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Ihm fiel ein großes Gebilde in der Ferne auf, das sich von all den anderen 

Gebäuden durch seine bizarren Umrisse unterschied. Es überragte alles in seiner 

Umgebung und sah aus wie der Palast eines Architekten, der während der Arbeit 

daran seinen Verstand verloren hatte. Es gab krumme Türme, und unförmige 

Anbauten, Kuppeln, die auf Kuppeln errichtet waren, Auswüchse, Wucherungen - 

Das war kein Gebäude, eher eine monströse Baustelle. 

”Du meine Güte”, staunte Smeik. ”Was ist das denn?” 

Kolibril hüstelte verlegen von oben. 

”Ist das auch ein Speicher? Warum sieht er so seltsam aus?” 

”Das ist kein Speicher.” 

”Was ist es denn?” 

”Nichts.” 

”Wie: nichts?” 

”Es ist nichts von Bedeutung.” 

”Warum ist es dann das auffälligste Gebäude der Stadt?” 

”Darüber möchte ich nicht reden.” 

”Raus mit der Sprache, Doktor- was ist das?” 

”Das ist, äh, eine Doktorarbeit.” 

”Eine Doktorarbeit?”, lachte Smeik. ”Jetzt bin ich aber erleichtert. Ich dachte 

schon, es sei eine schreckliche Krankheit.” 

”Das ist eine Doktorarbeit gewissermaßen auch.” 

 

Walter Moers, ”Rumo & die Wunder im Dunkeln” 
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ABSTRACT 
 

 

Diamond is a material with excellent properties due to its structure and composition. Its crystal lattice is a perfect 

host of different defect centers, so-called color centers, whose properties, especially the capability of emitting 

single photons, can serve in quantum information technologies (QIT). As a high refractive index material only a 

small part of the photons emitted by these color centers in diamond can be collected. To enhance the photon 

collection efficiency photonic structures are necessary. They can be fabricated by nanostructuring techniques, 

which however are not trivial for diamond due to its chemical inertness. 

This thesis deals with the fabrication progress of diamond photonic structures, such as pillars and photonic crystal 

slabs, and the incorporation of NV and SiV centers into these structures. In this context different mask materials 

and etching parameters in the structuring process as well as different incorporation methods were part of the 

investigations. Challenges regarding the technological strategy and the creation of color centers were addressed. 

The thesis starts with an introductory chapter that highlights diamond as material, especially its optical properties. 

It also covers the introduction of color centers in diamond and leads to the photonic structures that were used in 

this work. Chapter 2 gives an overview over diamond growth, including hot filament chemical vapor deposition of 

diamond on different substrates, site-controlled deposition and the homoepitaxial overgrowth of existing 

structures. The fabrication of diamond photonic structures namely pillars and photonic crystal slabs, and the 

analysis of the morphological results are presented in Chapter 3. In addition, this chapter also covers the 

development of a planarization process for the rough nanocrystalline diamond surface. Finally, Chapter 4 contains 

the optical characterization (fluorescence mapping and photoluminescence) of selected single diamond 

nanocrystals and selected fabricated diamond photonic structures. The thesis closes with a summary and explains 

possibilities for the future work.  



Zusammenfassung 

 
 

 
 

ZUSAMMENFASSUNG 
 

 

Diamant ist auf Grund seiner Struktur und Zusammensetzung ein Material mit außergewöhnlichen Eigenschaften. 

Das Kristallgitter bietet eine perfekte Umgebung für verschiedene Defektzentren, sogenannte Farbzentren, deren 

Eigenschaften, insbesondere die Fähigkeit einzelne Photonen zu emittieren, in Quanteninformationstechnologien 

(QIT) Anwendung finden können. Als Material mit hohem Brechungsindex kann nur ein kleiner Anteil der 

emittierten Photonen der Farbzentren in Diamant gesammelt werden. Um die Photonensammeleffizienz zu 

verbessern sind photonische Strukturen erforderlich. Sie können durch Nanostrukturierungstechniken hergestellt 

werden, die jedoch für Diamant auf Grund dessen chemischen Inertheit nicht trivial sind. 

Die vorliegende Dissertation beschäftigt sich mit dem Verlauf der Herstellung von photonischen 

Diamantstrukturen, wie Säulen und photonischen Kristallmembranen, und dem Einbau von NV- und SiV-Zentren 

in diese Strukturen. In diesem Zusammenhang wurden unterschiedliche Maskenmaterialien und Ätzparameter im 

Strukturierungsprozess, sowie verschiedene Einbaumethoden der Farbzentren erforscht. Hierbei wurde die 

Herausforderung hinsichtlich der technologischen Herangehensweise und der Erzeugung von Farbzentren 

untersucht. 

Die Arbeit beginnt mit einem Einführungskapitel, in dem Diamant als Material und insbesondere dessen optischen 

Eigenschaften hervorgehoben werden. Es behandelt auch die Einführung von Farbzentren in Diamant und führt 

zu den photonischen Strukturen, die in dieser Arbeit verwendet wurden. Kapitel 2 gibt einen Überblick über das 

Wachstum von Diamanten, einschließlich der heißdraht-aktvierten chemischen Gasphasenabscheidung auf 

verschiedenen Substraten, lagegesteuerte Abscheidung und das homoepitaktische Überwachsen bestehender 

Strukturen. Die Herstellung photonischer Diamantstrukturen, in dieser Arbeit Säulen und photonische 

Kristallmembranen, sowie die Analyse der morphologischen Ergebnisse werden in Kapitel 3 vorgestellt. Außerdem 

wird in diesem Kapitel die Entwicklung eines Planarisierungsprozesses für die raue Oberfläche von 

nanokristallinem Diamant beschrieben. Kapitel 4 enthält schließlich die optische Charakterisierung 

(Fluoreszenzmapping und Photolumineszenz) ausgewählter einzelner Diamantnanokristalle und gefertigter 

photonischer Diamantstrukturen. Die Arbeit schließt mit einer Zusammenfassung ab und erläutert Möglichkeiten 

für zukünftige Arbeiten 
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1 DIAMOND AS MATERIAL IN OPTICS 
 

 

Diamond is an outstanding material with fascinating properties which make it valuable for scientific research. The 

commercially successful applications of diamond till now are more of a passive nature and range from cutting tools 

to gem stones in the jewelry industry. In this chapter, especially the optical properties and their exploitation for 

quantum information processing shall be discussed. This includes not only the general and especially the optical 

properties of diamond itself, but also the properties of certain defect centers in its crystal lattice and their 

incorporation into nanostructures. Since these defects show a remarkable photostability and many of them 

generate single photons on demand, they are an important candidate in the realization of different quantum 

information processing applications (e.g. single photos sources). The first detection and study of single nitrogen 

vacancy (NV) centers in 1997 was a huge step towards the evolution of diamond based quantum technologies and 

since then many efforts have been put in this research area [1]. 

 

1.1 GENERAL PROPERTIES OF DIAMOND 

Carbon, the sixth element of the periodic table is one of the most important elements although it is not one of the 

most abundant ones. It is building every organic compound including all living organisms. The different allotropic 

modifications of carbon make it also an interesting topic in research. Diamond is one of these allotropic 

modifications – besides graphite, fullerenes, carbon nanotubes and graphene [2, 3]. Although they all consist of 

pure carbon their chemical and physical properties are quite different due to various arrangements and bonds of 

the atoms. The most prominent comparison is between diamond and graphite. Diamond has a higher density, but 

graphite is thermodynamically more stable with 2.9 kJ · mol-1 of Gibb’s free energy difference at 300 K [4]. Fig. 1.1 

depicts the carbon phase diagram for graphite and diamond. 

 

Figure 1.1: Carbon phase diagram (Reprinted with permission from [2]. © 2007, B.G. Teubner Verlag / 
GWV Fachverlage GmbH) 
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Carbon has the atomic number 6 and its electronic ground state is 1s2 2s2 2p2. In diamond the electronic 

configuration changes to 1s2 2sp3 whereas one 2s and three 2p orbitals are redistributed into four degenerated 

hybrid orbitals as shown in Fig. 1.2: 

 

Figure 1.2: Combination of 2s and 2p orbitals into four energy-equivalent sp3 hybrid orbitals 

 

The diamond lattice can be described as a face centered cubic (fcc) lattice with a two atom basis (or two fcc lattices 

interpenetrating each other) where the first lattice has its origin in (0, 0, 0) and the second one in (1/4, 1/4, 1/4) 

with a lattice constant of a0= 0.357 nm [5, 6]. The diamond unit cell is depicted in Fig. 1.3: 

 

Figure 1.3: Diamond unit cell (face centered cubic with a two atom basis) (Reprinted with permission from 
[2]. © 2007, B.G. Teubner Verlag / GWV Fachverlage GmbH)  

 

The covalent bonds between the carbon atoms in diamond have a length of 0.154 nm in a 109.28° angle and a 

binding energy of 711 kJ/mol. These properties are responsible for the extreme hardness, making it the hardest 

natural material, scoring 10 on the Mohs scale of mineral hardness [6]. Additionally to its hardness, diamond bears 

a set of unique properties stemming from its structure which make it an attractive material for various 

applications. It has the highest thermal conductivity which is five times higher than that of copper, a low thermal 

expansion and a low friction coefficient just to name a few [6]. It is generally inert to most chemicals and radiation, 

but it is oxidized to carbon dioxide in an oxygen jet at 720 °C. It reacts with molten metals such as Fe, Ni and Co 

forming carbides [6]. Nevertheless, the surface can be modified e.g. by boiling in oxidizing acids such as HNO3, 

H2SO4 or HClO4 [7], by UV/ozone treatment or by oxygen plasma exchanging the surface hydrogen atoms to 

oxygen-containing groups like ether, carbonyl and hydroxyl groups [8]. Other surface modifications such as 

fluorination (F-termination) by fluorine-containing plasma [9, 10] or amination (NH2-termination) by ammonia 

plasma [11] are also possible. Due to its biocompatibility and non-toxicity [12, 13] and the possibility for 
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immobilization of linker and biomolecules such as antibodies, polypeptides or DNA [14, 15] to the modified 

surface, diamond is also an interesting candidate for bio-applications like biosensors [16, 17] or cell growth 

platforms [18]. 

