of
the carbon-containing precursor molecules. Suppressing this catalytic reaction by
forming NiAl and FeSi2 on the surface results in diamond growth without a graphite
interlayer [163].
Different diamond nucleation pretreatment methods, including ultrasonic abrasion,
scratching and dc biasing, have been shown to introduce a substantial amount of
carbon species to the substrate surface [162]. Diamond deposition on non-diamond
materials like silicon without any pretreatment results in a very low nucleation
density of about 104 – 106 cm−2 [50, 164]. To obtain a closed poly- or nanocrystalline
diamond film a minimal nucleation density Nd is required, which depends on the
desired film thickness d. Assuming a film of cubic shaped crystals, the nucleation
density is given by:
Nd = d−2
(3.1)
That is why a high nucleation density of ca. 108 cm−2 is needed to form a thin and
continuous film of 1 µm thickness, while a 10 µm thick polycrystalline layer would
require 106 cm−2 , respectively [164]. To increase the nucleation density many techniques have been developed, including mechanical abrasive methods like diamond
grit abrading processes, scratching by diamond particles or paste and ultrasonic
treatments with diamond powders dispersed in a solvent [50, 164]. Applying a neg53
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ative bias (bias enhanced nucleation, BEN) to the substrate has also been shown
as suitable pretreatment method [165]. It has been demonstrated that the pretreatment has a seeding effect and that diamond particles are attached or embedded
on the silicon surface [166]. However, this is not excluding other possible intrinsic
effects like the formation of scratches and sharp edges, thus minimizing interfacial
energies, and the presence of dangling bonds or the breakage of surface bonds at
sharp edges, which are rapidly saturated with carbon atoms [50].
While substrate polishing with diamond powders is limited to flat surfaces and harsh
abrading conditions, ultrasonic treatment offers a more gentle method, where the
substrate is sonicated in a suspension of diamond powders [166], which can also be
used to enhance the nucleation on 3D-shaped substrates [50]. It has been shown
that the enhancement of the nucleation density strongly depends on the applied conditions during ultrasonic pretreatment like the duration and the used solvent [167]
or the particle size of the used powders [168].
In the current work, commercially available three-inch (100) silicon wafers (thickness ca. 375 µm, Co. CrysTec Kristalltechnologie GmbH) were used as
substrates for the deposition of nano- and polycrystalline diamond films. Prior to
the deposition, the wafers were pretreated in an ultrasonic bath in a suspension of
diamond powders: First, the native oxide layer on the silicon wafer was removed by
immersing the wafer into buffered hydrofluoric acid (buffered oxide etch, BOE containing NH4 F and HF 7:1, Co. Avantor Performance Materials) for 30 sec.
After rinsing in purified water and drying with nitrogen flow, the samples were
placed in a glass beaker and immersed in 20 mL of a commercially available diamond suspension (“Opalseeds: Nanodiamond slurry for seeding”, >98 % purity,
4 – 5 nm primary particle size, 20 – 30 nm average aggregate size, 0.5 w/v% in
dimethyl sulfoxide, from Co. Adámas Nanotechnologies, Raleigh, USA) and
diluted in 60 mL methanol. The silicon wafer was sonicated in this suspension for
30 min to create a nucleation density of typically 1011 cm−2 [169]. Subsequently, the
wafer was ultrasonically cleaned in acetone and isopropyl alcohol for 90 sec each and
dried with nitrogen flow after each cleaning step. In the case of diamond deposition on pre-patterned silicon substrates, similar wafers were used with a 2 µm thick
thermally oxidized SiO2 layer delivered from the same company. Those wafers were
directly subjected to the ultrasonic pretreatment after patterning of the SiO2 layer,
since they have already been treated with BOE in the last structuring step (see
section 3.2.1).
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3.1.4

Growth of NCD films

Deposition

The deposition of nanocrystalline diamond films was performed in the home-built
HFCVD system described in section 3.1.1. Small samples were placed on a dummy
wafer on top of the substrate holder, while a full wafer could be used as substrate
on its own. After reaching a basic chamber pressure of 10−3 mbar, hydrogen flow
of 500 sccm was introduced into the chamber until a working pressure of 25 mbar
was reached, which was kept constant during the whole deposition. A voltage of
105 V was applied to the substrate heater and the filament current was gradually
applied until 70 A were reached. As a result, typical deposition temperatures of
ca. 885 ◦C were achieved. Diamond growth is initialized at the time of introducing
the carbon source to the chamber (5 sccm of CH4 ). The deposition time and thus
the film thickness can be adjusted according to the desired application. An overview
of the deposition parameters is summarized in the following Table 3.1.
Table 3.1: Summary of the HFCVD deposition parameters used
to grow diamond films with seven tungsten filaments.
Substrate temperature TSub [◦C]

880 − 890

Filament temperature TFil [◦C]

>2000

Heater voltage USub [V]

105

Filament current IFil [A]

70

CH4 /H2 [sccm]

5/500

Working pressure p [mbar]

25

Deposition time t [h]

3−9

The morphology and the film thickness were investigated using SEM images under
a tilting angle of 45 and 90 , respectively. Typical diamond films after a deposition
time of 4 h and 9 h are shown in Fig. 3.3.

°

°

The films are closed and show well-developed facets with predominated pyramidal {111} structures. Depending on the deposition parameters and the deposition
systems, differently orientated poly- and nanocrystalline diamond films can be obtained. The ratio of the used carbon sources (C2 H2 :CH4 ) [171] as well as the addition
of different nitrogen and oxygen ratios [171, 172] can lead to preferential growth of
{111} or {100} facets. The growth of highly oriented (100)-textured diamond films
on (100) silicon substrates has been achieved with bias-enhanced nucleation (BEN)
systems [173, 174]. Even a laser-assisted combustion process with a wavelength55
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4 h deposition

9 h deposition

a) 45°

b) 45°

700 nm

c) 90°

2 µm

d) 90°

500 nm

1 µm

Figure 3.3: SEM images of the surface and cross-section of a NCD film (a
and c) after 4 h deposition and of a PCD film (b and d) after 9 h deposition,
respectively. ([b] and [d] are reprinted with permission from [170],
2019
WILEY-VCH Verlag GmbH & Co. KGaA)
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tunable CO2 laser for resonant vibrational excitation of ethylene molecules has been
demonstrated to achieve preferential growth of {100}-oriented diamond films [175].
The crystallite sizes are in the range of several hundreds of nanometer for a deposition time of 4 h with a film thickness in the range of approx. 1200 nm (Fig. 3.3a
and c). After a deposition time of 9 h, the films become polycrystalline with crystallites around 1 µm and a film thickness of roughly 3 µm (Fig. 3.3b and d). It
should be mentioned that the film thickness may be not homogeneously distributed
throughout the entire wafer, since interference patterns, which occur from the different thicknesses (see Fig. 4.13a), are prominently visible. These patterns are directly
correlated to the positions of the filaments, because of the stationary substrate
holder, which cannot be rotated. Additionally, due to the crystallite sizes it is difficult to measure the original film thickness. This is why multiple positions along
the cross-section are measured and averaged. The thickness variation caused by the
peak to valley proportion due to the grain sizes can be as high as (1200 ± 80) nm
(4 h deposition) and (3000 ± 150) nm (9 h deposition), respectively.
Thorough characterizations of the resulting NCD films were conducted by SEM,
XRD, Raman spectroscopy, XPS and SIMS, as shown in Fig. 3.4 for an exemplary
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NCD film deposited for 3 h according to ref. [170].
The crystallite sizes are in the range of a few hundred nanometer as revealed by
the exemplary SEM image in Figure 3.4a, but on average approx. 150 nm smaller
compared to a NCD film deposited for 4 h (Fig. 3.3a). Characteristic (111) and
(220) peaks for diamond are shown in the XRD pattern (Figure 3.4b) at 2θ of 44.0
and 75.4 , respectively, taken at a grazing incidence angle of 1 . The fundamental

°

°

°
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Figure 3.4: Different characterizations methods for 3 h as-grown NCD
films: (a) SEM image, (b) XRD pattern, (c) Raman spectrum (excitation
wavelength: 488 nm), (d) XPS C1s core spectrum and (e) SIMS depth profile
(3 keV Cs+ [150 m]2 for sputtering and Bi3 ++ [60 m]2 for analysis). ([176],
2019 Optical Society of America)
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diamond line at 1332 cm−1 is revealed in the Raman spectrum in Figure 3.4c. Additionally, the presence of a non-diamond phase from the sp 2 grain boundary material
is indicated by the broad graphite-related G-band around 1560 – 1590 cm−1 [177].
Considering the higher Raman efficiency for sp 2 bonded carbon, which is about 50
times higher compared to sp 3 carbon [39], it can be concluded that the NCD film
predominantly consisted of diamond phase with minor content of inherently present
sp 2 grain boundary material due to the nanocrystalline nature of the film. The low
sp 2 content stands in good agreement with the XPS C1s core spectrum shown in
Figure 3.3d. A relatively narrow peak indicates the presence of sp 3 C – C and C – H
bonds without a characteristic broadening shoulder at the lower binding energy site
of the peak, where sp 2 carbon should be expected. The asymmetry at higher binding energy can be attributed to different C – O bonds, since the NCD surface was
in contact with air and the elemental surface composition revealed 4.3 at% oxygen
content by XPS measurements [170]. A detailed explanation and comparison of
as-grown and planarized NCD films can be found in section 3.2.5. A homogeneous
distribution of N and Si throughout the entire film was revealed by SIMS measurements (Figure 3.4e). The nitrogen content originates from the background pressure
of 10−3 mbar in the chamber, which was detected as CN – (Fig. 3.3e, magenta graph).
The silicon content stems from bare silicon sources in the chamber, like the silicon
wafer substrate before its complete coverage by the growing NCD film [170].

3.2

Structuring

The following subsections will describe the typical procedures and techniques used
in this work to structure diamond films.

3.2.1

Photolithography

The structuring process of diamond usually starts with a lithography. Depending on
the desired feature sizes, either photolithography or electron beam (e-beam) lithography (EBL) are employed to transfer a mask pattern into a resist. In conventional
optical lithography systems, the minimum feature size Wmin is limited by diffraction,
which can be described by the following equation (3.2) [178]:
Wmin = k1 ·

λ
NA

(3.2)

with the wavelength λ of the used light source, the numerical aperture of the lens
NA and a process-related constant k1 , which depends on processing conditions and
other process relevant factors like the resist contrast and sensitivity [178].
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In this thesis, photolithography has been used for the bottom-up microstructuring of
NCD AFM tips by pre-patterning a 2 µm thick SiO2 layer on top of a silicon wafer.
This method is based on a conventional molding technique for the fabrication of
hollow metal tips on silicon cantilevers in scanning probe microscopy micromachining [179], which has been shown to be also suitable for the fabrication of NCD CVD
AFM pyramids [180]. One major advantage of this method is the use of optical
lithography, which allows an easy and fast batch process for microstructuring of
complete silicon wafers with a high throughput speed. This approach involves two
successively aligned photolithographies, anisotropic etching of silicon in KOH and
CVD growth of diamond films. Prior to any lithography, the samples were cleaned
with acetone, isopropyl alcohol, dried with nitrogen flow and placed on a hot plate
at 120 ◦C for 10 min to remove any remaining moisture. Whole three-inch (100)
silicon wafers (thickness ca. 375 µm with a 2 µm thick thermally oxidized SiO2 layer,
Co. CrysTec Kristalltechnologie GmbH) were used as substrates. After
cleaning and drying, an adhesion promoter (TI Prime, Co. Microchemicals
GmbH) was spin-coated on top of the SiO2 layer at 4000 rpm for 40 sec. Afterwards,
a positive photoresist (AZ1518, Co. Microchemicals GmbH) was spin-coated
on top at 4000 rpm for 40 sec. To evaporate excessive resist solvent, the sample
was placed on a hot plate at 90 ◦C for 5 min (softbake). Square windows with an
edge length of 18 µm were transferred into the resist via exposure through a quartz
mask. The exposure was performed with a Karl Süss MA4 Maskaligner (Co.
SÜSS MicroTec SE) in hard contact mode for 6.6 sec. The quartz mask included
two alignment crosses, which allow the adjustment of a second lithography with
associated alignment marks on another quartz mask. After exposure, the resist was
developed in a solution of 0.8 % KOH for 30 sec. A subsequent hardbake on a hot
plate at 110 ◦C for 5 min provides an improved durability of the resist against wet
etchants. To remove any remaining photoresist in the developed areas, the sample
was subjected to a short plasma ashing step, which was performed in an oxygen
plasma with a working pressure of 0.7 mbar using a TePla 200-G (Co. PVA
TePla AG) plasma asher with a power of 50 W for 3 min. Then, the sample was
immersed in BOE 7:1 at room temperature for 20 min to transfer the square window from the resist through the complete SiO2 layer. Afterwards, inverted pyramids
were etched into the silicon wafer through the opened squares by anisotropic wet
etching in 44 % KOH at 80 ◦C for 2 h (described in detail in 3.2.3). Finally, a second
photolithography is performed in the same way as mentioned above, using the associate quartz mask with the cantilever windows (150 µm width and 650 µm length),
excluding the anisotropic wet etching step. A summary of all necessary steps to
structure the SiO2 layer can be found in Table 3.2.
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Table 3.2: Summary of the optical lithography steps and related
parameters to transfer patterns into 2 m thick SiO2 layers.

3.2.2

Process step

Parameters

Prebake (dehydration)

120 ◦C, 10 min

Spin-coating TI Prime

4000 rpm, 40 s

Spin-coating AZ1518

4000 rpm, 40 s

Prebake (softbake)

90 ◦C, 5 min

Exposure (UV light)

hard contact, 6.6 s

Development

0.8 % KOH, 30 s

Postbake (hardbake)

110 ◦C, 50 s

Plasma ashing

O2 plasma, 50 W, 3 min

SiO2 wet etching

BOE 7:1, 20 min, RT

Electron beam lithography

In contrast to photolithography, which is limited to the wavelength of the used light
source (see section above 3.2.1), electron beam lithography (EBL) offers nanoscale
resolution due to the shorter wavelengths associated with typically used electron
energies in the range of 10 – 50 keV [181].
Typical e-beam sensitive resists like poly(methyl methacrylate) (PMMA) are not
suitable as direct mask material for prolonged dry etching of diamond due to the
low plasma etch tolerance [181]. Therefore, the structured resist is used to transfer
the desired mask pattern into a hard mask by a so-called “lift-off” process, which is
schematically illustrated in the following Figure 3.5.
hard mask deposition

lift-off

resist
substrate

Figure 3.5: Schematic model of the lift-off process steps. After [182].
After lithographic structuring of the resist, a thin metal layer is deposited on top of
it. Deposition of the metal is performed in vacuum with a directional method (e.g.
electron beam evaporation) to prevent coverage of the resist side walls (see Fig. 3.5).
Together with an resist side wall undercut, metal structures with good quality can
be achieved on the substrate surface [182]. Since the used e-beam resists are usually
applied as thin layers, the metal mask thickness should always be thinner than that
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of the resist to provide a sufficiently exposed surface area of the resist to react with
a solvent.
Resists for lithography can be divided into two major families: positive and negative
resists. In EBL, PMMA is used as positive resist, which becomes more soluble in
a developing solution after e-beam exposure. The main and side polymer chains
can be broken upon e-beam irradiation, weakening the polymer and increasing its
solubility. On the other hand, a negative resist is strengthened by random crosslinkage of main or side chains, decreasing its solubility in a developing solution. The
basic principles of positive and negative resists are illustrated in Figure 3.6. Further
information and detailed chemical reaction mechanisms can be found in ref. [181].
a)

positive resist
exposure (UV light, e-beam)

b)

negative resist
exposure (UV light, e-beam)

resist

resist

substrate
c)

substrate
d)

chain scission

cross-link

Figure 3.6: Schematic depiction of the behavior of a positive (a) and
a negative (b) resist after development and their associate polymer chain
reaction mechanisms (c and d). Adapted from [181].
In the current work, a copolymer on the basis of methyl methacrylate and methacrylic
acid, dissolved in 1-methoxy-2-propanol (AR-P 617.06, Co. ALLRESIST GmbH)
was used as positive e-beam resist for nanolithography, which has a 3 – 4 times
higher sensitivity than pure PMMA2 . For the application of a negative resist, ARN 7520.18 (novolac-based, Co. ALLRESIST GmbH), was used. A typical EBL
follows similar steps described in section 3.2.1. After cleaning, drying and spincoating, the samples were subjected to an e-beam exposure in a Raith eLine (Co.
Raith GmbH) system. The desired pattern designs were created with a computer
software (LayoutEditor, build: 20110203). The exposure with an e-beam is inherently connected to electron–solid interactions, which lead to additional technological
2

AR-P 617.06 data sheet, https://www.allresist.com/wp-content/uploads/sites/2/
2014/03/allresist_produktinfos_ar-p610_englisch.pdf, access date: 25.05.2020, 15:00
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challenges, discussed in detail in the next paragraph. Two successively aligned ebeam lithographies were performed by defining additional alignment marks in the
first EBL process together with the desired pattern. An overview of the alignment
marks and their respective positions in regard to the pattern can be seen in Figure 4.14b, section 4.2.2). Because of the alignment procedure, it is necessary to find
and adjust at least three different alignment marks, which causes a full exposure of
the searched areas and thus loss of definable resist surface. Therefore, the desired
pattern is positioned with a safety distance of several hundreds of micrometers away
from the alignment marks. Typical exposure doses used in the current work are in
the range of 40 – 80 µC cm−2 for defining nanopillars and can reach up to several
thousands of µC cm−2 for AFM tips, respectively. However, each pattern design
has a very specific optimal dose value for the best development, which will be discussed individually for each nanostructure in section 4. After exposure, the positive
resist, AR-P 617.06, was developed in a 1:3 solution of methyl isobutyl ketone
(MIBK) and isopropyl alcohol (IPA) and the negative resist, AR-N 7520.18, in a
2:3 solution of AZ MIF826 (Co. Microchemicals GmbH) and purified water.
The development was stopped in pure IPA or pure H2 O, respectively. Subsequently,
the samples were coated with a metal hard mask in a Balzers BAK 600 (Ti and
Au) or Pfeiffer PLS 500 (Al) e-beam evaporation system. The following lift-off
process was performed in a solution of N -methyl-2-pyrrolidone (NMP) at 80 ◦C over
night. Afterwards, the samples were carefully cleaned in acetone, IPA and slowly
dried with nitrogen flow. Table 3.3 summarizes all process steps for both resists.