Pure diamond is an excellent insulator with an indirect band gap of 5.45 eV with a resistivity higher than 1016 Ω, 

high thermal conductivity (2600 W/m · K), high charge carrier mobilities (hole mobility: 1600 cm2/V · s, electron 

mobility: 2200 cm2/V · s) [19, 3] and a surface conductivity of about 10-4 to 10-5 Ω-1 for hydrogen terminated 

surfaces at room temperature [20]. The sp2 carbon content at the grain boundaries of nanocrystalline diamond 

films introduces π and π* states within the band gap which are located symmetrically around the Fermi energy 

level [21–23]. The addition of boron leads to p-type, the addition of phosphorus or nitrogen to n-type conductivity 

by introducing acceptor levels above the valence band respectively donor levels below the conduction band [24]. 

Upon heavy boron doping and low temperatures diamond was found to be even superconducting [25]. These 

possibilities for variation of the electronical properties make diamond a promising candidate as electrode material 

for water treatment (deconstruction of pollutants and disinfection) [26], or bioelectrical applications [27, 28], but 

also as platform for micro-electro-mechanical systems (MEMS) [29]. 

The wide transmittance range of diamond ranging from the near UV to far IR is related to the diamond bond and 

thus the wide indirect band gap of 5.45 eV. The absorption spectrum of diamond is shown in Fig. 1.4. Diamond is 

one of the most broadly transmitting solid material with featureless and small absorption in the visible region. 

Since the bonding in diamond is covalent there exists no dipole moment in pure diamond and an intense infrared 

absorption (Reststrahlenband) is completely absent. Between 2.5 and 6.7 µm exists a weak intrinsic absorption 

due to two- and tree-phonon combination bands (infrared lattice absorption) [30]. The UV absorption edge begins 

for wavelengths slightly longer than 227 nm (equals 5.45 eV). Absorption is increased when the diamond 

comprises impurity atoms or sp2 carbon [30, 31]. 

 

Figure 1.4: Absorption spectrum of intrinsic diamond (Reprinted with permission from [30]. © 1993, 
Elsevier) 

 

Via IR spectroscopy it is possible to determine the present surface functionalities or impurity atoms which show 

characteristic signatures in the spectrum [32]. The Raman spectrum of pure single crystalline diamond is 

dominated by the first-order Raman line at 1332 cm-1. The examination of a Raman spectrum of a polycrystalline 
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diamond film shows additional peaks which for the most part stem from sp2 carbon components, for example the 

signals at 1345 cm-1 (D-band) of graphite and 1520-1580 cm-1 (G-band) [33]. Further, the Raman spectrum of CVD 

grown NCD films often shows peaks in the ranges of 1100-1150 cm-1 and 1430-1470 cm-1 which correspond to 

trans-polyacetylene at the grain boundaries [34, 35]. A Raman spectrum of a CVD grown polycrystalline diamond 

film with its characteristic peaks is shown in Fig. 1.5: 

 

Figure 1.5: Raman spectrum of an as-grown polycrystalline diamond film (reprinted with permission from 
[36]. © 2013, Springer Nature) 

 

The average value of the refractive index n of natural diamond over the visible spectrum is given as 2.418 [37]. 

The refractive index depends on the wavelength and ranges from 2.792 at 225 nm over 2.4237 at 546.1 nm (Hg 

green) to 2.3773 at 4 µm [6, 38]. The refractive index of good-quality CVD diamond only differs by a few percent. 

Impurities can affect the refractive index when they are created e.g. by ion implantation, whereas natural 

occurring impurity atoms barely have an influence [38]. The dispersion curve of the refractive index in dependence 

of the wavelength is depicted in Fig. 1.6.  

 

Figure 1.6: Spectral variation of the refractive index for natural diamond (Adapted from [38]) 
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The critical angle calculated by Fresnel’s law for total internal reflection at a diamond-air interface is 24.6° which 

traps a large amount of the light emitted by color centers in bulk diamond and thus hinders the collection of the 

photons by optics in air. Diamond also occurs in different colors like brown, yellow, blue or pink which is caused 

due to different crystallographic defects. These fluorescent lattice defects may arise from substitutional impurity 

atoms or vacant lattice sites, so called vacancies, and will be discussed in the following subchapter. 

It must be mentioned that there are some differences between single crystal diamond and nanocrystalline 

diamond. These differences are due to increased sp2 carbon content and depend also on the grain size. The 

increased sp2 carbon content leads for example to increased optical absorption and a reduced Young’s modulus. 

In case of nanodiamonds, size effects are observed when they are smaller than 10 nm, particles larger than 20 nm 

behave like bulk diamond. Since nanocrystalline diamond as a closed film offers grain sizes of below 100 nm and 

up to 500 nm depending on the deposition process and parameters according definitions from different literature 

sources, they offer mostly the properties of bulk single-crystalline diamond [3]. A sample of NCD grown on Si with 

a 200 nm SiO2 sacrificial layer is shown in Fig. 1.7. Interference rings appear as a result of the hot filament chemical 

vapor deposition (HFCVD) conditions and variation in layer thickness that is in the range of the wavelength of 

visible light. Above 2 µm the film appears grey. 

 

Figure 1.7: Cleaved silicon wafer with HFCVD nanocrystalline diamond and 200 nm SiO2 underneath as 
sacrificial layer for fabrication of diamond photonic crystals 

 

1.2 DEFECTS AND COLOR CENTERS 

Diamond hosts hundreds of optically active point defects or so-called color centers. These point (or zero-

dimensional) defects are a distortion in the regular all-carbon diamond lattice at atomic volume. There are several 

types of point defects which can occur (see also Fig. 1.8) [39]:  

• Interstitial atoms (occupation of a position between the equilibrium positions of the ideal lattice atoms, 

can also be an impurity atom) 

• Vacancies (missing atoms in the lattice) 

• Substitutional impurities (replacement of atoms in the host lattice site) 
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a)  b)  c)  

Figure 1.8: Schematic representation of the point defects that can occur in a crystal lattice:  
a) interstitial atom; b) vacancy; c) substitutional atom (Reprinted with permission from [39]. © 
2005, WILEY-VCH) 

 

The introduction of vacancies and impurity atoms leads to the introduction of electronic states inside the band 

gap as depicted in Fig. 1.9 leading to radiative electronic transitions that cause the different color appearances of 

diamond:  

 

Figure 1.9: Illustration of the electronic structure of a point defect in diamond. a) The electronic 
states corresponding to the sp3 orbitals of an isolated carbon atom. b) In pure diamond the 
overlap of orbitals leads to bonding and antibonding states which broaden into valence and 
conduction band and defined the band gab. c) When a carbon atom is removed from the lattice, 
a vacancy is created, and the four orbitals of the surrounding atoms interact with each other 
creating states within the band gap (a1 and t2 symmetry). d) The introduction of an impurity 
atom such as nitrogen leads to further splitting of the t2 state (Reprinted with permission from 
[40]. © 2013 Cambridge University Press) 

 

Although more than 500 luminescent centers in diamond are known some are not fully identified by their chemical 

and electronical structure yet and only a few have been perceived as single photon sources [41].  

The classification system divides diamonds only based on the presence and amount of boron and nitrogen 

impurities and how these are arranged in the diamond lattice (Fig. 1.10). The classification into types I and II is 



1 Diamond as Material in Optics 

 

7 
 

based on the optical absorption of these defects (also paramagnetic absorption for single substitutional nitrogen) 

and was first introduced by Robertson et al. in 1934 [42]. 

 

Figure 1.10: Classification of diamond types (adapted from [43]) 

 

Diamond type I characteristics stem from nitrogen related defects. It is a common impurity in natural diamond 

and its content can range from 200 to 4000 ppm. Usually the nitrogen is not distributed uniformly in the diamond 

lattice, but forms areas of increased concentration or clusters of up to approx. 10 atoms. Type I can be further 

divided into type Ia and type Ib. In type Ib single isolated nitrogen atoms have replaced the carbon atoms and 

show a concentration in natural diamonds between 40 to 100 ppm while in type Ia nitrogen aggregates with a 

concentration between 500 and 3000 ppm. This type can be further classified into type IaA and type IaB. In type 

IaA the nitrogen atoms are aggregated in pairs and referred to as A-aggregates. In type IaB four nitrogen atoms 

surround a vacant lattice site and are referred to as B-aggregates. Type II diamond can be divided into type IIa and 

IIb where type IIa does not contain any detectable nitrogen or boron impurities and type IIb contains isolated 

boron atoms which substitute the carbon atoms in the diamond lattice [43, 38]. 

While the classification system only relates to the amount of boron or nitrogen impurities, it does not make a 

statement on other impurities or how they are arranged in the lattice. For example, the GR1 color center emitting 

at 741 nm, is only an uncharged vacancy in the diamond lattice or the 3H color center emitting at 503.4 nm which 

is a characteristic radiation center that occurs after irradiation with e.g. electrons in all types of diamond [44–46]. 

Especially for nitrogen impurities certain arrangements in the diamond lattice are well known: the N3 center 

emitting at 415 nm which consist of three nitrogen atoms surrounding a vacancy [47], the H3 center emitting at 

503.2 nm with a large phonon sideband at 470 nm [48, 49] consisting of two nitrogen atoms separated by a 

vacancy [50]. The emission spectra of color centers range from the blue to the near-infrared regime (see Fig. 1.11 

for selection) [51, 38]. Each color center can be identified by its optical emission and absorption spectra [52]. The 

most prominent color centers will be highlighted in the next chapters. 
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Figure 1.11: Spectral map of various single photon emitters in diamond. The given wavelengths indicate the 
location of the zero-phonon line (ZPL), the colored bar represents the approximate width of 
the emission spectrum which also includes phonon sidebands. Successful spin manipulations 
of single centers are labeled with a black arrow (Reprinted with permission from [51]. © 2014, 
WILEY-VCH) 

 

1.2.1  NITROGEN-VACANCY CENTER 

Nitrogen is the most abundant gas in our atmosphere and the most common impurity in natural diamond [31]. 

Being included in the diamond lattice in a substitutional position (replacing a carbon atom) the so-called NS
0 center 

is created [53]. This center remains optically inactive until it is associated with a vacancy in an adjacent position in 

one of the <111> crystallographic orientations [54] forming the so-called nitrogen-vacancy center (NV center, Fig. 

1.12, left) one of the most prominent color centers in diamond [55]. It occurs uncharged (NV0, with a zero-phonon 

line (ZPL) in the photoluminescence (PL) spectrum at 575 nm) since the electrons of the nitrogen atom bonds 

covalently with the neighboring three carbon atoms and the remaining electrons form a lone pair. By trapping an 

addition electron (provided by donors elsewhere in the material), it becomes negatively charged (NV-, ZPL at 673 

nm in the PL spectrum). The six electrons give the center a non-zero spin in its ground state, more precise a spin 

triplet (S = 1, paramagnetic). The negative charge of the NV- center was first determined by Mita et al. with neutron 

irradiation experiments [56]. Besides the ZPL the NV spectrum offers a large phonon side band in the PL spectrum 

which ranges from 600 to 800 nm (Fig. 1.12, right). There is an additional infrared emission band with a ZPL at 

1042 nm (not shown) that is only observable during optical illumination and has been associated with the NV- 

center [57]. Apart from that a positively charged NV center (NV+) also exists, but only the NV- center is magneto-

optically active and all experiments are carried out referring to the negatively charged center [52]. For easier 

reading the term “NV center” refers to the negatively charged center upon further declaration. 
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Figure 1.12: Schematic of a NV center. A nitrogen atom (N) is adjacent to a vacancy (V) along the <111> axis 

(left); room temperature photoluminescence spectrum showing the zero-phonon lines of NV0 

and NV- centers together with a broad phonon side band (right) (Reprinted with permission 

from [58]. © 2018, Springer Nature) 

 

The electronic and energy level scheme of the NV center is well studied and can be described as a three level 

system with triplet ground and excited states and an intermediate metastable singlet state (Fig. 1.13) [59]. The 

two triplet states are further split into three spin sublevels each. The two sublevels with magnetic quantum 

number (spin projection) ms = ±1 are degenerate and the ms = 0 level is energetically lower. The so-called zero-

field splitting or zero-field magnetic resonance D (also crystal field splitting) of the sublevels describes the energy 

difference between the spin sublevels without an external magnetic field. For the triplet ground state, the zero-

field magnetic resonance is 2.88 GHz and for the triplet excited state 1.42 GHz (Fig. 1.15) [60, 61]. 

 

Figure 1.13: Schematic of the radiation paths of the energy level diagram of a negatively charged NV center. 

The notation |𝑖⟩ denotes the state with spin projection 𝑚𝑠 = 𝑖 along the NV axis. Green solid 

arrows indicate the spin conserving optical transitions. The dashed black arrows indicate spin 

selective intersystem crossing (ISC). The wavy red arrows indicate the emission wavelengths of 

the center (Reprinted with permission from [62]. © 2014, IOP Publishing Ltd) 

 

 



1 Diamond as Material in Optics 

 
 

 
 

At non-zero magnetic field Zeeman-splitting is induced between the ms = ±1 sublevels. The separation between 

the levels is proportional to the external magnetic field strength and is given by 2γBz where γ is the electron 

gyromagnetic ratio (γ = 2π∙28 GHz/T) and Bz the magnetic field parallel to the NV axis.  

The optical transitions between the ground and the excited state are strongly spin preserving signifying that the 

spin state does not change while cycling between the two states [63]. The typical lifetime of the exited state of NV 

ensembles is 13 ns and is temperature independent for a large temperature range [64]. Besides the radiative decay 

there is a non-radiative way for the decay from the excited to the ground state. The inter-system crossing (ISC) 

from the triplet excited state to the singlet metastable intermediate state results in a shelving of the population 

on a time scale of around 200 ns [65]. This fact plays a pivotal role in the magneto-optic behavior. The process is 

strongly spin selective as the shelving rate from ms = 0 is much smaller than those from ms = ±1 [66, 67]. An 

electron from the ms = 0 state mostly decays via fast radiative transitions while an electron from the ms = ±1 decays 

in a non-radiative ISC via this long-lived singlet state and remains “trapped” for a few hundreds of ns. The preferred 

decay is from the lowest singlet state towards the ms = 0 ground state sublevel and enables a high degree of 

electron spin polarization into ms = 0 through continuous optical pumping [62]. For short laser pulses the 

temporary optical contrast between ms = 0 and ms = ±1 is approximately 30% [68] and can be observed in time-

resolved luminescence (see Fig. 1.14). 

 

Figure 1.14: Time-resolved luminescence during a 2 μs laser pulse. The curves show histograms of photon 
counts for an NV center excited out ms = 0 and ms = ±1 spin states (Reprinted with permission 
from [52]. © 2014, Annual Reviews) 

 

The spin-dependent photoluminescence is observed in electron paramagnetic resonance (EPR) experiments. This 

method was first presented by Gruber et al. in 1997 [1]. Sweeping an auxiliary microwave field to EPR transition, 

excitation from ms = 0 to ms = ±1 occurs and results in a drop in the observed PL signal [62]. This effect is known 

as optically detected magnetic resonance (ODMR) and depicted in Fig. 1.15 for zero-field splitting and non-zero 

field splitting. 
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Figure 1.15: Room temperature ODMR spectrum of a single NV- center unveiling the zero-field splitting of 
the ms = 0 and ms = ±1 sublevels of the ground (2.88 GHz) and the excited (1.42 GHz) states 
(left) [69] © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft) ;ODMR spectra of the 
NV ground state with increasing the external magnetic field (from bottom to top) (right) 
(Reprinted with permission from [70]. © 2008, Springer Nature) 

 

Since the center can be initialized, manipulated, and read out at room temperature using optical and microwave 

excitations, and electric and magnetic fields [40] it is an interesting candidate for different applications. The ms = 0 

and ms = ±1 sublevels of the ground state can be seen as qubits and the optical transitions can be utilized for read 

out and manipulation in quantum computing applications [71]. The read out is facilitated by the fact that the 

fluorescence from ms = ±1 is significantly lower than the fluorescence from ms = 0. Polarizing the electron into the 

ms = 0 state via optical illumination enables the coherent drive between the ms =0 and ms = ±1 states using 

microwaves [65]. 