®

Table 3.3: Summary of the EBL process steps and parameters.
Process step

AR-P 617.06

120 ◦C, 10 min

Prebake (dehydration)
TI prime spin-coating

AR-N 7520.18

–

3000 rpm, 20 s

Resist spin-coating

1500 rpm, 40 s

4000 rpm, 40 s

Bake

250 ◦C, 5 min

97 ◦C, 80 sec

Exposure (e-beam)

20 kV, 40 – 90 µC cm−2

20 kV, 170 µC cm−2

Development

MIBK/IPA (1:3), 165 s

MIF826/H2 O (2:3), 180 s

Development stop

IPA, 30 s

H2 O, 30 s

Metal deposition

5 nm Ti and 200 nm Au or 200 nm Al

Lift-off

NMP, 80 ◦C, over night

Dry etching

O2 plasma, 6 – 20 min
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After structuring, the remaining gold mask was removed in a solution of KI/I2 (25 g
KI and 6.25 g I2 dissolved in 750 mL) for 4 min and the titanium adhesion layer in
BOE 7:1 for 1 min and aluminum in a solution of H3 PO4 : HNO3 : CH3 COOH : H2 O
(80 % : 80 % : 5 % : 5 % : 10 %, TechniEtch Al80, Co. Microchemicals GmbH)
for 5 min, respectively.
One major complication of EBL is the inherent electron–solid interaction, which can
limit the practical resolution dimensions. The resolution is not only limited by the
focused e-beam spot size, but also by forward scattering and backscattering of electrons. Many small angle scattering events can occur, while the electrons penetrate
into the resist. This forward scattering tends to broaden the initial e-beam spot
size. Additionally, the electrons may return back into the resist over a significantly
larger area than the incident spot size, caused by large angle scattering as they continue to penetrate into the substrate (backscattering). This phenomenon is called
“proximity effect” in EBL and it is schematically illustrated in Figure 3.7a [183].
The resulting exposure dose distribution, and thus the developed pattern design,
is wider than initially defined (Fig. 3.7b). This effect is especially important when
designing closely packed features, since the proximity effect can contribute to an
undesired exposure of adjacent pattern features, which is illustrated in Figure 3.7c.
The proximity effect depends on the fundamentals of e-beam physics and electron–
a)
c)

b)

Figure 3.7: Schematic illustrations of (a) the “proximity effect” in EBL,
leading to beam broadening (forward scattering) and additional exposure in
the resist outside the beam spot (backscattering); (b) the effective electron
dose distribution due to the proximity effect; (c) the impact of the proximity
effect to adjacent pattern features. (Single images reprinted with permission
from [181],
2011, Taylor and Francis Group LLC)
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solid interactions. The distance which electrons can travel through a bulk material
depends on their energy (acceleration voltage) and on the substrate material properties (e.g. atomic number) [183]. Since the beam electrons interact as negatively
charged particles with the electric fields of the substrate atoms, their trajectory can
be deflected by the positive charge of the protons in the nuclei and their negatively
charged atomic electron shell (elastic scattering). Consequently, the probability of
elastic scattering Q (forward scattering) increases with the atomic number Z of the
substrate material, approximately as Q ∼ Z 2 , and scales with the electron energy
E approx. with Q ∼ 1/E 2 [184]. Furthermore, forward scattering is influenced by
the resist thickness and its material properties. In severe cases, forward scattering
can lead to a significant exposure depth profile inside the resist, resulting in a much
broader profile at the bottom than at the top, as indicated in Fig. 3.7c [183].
Beside the fundamental impact on the proximity effect, many other factors play an
important role. The proximity effect is also dependent on the shape, size, package
density of the patterns and the processing conditions like exposure dose and development time [185]. Those factors are also the working point in finding effective
countermeasures to prevent severe proximity effects. Proximity correction software
can module the exposure dose distribution in regard to the shape, size and package
density of the pattern. Such calculations compensate the dose values for each pattern feature to achieve an effectively equal dose distribution. Another method would
be the shape-dimension adjustment technique (also called pattern biasing), which
changes the nominal sizes in the pattern design to obtain the desired proper sizes
after the exposure [183, 185]. In the current work, dose modulations were calculated
for each pattern design where applicable with the software “NanoPECS Proximity Correction” included in the software “Nanosuite” (release 6, SP10.2,
Co. Raith GmbH). In addition to the calculations, manual dose variations were included by comprehensively repeating the same pattern design with slightly different
base dose values. The effect of the proximity corrections will be discussed in detail
in section 4.2.

3.2.3

Anisotropic wet etching of silicon

Anisotropic wet etching of (100) silicon wafers in alkaline solutions is the basis for
the fabrication of pyramidal structures. Typical anisotropic etching solutions consist
of ethylenediamine, water, pyrocatechol or purely inorganic aqueous solutions of
potassium hydroxide (KOH) and sodium hydroxide (NaOH) [186].
The general principle of the formation of hollow pyramids into a (100) silicon surface
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is depicted in Figure 3.8a. Since the final shape is determined by the different
crystallographic etch rates of silicon, a square-shaped mask pattern will lead to a
hollow pyramid, when the slow etching (111) planes meet, as indicated in Figure 3.8a.
Depending on the etching conditions, (100) crystal planes can be etched 200 times
faster than (111) planes in KOH. The opened square mask size will define the etch
depth and the angle will be determined by silicons crystal structure, which exhibits
an angle of 54.7 between the (111) and the (100) planes. It is important to note
that the mask is aligned to the crystallographic [110] direction, which is indicated
by the primary flat 3 of the wafer [187].

°

topview

a)

b)
54,7°

(100) Si

(100) Si

Figure 3.8: (a) General principle of anisotropic wet etching on (100)oriented silicon wafers. (b) Illustration for the direct transfer of the length
ratio x and y into the edge groove. (a) and (b) are adapted from [158].
However, a slightly misaligned square will still lead to the formation of a hollow
pyramid, which is slightly enlarged, as indicated in Figure 3.8a. Due to the nature
of the crystallographic etching dependencies, a circular-shaped mask will lead also
to the formation of a hollow pyramid, which may need longer etching times to be
completely etched free. Most importantly for the formation of a very sharp apex
of the pyramid is the symmetry of the opened square, i.e. the ratio of the lengths
of the square as indicated in Figure 3.8b. Slight inaccuracies between the square
lengths x and y will result in a faceted pyramid apex, since the four (111) planes
will not meet in one point [158].
Initially, the anisotropic etching behavior is correlated to the available bond density
of the different crystal planes. The (100) surface offers two dangling bonds per surface atom, which can be bound by one hydroxide ion OH – each. Additionally, such
silicon surface atoms from the (100) plane have only two Si – Si backbonds, while silicon atoms at the (111) plane have three Si – Si backbonds and only one binding site
for one OH – ion. As soon as all backbone bonds are broken, the silicon-hydroxide
complex can react with additional hydroxide ions, leaving the solid surface by diffusion as a neutral Si(OH)4 molecule (orthosilicic acid). Since this molecule is not
3

so-called flats are the straight edges on a wafer indicating its crystal planes
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stable in highly alkaline solutions (pH value >12), the silicate species SiO2 (OH)2 2 –
will be formed in the bulk electrolyte by the detachment of two protons. A detailed
explanation of the chemical etch process of silicon in alkaline solutions as well as a
complete electrochemical model for the reaction mechanism of anisotropic wet etching of silicon in alkaline solutions can be found in ref. [186].
In this thesis, a pre-defined stock solution of 44 % KOH (“Gravure Silicium”, Technic France) with small traces of K2 CO3 <1 % was used for anisotropic etching of
(100) silicon wafers. Therefore, the samples were placed in a beaker and covered
with the etching solution. Additionally, isopropyl alcohol (ca. 10 vol%) was added to
this solution, whereas most of the organic solvent floated on top of the aqueous KOH
phase. The addition of IPA not only improves the etched surface roughness, but also
has an impact on the different crystal plane etch rates [186, 188]. The beaker was
placed on a hot plate at 80 ◦C and capped with a glass cover slip to avoid excessive
evaporation of the solvent. The different crystal plane etch rates are also effected
by the concentration and the temperature of the KOH solution. Additionally, the
etch rate ratio between silicon and SiO2 strongly depends on the composition and
temperature of the etching solution [186].
For the anisotropic etching of the hollow pyramids, the samples were heated for 2 h
at 80 ◦C in the etching solution mentioned above (44 % KOH with ca. 10 vol% IPA).
The depth of the hollow pyramids is defined by the square edge length (≈0.7 d) and
the top angle corresponds to 70.6 due to the crystallographic orientations [180].
Afterwards, the samples were cleaned with purified water and dried with nitrogen
flow. In the case of the complete removal of the Si substrate for free-standing NCD
AFM probes, the samples were simply heated in this solution over night. For the
fabrication of suspended NCD membranes, the samples were simply heated in the
etching solution over night until the silicon wafer was completely etched off in the
exposed window from the back of the structured wafer. In this case, the sample was
placed with the opened window facing upwards, since the reaction of silicon with
KOH results in vigorous bubbling, which could damage the fragile membrane.

°
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Dry etching

Due to the chemically inert nature of diamond, only extremely harsh wet conditions
are known to etch diamond, like etching with molten rare-earth elements such as
cerium or lanthanum at 920 ◦C in an argon gas atmosphere [9] or catalytic etching
with thin films of Fe, Ni or Pt at 850 – 950 ◦C in a hydrogen atmosphere [10].
Since wet etching describes the utilization of liquid chemicals, dry etching is com66
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monly known for the application of plasma etching and its impact on the material,
which can be of chemical and/or physical nature. By dry etching, a solid surface
is etched in a gas or vapor phase either by chemical reactions of reactive gaseous
species with the surface, or by physical ion bombardment (sputtering), or by a combination of both, chemical and physical mechanisms. Its advantages against wet
etching include the reduction of chemical hazard, the potential of an automated
process, possible anisotropic etching and better control of critical nanometer dimensions (compared to >3 µm dimensions for wet etching). Wet etching is limited
by surface tension, which precludes a wet etchant from reaching down in-between
closely packed photoresist features [181].
Reactive ion etching (RIE), which can also be termed plasma etching interchangeably, is performed in a vacuum chamber by reactive gases excited by radio frequency
(RF) fields [187]. A plasma is generally defined as quasineutral gas consisting of
charged and neutral particles, which exhibit a collective behavior. In low gas pressure parallel-plate RF plasmas, the neutral species greatly outnumber the other
species, like positive and negative ions and electrons. For such plasmas, the degree
of ionization is only in the range of 10−4 – 10−6 . Due to the applied radio frequency
voltage, inelastic collisions between free electrons and gas molecules can lead to the
excitation or ionization of the gas molecules, resulting in a sustainable plasma [181].
The plasma density can be increased by using inductively coupled plasma (ICP)
systems, where the power is coupled to the plasma by a coil wrapped around the
ceramic walls of the chamber. Power supplied to the coil induces a time-varying
magnetic field, which helps to confine the electrons to the plasma increasing the
plasma density. A higher plasma density has the major advantage of more highly
reactive species, which lead to increased etch rates, lower operating pressure and
thus improved directionality caused by less scattering of ions. The plasma density
can be up to two orders of magnitude higher than utilized in conventional RIE. Additionally, another advantage of ICP RIE is the separate control of plasma density
and the energy with which the ions are accelerated to the sample surface [189]. A
schematic depiction of an ICP RIE setup is shown in Figure 3.9.
In the current work, etching of diamond was performed using Oxford Plasmalab
100 ICP RIE systems (Oxford Instruments). Two similar setups were used: an
ICP-Cl and an ICP-F. The ICP-F setup is mainly used for materials etched in
fluorine-based gas mixtures, such as silicon, SiO2 and Si3 N4 , whereas the ICP-Cl
setup is used for chlorine-based etch processes. The advantage of the ICP-Cl system
is an integrated laser interferometer (675 nm wavelength), which can be used for
endpoint detection in the case of etching NCD nanopillars on a silicon wafer.
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Figure 3.9: Schematic of an ICP RIE system. Reprinted under a CC
BY 3.0 licence (https://creativecommons.org/licenses/by/3.0/) from
Hönl et al.: “Highly selective dry etching of GaP in the presence of
Alx Ga1–x P with a SiCl4 /SF6 plasma”, J. Phys. D: Appl. Phys. 51, 185203
(2018), DOI:10.1088/1361-6463/aab8b7.
2018 IOP Publishing Ltd.
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In general, dry etching of diamond is accomplished in RIE processes with gas mixtures of O2 or H2 as main component [190]. For the fabrication of diamond nanostructures, RIE processes with oxygen-based plasmas have been established as main
method nowadays [191]. Another etching approach is based on H2 plasmas with
similar conditions compared to diamond CVD, i.e. low pressure and high temperatures around 800 ◦C [192].
One reason why oxygen-containing plasmas are suitable and efficient in etching of
diamond is the chemical reaction pathway of oxygen with carbon. The highly reactive oxygen radicals, formed in the plasma, react with carbon atoms on the diamond
surface forming volatile etch products such as CO2 and CO [193]. SF6 can be added
to the gas mixture during plasma etching, which can reduce micromasking and thus
increase the surface smoothness after etching [194]. Since the mask material is also
exposed to the plasma etching conditions, it is always etched to a certain degree
(mask erosion) at least by physical sputtering. This leads to re-deposition of the
mask material on the unmasked diamond surface (micromasking), which induces
unevenly grass- or spire-like etched surface features [194]. On the other hand, chemical reaction compounds, which are formed between the reactant gases and the mask
material, can also cause a micromasking effect, since such compounds can also be
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non-volatile and very hard to etch (e.g. Al2 O3 ) [195].
In general, the process parameters in ICP RIE have a major impact on the resulting etching behavior of diamond. The main parameters are ICP and RF powers,
working pressure, gas composition and gas flow rate. The ICP power regulates the
plasma density and the RF power the ion energy with which the ions impinge on the
sample surface. Increasing one of those powers leads to higher etch rates, whereas
the plasma density corresponds to the chemical etching from reactive species and
the ion energy to the physical component via ion bombardment, respectively. An
increased ion acceleration towards the sample will also effect the directionality of
the impinging ions, which will lead to more vertical etching (anisotropy) [193].
The working pressure has a direct impact on the mean free path of the ions, which
is inherently connected to the anisotropy of the etching. If the pressure is reduced,
ions will have a longer mean free path, which means a smaller collision probability
with other particles. Thus it is less likely that the ions will change their directionality and the anisotropy will be enhanced. However, a lower pressure will also reduce
the ion density, which will result in a decreased etch rate [196].
The gas composition has a crucial role for diamond etching, as mentioned earlier.
The main role of the gas flow rate is the sufficient supply of reactant molecules. The
number of atoms to be removed can be on the same order of the number of radicals
in the plasma. If the supply of reactants is depleted by chemical reactions with the
substrate material, a so-called loading effect occurs, which can lead to limited etch
rates and/or etch rate non-uniformities. The loading effect is proportional to the
exposed area to be etched, which may be of more importance for full wafer etching [196].
Additionally, the mask material should also be considered in regard to all mentioned
dry etching effects, since the etching conditions equally apply to the mask material.
A broad variety of materials can be used as etch mask for diamond, like Al, Au,
Ti, SiO2 and Si3 N4 . Important features of the mask material are the etch rate selectivity between the mask and the diamond and the degree of re-deposition and
micromasking. Thus the morphology of the etched diamond structures as well as
the etched surface morphology are effected by the mask material. Tran et al. showed
with their respective etching conditions that aluminum provides high selectivities
(30 – 50), whereas gold shows less micromasking [194].
In addition to micromasking and mask erosion, another effect can occur at the bottom of an etched nanopillar (“trenching”), since the accelerated ions are deflected
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along the already etched side walls of the nanopillar, which is schematically illustrated in Fig. 3.10 [144]. Thus, a trench is formed at the bottom of the structure
due to the higher number of impinging ions. Moreover, notches can be formed at
the side walls as mask erosion causes removal of the mask material on top of the
pillar [144].