NV centers show high photostability (uninterrupted emission under continuous excitation) at room temperature 

(no photobleaching) making them a superior candidate as single photon sources compared to e.g. organic dye 

molecules [72, 63]. The single electron spins also showed the longest room temperature spin dephasing time in 

solid state systems that was ever observed (T2 = 1.8 ms) [73]. The quantum efficiency (QE) which is defined as the 

probability of emitting a photon once the system is prepared in the excited state is estimated to be around 0.7 

due to non-radiative transitions via the metastable singlet state [64, 74]. High count rates up to 2.4 Mcts/s (cw 

excitation) and high overall photon yield of up to 4.2% (ratio between excitation and detection rates) have been 

achieved [75]. Measurements of the second-order autocorrelation function (g(2)(τ)), which is an indicator of the 

quality of single photon emission with a generally accepted value smaller than 0.5 for single photon generation, 

revealed values as low as 0.12 [75]. A disadvantage of this single photon emitter is its long lifetime in the range of 

20 ns which limits the maximum excitation and emission rate [59]. 

There are several ways for the creation of NV centers. As a major impurity in diamond, nitrogen is found in natural 

diamond, even as single NV centers. In artificially, lab grown diamonds NV centers are created artificially by 

different approaches. One possibility is by irradiation damage and annealing of type Ib diamond which contains 

atomically dispersed nitrogen. The radiation damage creates vacancies which migrate towards the nitrogen atoms 

during the annealing step [76]. Implantation is also possible, but the conversion rate from vacancies and implanted 

nitrogen ions depends on the implantation energy [77, 78]. It is also possible to create ensembles of NV centers 
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using δ-doping techniques where nitrogen is introduced for a defined time during CVD growth creating a thin NV 

center layer in a defined depth [79]. 

Besides in quantum information processing the applications of NV centers cover a large spectrum and include, but 

are not limited to, nanoscale magnetometry [73, 80, 62], bio-marking [14, 81], metrology [82] and many more. 

 

1.2.2  SILICON-VACANCY CENTER 

Another color center that attracted interest in the recent years is the silicon-vacancy center (SiV center). It is a 

common impurity in CVD grown diamond samples since quartz windows are often part of the set up, but also 

contamination of the reactor walls can serve as origin of Si. Its fluorescence was first observed in 1981 by Vavilov 

et al. [83], but only in 1995 it was verified to involve silicon impurities [84]. SiV centers in natural untreated 

diamond are quite rare which enables distinction between natural and synthetic diamond [85]. 

The SiV center consists of a silicon atom and a vacancy in a so-called ‘split-vacancy’ configuration, replacing two 

neighboring carbon atoms along the <111> axis (Fig. 1.16 and inset in Fig. 1.17) [86, 87]. Since the silicon atom sits 

interstitially in the center of the split-vacancy it does not couple strongly with the diamond phonons, resulting in 

a strong ZPL with a weak phonon side band. The SiV center exists in a negatively charged (SiV-) and a neutral charge 

state (SiV0, ZPL at 946 nm [88]). As for the NV center, the term “SiV center” refers to the negatively charged SiV 

center. 

  

Figure 1.16: a) Schematic of a SiV center, a silicon atom (Si) sits between two vacancies (V) b) room 
temperature photoluminescence spectrum of the SiV center (Reprinted with permission from 
[65]. © 2011, IOP Publishing Ltd) 

 

At room temperature 70% of SiV fluorescence is concentrated in a strong and narrow (linewidth 5 nm) ZPL at 

737 nm with only a weak phonon side band [89]. In single crystallites the linewidth of the ZPL can be as narrow as 

0.7 nm [90]. The position of the ZPL has the advantage that the background fluorescence of the surrounding 

material is quite weak and the disturbance is low [90]. Another aspect is its very short photoluminescence lifetime 

of 1-4 ns. The emission rate of the SiV center strongly depends on the quality of the surrounding ranging from only 
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1000 cts/s for SiV centers in natural diamond created via ion implantation [91, 92] to 6.2 Mcts/s of single SiV 

centers in nanodiamonds on iridium for which g(2)(τ) values below 0.05 were measured [93].  

The quantum yield was determined to be only 0.05 for SiV centers in CVD diamond films. Responsible for this low 

quantum yield is the large probability of non-radiative transitions, indicated by a decrease of emission intensity, 

peak position shift to lower energies and a broadening of the half-width with increasing temperatures [94]. When 

the fluorescence measurement is performed at cryogenic temperatures the contribution of each silicon isotope is 

visible resulting in a set of 12 peaks, whereas the main four peaks each belong to the optical transitions in 28Si (see 

Fig. 1.17 A-D). The relative intensities are very close to 92.3: 4.7:3.0 which reflects the natural abundance of the 

isotopes of silicon (28Si, 29Si, 30Si) [84]. The emergence of four optical transitions at zero-field in the ZPL indicate an 

electronic spin of S =1/2 as each orbital ground and excited state component splits into two components [95]. 

 

Figure 1.17: a) Fluorescence spectrum of SiV ensemble at 4K. The spectrum shows four major peaks which 
are associated with the 28Si isotope forming two doublets (labelled A-D). There are much 
weaker, red-shifted peaks which originate from the 29Si and 30Si isotopes. The inset shows the 
atomic structure of the SiV center b) corresponding energy level diagram for the 28Si isotope. 
Ground and excited states exist as split states allowing four optical transitions, labelled as A-D 
according to the peaks in a) (Reprinted with permission from [96]. © 2014, Springer Nature) 

 

SiV centers show an inferior photostability under excitation compared to NV centers and some centers also show 

blinking. It is suggested that the bleaching is caused by photoionization [93]. 

Using silicon as a substrate or as substrate holder can also result in formation of SiV centers during diamond CVD 

growth. The generated atomic hydrogen can etch silicon from the top or the sidewalls of the substrate or even 

the quartz windows in the chamber which can impede the controlled incorporation of (isolated) SiV centers into 

nanodiamonds or diamond films (Fig. 1.18) [97, 98]. To avoid this, Neu et al. prepared nanodiamonds on iridium 

coated silicon substrates where the silicon in SiV stemmed from the cut edges of the sample exhibiting only a small 

area of silicon [90]. In situ creation with gaseous silicon sources as well as ion implantation are other ways to create 

SiV centers in diamond and will be elucidated in Chapter 1.2.4. 
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Figure 1.18: Origin of Si impurities in CVD diamond (Reprinted with permission from [99]. © 2005,  
WILEY-VCH) 

 

1.2.3  OTHER COLOR CENTERS 

From the plethora of luminescent centers in diamond only a selected few were identified as single photon 

emitters, aside from the SiV and NV centers. These include nickel-related complexes, especially the NE8 center, 

the germanium-vacancy center (GeV), Sn-related defects [100] and some others which up to now remain 

unidentified [41, 101]. Another severity is the reproducibility of the color centers which up to now has only been 

shown for SiV and NV centers [102]. 

Nickel, a transition metal often used as catalyst in high pressure high temperature (HPHT) synthesis of diamond 

can form different defects in its crystal lattice. In high nitrogen containing diamonds nickel forms a complex with 

nitrogen, labeled NEx, 1 ≤ x ≤ 8, [65] where the NE8 center was the first one reported by Gaebel et al. of being 

capable of single photon emission with an estimated fluorescence QE of 0.7 [103]. Fig. 1.19 shows the 

crystallographic structure and the corresponding emission spectrum. 

 

Figure 1.19: Crystallographic structure of the NE8 center consisting of one nickel atom bonded to four 
nitrogen atoms (left). The corresponding room temperature PL spectrum shows a sharp ZPL at 
793 nm (right) (Reprinted with permission from [65]. © 2011, IOP Publishing Ltd) 

 

Germanium color centers (GeV) can be created via ion implantation or in situ during the growth of diamond and 

show single photon emission capability at room temperature with a ZPL located around 602 nm [104]. Its structure 
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is similar to the SiV center with the impurity Ge atom sitting interstitially between two vacancies along the <111> 

lattice direction. The molecular structure and the corresponding cryogenic PL spectrum which illustrates the four-

level system is depicted in Fig. 1.20. The GeV center exhibits a high QE exceeding that of SiV centers [105]. 

 
 

Figure 1.20: Molecular structure of the GeV center consisting of an interstitial Ge atom between two 

vacancies (left), corresponding photoluminescence spectrum at 50 K, revealing four optical 

transitions predicted by the GeV electronic structure (right) (Reprinted with permission from 

[105]. © 2017, American Physical Society) 

 

1.2.4  CREATION OF COLOR CENTERS 

Two main methods are known today for the creation of color centers: Ion implantation with the required species 

and in situ with a “dopant” from a solid or gaseous source during growth. Both got advantages and disadvantages 

and not all are suitable for each application. In the case of the creation of NV centers it is also possible to irradiate 

diamond type Ib which contains around 100 ppm nitrogen with electrons in order to create vacancies. The 

subsequent annealing at high temperatures in vacuum leads to the formation of large ensembles of NV centers 

[106]. This method is very effective regarding the creation of NV but does not allow the control over single NV 

center creation. Additional to that diamond type Ib can contain other defects which affect certain properties like 

lifetime, linewidth and decoherence [107]. A method for the controlled creation of single NV centers was shown 

by Chen et al. taking diamonds with a nitrogen concentration below 5 ppb and without native NV centers. By 

applying laser writing techniques it was possible to control the spatial resolution, the depth, and the number of 

created vacancies. Subsequent annealing led to a probability of success of about 45% ± 15% for the creation of a 

NV center located within 200 nm of the desired position in the transverse plane. This technique has the huge 

advantage, that it does not damage the overlaying material and the laser energy can be tuned for required 

properties [108]. 

 

a) Ion implantation 

For the creation of small ensembles or even single color centers implantation became the approach of choice, 

since impurity density and location can be controlled precisely. For this process, atoms or small molecules are 

ionized and accelerated by an electric field towards a target surface where they bombard the surface and 
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permeate into the material. The range of the implanted ions depends on the acceleration energy of the ions 

(usually in the range of keV to MeV), the mass of the ions and the target material. When penetrating the target 

material, the ions consign damage (also creating vacancies) in the crystal lattice. Therefore a thermal annealing 

(usually heating above 600 °C under vacuum conditions) is performed. This step leads to  “healing” of the damage 

since the material lattice is able to recover and allows the activation of implants into their energetically favorable 

location, enabling the formation of the optical active centers related to the implanted ion species (e.g. silicon, 

nitrogen or others) [65].  

Starting from a very pure synthetic diamond substrate (e.g. N concentration less than 1 ppb [109]) it is possible to 

tailor the desired properties by variation of the implantation parameters. To achieve the desired properties of the 

created color centers the required parameters of the ion implantations are determined via simulations. For that, 

often the software SRIM1 (stopping and range of ions in matter) is used. Based on Monte Carlo modeling the 

prediction of the implantation profile is possible. Parameters like ion species, acceleration energy, mass (in case 

of isotopes), angle of incidence, as well as different target materials (elements and compositions or dielectrics), 

layer thicknesses and layer quantity can be chosen. As a result, e.g. the ion range (depth) and distribution, and 

quantity of vacancies created are given as output data. Fig. 1.21 shows an implantation profile of nitrogen in 

diamond with different acceleration energies (30 keV, red curve and 300 keV, black curve). Another information 

given is the number of generated vacancies and their distribution in the crystal where the higher implantation 

energy results in a longer and more asymmetric tail of the vacancy distribution. This also indicates an increased 

number of vacancies produced per ion which might be the explanation for a higher NV center formation probability 

with higher ion energies. Pezzegna et al. showed an increased production efficiency of NV centers in diamond 

from less than 1% with ion energies less than 5 keV to more than 50% with ion energies in the MeV range [78]. 

 

Figure 1.21: SRIM simulations of nitrogen implantation into diamond (Reprinted with permission from [65]. 
© 2011, IOP Publishing Ltd) 

 

                                                                 
1 Theory can be found in the textbook “The Stopping and Range of Ions in Solids", by J. F. Ziegler, J. P. Biersack and 
M. D. Ziegler (2008); http://www.SRIM.org 
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Although this technique is tunable for different applications that require different amounts or depths of color 

centers it is not applicable to generate every color center. Attempts to create single NE8 centers by ion 

implantation were without success, resulting only in the creation of other Ni-related color centers [110].  

Instead of implanting ions on a large area different attempts were made to improve the spatial resolution. This 

ranges from maskless focused ion beam implantation of single ions to create arrays of single color centers in the 

bulk diamond [111] to implantation prior and after top-down nano-fabrication to isolate single color centers in 

certain features like pillars or other nanophotonic structures [112]. There were also attempts to create NV centers 

via nitrogen focused ion beam implantation where the beam diameter was focused to 100 nm diameter also 

reducing the spatial resolution and enabling the direct incorporation of NV centers into micro- and nanostructures 

without the need of a mask [113]. 

In the current work, simulations were performed for the implantation of 15N and 14N with a desired depth of 

100 nm or 15 nm, respectively. As target material in the SRIM simulations nanocrystalline diamond (NCD) with a 

layer thickness of 450 nm (as determined by SEM for the sample to be implanted) and a density of 3.5 g /cm3 on 

a silicon substrate (with thickness of only 10 nm due to the assumption that the ions do not penetrate that deep 

and do not reach the substrate. It was set only for a better visualization). Sample 1 (DHF85-1) was simulated with 

14N and an implantation depth of 15-20 nm, sample 2 (DHF85-2) was simulated with 15N and an implantation depth 

of 100 nm. The corresponding simulations are shown in Figs. 1.22 and 1.23. 

  

Figure 1.22: Ion ranges and collision events for a NCD sample implanted with 14N and a desired depth  
of 15-20 nm (Reprinted with permission from [58]. © 2018, Springer Nature) 
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Figure 1.23: Ion ranges and collision events for a NCD sample implanted with 15N and a desired depth  
of approx. 100 nm (Reprinted with permission from [58]. © 2018, Springer Nature) 

 

Using the calculated parameters samples with a size of 3 x 3 mm were implanted as shown in Fig. 1.24 by the 

group of Jan Meijer, University of Leipzig, to receive the desired implantation depths (DHF85-1, DHF85-2). For 

DHF85-1 a 17 nm implantation depth was achieved by using CN- ions with an acceleration energy of 20 keV 

(10.7 keV for N) and for DHF85-2 an implantation depth of 100 nm was achieved by 𝑁2
+15  ions with an acceleration 

energy of 600 keV (300 keV per ion) and 70° rotation of the sample. The spot size of the ion beam had a diameter 

of 1 mm and an ion fluence of 109 cm-1 was used. Afterwards the samples were annealed at 820 °C in vacuum for 

2 h resulting in an estimated quantity of 5 ∙ 109 cm-1 NV centers. 

 

Figure 1.24: Schematic of the implantations with different ion species, desired implantation depths and 
corresponding energies. Created NV centers are shown as red dots (Reprinted with permission 
from [58]. © 2018, Springer Nature) 

 

After receiving the implanted samples, the NCD surface was examined for any visual damage (Fig. 1.25). Apart 

from little chipped off edges the surface was intact. 
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Figure 1.25: SEM image of the surface of sample DHF85-1 before (left) and after (right) implantation. All 
crystallites were unimpaired and showed no noticeable features. 

 

Afterwards the implanted samples were structured with pillars of different diameters and characterized as will be 

described in Chapters 3 and 4. 

Efforts were also made to create NV centers in already existing structures. Therefore structured NCD pillars on a 

Si substrate were implanted with 14N2 and an energy of 60 keV at Technion, Haifa, Israel. The subsequent annealing 

was performed for 1 min at 900 °C via RTA treatment. 

Additionally, a monocrystalline IIa diamond sample with (100) orientation (labelled as sample UU331) was 

implanted with nitrogen (N+) at the Institute of Quantum Optics, University of Ulm in a manner depicted in the 

implantation map in Fig. 1.26. The beam spot size had a diameter of approx. 300 µm, the implantation was 

performed with 5 keV and two different doses on the same sample. After implantation, the sample was annealed 

in ultrahigh vacuum (UHV) at 1000°C. 

 

Figure 1.26: Implantation map of sample UU331 with two different doses (provided by University of Ulm) 
(Reprinted with permission from [58]. © 2018, Springer Nature) 

 

To assure the presence of NV centers the sample was optically characterized prior to the pillar structuring 

procedure at the optical laboratory at the Institute of Quantum Optics, University of Ulm. 
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b) in situ doping 

Chemical vapor deposition (CVD) uses gas sources like methane for the growth of diamonds, regardless of whether 

isolated nanodiamonds or closed films are formed. For the creation of NV centers often no additional dopant is 

necessary, because nitrogen is an abundant component in the atmosphere and growing at low pressures always 

results in residual nitrogen in the chamber which can be incorporated into the diamond during growth [114]. It is 

also possible to create individual NV centers in isolated diamond nanocrystals, but the reproducibility is rather 

low. Other color centers like the SiV center [115, 116] or Cr-related single photon emitters [117] were created by 

the choice of an appropriate substrate, respectively silicon or silicon dioxide and sapphire. Nevertheless, after the 

diamond film is closed the source for impurities is gone. Another method is to place e.g. small pieces of silicon 

alongside the sample which is not affected by growth [99]. For a precise control of the dopant amount it is better 

to choose a gaseous component like silanes [118] or nickelocenes [119] or even additional nitrogen or nitrogen 

containing gas species [79, 120]. With turning the source of the dopant on and off it is possible to control the 

thickness of the layer with incorporated impurities as well as the depth (as indicated in Fig. 1.27). Consequently, 

it is possible to generate a very thin and shallow layer of color centers in a diamond film with the possibility to 

structure the diamond film afterwards to create a confinement around the incorporated color centers. 

 

Figure 1.27: Illustration of the creation of a shallow NV center containing layer in diamond 

 

Shallow color centers can also be incorporated by the overgrowth of existing structure granting an impurity source. 