Figure 3.10: Schematic illustration for trenching at the bottom of an
etched pillar and mask erosion during etching. (Reprinted with permission
from [144],
2014, Elsevier B.V.)
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In this work, two ICP RIE recipes were utilized for diamond nanostructuring.
For etching of NCD nanopillars, AFM tips and membranes, a standard oxygencontaining recipe was used, presented in ref. [197]. A thorough investigation of the
influence of the process parameters on the etching behavior can be found in [198].
Preliminary structuring experiments of monocrystalline diamond were performed
with a recipe adapted from [199]. The former will be termed “standard-NCD” and
the latter “mono”, which has been shown to smoothly etch monocrystalline diamond
after removing the particles from the diamond surface in an Ar/Cl2 cleaning etch
step with the following parameters: ICP/RF power 500/200 W, 10 sccm Ar, 20 sccm
Cl2 , working pressure 10 µbar and substrate temperature 20 ◦C [199]. Prior to any
etching process, the reaction chamber was cleaned with a SF6 - and O2 -containing
plasma for 60 min (“cleaning”) and subsequently conditioned with the respective
recipe to be used for at least 15 min. All processes and their related parameters are
summarized in Table 3.4.
Dry etching of diamond nanostructures was performed in the ICP-Cl system, where
the etch rates of “standard-NCD” were in the range of 110 nm min−1 for NCD
films [170, 176] and slightly lower (ca. 90 nm min−1 ) for monocrystalline samples.
Although the same parameters as described by Ruf et al. [199] were used in “smoothmono”, etch rates in the range of only ca. 60 nm min−1 were observed for the etching
of monocrystalline samples compared to the stated ∼210 nm min−1 . Even if similar
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Table 3.4: Summary of the ICP RIE process parameters and recipes.
cleaning

standard-NCD

mono

O2 flow [sccm]

40

10

50

SF6 flow [sccm]

10

-

-

Working pressure p [mTorr]

20

5

7.5

ICP power [W]

1000

1000

1100

RF power [W]

100

200

90

Substrate temperature TSub [◦C]

30

30

20

Table height [mm]

20

20

20

He backing [Torr]

-

5

5

ICP RIE systems are used, different etch rates may occur due to slight technological
differences (e.g. different chamber size). The same observations were made comparing the same etching recipe (standard-NCD) in both Oxford Plasmalab 100
systems: ICP-F and ICP-Cl. In general, the etch rates were ca. 15 nm min−1 slower
in the ICP-F system compared to the ICP-Cl one.
Anisotropic angled-etching of suspended diamond nanobeams was performed in
the ICP-F system by housing the samples inside a Faraday cage, which is shown
Fig. 3.11. The Faraday cage consists of conventional aluminum mesh with a length
of ca. 50 mm, a width of ca. 15 mm and a height of ca. 9 mm. For fixation, the

a)

b)

15 mm
Figure 3.11: Images of the used Faraday cage housing a typical NCD
sample.
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aluminum grid is clamped in a groove of an aluminum holder (Fig. 3.11). In order
to prevent any residual ion impact normal to the sample surface, aluminum foil
was wrapped around the top curvature of the aluminum mesh. The principle of
anisotropic angled-etching is schematically depicted in the following Fig. 3.12.

Figure 3.12: (a) Schematic illustration of anisotropic plasma etching: (i)
standard EBL etch mask patterning; (ii) conventional mask transfer via
RIE; (iii) angled-etching; (iv) residual etch mask removal. (b) The incline
angle of the Faraday cage θ determines the etch angle of the suspended
nanobeam. (c) Schematic model of angled-etching from two directions by
corresponding alignment of a sample inside a triangular prism Faraday cage
design. (Reprinted with permission from [138],
2012, American Chemical
Society)
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Conventional EBL and RIE are used to define an etch mask into diamond, followed
by an additional etching step that allows anisotropic plasma etching by placing
the sample inside a Faraday cage to shield it from electromagnetic fields, which
are drastically attenuated within a small distance of the metal grid openings [138].
Thus, the ions in a plasma etching process are accelerated by a potential gradient
along a path perpendicular to the grid openings of the Faraday cage surface. After
passing the metal grid, they travel ballistically toward the sample. As a result,
the incident angle of the ions relative to the sample surface is determined by the
geometry of the Faraday cage, in particular by the incline angle θ, as illustrated in
Fig. 3.12b. Hence, the bottom angle of the final triangular nanobeam is 2θ, which
can be adjusted by using Faraday cages with different incline angles [138].

3.2.5

Planarization of NCD films

The intrinsic surface roughness of NCD layers from typically 25 – 50 nm affects
the shape and the quality of resulting nanostructures. Nanopillars and suspended
photonic crystal slabs fabricated from smoothened, planarized NCD films show sig72
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nificantly less tapered side walls/air holes and a more uniform circular shape in comparison to unplanarized NCD films [200]. This effect is even stronger pronounced
by structuring polycrystalline diamond films (thickness ca. 3 µm) with an intrinsic
surface roughness in the range of a few hundred nanometer, as shown in Fig. 3.13.

Figure 3.13: SEM image of a structured nanopillar array on an unplanarized PCD film. Please note that the two big holes inside the nanopillar
array originate from the EBL design.
Several planarization processes have been developed besides the classically used
chemical-mechanical polishing (CMP) in microtechnology, which is not applicable
for relatively thin NCD or PCD films. Due to the extreme hardness of diamond,
long process times and the removal of several µm of material are usually necessary
in CMP [201]. However, a different approach has been developed by Rabarot et
al. utilizing an intermediate polishing layer and reactive ion etching [202], which is
schematically shown in the following Fig. 3.14.

©

Figure 3.14: Basic principle of the used planarization process. (Reprinted
with permission from [202],
2010, Elsevier B.V.)
First, a thick SiO2 layer is deposited on top of a nano- or polycrystalline diamond
film (Fig. 3.14, 2) filling out the complete interface of the crystallites on the surface.
This polishing interlayer is planarized by conventional CMP, leaving a smooth SiO2
surface, still covering the underlying crystallites (Fig. 3.14, 3). Afterwards, a selectively controlled reactive ion etching step is employed to transfer this planar surface
into the nano- or polycrystalline diamond film (Fig. 3.14, 4). This RIE step has been
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fine-tuned by varying the utilized gas mixture ratio of O2 and SF6 to achieve the
same etch rate between diamond and SiO2 . Thus both, the SiO2 and the diamond
layer, are continuously etched until a planar diamond surface remained [202].
In accordance with the basic idea of this principle, Checoury et al. developed a
similar process without the use of CMP for the planarization of a 400 nm thin NCD
film [203]. By applying hydrogen silsesquioxane (HSQ) via spin-coating on top of a
rough NCD layer, it is possible to obtain a smooth silica-like layer after baking on
a hot plate. As demonstrated before, a finely tuned RIE process was developed to
achieve the same etch rates for the silica-like and the diamond layer by adjusting
the gas mixture ratio of O2 and Ar [203].
A similar process has been developed by Heupel et al. using a different spin-onglass (SOG), consisting of perhydropolysilazane [200]. This SOG can be applied
by conventional spin-coating techniques as well and also transforms into a silicalike layer upon heating under ambient conditions. It consists of the repeating unit
– (SiH2 NH) – and reacts in the presence of air moisture and heat to silica via hydrolysis and polycondensation (Fig. 3.15) [204]. Applying this SOG, a selectively
controlled RIE step with O2 and SF6 has been developed [200], which was also used
in the current work. The process has been adjusted depending on the film thickness
and thus the inherent surface roughness.

Figure 3.15: Conversion of perhydropolysilazane into silica in the presence
of air moisture and heat via hydrolysis and polycondensation. (Reprinted
with permission from [204],
2013, Elsevier B.V.)

©

For the structuring of highly dense nanopillars arrays on silicon wafers, the general
planarization process reported by Heupel et al. was utilized [200]. In the other case
for the fabrication of nanopillars on 3 µm thick PCD films, the etching times were
increased to achieve an enhanced planarization effect.
First, SOG (“NN120-20 (A)”, 20 wt% perhydropolysilazane in di-n-buthylether, Co.
durXtreme GmbH) was spin-coated on top of the diamond films at 6000 rpm.
After an initial curing at 120 ◦C on a hot plate for 5 min, conversion of the SOG into
silica is performed at 180 ◦C for 60 min. The application of the SOG is summarized
in Tab. 3.5.
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Table 3.5: Summary of the process parameters for the application
of SOG on diamond films.
Process step

Parameter

Spin-coating

500 rpm, 2 s
1000 rpm, 1 s
6000 rpm, 40 s

Curing

120 ◦C, 5 min

Heating-up

to 180 ◦C (ca. 1 ◦C per min)

Polycondensation

180 ◦C, 60 min

The resulting root mean squared (rms) roughness of the SOG on top of the diamond
layer is around 2 nm (with a peak to peak height of 16 nm) [205], which is also the
minimal roughness that could be achieved by transferring this surface into the diamond layer by reactive ion etching. Additionally, the etch selectivity of the diamond
film and the SOG layer has to be taken into account for the lowest achievable rms
roughness.
After polycondensation of the SOG layer, the samples were subjected to a selectively
controlled ICP RIE step (selectivity NCD:SOG of 0.9 [200]) with a gas mixture of
SF6 and O2 . The main ICP RIE process parameters are summarized in the following
Tab. 3.6.
Table 3.6: Summary of the ICP RIE process parameters for the
planarization of NCD and PCD films in the ICP-F system.
O2 flow [sccm]

23

SF6 flow [sccm]

2

Working pressure p [mTorr]

5

ICP power [W]

0

RF power [W]

250

Substrate temperature TSub [◦C]

30

Table height [mm]

20

ICP RIE duration t [min]

6 − 12

In the case of NCD films, the RIE step was performed for 8 min and afterwards
the samples were immersed in buffered HF to remove any residual SOG. This first
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planarization cycle led to a reduction of the rms roughness from ca. 23 to 14 nm [205].
The whole planarization cycle was repeated de novo for an additional etch time
of 6 min to achieve a typical rms roughness in the range of 4 – 6 nm [200]. The
resulting film thickness was in the range of ca. 750 nm for a diamond film which
has been deposited for 4 h. In the case of a thick PCD film (9 h deposition), the
planarization step was performed twice with an etch duration of 12 min each. This
led to a thickness reduction of ca. 700 nm and a rms roughness in the range of
6 nm [176]. The final film thickness was around 2300 nm, as shown in Fig. 3.16.

90°

1 µm

PCD film
Si substrate

Figure 3.16: SEM cross-section after two planarization procedures with
an etch duration of 12 min each on a 3 µm thick PCD film (9 h deposition).
The planarization process has an impact on the elemental surface composition due
to reactive ion etching and the used gases. The elemental surface composition of
comparable NCD samples, which are grown and processed with the same systems
and parameters, is reported by Heupel et al. as determined by XPS measurements,
which are summarized in the following Table 3.7.
Table 3.7: XPS measurements before and after planarization according to [200].
Surface

C [at%]

O [at%]

F [at%]

Si [at%]

NCD as-grown

96.4

3.4

0.2

-

NCD planarized

84.0

7.2

8.8

>0.02

The oxygen and fluorine content of the as-grown NCD surface is significantly increased after the planarization from 3.4 at% to 7.2 at% for oxygen and from 0.2 at%
to 8.8 at% for fluorine, respectively. This increase is caused by the O2 /SF6 plasma
etching, having in mind that plasma processes are conventional methods to modify
the composition of diamond surfaces [19]. Only small traces of silicon were measured after the planarization process, indicating the complete removal of SOG due
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to plasma etching and the following cleaning step in HF.
XPS core spectra before (as-grown) and after the planarization process are demonstrated in Fig. 3.17, according to ref. [200]. The good quality of the NCD film
is indicated by the strong and narrow peak at 285 eV in the C1s core spectrum
(Fig. 3.17a), which can be attributed to sp 3 carbon atoms.
a)

b)

c)

Figure 3.17: XPS core spectra of C1s (a) and O1s (b) before (as-grown,
red) and after the planarization process (blue). F1s core spectrum after
the planarization is shown in (c). (Reprinted with permission from [200],
2019, WILEY-VCH Verlag GmbH & Co. KGaA)

©

Different C – O bonds, like C – O (≈ 286 eV) or O – C – O (≈ 288 eV), can cause
the asymmetric shape of this peak at higher binding energies. This asymmetry
is even stronger pronounced after the planarization, which could be attributed to
the higher oxygen content, as revealed by the elemental surface composition XPS
data in Tab. 3.7. In addition to that, C – F bonds, like CFx (x = 1, 2, 3) and
C – CF (289 – 293 eV), could contribute to the stronger asymmetry of this peak
after the planarization, since fluorine content was only present after the planarization (Tab. 3.7). The broadening shoulder towards lower binding energies after the
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planarization could be attributed to sp 2 carbon (284 eV) which might be formed by
the ion bombardment during the plasma process, leading to graphitization and/or
amorphization [19]. The O1s core spectrum of the planarized film (Fig. 3.17b) shows
also a broadening, which could be attributed to contributions from different oxygencontaining species, as mentioned above. After the planarization, a featureless single
peak could be measured in the F1s core spectrum (Fig. 3.17c) due to the formation
of possible fluorine-carbons species CFx (x = 1, 2, 3) at the diamond surface [200].

3.3
3.3.1

Optical characterization
Basic principle

Optical properties of color centers in diamond can be explained on the basis of the
simplified configuration coordinate diagram depicted in Figure 3.18, which illustrates transitions between the ground Ea and excited Eb electronic states and their
vibrational sublevels.

emission

ZPL

absorption

Energy

n=3
n=2
n=1
n=0

m=3
m=2
m=1
m=0

Configuration coordinate
Figure 3.18: Configuration coordinate diagram indicating the possible
transitions between the ground Ea and excited Eb electronic states and
their vibrational sublevels. According to [206].
The ground state of a color center can be excited by transferring energy into the
system, as for instance with a green laser light. Upon relaxation and transition from
the excited to the ground state, a photon is emitted. When this light emission is
initialized by photoexcitation, this phenomenon is called photoluminescence (PL).
PL spectroscopy is a method to analyze the energy levels of an optically active color
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center by detecting the emitted light in a broad wavelength spectrum.
Only the lowest vibronational-electronic state m = 0 is populated at low temperatures. The absorption of a photon leads to a transition from the ground state to the
n-th level of the excited state. The resulting absorption spectrum consists of peaks
with energies levels En at
En = E0 + n~ω, n = 0, 1, 2, 3, ...

(3.3)

with ω as phonon frequency and E0 as lowest energy state of the ground state.
The so-called Franck–Condon transition is the most probable vertical transition
(Fig. 3.18, green arrow) with n = S, where S is the so-called Huang–Rhys factor
and a measure for the electron–phonon coupling strength. After excitation, a nonradiative transition (Fig. 3.18, orange curved dashed arrow) to the vibronic ground
state n = 0 of the excited electronic state can occur by emission of S phonons (lattice
vibrations). Subsequently, this state can decay back to the electronic ground state
under the emission of a photon. Further non-radiative relaxations lead to E0 by the
emission of another S phonons [206].
A purely electronic transition occurs between the levels m = 0 and n = 0. This
important transition is called zero-phonon line (ZPL, blue arrow, Fig. 3.18). As
the name implies, no phonons are involved and therefore this transition features a
considerably sharper peak than the phonon-assisted transitions. The ZPL intensity
turns up weak compared to the phonon sidebands, when the temperature is high or
in case of strong electron–phonon coupling [206].