SiV centers were successfully integrated into NCD pillars on an Si substrate via a short overgrowth step (illustrated 

in Fig. 1.28). Hydrogen etching of the silicon substrate lead to the possibility to form SiV centers in the overgrowth 

layer [121]. This process will be discussed in detail in Chapter 2.6.2. 

 

Figure 1.28: Illustration of the overgrowth of NCD nanopillars (light blue) on a silicon substrate (grey). The 
overgrown diamond (dark blue) contains SiV centers 

 

Efforts were also made to study the incorporation efficiency of Si from e.g. the sample holder (Si wafer) in 

dependency of the exposed Si area. Therefore, equal sized pieces of NCD (3x 3 mm) were placed on differently 
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sized pieces of Si (full 3-inch waver, half wafer, quarter wafer, 1 cm2) and overgrown for 10 min. Unfortunately, 

the results were inconsistent from PL measurements, showing no trend (Chapter 4.1.1). A possible reason for that 

might be the exhibition of the sidewalls from the Si substrate of the NCD pieces which already allow for a huge 

amount of Si to be incorporated.  

For the in situ generation of GeV centers, a piece of NCD on Si was overgrown for additional 3 h on the bare 

molybdenum holder in the HFCVD to close the exhibited Si sidewalls of the substrate and to avoid any further 

incorporation of SiV from there. As source for the Ge incorporation a Si wafer covered with 150 nm Ge on each 

side was placed as sample holder in the HFCVD setup. The overgrowth of the unstructured NCD samples on the 

Ge covered wafer was performed for 10 min. From the first PL investigations no signal of the ZPL of the GeV center 

could be observed (Chapter 4.1.2). Generally, in situ doping with a solid Ge source is possible, but was shown up 

to now only for monocrystalline diamond [104]. Experiments for the incorporation of Ge in already existing 

monocrystalline diamond pillars via the overgrowth on the Ge coated wafer were also unsuccessful.  

 

1.3 DIAMOND NANOSTRUCTURES 
In this chapter, different diamond nanostructures for an increased collection efficiency of the emitted light by 

color centers will be discussed. Their fabrication and related techniques will be covered in Chapter 2. As already 

mentioned, the high refractive index of ∼2.4 results in a very small angle (24.6°) of total internal reflection at the 

diamond-air interface. This allows only a small part of the emitted light to exit the diamond even for shallow (tens 

of nm in depth) NV centers. Direct emission of the dipole is preferred into the higher index material (diamond) 

rather than into air [122] resulting in a typical photon collection efficiency of approx. 3% (Fig. 1.31) [123]. 

To overcome this problem different diamond photonic structures which can enhance the light emission and gain 

control of the spectral emission properties are subject of current research and involves all-diamond platforms as 

well as hybrid approaches. Due to difficulties associated with the fabrication of diamond nanostructures the early 

approaches focused on a hybrid approach where color center containing diamond nanocrystals were combined 

with non-diamond optical devices [124], e.g. by pick and place methods [125, 126] or by placing a non-diamond 

photonic structure on a color center containing diamond film [127]. Nanodiamonds in general have the advantage 

of a higher photon collection efficiency compared to bulk diamond [128]. 

For the improvement of the photon collection efficiency in bulk diamond adequate architectures, namely photonic 

structures are necessary. In general, two concepts of coupling structures can be distinguished. The first one 

presents non-resonant collecting structures that do not affect the radiative emission rate of the color centers. This 

class of structures includes e.g. solid immersion lenses (SIL) which overcome the total internal reflection at the 

diamond-air interface. A hemispherical shape is created out of diamond with the emitter located in the center. 

The emitted light rays are normal to the surface and no refraction occurs (Fig. 1.29) [129]. 
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Figure 1.29: a) Reduction of the effective numerical aperture due to refraction at the surface of a high-
index medium; b) Elimination of refraction with a hemispherical lens (SIL) [129] (© 2012 Beha 
et al; licensee Beilstein-Institut) 

 

The second concept includes resonant confining structures which increase the emission rate of the color centers 

via the Purcell effect. These structures like micro-disc resonators or photonic crystals can be both dielectric and 

metallic [130, 131]. The combination of high-quality single photon emitters with diamond nanostructures offers a 

huge variability in their application.  

 

1.3.1  DIAMOND NANOPILLARS  

These structures belong to the category of non-resonant geometries consisting of cylindrical or cone-shaped 

diamond structures They can be positioned on bulk diamond or another material like silicon or silicon dioxide and 

serve different important functions: a) they represent a waveguiding structure that collects photons from the 

embedded color center, b) they allow approximately for an order of magnitude higher efficient excitation 

compared to bulk diamond and c) they act as an dielectric antenna that channels photons emerging from the top 

of the structure into the collection optics [132, 133]. Depending on shape and aspect ratio these structures are 

also termed diamond microcylinders [134], nano-rods [135], nanowires [132, 136] or like in the current work 

nanopillars [137, 138].  

Finite difference time domain (FDTD) calculations considered s- and p-polarizations of the dipole of the emitter. 

In diamond for example, the fundamental nanowire mode (HE11) is the main emission channel for a s-polarized 

dipole (perpendicular to nanopillar axis) located at the pillar axis resulting in vertically emitted light from the top 

facet. P-polarized dipoles (parallel to nanopillar axis) cannot emit in this waveguide mode since there is a symmetry 

mismatch, but they can emit into vertically propagating radiation modes (Fig. 1.30) [131, 136]. 
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Figure 1.30: Representative field profile of a radiative component of the E-field in case of a 2 µm long 
diamond nanowire with 200 nm diameter. The dipole is emitting at 637 nm (ZPL of NV center). 
Left: s-polarized dipole placed in the center of the nanowire. The fundamental nanowire 
waveguide mode (H11) is the dominant decay channel. The highly directional emission from 
the top facet allows, with appropriate objective lens, almost 100% of the vertically emitted 
photons to be collected (NA ≈ 0.95; θ=72°); right: p-polarized dipole positioned at the nanowire 
axis. The emission into upward propagating modes still allows for a considerable collection 
from an objective lens (Reprinted with permission from [132]. © 2010, Springer Nature) 

 

Because of the polarization of an NV center along the (111) plane in an (100) diamond nanowire, both s- and p-

polarizations must be taken into account. It is estimated that more than 80% of the emitted photons of a NV center 

couple to the fundamental waveguide mode of the nanopillar. If the pillars are fabricated out of bulk 

monocrystalline diamond, 50% are emitted upwards and downwards each. Considering reflection at the top facet 

(10%) it is estimated that more than 30% of the emitted photons could be collected with a lens placed above the 

nanopillar (Fig. 1.31) [131, 136]. 

 

Figure 1.31: Emission profile of a NV center (position and orientation of the dipole indicated by red arrow) 
in bulk diamond (left) and a diamond nanowire (right), obtained by using finite difference time-
domain modeling (FDFT) modeling. White arrows indicate emission direction with 
corresponding collection efficiencies (Reprinted with permission from [123]. © 2013, 
Cambridge University Press)  

 

Hausmann et al. also investigated the coupling efficiency between the NV center and the nanowire waveguide 

mode as a function of the nanowire diameter [136]. The results are presented in Fig. 1.32 and indicate that the 

coupling efficiency can exceed 80% for a broad range of pillar diameters between 180 and 230 nm. 
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Figure 1.32: Coupling efficiency α as a function of the nanowire diameter at λ = 637 nm. The dipole is 
assumed to be placed at the center of the nanowire with a polarization perpendicular to the 
nanowire axis (s-polarized) (Reprinted with permission from [136]. © 2010, Elsevier) 

 

One disadvantage of this geometry is the proximity of the color center to the diamond surface which can result in 

blinking or spectral diffusion due to surface-charge fluctuations which was observed for NV centers [123]. These 

effects can be minimized by exploiting the possibility for different surface terminations that stabilize the charge 

of the color center [139, 140]. Li et al. reported that conical shaped pillars (1.2 µm height, 200 nm bottom 

diameter) led to a reduction of the lifetime of the emitted photons from ca. 26 ns in diamond nanocrystals to 

14.3 ns in the fabricated nanowires [141]. 

Another point that should be mentioned is the influence of the side wall angle on the intensity output. Widmann 

et al. calculated a loss of already 25% with a sidewall angle of 1°, while an angle of 10° only caused a loss of 28%. 

Thus it is proposed that a slightly tapered structure might be an advantage regarding the stability of the structures 

[142]. 