3.3.2

Experimental setup

To characterize the optical properties of color centers, photoluminescence spectra
are measured using a confocal microscope. The basic principle of this optical imaging technique is depicted in Figure 3.19.
Its working principle is built around a conventional light microscope, but instead of a
lamp, a laser is used as light source and a sensitive photomultiplier as detector. The
excitation source is focused by an objective lens into the sample. While the point of
focus is scanned across the sample, the fluorescence is collected and focused to the
detector, which is positioned behind a pinhole. The key to the confocal approach is
the same focus of the pinhole and the focal point, i.e. they are confocal with one
another, eliminating out-of-focus light. The output of the detector produces a signal
directly proportional to the brightness of the focused point, which can be computed
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Excitation
Emission
Out of focus emission

Light source
(excitation laser)

Confocal
pinholes

3D sample

Focal point

Objective

Dichroic mirror

Detector

Figure 3.19: Schematic of a confocal microscope setup and its basic principle. Detailed information is given in the text. After [207].
into an image [207]. PL spectra can be measured with the help of a spectrometer
included in the setup.
In this thesis, optical characterizations were performed by partners: The samples
with highly dense NCD nanopillar arrays grown on silicon were characterized by the
group of Prof. J. Jelezko at the University of Ulm. There, a home-built confocal microscope was operated by the software suite Qudi [208]. A laser (Toptica iBeam
smart) with a wavelength of 518 nm and an excitation power of 100 µW was used
for the excitation. The fluorescence was measured through a 640 nm long-pass filter
by two avalanche photodiodes (Excellitas). For the measurement of photoluminescence spectra, a spectrometer from Princeton Instruments (IsoPlane 160,
CCD PIXIS 100B) was used [170].
Optical characterizations of the NCD nanopillars arrays in suspended NCD membranes were performed by the group of Prof. K. Singer at the University of Kassel.
In this home-built setup an oil immersion objective (Leica HCX PL APO 100x,
NA = 0.7 – 1.4) was used with NA = 1.4. Measurements were performed through
a standard #1.5 (≈0.17 mm thick) glass coverslip. A frequency-doubled Nd:YAG
laser (CNI Laser MGL III-532) with a wavelength of 532 nm and an excitation
power of 250 µW was used as excitation light source. The fluorescence was measured with a single photon avalanche detector with high quantum efficiency and low
dark count (LaserComponents Count-50 SPAD). A long-pass filter with a cutoff
around 605 nm was used to measure room temperature photoluminescence spectra
using a spectrograph (Andor Chymera 193i) with a 300 line mm−1 grating coupled to an Andor iDus DU416A CCD detector [176].
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In the case of SCD AFM tips, optical measurements were performed by Dr. B.
Naydenov at the Helmholtz Zentrum Berlin (HZB). There, in a home-built confocal
microscope setup a CW laser from Toptica (Toptica IBEAM-SMART-515-S) was
used as excitation source for imaging and fluorescence mapping. Life time measurements were performed with a super continuum pulsed laser (NKT SuperK FIANIUM FIU-15). An air objective (Olympus, MPLAPON100X M Plan Apochromat)
with a NA of 0.95 was utilized as microscope objective, which was used for excitation
and collection of fluorescence. PL spectra were measured through a 560 nm longpass filter with a spectrometer from Princeton Instruments (Acton SP2300
liquid nitrogen cooled) and fluorescence was measured through a 645 nm long-pass
filter by two avalanche photodiodes (Excelitas, SPCM-AQRH-14, 100 c/s dark
counts).
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This chapter will present the main results in regard to the development of a fabrication process for diamond waveguides, dense nanopillar arrays and AFM tips. The
most important fabrication steps will be elaborated in each case and the importance
of the created diamond nanostructures will be discussed with respect to the current
research.

4.1

Nano- and single crystal diamond
waveguides

According to the fabrication method presented by Burek et al. (see subsection 2.4.1,
p. 38) [138], a similar approach has been developed for the fabrication of suspended
nano- and single crystalline diamond waveguides. Therefore, an aluminum mesh
has been used as a Faraday cage, as already mentioned in subsection 3.2.4 (p. 66).
Different widths of nanobeams (25 µm long) have been investigated: 75 nm, 200 nm,
350 nm, 500 nm and 1000 nm, having in mind that an efficient photonic crystal cavity
design has been modeled via FDTD with a fundamental resonance at the ZPL emission wavelength of NV centers (637 nm) for a 400 nm wide suspended nanobeam with
a chirped one-dimensional lattice of air holes [138]. Ultra high Q-factors up to 106
and small mode volumes of 2.26(λ/n)3 have been simulated for such a nanobeam cavity [138]. Similar predictions were calculated for a 468 nm wide photonic nanobeam
design with high Q-factors around 104 and small mode volumes of 1.8(λ/n)3 , which
features a fundamental cavity mode near the ZPL emission wavelength of the SiV
center (737 nm) [139]. Such photonic nanobeam cavities are a promising platform
for the enhancement of the ZPL emission of the mentioned color centers and their
corresponding application possibilities in quantum photonic devices [138, 139].
Preliminary experiments were performed on planarized NCD samples with a film
thickness of ca. 650 nm. The fabrication procedure is schematically illustrated in
Fig. 4.1. The first step involves standard EBL patterning using a positive resist
AR-P 617.06, mask deposition of 5 nm Ti as adhesive layer and 200 nm Au as metal
mask and lift-off, as described in section 3.2. Afterwards, a first ICP RIE step has
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diamond
substrate

EBL, gold deposition
and lift-off

ICP RIE

anisotropic etching
in a Faraday cage

continued angled
dry etching

mask erosion

new gold mask
deposition

continued angled
dry etching

until nanobeam
detachment

mask removal

Figure 4.1: Schematic model for the fabrication of suspended diamond
waveguides (details are given in the text).
been performed in the ICP-F system for 6 min. All dry etching procedures were
conducted with the recipe “standard-NCD” (Tab. 3.4, p. 71). In a second ICP RIE
process, anisotropic angled-etching was implemented by housing the sample inside
a Faraday cage. An etch duration of 8 min is sufficient to completely suspend the
smallest nanobeam (width ∼ 75 nm), while larger nanobeams are still connected to
the silicon surface, as shown in the following Fig. 4.2.

a)

45°

b)

suspended NCD nanobeam

°

Figure 4.2: SEM image overview for an array of angled-etched NCD
nanobeams (a) and a magnification under a high tilting angle of 75 (b).
The smallest nanobeam (width 75 nm) is already fully suspended after an
angled-etching duration of 8 min. SEM images were taken without removal
of the remaining mask material, which is clearly visible at the top of the
diamond structures.
After an additional etch step of 4 min, the 200 nm wide nanobeam has also been
completely suspended. On the other hand, the 75 nm wide nanobeam already broke
off and therefore disappeared in the SEM image of Fig. 4.3a. Indeed, the nanobeam
has not been fully etched off, since several replications of the same structure showed
partially broken nanobeams, which were still fixed at least at one end to the supporting scaffold (not shown).
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b)

Figure 4.3: SEM images of suspended NCD nanobeams after a total etch
duration of 18 min (6 min standard ICP RIE and 12 min angled-etching) (a)
and magnification of the 500 nm wide nanobeam (b), which is still connected
to the surface. Due to the increased etch duration, the smallest nanobeam
(75 nm) has been removed, as indicated (white arrow) by the etch trenches
in (a). Remaining mask material is still on top of the diamond structures.
Depending on the etch resistivity of the mask this angled-etching process can be
repeated until the mask is completely etched off or the desired nanobeam width
is completely suspended. Therefore, a specific etch duration can be determined for
each individual beam width, as demonstrated in the case of the 75 nm and 200 nm
wide nanobeams. Since larger beam widths require longer angled-etching durations,
exceeding the maximum etch resistivity of the used mask, the process can be repeated, as illustrated in Fig. 4.1 and discussed in the following for SCD samples.
The fabrication of suspended SCD beams will be focused on larger beam widths
(∼500 nm) which are relevant for coupling of the ZPL emission wavelength of NV
or SiV centers to photonic crystal beam cavities [138, 139]. According to the same
procedure, as already introduced, the process starts with 6 min of conventional dry
etching, followed by 12 min of angled-etching inside a Faraday cage. Afterwards, an
additional layer of 200 nm Au was deposited on top of the residual mask layer, as
illustrated in Fig. 4.1. Due to partially suspended and angled nanobeams, the side
walls remain uncoated, which allows for further anisotropic angled-etching. Thus,
an additional angled-etching step of 18 min (30 min in total angled-etching) is sufficient to release a 500 nm wide beam, as indicated by the white arrow in Fig. 4.4a. In
addition, many defects can be seen on top of the nanobeams and at the etched surface due to the low quality of the sample (general grade) and possible micromasking,
respectively. A deep and angled undercut at the supporting scaffold achieved with
this method is demonstrated in Fig. 4.4b. Significant trenches can be seen below the
angled-etched nanobeams, which are not limiting the etch process, as demonstrated
in Fig. 4.5.
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Figure 4.4: SEM images of suspended SCD nanobeams (a) and a magnification of the scaffold edge (b), indicating a deep and angled undercut. The
diamond structures are shown without removal of residual mask material.
A subsequent cycle of mask deposition and 20 min angled-etching (50 min in total)
results in suspended beams even with a width of 1000 nm (Fig. 4.5b). While the
gap between the 500 nm wide suspended nanobeam and the etched surface is clearly
visible in Fig. 4.5a, only a cross-sectional view of the 1000 nm wide beam demonstrates a completely suspended waveguide (Fig. 4.5c). In addition, the angle of
the etched nanobeams can be roughly estimated from cross-sectional SEM images
(Fig. 4.5d-f). Therefore, structures were investigated that have either been broken
while processing or intentionally by mechanical scratching over the surface. For a
controlled dissection FIB cuts could be used.

a)

b)

c)

d)

e)

f)

Figure 4.5: SEM images of suspended 500 nm (a) and 1000 nm wide waveguides (b-c). Cross-sectional views of the nominal 200, 500, and 1000 nm
beams are shown in (d-f). Remaining mask material is still on top of the
diamond structures.
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The bottom angle of the suspended triangular nanobeams can be roughly estimated
from the SEM cross-section to ca. 30 in the case of the 200 nm nanobeam (Fig. 4.5d)
and to ca. 45 in the case of the 500 and 1000 nm beams (Fig. 4.5e and f), respectively.
According to the fabrication principle (see Fig. 3.12b, p. 72) this angle should be
approx. 2θ of of the incline angle θ of the used Faraday cage (see Fig. 3.11, p. 71),
which can be roughly estimated to 45 . Those values and the high discrepancy
of the Faraday cage incline angle and the bottom angle of the nanobeam have
to be treated with care, since for an accurate measurement of the bottom angle
of the triangular waveguides, FIB investigations are mandatory. However, similar
results have been shown by Burek et al. [138]: smaller measured bottom angles of
the triangular waveguides around 70 (2θ) as expected to the incline angle of the
Faraday cage (θ ∼ 45 ). It is assumed that the etch parameters could attribute to
non-ideal vertical trajectory of the impinging ions resulting in this discrepancy [138].
Furthermore, slight asymmetries of the triangular cross-section can occur due to
misalignments of the sample inside the Faraday cage.

°

°

°

°

°

In addition, the fundamental principle of anisotropic angled-etching in a Faraday
cage can not be guaranteed due to an imperfect Faraday cage design. In an ideal
case, the Faraday cage would be completely closed from all sides, which is not the
case in this work. The aluminum mesh was simply covered with aluminum foil at
the ends (see Fig. 3.11, p. 71), which may severely effect electromagnetic shielding.
The bottom angle of the suspended waveguides is one of many important parameters
for a future application as photonic crystal cavity [138, 139]. Therefore, a controlled
fabrication of all desired device parameters including the sizes of the one-dimensional
lattice of air holes is crucial for an optimal enhancement of the ZPL emission of the
intended color centers. The results of the current work can be used as basis for
the future development of photonic crystal nanobeam cavities, as shown for NV
centers [138] and SiV centers [139]. Either a second EBL process has to be included
for structuring of the photonic crystal cavity (one-dimensional lattice of air holes)
or FIB milling can be used to open air holes directly into the suspended waveguide.
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As already mentioned in subsection 2.4.2, diamond nanopillars play an important
role as host matrix for NV and SiV centers. Moreover, arrays of diamond nanopillars
can function as photonic crystal cavities [145, 146]. Since the performance (resonant
ZPL emission enhancement of NVs) of the hybrid plasmonic photonic crystal cavities
reported by Cui et al. depends on the feature sizes of the cavity and substantial
proximity effects caused larger than anticipated nanopillars [145], similar fabrication
issues will be addressed in the first part of this section. The second part will focus
on the integration of such nanopillar arrays on suspended membranes, which can be
used as substrates for novel deterministic single ion implantation methods, presented
by Jacob et al. (see subsection 2.3.3) [119]. Therefore, a completely etched air hole
close to the nanopillar array will be crucial as reference point for adjusting the
spatial resolution of the ion implantation beam [118, 119].

4.2.1

Nanocrystalline diamond nanopillars on silicon

The fabrication of NCD nanopillars on Si substrates with large center-to-center
(CTC) distances of 5 µm has already been shown by Felgen et al. [128], and has
been used as starting point for the development of highly dense arrays of nanopillars in the current work. Reaching CTC distances of several hundreds of nanometer
and thus highly packed nanostructures, additional technological challenges like proximity effects arise, as mentioned before. In addition, for precise nanostructuring of
NCD films the intrinsic surface roughness has been reduced from typically 25 – 50 nm
to 4 – 6 nm according to the planarization method presented by Heupel et al. [200]
(see subsection 3.2.5). Conventional EBL, mask deposition (200 nm Al), lift-off and
dry etching (ICP RIE recipe: “standard-NCD”) has been used to structure arrays
of nanopillars into planarized NCD films, as mentioned in subsection 3.2.
Arrays of NCD nanopillars with nominal diameters of 200, 100 and 50 nm with CTC
distances starting from 400 nm have been investigated. Additionally, to obtain the
highest package density of pillars, the defined period and thus the pitches between
the pillars were decreased in steps of 50 nm. Preliminary experiments without any
corrective means are shown in Fig. 4.6a-b: while (a) demonstrates the typical outcome of an EBL exposure dose that is too low for an optimal development of a
nanopillar array, (b) reveals the opposite case of an exposure dose value that is too
high leading to a significant impact of the proximity effect (see subsection 3.2.2),
which increases the effective electron dose distribution especially in the center of the
array broadening the pillar features. This broadening can even lead to completely
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without proximity corrections
too low exposure dose

too high exposure dose

Ø: 100 nm; CTC: 400 nm

Ø: 200 nm; CTC: 300 nm

45°

65°

1 µm

(a)

1 µm

(b)
45°

45°

1 µm

1 µm

with proximity corrections
(c)

too high exposure dose

too high exposure dose

Ø: 200 nm; CTC: 400 nm; 75°

Ø: 200 nm; CTC: 400 nm; 0°

(d)

1 µm

2 µm

Figure 4.6: SEM images showing typical results of the patterned mask
and the corresponding pillar arrays without proximity corrections (a-b) and
of a nanopillar array with proximity corrections (c-d), even though the EBL
exposure dose was still too high for an optimal development.
merged features, as shown in (b). The typical impact of too low EBL exposure doses
results in missing or misplaced features (Fig. 4.6a) due to an incomplete exposure
and thus development of the entire resist thickness.
To improve the EBL pattern fidelity, proximity corrections were applied to each pillar
design, as mentioned in subsection 3.2.2. However, proximity corrections alone were
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not sufficient to ensure well-developed nanopillar arrays, as indicated in Fig. 4.6c-d.
While this countermeasure significantly improved the homogeneity of the pillars in
the array, the defined diameters were still larger than anticipated due to a too high
exposure dose. Under close inspection of Fig. 4.6d, one can see that the center of the
array is still slightly stronger broadened than the features at the edge. Nevertheless,
the calculated proximity corrections offer a significant improvement of the pattern
fidelity. The adjusted exposure dose distributions for arrays with different designs
are schematically illustrated in Fig. 4.7.
In principle, many parameters can be adjusted in the calculation software, like the
composition and the thickness of the substrate (Si), the material (NCD) and the
resist, which obviously have a direct impact on the electron–solid interactions between the e-beam and the used material system (see subsection 3.2.2). Not all
parameters of the used process materials could be fitted exactly to the available
parameters present in the software, e.g. while a resist on the basis of a copolymer
(methyl methacrylate and methacrylic acid) was used in the fabrication process, only
PMMA was programmed in the software. Furthermore, several advanced parameter options were available in the software, which were adjusted to default settings.
Consequently, there can still be room for improvement of the calculated proximity
corrections, which could be achieved by manually adjusting parameters in the software according to the quality of the final structures.
The second EBL process parameter that has a critical impact on the quality of the
final structures is the value of the exposure dose itself. Since proximity corrections
compensate only for an exposure dose distribution within a pattern, the basic value
(µC/cm2 ) that will be used for defining the pattern areas features distinct values
for an optimal development of the desired structures. Therefore, a systematic study
of exposure dose variations has been used to determine the optimal exposure dose
value for each pillar design: a base value of 42 µC/cm2 was varied with factors between 0.5 and 2 in steps of 0.1.
Figure 4.8 shows well-developed pillar arrays with nominal diameters of 50 nm and
100 nm for the highest achieved density (smallest CTC distance) and in contrast to
arrays with a higher period, respectively. The optimal exposure dose values were
experimentally determined to be 59 and 63 µC/cm2 in the case of nominal 50 nm
pillar arrays with a period of 150 and 250 nm, respectively. For nominal 100 nm
pillars with a period of 200 and 300 nm, the following values were obtained: 71 and
51 µC/cm2 , respectively. Even though the homogeneity of the pillars is well-defined
with vertical side walls throughout the whole array, the shape of the pillars is slightly
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Ø: 200 nm
CTC: 400 nm

1.00

CTC: 350 nm

1.36

1.00

CTC: 300 nm

1.26

1.00

1.35

Ø: 100 nm
CTC: 300 nm

1.00

CTC: 250 nm

1.07

1.00

CTC: 200 nm

1.10

1.00

1.11

Ø: 50 nm
CTC: 250 nm

1.00

CTC: 200 nm

1.09

1.00

CTC: 150 nm

1.14

1.00

1.09

Figure 4.7: Schematic illustration of the proximity corrected exposure
dose distributions for a selection of pillar designs. Scale bars indicate 1 µm
and the color scales represent the range of the exposure dose values.

deformed and not perfectly round, which can be seen especially from the topview
SEM images in Fig. 4.8. This deformation can be attributed to: (i) charging effects during EBL exposure, since NCD is not conductive; (ii) mask erosion during
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dry etching; (iii) the surface roughness, which in general plays an important role in
nanostructuring, as already mentioned in subsection 3.2.5.
In addition, the upper part of the pillars is slightly tapered, but to a much lesser
degree than shown for similar nanopillars separated by several microns [197]. There
the top diameters of the pillars were significantly smaller than at the bottom showing a strongly tapered shape. The main difference between those NCD nanopillars
and the ones fabricated in this work, is the distance between the pillars. Thus, the
overall higher exposure area of the single pillars to the plasma in the RIE step could
lead to stronger overetching effects compared to the pillars closely packed in dense
arrays, which could be supported by the slightly stronger etched (tapered) pillars
at the edge of an array in comparison to ones at the center (Fig. 4.8).
One major finding was that the resulting nanopillars were larger than nominally
defined in the EBL step: for example the 50 nm pillars were estimated from SEM
topview images to be around (117 ± 7) nm in the case of a period of 150 nm and the
100 nm pillars (200 nm period) to be around (160 ± 6) nm. Consequently, the spacings between the side walls of the pillars (pitch) were much smaller than anticipated
(Tab. 4.1). The enlargement of the pillar diameters could be caused by proximity
effects during EBL exposure of the dense arrays, despite software corrections. Similar fabrication issues have been reported by Cui et al. [145], while nanostructuring
dense arrays of pillars for photonic crystal cavities. Since well-defined feature sizes
are crucial for the performance of the designed photonic crystal cavity, additional
countermeasures have to be included to achieve the desired structure dimensions.
For that reason, the feature sizes could be reduced in the EBL pattern in addition
to proximity corrections to compensate for the enlargement of the final structures.
This can already be demonstrated notably by comparing the nominal and measured
sizes from the pillar arrays shown before. The resulting pillar dimensions of the
nominally defined 100 nm pillars are in the range of 160 nm (CTC: 200 nm), which
would be very close to the desired 168 nm (CTC: 230 nm) stated by Cui et al. for
their calculated photonic crystal design [145].
A summary of all measured structure dimensions, as well as the experimentally determined optimal exposure dose values for each pillar design is given in Tab. 4.1.
In general, the experimental results showed that already small deviations of ca.
±5 µC/cm2 from the optimal exposure dose value led to completely missing (underdevelopment) or severely broadened pillars arrays (overexposure).
Similar results were obtained for the 200 nm pillar arrays, except that the measured
diameters were close to the nominal value (Tab. 4.1). Corresponding SEM images
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Ø: 50 nm; CTC: 150 nm; 75° and 0°

Ø: 50 nm; CTC: 250 nm; 75° and 0°

500 nm

(a)

700 nm

(b)

200 nm

200 nm

Ø: 100 nm; CTC: 200 nm; 75° and 0°

Ø: 100 nm; CTC: 350 nm; 75° and 0°

700 nm

(c)

1000 nm

(d)

200 nm

300 nm

Figure 4.8: SEM images of 50 nm and 100 nm pillar arrays with smallest
achievable and larger CTC distances. ([c] and topview images of [a] and [b]
are reprinted from [176],
2019 Optical Society of America)
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Table 4.1: Summary of the nominally defined and measured pillar
dimensions in the case of the smallest achieved period and of an
array with a higher period, as well as the experimentally determined
optimal exposure dose (ED) values. According to [176].

diameter  (nm)

period

optimal

pitches between

(CTC)

ED

the pillars (nm)

nominal

measured

nm

µC/cm2

nominal

measured

50

117 ± 7

150

59

100

35 ± 7

50

111 ± 7

250

63

200

132 ± 7

100

160 ± 6

200

71

100

43 ± 9

100

178 ± 6

300

51

200

114 ± 9

200

203 ± 5

300

50

100

83 ± 6

200

203 ± 5

400

25

200

185 ± 6

Ø: 200 nm; CTC: 300 nm; 75° and 0°

Ø: 200 nm; CTC: 400 nm; 75° and 0°

1 µm

(a)

1 µm

(b)

300 nm

300 nm

Figure 4.9: SEM images of 200 nm pillar arrays with the smallest achievable (a) and larger CTC distances (b).
of the highest achievable density and larger CTC distances are shown in Fig. 4.9.
Despite exposure dose variations and proximity corrections, no higher density of
pillar arrays could be achieved with one 50 nm-step smaller periods regardless of
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the diameter (see appendix, Fig. 6.1, p. 140). The pillar features were completely
merged and only in the case of the 200 nm diameter array, pillar structures were
visible to some extent. For achieving such high density arrays, first it has to be
ensured that the resulting pillar dimensions meet the nominally defined sizes, as
mentioned before.
The mask material and its shape have also an impact on the resulting structures, as
mentioned in subsection 3.2.4. Typical SEM images of masks prior to dry etching
are shown in Fig. 4.10, indicating a slightly tapered structure. However, achieving
theoretically ideal round boxes with a vertical side wall profile as mask is very difficult, which would also limit the lift-off process, as indicated in Fig. 3.5 (p. 60).
In general, experimental results showed that the tapering shape of the mask side
walls was more pronounced with higher exposure doses in EBL. Nevertheless, the
structured mask provided sufficient etch resistivity for well-defined nanopillars, as
shown before.
Ø: 50 nm; CTC: 250 nm; 75°

Ø: 100 nm; CTC: 250 nm; 75°

a)

b)

500 nm

500 nm

Ø: 200 nm; CTC: 350 nm; 75°

c)

1000 nm

Figure 4.10: SEM images of typical mask shapes after lift-off prior to dry
etching.
As already mentioned, such nanopillar arrays could be used as photonic crystal cavities upon integrating a cavity defect into the design and transferring the fabrication
process to SCD. Resonant emission enhancement of the ZPL wavelength of shallow
NV centers in hybrid metal–diamond plasmonic photonic crystal systems has been
demonstrated by Cui et al., which could provide a promising platform for NV-related
applications in QIT [145].
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Integration in suspended nanocrystalline membranes

The fabrication process of NCD nanopillars integrated in suspended membranes
with a completely etched marker hole is schematically illustrated in Fig. 4.11. The
starting material was a planarized 2300 nm thick NCD layer on a silicon substrate
with a 600 nm thick NCD layer on the backside of the wafer, prepared as mentioned
in chapter 3.

(a)

(b)

(c)

(d)

substrate with
NCD and resist

electron beam
lithography

Al mask
depostion

lift-off

(e)

(f)

(g)

(h)

reactive ion
etching

electron beam
lithography

Al mask
depostion

lift-off

(i)

(j)

(k)

(l)

reactive ion
etching

Al mask
removal

adhesive tape
coverage

Al mask
deposition

(m)

(n)

(o)

NCD
Si (100)

NCD
Si substrate
Al mask
resist

mechanical
lift-off

reactive ion
etching

anisotropic wet
etching in KOH

tape

Figure 4.11: Schematic model for the fabrication process of NCD nanopillars integrated in suspended membranes with a completely etched marker
hole (further details are given in the text). Adapted from [170].
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The main fabrication steps include two successively aligned EBLs and one conventional macroscopic lithography with the corresponding processing steps: mask
deposition (200 nm Al), lift-off and ICP RIE (recipe “standard-NCD”). In a first
EBL process, round features with a diameter of 2 µm and additional alignment
marks were defined using a negative e-beam resist (AR-N 7520.18) with an exposure dose of 170 µC/cm2 (Fig. 4.11b). After mask deposition (c) and lift-off (d),
the marker holes were completely etched through the diamond film (25 min ICP
RIE, Fig. 4.11e), which are shown in Fig. 4.12a. Pillar arrays with a diameter of
200 nm and a CTC distance of 400 nm were defined in a second successively aligned
EBL process with a positive e-beam resist (AR-P 617.06) (Fig. 4.11f-j). As demonstrated in the literature [144], this diameter size should provide an optimal emission
enhancement of incorporated NV centers, as mentioned in subsection 2.4.2. According to subsection 4.2.1, proximity corrections were applied to the pattern design
(Fig. 4.12e). Similar systematic exposure dose variations revealed an optimal dose
value of ca. 21 µC/cm2 for well-developed pillar masks (Fig. 4.12b) and corresponding arrays after 9 min of dry etching (Fig. 4.12c, d and f). The resulting pillar
height was around 1.1 µm, which corresponds to a remaining membrane thickness
of ca. 1.2 µm. As already mentioned in subsection 4.2.1, the shape of the pillars
were not perfectly round and the upper parts were slightly tapered, which could
be attributed to the same argumentation. The average top diameter was around
(198 ± 3) nm and homogeneously distributed through the whole array with no signs
of severe proximity effects. On the other hand, estimated from the SEM topview
images in Fig. 4.12d, the bottom diameter was roughly 10 nm broader indicating a
slight tapering of the pillars. However, the marker hole at the center of the array
showed pronounced tapering, since the bottom diameter could be roughly estimated
to ca. 1.3 µm, while the top opening was close to 1.9 µm. This tapering could be
attributed to the relatively deep RIE of the thick diamond film.
After complete structuring of the pillar arrays and marker holes, the silicon substrate
was removed below the nanostructured areas to provide completely transmissive profiling windows close to the nanopillars. Therefore, the silicon wafers were structured
from the backside via a NCD layer as mask. The diamond film was masked off
with adhesive tape aligned to the nanostructured areas of the topside (Fig. 4.11k).
In this step, the final dimensions of the membrane were defined by the size of the
covered areas, which were typically around 5 mm × 5 mm. Subsequent metal mask
deposition (200 nm Al, Fig. 4.11l), mechanical lift-off (Fig. 4.11m) and dry etching
(8 min, Fig.4.11n) were used to open millimeter-sized windows into the diamond
film. Afterwards, anisotropic wet etching in KOH (Fig. 4.11o) was used to etch off
the silicon substrate in the exposed areas, as described in subsection 3.2.3, resulting
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colors:
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Figure 4.12: SEM images of different process stages: (a) completely etched
marker hole; (b) pillar masks before etching; (c-d) topview and (f) side view
images of an etched pillar array, and corresponding proximity correction (e).
([c], [e] and [f] are reprinted with permission from [170],
2019 WILEYVCH Verlag GmbH & Co. KGaA)
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in nanostructured NCD membranes suspended in air. Typical membranes fabricated
according to this method, can be seen in Fig. 4.13.
In general, the stability of the membrane is defined by its size and thickness. Therefore, several membrane dimensions have been investigated, whereas sizes larger than
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a)

b)

5 mm

5 mm

Figure 4.13: Photographs of fully structured and suspended NCD membranes: (a) from the back- and (b) from the topside. ([a] reprinted with
permission from [153],
2020 Springer Nature B.V.; [b] reprinted with
permission from [170],
2019 WILEY-VCH Verlag GmbH & Co. KGaA)

©
©

≥10 mm × 10 mm with a standard thickness after pillar fabrication of 1.2 µm already
showed significant instability and were easily broken during processing and cleaning.
On the other hand, membrane windows with a thickness of ca. 150 nm were relatively
stable up to sizes of 300 µm × 300 µm (see appendix, Fig. 6.3a-b, p. 141), whereas
a further reduction of the membrane thickness (∼60 nm) could only be achieved for
very small and rectangular 20 µm × 110 µm windows (Fig. 6.3c-d). The NCD film
and thus the membrane thickness was thinned by extensive RIE, which showed a
perforated membrane structure for very thin thicknesses around ∼60 nm (see appendix, Fig. 6.3e-f, p. 141). A reasonable compromise between stability and easy
operability, in particular for the alignment of the backside lithography to the nanostructured areas, was found to be around 5 mm × 5 mm for standard 1.2 µm thick
NCD membranes. The nucleation side of the suspended NCD membranes showed
an excellent smoothness with a rms roughness of ca. 0.9 nm, as demonstrated by
AFM measurements in ref. [200] for NCD membranes prepared under the same
conditions and methods, presented in subsection 3.2.
It has to be noted, that the area size which has been used as alignment mark and
reference point for two successively aligned EBLs has also a strong impact on the
membrane stability. Preliminary experiments showed that the membrane tends to
break easily at large reference structures, as demonstrated in Fig. 4.14a. Therefore,
additional alignment marks have been reduced to a minimum, which allowed the
fabrication of stable membranes even with multiple iterations of the desired structures, as shown in Fig. 4.14b. The additional reference marks demonstrate that the
membrane is indeed completely etched through and suspended in air (Fig. 4.14c-d).
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Figure 4.14: SEM images of a structured membrane with large alignment
marks that act as breaking point, indicated by white arrows (a), and of a
structured membrane with an optimized design (b), which has been repeated
in a 3x3 matrix for different exposure dose investigations. An overview of
integrated pillars arrays and an additional etched through reference structure is shown in (c). (d) magnification of the edge, indicated by the dashed
box in (c).
An alternative fabrication sequence of the individual technological steps has been
investigated. It is important to note, that structuring of suspended membranes was
not possible with standard EBL process parameters. In this case, the e-beam resist
showed no response exclusively at the suspended membrane areas. One reason
could be the inherent connection of the substrate to the effective resist exposure
due to typical backscattering of electrons in the substrate (see subsection 3.2.2).
Additionally, the missing silicon substrate could have an impact on the conductivity
of the NCD film and on the heat transfer during resist baking. Therefore, the
standard responsiveness of the e-beam resist could be altered, requiring different
process parameters for development, which could be investigated for example by
changing the resist bake duration, exposure dose value and development duration.
A simple solution was to structure the nanopillars first and to remove the substrate
afterwards.
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4.2.3