Similar results were reported by Marseglia et al. for SiV centers in monolithic diamond nanopillars: the 

fluorescence photon count rate was increased by a factor of 10, additionally a reduction in the optical power 

needed for excitation was observed. To facilitate the fabrication process where less accuracy is needed regarding 

the aspect ratio during etching a truncated cone structure was chosen from the beginning. The optimal parameters 

regarding the collection efficiency via FDTD simulations for a cylindrical shape to limit the range of possible 

optimum bottom diameters were determined [143]. The simulation of the collection efficiency for s- or p-polarized 

SiV centers in relation to the pillar diameter is shown in Fig. 1.33.  
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Figure 1.33: Simulation of the dependence of the collection efficiency on the nanopillar diameter assuming 
a cylindrical geometry of the pillars [143] © 2018 Optical Society of America 

 

Pillars of varying diameters were successfully fabricated from nanocrystalline diamond (NCD) and 

ultrananocrystalline diamond (UNCD) films on Si and on monocrystalline diamond samples (Fig. 1.34)  

 

NCD 

 

UNCD 

 

Monocrystalline diamond 

Figure 1.34: Pillars fabricated from NCD, UNCD and monocrystalline diamond 

 

1.3.2  PHOTONIC CRYSTALS 

Photonic crystals in general describe materials whose dielectric function exhibits spatial periodicity in one, two or 

three dimensions (Fig. 1.35). It modulates the propagation of light in a way analogous to a semiconductor crystal 

modulating the motion of electrons. The periodic structure gives rise to ‘band gap’ behavior with a photon being 

allowed to propagate or not depending on its wave vector [130]. In diamond, these optical resonators can be used 

to enhance the fluorescence emission rates and establish efficient spin-photon interfaces [144]. 

 

Figure 1.35: Schematic examples of one-, two- and three-dimensional photonic crystals. The different colors 
represent materials with different dielectric constants (Reprinted with permission from [145] 
©2014, WILEY-VCH) 
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For photonic crystals, the relevant cavity parameters are the quality factor Q that describes the resonator’s ability 

to store photons and the mode volume Vmode that is the inverse normalized energy density of the resonator mode 

[131]. Both have a direct influence on the dipole-cavity interaction, e.g. the spontaneous emission rate 

enhancement F (Purcell factor). The Purcell factor is often used as a figure of merit for the spontaneous emission 

enhancement for an emitter placed in the cavity’s field maximum and optimum polarization and is given by  

𝐹 =
3

4𝜋2
(
𝜆𝑐𝑎𝑣
𝑛

)
3 𝑄

𝑉𝑚𝑜𝑑𝑒

 (1.1) 

In this equation λcav is the cavity mode wavelength and n the material refractive index. The optimization of the 

Purcell factor thus requires a maximum ratio of Q to Vmode (small mode volumes and large quality factors) [146, 

144]. Photonic crystal structures provide confinement in a smaller mode volume and enable easy coupling into 

free space optics [147] and are realized as monolithic [148, 149] and hybrid platforms [150, 126].  

In most cases the photonic crystal (PhC) structures consist of a thin free-standing diamond membrane, a so-called 

slab, with a periodic array of air holes. These holes can be arranged in various ways and differentiated into assorted 

lattice types. The most common choices are square or triangular arrays of air holes in the slab. For the PhC design 

the slab thickness also has to be considered [146]. In this way 2D photonic crystal slabs or, when fabricated as a 

waveguide-like feature, 1D photonic nanobeam structures, can be realized. By adding an intentional defect to the 

structure (removing one or several holes, hole displacement, different hole diameter, heterostructures etc. [146, 

151]) the structure gains its cavity. In Fig. 1.36 a H1 (one removed hole, also referred to as L1) and L3 (three 

neighboring holes in a line removed) defects are shown [152]. 

 

L1 

 

L3 

Figure 1.36: Left: photonic crystal point defect (termed H1 or L1) created by removing a single hole from 
the slab. right: Photonic crystal line defect where several holes in a lie are removed (termed Lx, 
with x number of holes removed; in this image L3); holes are shown in blue. 

 

The main purpose of the PhC cavity is to enhance selectively the zero-phonon line emission of a certain color 

center and suppress the emission into phonon sidebands or non-radiative channels [148]. Since most of the 

emitted photons of the NV center emit to the very broad phonon side band only 4% of the light is concentrated in 

the ZPL. By coupling the center to a photonic crystal cavity (overlap of the ZPL with the cavity resonance), 

spontaneous emission in the phonon side band can be suppressed and emission in the ZPL will be enhanced [130, 
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153]. A non-ideal placement of the emitter in the cavity or minor errors during the fabrication process might 

reduce the effective coupling [146]. Non-ideal overlapping can be compensated by heating or cooling the sample 

shifting the spectral position of the cavity peak to blue, respectively red (Fig. 1.37) [149, 154]. Another possibility 

to tune the cavity resonance is repeated thermal oxidation to reduce the structure dimensions resulting in a blue 

shift [41]. 

 

Figure 1.37: Temperature tuning of the cavity resonance to spectrally overlap a single NV ZPL. The collected 
fluorescent emission of the ZPL is Purcell enhanced by a factor of approx. 5 [154].  
© 2017 Optical Society of America 

 

The design of high-Q PhC cavities in diamond has been studied theoretically in recent years, predicting Q factors 

in the range of 104-106 for different cavity architectures [148]. The first fabrication of a diamond photonic crystal 

was performed with nanocrystalline diamond and a fundamental cavity mode near the NV ZPL with Q factors up 

to 585 [155]. Recently, a Purcell enhancement of up to 70 for a NV-cavity system has been reported for a PhC slab 

in monocrystalline diamond [156]. However, the fabrication of PhC slabs in monocrystalline diamond is quite 

challenging and hard to realize without causing damage to the substrate due to the use of graphitization for 

membrane fabrication [157] or FIB application [158] for the structuring of the cylindrical air holes. NCD with the 

possibility to be deposited on a sacrificial layer is way easier to handle from the fabrication point of view (Fig. 1.38), 

but is inferior in quality due to intrinsic scattering and absorption losses [148]. 



1 Diamond as Material in Optics 

 
 

 
 

 

Figure 1.38: SEM image of a photonic crystal cavity in a triangular arrangement with a L3 defect etched in 
NCD 

 



2 Diamond Growth 

 

29 
 

2 DIAMOND GROWTH 
 

 

With its wide range of exceptional properties diamond sometimes has been referred to as “the ultimate 

engineering material”. The exploiting of these properties before the discovery of synthetic diamonds was quite 

difficult, because of the high cost and scarcity of large natural diamonds. Many attempts were made to create 

diamond from the commonly occurring graphite, but since graphite is the thermodynamically stable allotrope at 

room temperature and atmospheric pressure, this was quite difficult [159]. A large activation barrier between 

graphite and diamond prevents the interconversion between them at room temperature and atmospheric 

pressure, although the standard enthalpies only differ by 2.9 kJ mol-1 [160]. The large energy barrier is responsible 

for the existence of diamond at room temperature, thus diamond is said to be metastable (kinetically, but not 

thermodynamically stable). With this knowledge researchers realized that there should be a fabrication method 

and conditions at which diamond is the more stable form [159]. 

In the 1950s the first synthetic diamond crystallites were grown using the high pressure high temperature (HPHT) 

method at General Electric Company by Bundy et al. [161]. With this method graphite was converted into diamond 

applying proper temperature and pressure conditions under which diamond is formed naturally deep 

underground. HPHT synthesis of large single crystals was the only alternative to natural diamond for a long time 

and for the industrial demands [162, 163]. This changed with the first reproducible diamond chemical vapor 

deposition (CVD) synthesis in 1962 by W.G. Eversole from Union Carbide [164] and Derjaguin et al. in 1968 [165]. 

At this early stage the growth rates of diamond were rather low. The breakthrough in CVD diamond growth was 

made in Japan in the 1980s [166], leading to respectable growth rates and breathed new life into this research 

topic. Fig. 2.1 represents the carbon phase diagram with labeled regions of HPHT and CVD synthesis as well as the 

natural genesis. 

 

Figure 2.1: Carbon phase diagram with labeled regions of HPHT and CVD synthesis as well as the  
natural genesis (Reprinted with permission from [167]. © 2009, IOP Publishing Ltd) 
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2.1 GROWTH METHODS AND MECHANISMS 

From the mid-1980s the interest in diamond CVD grew and continues to the present day. The technique in general 

involves the deposition of carbon atoms originating from the dissociation of a carbon containing gas precursor 

(e.g. methane, acetylene, carbon monoxide, carbon dioxide, several organic compounds including different 

alcohols, acetones and ethers) [168] at low pressure on a solid substrate that can be either diamond 

(homoepitaxial/single crystalline) or non-diamond (heteroepitaxial, resulting in a polycrystalline film). The 

deposition on a non-diamond substrate requires an additional nucleation step since diamond does not grow 

spontaneously on such substrates. From these nucleation sites the film grows three dimensionally until the nuclei 

coalesce and form a continuous polycrystalline film [169]. The average grain size of the film increases with 

increasing film thickness since diamond grows in a van der Drift growth regime [170]. Depending on the average 

grain size the films can be distinguished in poly-, nano- and ultrananocrystalline diamond films with macroscopic 

properties depending on parameters like grain size or sp3/non-sp3 ratio [169]. 