Preliminary experiments on single crystal diamond

Upon transferring the fabrication process to single crystal diamond, such nanopillar arrays on suspended SCD membranes could provide a promising platform as
substrate for deterministic implantation of single NV centers (see subsection 2.3.3).
Preliminary experiments were performed on commercially available 3 mm × 3 mm
SCD diamond membranes (Co. Seki Diamond Systems) with a thickness around
30 – 40 µm, which were glued on a silicon piece. Such thin SCD samples offer a huge
advantage: in order to open suspended membrane windows, relatively practicable
RIE processing can be applied in comparison to typical SCD samples with thicknesses around 300 µm, which require extensive and deep dry etching to fabricate
suspended membrane windows. However, one major drawback of those thin membranes was a usually high thickness gradient throughout the sample (ca. ±5 µm),
which was in extreme cases even as high as 15 – 35 µm. In general, manageability
of those membranes was very difficult, since they were fragile and broke very easily
due to such thin thicknesses.
Thorough characterizations (SEM, white light interferometry and AFM) showed two
typical surface qualities (see appendix, Fig. 6.4 and Fig. 6.5, p. 142), indicating three
major defects: polishing grooves, holes and particle contamination. While the rms
roughness was sufficiently smooth (1 – 7 nm) for the fabrication of nanopillars, the
relatively deep holes (up to ca. 70 nm) could affect the quality of the final structures.
In general, particles originating from the polishing process can have a detrimental
impact on the etching behavior of the surface owing to micromasking [199]. Even
thorough ultrasonic cleaning procedures in acetone, isopropyl alcohol, KOH or piranha solution (3 : 1, concentrated sulfuric acid and 30 % hydrogen peroxide solution)
did not show significant improvements of the particle contamination. Very similar
results have been reported by Ruf et al. [199], investing great efforts (ultra-high grade
isopropyl alcohol as solvent, megasonic nozzle cleaning, ISO7 cleanroom conditions)
to remove those particles and determine their origin by XPS and energy-dispersive
X-ray spectroscopy. Even though their cleaning and characterization measures were
unsuccessful, evidence has been gathered that indicates some of the particles consist
of hard to etch oxides and some of them are diamond material (inferred from the
particle etch rate) [199].
It is important to note that due to the low conductivity of SCD samples, a conductive layer (e.g. 8 nm Al or Au) had to be deposited on top of the sample surface prior
to EBL. In this way, mask features could be directly transferred from the already
shown fabrication process (subsection 4.2.2) to SCD samples. A typical alignment
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hole after 30 min of dry etching (recipe “standard-NCD”) is shown in Fig. 4.15a. In
addition, the typical surface quality after etching is indicated at larger alignment
marks in Fig. 4.15b, showing severe micromasking and “diamond grass” formation.
a) 45°

b) 45°
unetched
(masked while RIE)

30 min RIE
(recipe: standard-NCD)

500 nm

1 µm

Figure 4.15: SEM images of a structured SCD membrane after 30 min
of dry etching (standard-NCD): a) 2 µm alignment hole and b) difference
between masked and etched surface.
Figure 4.16a and 4.16b demonstrate that EBL structuring of mask features could
be easily transferred to SCD after compensating the conductivity issue. However,
typical RIE procedures for transferring the pillar masks into the diamond exhibited significant differences to dry etching of NCD (Fig. 4.16c): The surface was
significantly irregularly etched, showing an inhomogeneously perforated structure.
Pillar formation can only be vaguely perceived due to the remaining mask material.
Therefore, another RIE recipe (“mono”) has been investigated that already showed
perfectly smooth etching results on SCD samples on the basis of the work from Ruf
et al. [199]. This study also demonstrated that the particle contamination of the
surface which is very similar to the SCD membrane samples in the current work (see
appendix, Fig. 6.4 and Fig. 6.5, p. 142), is one of the main causes of micromasking during RIE. Therefore, an Ar/Cl2 cleaning step has been implemented prior to
O2 RIE, as already mentioned in subsection 3.2.4 [199]. Preliminary experiments
showed that a combination of this Ar/Cl2 cleaning step and O2 RIE (“mono”) could
indeed be used to achieve smoothly etched SCD membrane surfaces (not shown).
It is important to note, that a SiO2 quartz substrate holder was necessary instead
of the typical Si wafer during etching to avoid redeposition of Si particles from the
substrate holder to the diamond sample and consequent micromasking. Detailed
investigations of the mentioned issues are still ongoing and will be published by
Ms. Heupel (PhD thesis, University of Kassel, to be published).
However, since the cleaning etch step would also efficiently remove Al or Au mask
features from the structuring process, this procedure was not applicable for the cur101
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rent fabrication method. Therefore, the O2 RIE step (“mono”) was tested without
the Ar/Cl2 cleaning step to structure the nanopillars. Figure 4.16d shows the final
shape of a pillar array after 30 min of etching, indicating an unetched pillar array
and severe diamond grass formation at the etched surface. An additional etch step
of 15 min (Fig. 4.16e) revealed that the upper parts of the pillars were partially
etched and separated from their neighbors.
a) 65°

b) 75°

1 µm

2 µm

7 min O2 „standard-NCD“

30 min O2 „mono“

c) 65°

d) 65°

2 µm

2 µm
+15 min O2 „mono“

e) 65°

e) 65°

2 µm

Figure 4.16: SEM images of different RIE processes for transferring pillar
masks into SCD membranes.
Since such nanopillars are intended as host matrix for deterministically implanted
N ions, the impact of the surface quality could be insignificant as long as it does not
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affect the stability of the future membrane window, which could be in principle as
thick as the maximum depth of the completely etched alignment hole. One possibility to improve the quality of the nanopillar array could be the simple reduction of
the package density, which should lead to comparable etch results as demonstrated
in subsection 4.3.3.
The final structuring step cannot be transferred directly from the NCD membrane
fabrication method. Instead of anisotropic wet etching of the silicon substrate in
the case of suspending NCD membranes, prolonged ICP RIE is proposed to thin the
SCD sample from the backside. Great effort has already been shown by Appel [3]
to find suitable etch masks to open defined membrane windows into SCD samples,
which can withstand hour-long RIE processes without introducing micromasking
effects. Therefore, quartz cover slips have been employed that were structured via
water jet cutting. However, due to long etching times trenches can form close to
the mask, since impinging ions are reflected from the sidewalls of the mask [3], as
mentioned in subsection 3.2.4. The depth of such trenches can exceed 1 µm while
etching down the thickness (∼50 µm) of the membrane window to a few microns,
which can lead to a significant mechanical destabilization of the membrane. This
trenching can be avoided by exchanging the initial quartz cover slip mask with another etch mask exhibiting a smaller mask window. [3].
In preliminary experiments, another mask material has already been shown suitable to solve all of the mentioned fabrication issues: i) it consists of diamond itself,
which provides optimal conditions for minimal contamination, micromasking and
mask redeposition; ii) it exceeds by far the required etch resistivity due to its thickness (500 µm); iii) it can be structured via laser cutting, showing angled sidewalls
that significantly avoid trenching effects and iv) is relatively very cheap and easily
available. Such diamond masks were supplied by Co. Medidia GmbH. Various
designs can be provided by laser cutting. An exemplary mask was provided according to the schematic drawing in Fig. 6.2 (see appendix, p. 140). The application
of such a diamond mask could allow extensive RIE from the backside to open four
large membrane windows (100 – 500 µm) into one SCD sample, thus suspending
the nanostructures fabricated on the topside of the sample. A detailed fabrication
process of thin SCD membrane windows will be presented in the PhD work of Ms.
Heupel (University of Kassel, to be published).
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4.3

Diamond AFM tips

The fabrication of NV-based diamond AFM tips has great relevance for magnetic
sensing on a nanoscale, as mentioned in subsection 2.4.3. The first two parts of this
section will focus on bottom-up and top-down approaches for structuring nanocrystalline diamond AFM tips, respectively, while the last part will cover preliminary
results of transferring the top-down method to SCD.

4.3.1

Bottom-up nanocrystalline diamond AFM tips

The bottom-up approach is based on diamond growth on a pre-patterned substrate.
Therefore, conventional photolithography, anisotropic wet etching of Si in KOH and
diamond growth via HFCVD were used according to chapter 3. This fabrication
process is based on the work of Oesterschulze et al. [180], which allows for an easy
and cheap mass production of sharp and ready-to-mount diamond AFM probes. As
already mentioned in subsection 2.4.3, such bottom-up approaches are capable of
producing NCD AFM probes with an average tip radius of ca. 15 nm, ranging from
5 – 32 nm [154].
The fabrication process is schematically depicted in Fig. 4.17. In a first photolithography, square windows were opened on top of a thermally oxidized SiO2
layer and transferred into the oxide layer via wet chemical etching in BOE (see
subsection 3.2.1). This window acts as basis of the future tip and defines its size
and height due to the edge length of the window and the anisotropic etch properties
of (100) Si in KOH (see subsection 3.2.3). Consequently, inverted hollow pyramids have been formed into the Si substrate by anisotropic wet etching in KOH.
In a second successively aligned photolithography, windows for the future cantilever
were opened and transferred into the SiO2 layer. Afterwards, the exposed Si areas were subjected to ultrasonic pretreatment and diamond deposition, presented
in subsection 3.1.3 and 3.1.4, respectively. The SiO2 oxide layer can be removed in
BOE prior to diamond growth to enable selective diamond deposition only at the
pre-patterned and pretreated areas. However, since the employed depositions durations (∼9 h) were too short to provide completely mechanically stable, free-standing
NCD AFM probes, the SiO2 layer was not removed in individual cases, which acts
as additional supporting matrix, in order to investigate the quality of the tips by
SEM measurements, after complete removal of the Si substrate according to subsection 3.2.3. Typical SEM images of such bottom-up engineered NCD AFM probes
are shown in Fig. 4.18.
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Si substrate with
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cantilever
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diamond film
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SiO2 removal

silicon substrate
removal
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Figure 4.17: Schematic model of the bottom-up structuring method for
NCD AFM probes. (Reprinted with permission from [153],
2020 Springer
Nature B.V.)
In order to obtain mechanically stable and free-standing NCD AFM probes, various
adjustments can be made: i) increasing the deposition time until a diamond layer
thickness is obtained that allows safe handling of the AFM probes; ii) integrating
such bottom-up engineered diamond AFM tips in Si [209] or metal [154] cantilever
hybrid systems; iii) the diamond AFM probes can be mounted (glued) to millimetersized holder chips (e.g. Si) for convenient probe handling [154].
b)
45°

a)
45°

Figure 4.18: SEM images of a bottom-up structured NCD AFM probe (a)
and a magnification of the integrated pyramidal tip (b). (Reprinted with
permission from [153],
2020 Springer Nature B.V.)
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A magnification of the apex of a typical pyramid tip is shown in Fig. 4.19a, revealing
a fully closed diamond structure without a faceted edge at the apex, as mentioned
in subsection 3.2.3, Fig. 3.8b (p. 65). The sharpness of the tip is determined by the
quality of the quartz mask, meaning the symmetry between the lengths of the square
windows for defining the basis of the future tip. Consequently, slight differences between the square lengths will be directly transferred into a faceted edge length of the
apex. The radius of the pyramid apex can be roughly estimated from SEM images to
ca. 20 – 30 nm (Fig. 4.19a). The geometry of the pyramid was not completely filled
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a) 85°

b) 0°

100 nm

3 µm

Figure 4.19: (a) High magnification SEM image of a NCD pyramid indicating a small radius of curvature of ca. 20 – 30 nm. (b) SEM image from
the backside of the pyramid revealing a hollow geometry. ([a] reprinted with
permission from [153],
2020 Springer Nature B.V.)
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out with diamond material, as shown in Fig. 4.19b. First mechanical measurements
and therefore detailed investigations about the maximum resolution of such AFM
probes is still ongoing.
The second major factor that is important for the quality of the tip is the nucleation
density of seeding particles realized via the pretreatment [210]. Tsigkourakos et al.
showed that the pretreatment procedure is crucial to achieve fully closed pyramid
tips and that a diamond seeding nanoparticle can be obtained directly at the inverse
pyramid mold depending on the seeding dispersion concentration [210]. This crystal
seed could have an additional important impact on the final properties of the resulting AFM tip: by using highly conductive boron-doped seeds, a conductive interfacial
layer can be achieved [155], which could be transferred to the seeding pretreatment
of inverse pyramid molds for the fabrication of conductive diamond AFM tips in
scanning spreading resistance microscopy [154]. Based on this idea, NV-containing
diamond nanocrystals could be used as seeding particles during pretreatment, which
could be embedded directly at the pyramid mold and therefore realize diamond AFM
tips with NV-containing crystals incorporated at the very apex. Another approach
could be in situ generated NV centers via controlled introduction of N2 gas during
the very first moments of diamond growth, similar to delta-doping presented in subsection 2.3.3. As a result, such NV-containing diamond AFM tips could be used as
magnetic sensors in nanoscale magnetometry.
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Top-down nanocrystalline diamond AFM tips

The top-down fabrication method of full-diamond AFM tips is closely connected to
the shown fabrication process of nanostructured suspended NCD membranes (see
subsection 4.2.2). In a similar way, two successively aligned EBLs and dry etching
were used to structure a diamond layer on top of a Si substrate, which has been selectively removed by anisotropic wet etching in KOH below the nanostructured areas.
The fabrication process is schematically shown in Fig. 4.20, starting with a (100) Si
wafer covered with diamond films from both sides, similar to subsection 4.2.2. In
a first EBL process, cantilever structures were defined with a length of 20 µm and
a width of 3 µm connected to a supporting scaffold via 500 nm small bridges, using
a negative e-beam resist (AR-N 7520.18), according to subsection 3.2.2. Additional
alignment marks were defined for a second successively aligned EBL, as already mentioned in subsection 4.2.2. Metal deposition (200 nm Al), lift-off and RIE (recipe:
25 min “standard-NCD”) were used to transfer the cantilever structures into the
diamond layer. Afterwards, a second EBL process was performed to structure small
circles (: 200 nm) on top of the cantilever structures as mask features for the formation of the future tip. Therefore, a positive e-beam resist (AR-P 617.06) has been
defined with exposure doses ranging from 42 – 2100 µC/cm2 , resulting in typical
overexposure of the resist, which has an impact on the final size and shape of the
mask features (Fig. 4.21, first column). After mask deposition (200 nm Al) and liftoff, such high exposure doses revealed broader than defined round features with a
conical shape, which is desired and beneficial for the following RIE step, since the initial mask shape and slope will be transferred into the diamond nanostructure [211].
Additionally, mask erosion [144] and the ICP RIE parameters [212] play an impor-

(100) Si
Si with diamond
on both sides

lithography for
cantilever scaffold

reactive-ion
etching (RIE)

e-beam lithography
for tip mask

differential dry
etching (DDE)

further DDE

backside
lithography

anisotropic wet
etching in KOH

©

Figure 4.20: Schematic model of the top-down fabrication approach for
NCD AFM tips. (Reprinted with permission from [153],
2020 Springer
Nature B.V.)
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420

(d)
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(e)
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(f)

2100

°

Figure 4.21: SEM images of tip masks before (first column: ED in
µC/cm2 , scale bar 300 nm, 65 ) and after dry etching (middle column: scale
bar 1 µm) and a magnification of the apices (third column: scale bar 200 nm,
90 ). (Reprinted with permission from [153],
2020 Springer Nature B.V.)
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tant role for the resulting shape of the diamond structures. In general, higher ICP
and RF powers lead to sharper tips and reduced etch selectivities (i.e. the etch rate
ratio between the mask material and diamond), whereas too high values can cause a
detrimental impact resulting in mask destruction and thus poor nanotip characteristics [212]. However, the application of a suitable ICP RIE recipe that allows high,
but not absolute differential dry etching (DDE) rates between the mask material
and the diamond, can lead to a controlled fabrication process of very sharp nanotips
with reasonable reproducibility, as demonstrated by Moldovan et al. [211]. During
DDE (Fig. 4.20), the slope angle of the hard mask sidewall is amplified and due
to mask erosion continuously removed until it is completely etched off, transferring
its slope angle into the tip material in the process [211]. Such a DDE process has
been used to transfer the structured tip masks into the NCD layer. Since the ICP
RIE recipe “standard-NCD” already employs relatively high ICP and RF powers
(1000 W and 200 W, respectively), it demonstrated suitable DDE rates between the
mask and the diamond material. The resulting NCD tip structures are shown after
11 min of DDE in the middle column of Fig. 4.21: the SEM images were taken under
a tilting angle of 65 and rotated by 90 . Due to the different sizes of the masks,
various tip diameters can be achieved ranging from 200 – 400 nm (measured at the
half of the original tip length). High magnification SEM images of the corresponding tips are shown in the third column of Fig. 4.21 (please note that wave-like SEM
distortions are caused by charging effects). The SEM images were taken directly
after DDE without removal of the remaining mask material, which can be seen by
slight contrast differences at the apex of the tip (except for [a]). Therefore, an additional DDE step could be used to increase slope amplification and tip sharpening.
However, since there is still mask material left, the initial diamond surface remained
unetched. This can be advantageous for a future integration of shallow NV centers,
which are usually created in a shallow layer below the diamond surface (∼10 nm) by
N ion implantation and annealing [3, 152]. As already mentioned in subsection 2.4.3,
one of the main factors for NV-based sensing applications is the NV-to-sample distance. Consequently, DDE can be used to fabricate sharp diamond AFM tips, while
maintaining the initial surface intact and therefore ensure the presence of initially implanted NV centers. Such NV-based diamond AFM tips could show a higher spatial
resolution in comparison to the already realized magnetometers with a nanopillar tip
(: 200 nm) [3, 152]. Moreover, it could be possible to fine-tune the NV-to-surface
distance by nanometer-precise overetching of the tips due to well-adjusted process
parameters [213]. Hence, a reduction of the NV-to-sample distance could lead to
an improved spatial resolution of such NV-based magnetometers, as mentioned in
subsection 2.4.3. On the other hand, emitters close to the surface usually suffer

°

°

109

4

Fabrication of diamond nanostructures

from short coherence times due to stronger coupling with a rapid fluctuating surface
spin bath, which could be improved with dynamical decoupling measurements [213].
In general, even after the complete mask material
has been etched off, further dry etching can be performed to achieve enhanced tip sharpening and slope
amplification to a certain degree. However, too
long overetching can result in the destruction of the
tip. The ultimate limit of this method is shown in
Fig. 4.22, revealing a strongly overetched tip with
a radius in the range of ca. 5 nm. Since this procedure would remove any shallow NV centers, a higher
implantation depth could be utilized or another implantation method that realizes a wide implantation depth profile over several tens of nanometers, as
demonstrated by He ion implantation and annealing
in subsection 4.3.3.

100 nm

Figure 4.22: High magnification SEM image of
a strongly overetched diamond AFM tip, indicating
high slope amplification and
After DDE of the AFM tips, the backside of the tip sharpening. (Reprinted
with permission from [153],
sample has been structured analogously to subsec2020 Springer Nature
tion 4.2.2 in order to suspend the cantilever struc- B.V.)
tures in air. An overview of a resulting NCD cantilever array with integrated AFM tips is depicted in
Fig. 4.23. Additional tip-like defects have been formed during the etching process at
the cantilever’s edges, which should not affect the performance of the future device,
as long as their height is significantly smaller than the actual AFM tip.
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a) 60°

b)

Figure 4.23: SEM image of an array of suspended NCD cantilevers (a)
and magnification of an integrated AFM tip (b). (Reprinted with permission
from [153],
2020 Springer Nature B.V.)
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The integration of such NCD structures on suspended membranes enables further
processing and mounting. Therefore, ion-assisted metal deposition and FIB cutting
can be used to fuse a cantilever to a quartz AFM tip and to cut off the cantilever
structure from the supporting scaffold, respectively [152]. A simpler method has
been demonstrated by Appel et al., using UV curable glue applied through a micropipette controlled by micromanipulators under ambient conditions [3]. After
curing the glue, the cantilever can be detached from the supporting scaffold by
mechanically breaking the nanobridge and subsequently the scanning probe can be
glued to a tuning fork attached to an AFM head [3].

4.3.3

Top-down single crystal diamond AFM tips

In principle, the main technological steps for the fabrication of NCD AFM tips can
be directly transferred to SCD. As mentioned in subsection 4.2.2, prior to any EBL
on SCD, a conductive layer (e.g. ∼8 nm Al or Au) had to be deposited on top of
the SCD samples. First experiments were performed on a typical nitrogen-rich Ib
SCD (3 mm × 3 mm × 0.3 mm). In order to create NV centers close to the apex of
the future tip, vacancies have been introduced into the diamond crystal via He ion
implantation, according to the SRIM simulations shown in Fig. 4.24. Subsequent
annealing should allow vacancy migration to the inherently present nitrogen impurities and thus the formation of NV centers, as mentioned in subsection 2.3.3. The
He ion implantation was performed by the group of Prof. Dr. A. Ehresmann at the
University of Kassel.
a)

b)

Figure 4.24: SRIM simulations for He+ ion implantation (10 kV acceleration voltage, 1014 cm−2 dose) into SCD, showing a typical depth profile of the
implanted ion tracks (a) and the corresponding statistics of implantationinduced vacancy formation along the depth profile (b). (Reprinted with
permission from [153],
2020 Springer Nature B.V.)
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After He ion implantation, the diamond sample has been structured similar to the
fabrication of NCD AFM tips. Exposure dose variations and typical overexposure
of 100 nm and 200 nm circles have been defined in EBL. A selection of the resulting
mask shapes and corresponding tip structures after DDE are depicted in Fig. 4.25,
showing very similar results according to subsection 4.3.2. Even higher exposure
doses up to 12.6 mC/cm2 were investigated resulting in a severely broadened mask
shape with an unexpected three-dimensional structure (Fig. 4.25d). It can only be
assumed that this bulge on top of the typical mask shape is related to the extremely
high ED in EBL, which can be clearly identified as mask material due to the corresponding high amount of remaining mask material on top of tip structure after
differential dry etching (Fig. 4.25d). The remaining mask material showed a pronounced tapered shape, which could be advantageous for further DDE transferring
its shape into the diamond nanostructure, as mentioned in subsection 4.3.2.
nominal Ø (nm):
ED (mC/cm²):

(a)

100
1.1

200
0.4

(b)

200
0.8

(c)

200
12.6

(d)

Figure 4.25: SEM images of various mask shapes (200 nm Au) and the
corresponding tip structures after 8 min of DDE with the recipe “standardNCD” (scale bars indicate 200 nm). SEM images of the nanotips were taken
without removal of the remaining mask material.
As demonstrated in Fig. 4.25, various AFM tip diameters and tip shapes can be
achieved with this method: While some of the investigated process parameters already resulted in completely etched sharp nanotips (a), other sets showed unetched
nanotips with residual mask material on top of them (b-d). Therefore, the initially
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implanted surface is (partially) etched on the one hand and in other cases kept intact
on the other hand. Since many more process parameter have been investigated (not
shown), an almost continuous set of AFM tips between the individually shown cases
in Fig. 4.25a-d has been fabricated. This great variety could be advantageous in
combination with the discussed implantation method for the creation of NV centers
at the AFM tip apex. Due to the simulated vacancy depth profile and the huge
set of different tip shapes, the probability of creating NV centers at the apex after
annealing is very high. Optical investigations of those tips after annealing will be
shown in subsection 5.3.
The next step would be the integration of the SCD AFM tips on cantilever structures
suspended in thin SCD membranes. Preliminary experiments have been performed
on commercially available 3 mm × 3 mm SCD diamond membranes (Co. Seki Diamond Systems) with a thickness around 30 – 40 µm. Similar results for the
structuring of AFM tip masks have been achieved, as already shown. However, the
same process as mentioned in Fig. 4.25 did not result in the formation of tip structures. Figure 4.26 indicates a different etching behavior of the membranes, resulting
in a perforated surface.
a) 65°

b) 65°

300 nm

800 nm

Figure 4.26: SEM images of the remaining mask material after typical
DDE (8 min, “standard-NCD”) for the fabrication of AFM tips on SCD
membranes supplied from Seki Diamond Systems.
According to the preliminary experiments of structuring pillar arrays on such membranes (Fig. 4.16, p. 102), another ICP RIE process (“mono”) has been investigated
to transfer AFM tip masks into the membranes, which is shown in Fig. 4.27. Since
an initial DDE duration of 30 min resulted only in the formation of tapered pillars with a significant amount of remaining mask material, an additional etch step
of 15 min has been used to increase slope amplification and tip sharpening. The
resulting tip structures are shown in Fig. 4.27: the smallest tip masks revealed a
113

4

Fabrication of diamond nanostructures

nominal Ø (nm):100
ED (mC/cm²): 0.8
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100
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(b)

200
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(d)

200
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°

Figure 4.27: SEM images (65 ) of typical AFM tip mask shapes and of the
corresponding structures after DDE. The resulting tips are shown without
removal of the remaining mask material.
completely etched and sharp nanotip (a), while a significant amount of mask material was still present in the case of larger tip masks (e). Hence, further DDE could
be used to increase the sharpness of the tips. The height of the pillars was roughly
around 3 µm after a total etch time of 45 min, which would equal a reasonable etch
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rate of ca. 65 nm/min. However, the surface showed extreme roughening and grass
formation after etching, according to the the same argumentation discussed in subsection 4.2.3. The impact of the surface quality on the performance of the final AFM
device has yet to be investigated. The integration of such AFM tips on cantilever
structures could be achieved according to the fabrication method of NCD AFM tips
(subsection 4.3.2). Preliminary experiments of similar cantilever structures in SCD
are demonstrated in Fig. 4.28, which have been achieved after 35 min of dry etching
with the recipe “standard-NCD”. Please note the very rough and irregularly shaped
edges of the cantilever structures due to poor etching characteristics.
a) 65°

b) 65°

10 µm

2 µm

Figure 4.28: SEM images of a SCD cantilever array after removal of the
remaining mask material.
Based on the results of this work, a fabrication process for all-diamond SCD AFM
tips in suspended membranes could be developed, including the discussions about
the structuring of membrane windows from the backside with a specifically designed
diamond mask, as mentioned in subsection 4.2.3.
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Optical properties of the fabricated diamond nanostructures were investigated by
fluorescence mapping and photoluminescence (PL) spectroscopy at room temperature, as described in subsection 3.3.

5.1

Nanocrystalline diamond nanopillar arrays on
silicon substrates

Typical fluorescence maps and PL spectra of highly dense NCD nanopillar arrays
on Si substrates are shown in Fig. 5.1. In particular, the difference between a
well-developed array with proximity correction and one without proximity correction resulting in an unresolved center (similar to Fig 4.6b, p. 88) is indicated in
(a) and (b), respectively. The unstructured (bulk) center revealed a significantly
lower fluorescence intensity compared to a completely resolved pillar array, which
can be attributed to the enhanced photon extraction efficiency due to the waveguiding properties of the nanopillars as mentioned in subsection 2.4.2. Large and
bright spots due to the overlapped signals of all nanopillars in the array can still be
distinguished in the case of a well-developed array with a pillar diameter of 200 nm
and a CTC distance of 400 nm (Fig. 5.1a). The average fluorescence intensities of
the array spots (8 · 106 cps) is comparable to similar 200 nm NCD pillars with a
large CTC distance of 5 µm fabricated under the same conditions and parameters
and characterized with a similar setup [197]. On the other hand, pillars at the edge
of the array showed higher intensities reaching up to 12 · 106 cps in individual cases,
which might be related to the position and therefore a different exposure to the
collecting optics or the slightly different shape (more tapered) of the pillars at the
edge of the array, as discussed in subsection 4.2.1.
It was not possible to resolve individual features in fluorescence maps of pillar arrays
with a higher package density, i. e. smaller diameters or smaller periods. In such
cases, only bright squares of the complete arrays could be measured (not shown)
reaching the resolution limit of the confocal microscope.
Figure 5.1c shows corresponding PL spectra measured in (a) and (b). The signal
intensity of well-developed pillar regions is significantly higher than that from the
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575nm

637nm

pillars (a)
pillars (b)
center (b)
SiV
NV
0
NV
738nm

T = 300 K

Figure 5.1: Fluorescence map of a well-developed array of NCD nanopillars (: 200 nm, CTC: 400 nm) after proximity correction (a) and with an
unresolved center without corrective means (b). The corresponding PL
spectra are shown in (c). ([176],
2019 Optical Society of America)
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unstructured bulk center in accordance with the fluorescence intensities based on
the same argumentation. The PL spectra reveal the incorporation of SiV centers
within the nanopillars due to the peak at 738 nm, which is typical for the SiV ZPL
emission. In addition, a homogeneously distributed Si content throughout the complete thickness of the NCD layer could be detected by SIMS measurements (Fig. 3.4,
p. 57). The incorporation of Si atoms and thus the formation of SiV centers occurred
in situ during the NCD growth. The Si atoms originate from solid dopant sources
(e.g. the silicon substrate wafer) within the reaction chamber which are etched by
atomic hydrogen from the gas phase.
The broad fluorescence background, which is typical for poly- and nanocrystalline
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CVD diamond [95], may overlap a ZPL signal of NV centers regardless of its charge
state, as indicated in Fig. 5.1c. Having in mind the homogeneously distributed nitrogen content incorporated throughout the entire NCD layer thickness, as revealed
by the SIMS measurements in Fig. 3.4 (p. 57), the presence of NV centers can not be
excluded, being completely overlapped by the broad background fluorescence band.
Although, no additional nitrogen was introduced during the growth process, NV
centers can be formed in situ due to the N background level, even if the proportion
of N atoms in the gas phase is really low (5 · 10−8 ) [122].

5.2

Nanopillar arrays on suspended
nanocrystalline diamond membranes

Very similar results compared to the optical properties of nanopillars on Si substrates (subsection 5.1) have been measured for nanopillar arrays integrated on
suspended membranes. Fluorescence maps with different focal planes of such an
array are shown in Fig. 5.2, demonstrating an enhanced fluorescence intensity of
the pillars (∼5 · 106 cps) in comparison to the background fluorescence of the membrane (2.5 · 106 cps). Individual bright spots can be distinguished for single pillars in
the array along the different focal planes in the z-axis. Higher fluorescence signals
were measured for pillars at the edge of the array, similar to the optical characterization of a nanopillar array on a Si substrate (Fig. 5.1a). In particular, the
difference between the fluorescence intensity from a pillar inside the array and at
the edge is stronger pronounced for focus depths close to the bottom part of the
pillars (Fig. 5.2, z = 0.9 µm). According to the same argumentation mentioned in
subsection 5.1, the higher fluorescence intensities of the pillars at the edge may be
related to the slightly different shape (more tapered) or the position and therefore
the exposure to the collecting optics, which might be even stronger pronounced in
this case due to the circular arrangement of the pillars in comparison to the square
array in Fig. 5.1a.
The average fluorescence intensity from the nanopillars of ca. 5 · 106 cps (Fig. 5.2,
z = 500 nm) was on the same order of magnitude compared to similar nanopillars
fabricated with the same deposition system, parameters and structuring process as
in subsection 5.1 and ref. [197].
The PL spectra in Fig. 5.3 reveal the presence of SiV centers with a broad ZPL signal
around 735 – 743 nm. This broad peak may be attributed to presence of ensembles
of SiV centers and variable stress in individual diamond crystals [2]. According to
the higher fluorescence intensity from the pillars compared to the membrane, the
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Figure 5.2: Fluorescence maps of different focal planes along the z-axis
of a NCD nanopillar array (: 200 nm, CTC: 400 nm) integrated in a suspended membrane. The arbitrary focus depth (z) is indicated on each image, covering a range of 1.2 µm in steps of 0.1 µm, starting with the focus
in the membrane (top left image) and ending with the focus in the nanopillars (bottom right image). (Reprinted with permission from [170],
2019
WILEY-VCH Verlag GmbH & Co. KGaA)
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Figure 5.3: PL spectra at RT from a pillar array (black) and from the
bulk membrane (red) showing the SiV ZPL at 738 nm. (Reprinted with
permission from [170],
2019 WILEY-VCH Verlag GmbH & Co. KGaA)
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same emission enhancement was detected for the PL signal, which is ca. 2x times
higher in the pillars than in the membrane. Furthermore, this enhancement could
be increased by choosing a pillar diameter that provides more efficient waveguiding
properties in relation to the ZPL emission wavelength of SiV centers. According
to subsection 2.4.2, in particular Fig. 2.32 (p. 43), simulations have shown higher
coupling efficiencies for both s- and p-polarized emitters in nanopillars with larger
diameters (∼400 nm) [121].
As mentioned in subsection 5.1, Si atoms are incorporated in situ during the growth
due to solid dopant sources inside the chamber, which are etched in a hydrogen
containing plasma. In addition, the presence of NV centers cannot be excluded,
since their ZPL signal (637 nm) could be overlapped by the broad fluorescence band
background, typical for such diamond films [95].

5.3

Single crystal diamond AFM tips

Fluorescence maps of an array of SCD AFM tips fabricated according to subsection 4.3.3 (p. 111) are shown in Fig. 5.4. Bright spots from the structured nanotips
can be seen in an array with a CTC distance of 20 µm, as well as additional alignment
markers and the background fluorescence of the etched surface. The fluorescence
intensity from the nanotips was ca. 10x times higher than that from the surface and
the presence of NV centers is evidenced by the ZPL emission at 575 nm (NV0 ) and
637 nm (NV – ) in the PL spectra of Fig. 5.5.

a)

b)

75°

Figure 5.4: Fluorescence map of an array of AFM tips with additional
alignment markers (a) and an exemplary SEM image of a tip (b). ([a] courtesy of B. Naydenov, HZB. [b] reprinted with permission from [153],
2020
Springer Nature B.V.)
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Figure 5.5: Exemplary room temperature PL spectra taken from SCD
AFM tips shown in Fig. 5.4. NV centers were generated by damage-induced
vacancy formation during He ion implantation in a nitrogen-rich type Ib
SCD and subsequent annealing.
Consequently, NV centers were successfully formed by damage-induced vacancy formation during He ion implantation in a nitrogen-rich type Ib SCD and subsequent
annealing. The presence of both NV charge states can be controlled by the surface
termination. Since only the negatively charged state provides the desired optical
and spin properties for QIT and magnetic sensing, the population density of NV –
should be increased by converting NV0 into the negatively charged state. After
structuring the AFM tips in an oxygen plasma RIE process, the surface should be
oxygen-terminated, which provides a superior chemical environment for the negatively charged state in comparison to typical hydrogen terminated as-grown diamond
surfaces, since a hydrogen termination induces a p-type conductive surface layer depleting electrons from shallow NV centers [214]. This effect depends on the depth
profile of the NV centers, whereas deeper centers show less impact of the surface
termination [214]. In addition, the initial diamond surface of the AFM tips shown in
Fig. 5.5 is still unetched and therefore the as-grown surface termination is unaltered.
Consequently, the full conversion of NV0 to NV – could require longer DDE times,
overetching the tips and reducing the NV-to-surface distance due to the broad NV
depth profile.
Moreover, it has been demonstrated that fluorine-termination from CF4 plasma
treatments show an improved NV – to NV0 ratio compared to an oxygen-termination
achieved via wet chemistry in a boiling solution of nitric, sulfuric and perchloric acid
(1:1:1) [215]. Therefore, the negatively charged state could be further stabilized by
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fluorination after the desired NV density has been achieved.
The depth profile of the NV centers is indicated by the very bright fluorescence
signals (∼16 Mcps) over several hundreds of nanometers along the z-axis of the nanotips, as shown in Fig. 5.6. Having in mind the calculated vacancy depth profile
(SRIM simulations in Fig. 4.24, p. 111), fluorescence should be concentrated within
90 nm of the nanotip, which might be difficult to measure due to the resolution limit
of the confocal microscope and the extremely bright signals.

Figure 5.6: Fluorescence map along the z-axis of the tips in Fig. 5.4,
showing bright spots over a z-range of several hundreds of nm. (courtesy of
B. Naydenov, HZB)
The height of the tips and therefore the etch depth of the substrate was ca. 800 nm
(8 min “standard-NCD”) completely removing the implanted surface, as indicated by
the fluorescence contrast of the etched surface and the structured tips (and alignment
markers) (Fig. 5.5 and Fig. 5.6). Since a great variety of tip shapes (Fig. 4.25,
p. 112) with completely etched and (partially) unetched tips were fabricated, further
investigations could study a possible relation of the fluorescence and PL intensity in
regard to the geometry of the AFM tips. Further DDE could be applied to enhance
slope amplification, tip sharpening and the consequent removal of further material
from the surface, possibly reducing the amount of NV centers and their distance to
the surface.
The excited state lifetimes were in the range of 3 – 6 ns, as indicated by lifetime
measurements (see appendix, Fig. 6.6, p. 143). Typical excited state lifetimes of
the negatively charged NV state are in the range of 11.6 ns for bulk synthetic type
Ib diamond [216]. In general, no direct connection between the tip shape (radii of
curvature or tip diameter) and the lifetime could be derived from the given data.
However, further investigations over a wide range of tip geometries and additional
DDE steps, which increase the tip sharpness and reduce the NV density and the
NV-to-surface distance, could investigate a relation of the tip shape to the lifetimes.
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Diamond is a unique material with outstanding properties. In particular, crystallographic defects in its lattice, so-called color centers, have proven great potential
for the development of novel devices and components in quantum information technologies (QIT) [2]. Two of the most prominent color centers, the nitrogen-vacancy
(NV) and the silicon-vacancy (SiV), were investigated in this work in combination
with their integration in photonic diamond nanostructures. Since they are capable
of emitting single photons, they are an interesting platform for quantum cryptography [2]. In addition, the NV center stands out due to its unique magneto-optic
electron spin properties, rendering it especially promising for room temperature
nanoscale magnetometry [3] and room temperature qubit quantum memory [90].
Therefore, it is important to overcome diamond’s high internal reflection due to its
high refractive index by coupling of the color centers in photonic cavities, which
leads to enhanced photon collection efficiencies [2].
One of the main goals of the current work was the fabrication and optimization
of different photonic diamond nanostructures for the integration of color centers,
such as diamond waveguides, nanopillars and atomic force microscopy (AFM) tips.
In this regard, nanocrystalline diamond (NCD) and single crystal diamond (SCD)
were used as substrates. NCD films were grown in a home-built hot filament (HF)
chemical vapor deposition (CVD) system and due to their intrinsic high surface
roughness planarized before structuring to improve the quality of the final nanostructures [200].
The fabrication of diamond waveguides and nanopillars was based on a top-down
approach, while the structuring of AFM tips was achieved via an additional technique: bottom-up. Conventional top-down methods rely on electron beam lithography (EBL) and reactive ion etching (RIE). Bottom-up microstructuring of NCD
AFM tips was achieved by CVD diamond overgrowth of a pre-patterned silicon substrate.
For the creation of suspended NCD and SCD diamond waveguides, standard EBL
was used to define 75 nm, 200 nm, 350 nm, 500 nm and 1000 nm wide and 25 µm
long mask structures on top of the diamond sample, which have been partially
transferred into it in a first oxygen plasma RIE step. In a subsequent RIE process,
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anisotropic dry etching was achieved by housing the diamond sample inside a Faraday cage, which determines the impact angle of the accelerated ions perpendicular
to the grid openings. Specific anisotropic etch durations were determined to completely suspend waveguides depending on their width. While small beam widths
could be suspended in a relatively short angled-etching step (8 min for a width of
75 nm and 12 min for a width of 200 nm), broader nanobeams required an additional
mask layer (200 nm Au) to withstand prolonged angled-etching, which was necessary to suspend a 500 nm (30 min) or a 1000 nm (50 min) waveguide. Based on this
fabrication process, future work could investigate the implementation of a photonic
crystal cavity into the suspended nanobeams, which could either be achieved by a
second lithographic process or by FIB milling. The next step would be the subsequent incorporation of color centers and their optical characterization, rendering
the quality factor of the fabricated cavities and their capability for applications in
QIT [138, 139].
Highly dense arrays of NCD nanopillars on Si substrates were fabricated via EBL
and RIE. Proximity corrections and exposure dose (ED) variations in EBL were
applied to enhance the pattern fidelity. In this way, well-developed pillar arrays
with nominal diameters of 200, 100 and 50 nm and nominal pitches between the
pillars down to 100 nm have been fabricated. However, the sizes of the smaller pillars (50 nm and 100 nm) were significantly larger than initially defined (ca. 114 nm
and 170 nm). An overview of the nominal and measured dimensions, as well as the
experimentally determined optimal ED for each investigated pillar design can be
seen in Tab. 4.1 (p. 93). SiV were incorporated in situ during CVD diamond growth
within the NCD nanopillars. Room temperature photoluminescence (PL) measurements revealed the presence of the zero-phonon line (ZPL) of the SiV center and
an enhanced fluorescence intensity from the nanostructures in comparison to the
unstructured “bulk” diamond. Future work could include the transfer of the fabrication process to SCD and the implementation of color centers in a defect cavity
inside such nanopillar arrays for the use as photonic crystal, where the precise fabrication of pre-defined dimensions is crucial for the performance of the designed
photonic crystal cavity [145]. Based on the results of this work, desired physical dimensions could be achieved by designing smaller pattern features which compensate
for the enlargement during EBL writing.
Moreover, NCD nanopillar arrays (200 nm diameter, 400 nm period) were also fabricated on suspended membranes. The same fabrication steps and technological
optimizations were applied on a 2.3 µm-thick planarized NCD layer. An additional
EBL procedure was included for structuring of a hole at the center of the pillar
124

array. Small windows (ca. 5 mm × 5 mm) were opened into the silicon substrate via
standard lithographic procedures from the backside of the silicon wafer and subsequent anisotropic wet etching in KOH. As a result, a suspended nanostructured
NCD membrane has been fabricated. Room temperature PL measurements revealed
the presence of SiV centers and a ca. 2x times higher ZPL emission from the nanopillars in comparison to the unstructured bulk membrane. Such a diamond membrane
with integrated nanopillars and a completely etched hole could be used as substrate
for novel deterministic implantation methods, which require a partially transmissive
substrate for beam alignment [118, 119]. In addition, the fabrication process could
be transferred to SCD. One possible method has been discussed based on structuring of commercially available SCD membranes and a designated SCD mask, also
commercially available, for extensive RIE from the backside, which should result in
small suspended membrane windows (: 400 – 700 µm). Consequently, the creation
of single or ensembles of color centers could be achieved inside such nanopillars integrated on suspended diamond membranes for the development of novel and scalable
components and devices in QIT.
Additionally, the fabrication process of suspended nanostructured NCD membranes
has also been applied to implement AFM tips in the membranes. Sharp nanotips
were created via EBL and differential dry etching (DDE), which leads to intentional
mask erosion, while its sidewall angle is amplified and transferred into the diamond
sample in the process. Various tip diameters with a pronounced conical shape were
achieved in the range of 200 – 400 nm (measured at the half of the original tip
length ∼ 2.5 µm) and radii of curvature on the order of 10 – 40 nm (estimated from
SEM images), respectively. Further DDE could be applied to enhance the tip sharpness, reaching radii down to 5 nm. Future work could focus on mounting such AFM
tips to an AFM head either by simple gluing [3] or by ion-assisted metal deposition
and FIB cutting [152] and the consequent characterization of their performance in
AFM applications. Moreover, shallow NV centers could be implemented via conventional ion beam implantation and the fabrication process could be transferred to
SCD membranes to apply such AFM tips as magnetic nanosensor [3].
A second approach has been demonstrated for the fabrication of NCD AFM tips.
In this bottom-up method, NCD films were deposited on a pre-patterned SiO2 /Si
substrate, which provided hollow pyramids as template, achieved via conventional
photolithography and anisotropic wet etching in KOH. Complete NCD AFM probes
were fabricated with tip radii in the range of 20 – 30 nm (estimated from SEM images). Since the final NCD probes were very fragile, future work could focus on
mounting the cantilevers to holder chips [154], implementing such bottom-up engi125
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neered NCD AFM tips in Si [209] or metal [154] cantilever hybrid systems or simply
increasing the thickness of the NCD layer until convenient probe handling is possible.
Furthermore, the pretreatment of the inverse pyramid molds with NV-containing
seeding particles and subsequent NCD deposition could lead to the incorporation
of NV centers at the pyramid apex, which could be used as magnetic nanosensor.
In addition, the controlled introduction of N2 gas during the very first moments of
diamond deposition could be used to generate NV centers in situ close to the initial
growth site.
First steps towards the fabrication of NV-containing SCD AFM tips has been demonstrated by applying EBL and DDE. NV centers were created prior to structuring by
damage-induced vacancy formation during He ion implantation into a nitrogen-rich
type Ib SCD and subsequent annealing. PL measurements revealed the presence
of NV0 and NV – , which could be preferentially stabilized in the negatively charged
state via a fluorine-terminated surface [215]. Fluorescence maps along the z-axis
of the nanotips indicated very bright (∼16 Mcps) spots over several hundreds of
nanometers. Based on the results of the current work, this fabrication process could
be transferred to SCD membranes, realizing NV-containing AFM tips as magnetic
sensors with exceptionally near-surface NV centers in a sharp nanotip, due to a
fine-tuned DDE process.
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R. Walsworth, J. L. Pacheco, D. L. Perry, E. S. Bielejec, and P. Cappellaro,
Opt. Express 26(1), 80–89 (2018).
[122] J. R. Rabeau, A. Stacey, A. Rabeau, S. Prawer, F. Jelezko, I. Mirza, and
J. Wrachtrup, Nano Lett. 7(11), 3433–3437 (2007).
[123] K. Ohno, F. Joseph Heremans, L. C. Bassett, B. A. Myers, D. M. Toyli, A. C.
Bleszynski Jayich, C. J. Palmstrøm, and D. D. Awschalom, Appl. Phys. Lett.
101(8), 082413 (2012).
[124] T. Jaffe, M. Attrash, M. K. Kuntumalla, R. Akhvlediani, S. Michaelson,
L. Gal, N. Felgen, M. Fischer, J. P. Reithmaier, C. Popov, A. Hoffman, and
M. Orenstein, Nano Lett. 20(5), 3192–3198 (2020).
[125] V. S. Sedov, V. G. Ralchenko, I. I. Vlasov, Y. I. Kalinichenko, A. A. Khomich,
S. S. Savin, and V. I. Konov, Bull. Lebedev Phys. Inst. 41(12), 359–363
(2014).
[126] A. Bolshakov, V. Ralchenko, V. Sedov, A. Khomich, I. Vlasov, A. Khomich,
N. Trofimov, V. Krivobok, S. Nikolaev, R. Khmelnitskii, and V. Saraykin,
physica status solidi (a) 212(11), 2525–2532 (2015).
[127] V. S. Sedov, I. I. Vlasov, V. G. Ralchenko, A. A. Khomich, V. I. Konov, A. G.
Fabbri, and G. Conte, Bull. Lebedev Phys. Inst. 38(10), 291–296 (2011).
[128] N. Felgen, B. Naydenov, S. Turner, F. Jelezko, J. P. Reithmaier, and
C. Popov, Diamond and Related Materials 64, 64–69 (2016).
[129] T. Jaffe, N. Felgen, L. Gal, L. Kornblum, J. P. Reithmaier, C. Popov, and
M. Orenstein, Advanced Optical Materials 7(2), 1800715 (2019).
[130] P. Siyushev, F. Kaiser, V. Jacques, I. Gerhardt, S. Bischof, H. Fedder, J. Dodson, M. Markham, D. Twitchen, F. Jelezko, and J. Wrachtrup, Appl. Phys.
Lett. 97(24), 241902 (2010).
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[203] X. Checoury, D. Néel, P. Boucaud, C. Gesset, H. Girard, S. Saada, and
P. Bergonzo, Appl. Phys. Lett. 101(17), 171115 (2012).
[204] Y. Naganuma, T. Horiuchi, C. Kato, and S. Tanaka, Surface and Coatings
Technology 225, 40–46 (2013).
[205] N. Felgen, A. Schmidt, B. Naydenov, F. Jelezko, J. P. Reithmaier, and
C. Popov, Quantum Information Technology and Sensing Based on Color
Centers in Diamond, in: Advanced Nanotechnologies for Detection and Defense against CBRN Agents, edited by P. Petkov, D. Tsiulyanu, C. Popov,
and W. Kulisch, NATO Science for Peace and Security Series B: Physics and
Biophysics (Springer, Dordrecht, 2018, ch. 19.7).
[206] J. Walker, Rep. Prog. Phys. 42(10), 1605–1659 (1979).
[207] S. W. Paddock, Molecular Biotechnology 16(2), 127–150 (2000).
[208] J. M. Binder, A. Stark, N. Tomek, J. Scheuer, F. Frank, K. D. Jahnke,
C. Müller, S. Schmitt, M. H. Metsch, T. Unden, T. Gehring, A. Huck, U. L.
Andersen, L. J. Rogers, and F. Jelezko, SoftwareX 6, 85–90 (2017).
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Figure 6.1: SEM images of unresolved pillar arrays.
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Figure 6.2: Schematic drawing of the designed SCD diamond mask.
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a)

b) cross-section
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Figure 6.3: Light microscope images of suspended NCD membranes with a
size of ca. 300 µm × 300 µm and a thickness of ca. 150 nm (a) and with a size
of ca. 20 µm × 110 µm (thickness ∼ 60 nm) (c), respectively. Corresponding
cross-sectional SEM images are shown in (b) and (d). SEM images under
different tilting angles of the membrane in (c) indicate a perforated structure
(e and f). It has to be noted, that the different SEM contrasts result from
the very thin NCD layer and the missing Si substrate below the membrane
window.
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Figure 6.4: SEM (a), white light interferometry (b) and AFM (c, d)
characterizations of a typical Seki Diamond membrane, indicating polishing
grooves and holes at the surface.
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Figure 6.5: SEM (a), white light interferometry (b) and AFM (c, d)
characterizations of a typical Seki Diamond membrane, indicating polishing
grooves and particles at the surface.
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Figure 6.6: Exemplary lifetime measurements for NV centers in SCD
AFM tips, according to Fig. 5.4. Data was fitted with an exponential decay
function. (courtesy of B. Naydenov, HZB)
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An dieser Stelle möchte ich auch Josselin Bernardoff danken, der mir einen Einblick
in die Arbeit in einem Laserlabor gegeben hat und für die optischen Messungen, die
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Arbeitsalltag versüßt haben. Öfter als ich zählen kann, hatten wir einfach zu lustige
Momente erlebt, danke dafür, Daniel und Julia!
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