The development of different CVD methods includes hot filament CVD (HFCVD) [171, 166], direct current CVD 

(DCCVD) [172], microwave plasma enhanced CVD (MWPECVD) [173] etc. (for a detailed overview see [174]). While 

slightly different in detail, all techniques got some aspects in common: All start with the process gases mixing in 

the chamber. The reactants pass an activation region (e.g. hot filaments, electric discharge, MW plasma etc.) which 

leads to the dissociation of the gas molecules into reactive radicals and atoms, creating ions and electrons during 

the process and heating up the gas above a few thousand Kelvin. After passing the activation region the reactive 

fragments undergo complex chemical reactions and finally hit the substrate surface. There the species can either 

adsorb and react with the surface, desorb back in the gas phase, or diffuse until a reaction site is found. If all 

conditions are suitable, diamond is formed in these surface reactions [159]. A general flowchart of the processes 

happening is shown in Fig. 2.2. 

 

Figure 2.2: Overview schematic of the processes occurring during diamond CVD (Reprinted with 
permission from [169]. © 2010, IOP Publishing Ltd) 
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A fact that all techniques got in common is the need and presence of atomic hydrogen, because it drives the whole 

chemical system. It is created by the dissociation of H2 which acts as carrier gas in those processes and is 

indispensable for important chemical processes. Atomic hydrogen bonds to the surface dangling bonds and thus 

prevents cross-linkage and subsequent reconstruction of the surface to graphite. Additionally, the H-termination 

of the surface keeps the sp3 lattice stable. During growth the atomic hydrogen also etches graphitic sp2 carbon 

much faster than diamond-like sp3 carbon, which results in the removal of any graphitic clusters back to the gas 

phase. H atoms are also capable of breaking larger hydrocarbons into smaller pieces preventing the deposition of 

built-up polymers that might inhibit the diamond growth on the surface. Additionally, H atoms react with neutral 

species such as CH4 to create reactive radicals. The created CH3 radicals contribute to the stepwise diamond 

growth by attachment to suitable surface sites as depicted in Fig. 2.3 [159]: 

 

Figure 2.3: Schematic process of the stepwise addition of CH3 species leading to diamond growth 
(Reprinted with permission from [159]. © 2000, The Royal Society) 

 

The process in Fig. 2.3 is very simplified since there are still some inconsistencies about the growth species, but 

CH3 is generally accepted as the important radical responsible for the diamond growth [175, 176]. 
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2.2 SINGLE CRYSTAL DIAMOND 

To date, the most used growth path for single crystal diamond of any significant size is the homoepitaxially CVD 

growth on diamond, usually is performed on (100)-oriented substrates [31]. The homoepitaxial CVD diamond 

growth results in high quality diamond plates with tailorable thicknesses. As a substrate for growth HPHT diamond 

is often used (see Fig. 2.4). After the growth the homoepitaxial diamond can be separated from the so-called seed 

crystal using e.g. ion implantation, growth and an electrochemical etch step [177]. The seed crystal can be reused 

repeatedly. 

 

Figure 2.4: A homoepitaxial CVD grown diamond layer, ca. 4 x 4 x 1 mm (white/clear) after separation from 
the original HPHT seed crystal (yellow) (Reprinted with permission from [178]. © 2003, 
Electrochemical Society) 

 

The evolution of the structure and morphology of a single crystal diamond depend on the so called α-factor which 

describes the growth rate ratios of the (100) and (111) crystal directions and can be defined as  

𝛼 = √3𝑉(100)/𝑉(111) [179]. The α-parameter is mainly influenced by the growth temperature and methane 

concentration. This dependency was first investigated by Wild et al. [179]. The results of their study carried out in 

a microwave plasma assisted CVD set up from a CH4-H2 gas mixture are presented in Fig. 2.5: 

 

Figure 2.5: α-parameters determined for uniaxial growth using a quartz-tube-type reactor in a MWCVD 
set up ([179] as cited in [180]. (Reprinted with permission from [179].  
© 1994 Elsevier) 
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Knowledge about the growth rate ratios allows a significant degree of control over the development of a certain 

morphology during growth by choosing conditions that lead to a desired geometry of the crystal. The applicability 

of the α-factor is not only limited to single crystal diamond, but also relates to the growth of polycrystalline 

diamond films. In the initial stage of the growth crystallites of different orientation serve as nucleation sites (e.g. 

due to a pretreatment step) growing both laterally and vertically. Subsequently, the fastest growth direction points 

along the vertical direction and will overtake and overgrow other crystallites that are less favorably orientated 

according to the chosen growth conditions [31]. The texture development of these polycrystalline diamond films 

as well as the morphology development of isolated particles (also applies for large diamond plates) are shown in 

Fig. 2.6: 

 

Figure 2.6: Particle shape and orientation of polycrystalline films under various growth conditions, 
respectively α-factors (Reprinted with permission from [181]. © 2000, Elsevier) 

 

Some applications of diamond require a thin diamond membrane instead of the bulk material, but the scalable 

fabrication of sub-micron films of high quality, with low strain and surface roughness, is quite challenging. The 

conventional diamond CVD process as described above needs further RIE thinning to achieve a sub-micron 

thickness [182, 183]. Applying ion implantation, where a graphitic, etchable layer is created, thin free-standing 

diamond membranes with variable uniform thicknesses can be fabricated [184, 185]. The only draw-back of this 

technique is the residual damage of the ion implantation step which introduces built-in strain and degrades the 

optical quality. Thin membranes are hard to handle and often bonded to a substrate such as Si or SiO2 which might 

restrict the operational functionality because of different thermal or chemical properties between diamond and 

the bonding material. Piracha et al. developed a new method for the fabrication of ultra-thin diamond membranes 

by fusing a thick diamond frame to a thin diamond membrane that is thinned further afterwards. This enables easy 

handling and makes any bonding material superfluous [186]. Based on this knowledge new approaches for free 

standing single crystalline diamond membranes were made using micropatterns and microneedles [187, 188]. 

Yamada et al. developed a technique called “tiled clones” where they could increase the single crystal diamond to 

a size of 20 mm x 20 mm x 40 mm by connecting smaller pieces of single crystal diamond platelets (“clones”) by 

growth all stemming from the same seed substrate. Although the joint crystal was of good quality it still takes a 

lot of effort to get a wafer scale diamond substrate with consistent quality over the entire area [189]. 
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A new and successful heteroepitaxial route for the growth of large scale single crystalline diamond was developed 

by Gsell et al. in 2004. They showed the successful deposition of monocrystalline diamond of high quality on a 

silicon substrate by applying a multilayer structure consisting of a 20 nm thin pulsed-laser-deposited yttria-

stabilized zirconia film (YSZ) and 150 nm e-beam evaporated iridium layer. The Ir/YSZ/Si multilayer system acts as 

a buffer layer and accommodates the large lattice mismatch of -35% between silicon and diamond in three smaller 

steps. The diamond deposition was performed in a microwave plasma CVD at 700 °C starting with a 7% CH4 in H2 

atmosphere for the bias enhanced nucleation (BEN) and was reduced to 1% CH4 for subsequent growth. A diamond 

layer of 45 µm was grown in 98 h showing no delamination and a low mosaicity of the film [190]. 

With templated growth it is also possible to engineer diamond nanostructures without etching in single crystal 

diamond. Additionally, the controlled incorporation of color centers during growth is possible, avoiding damage 

in the crystal lattice generated by ion implantation. The groups of Aharonovich et al. and Zhang et al. used a 

patterned silica mask on (100) single crystalline diamond as growth template. With a mask thinner than the 

deposited diamond the lateral growth is limited, and the constrained structures adopt to the shape of the 

patterned template. For a thin mask the shape of the overgrown region is determined by the α-factor while the 

smaller conformal region below the mask thickness forms a supporting post for the structure above. The mask can 

be removed easily after growth by a wet etching step. Using this approach both groups fabricated optical 

resonators of different shapes (see Figs. 2.7 and  2.8) [191, 192]. 

 

Figure 2.7:  (a) SEM image of the resulting 

pyramidal shaped diamond 

nano-structure, the scale bar 

indicates 250 nm; (b) 

schematic of the geometry of 

the resulting overgrowth 

structures (Reprinted with 

permission from [192].  

© 2016, AIP Publishing) 

 

 

Figure 2.8: (a) patterned silica hard mask 

on top of the (100) diamond; 

(b) single crystal diamond 

array growth through the 

patterned silica mask; (c) 

example of a different pattern 

after mask removal; (d) 

individual diamond nano-

structure after mask removal 

(Reprinted with permission 

from [191]. © 2013, WILEY-

VCH) 
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2.3 POLY- AND NANOCRYSTALLINE DIAMOND 

Without buffer layer, growth on non-diamond substrates results in polycrystalline films. Depending on the grain 

size three different types of films can be distinguished: poly- (also micro-), nano- and ultrananocrystalline diamond 

films. Ultrananocrystalline diamond is a special case, because it is a composite material where small diamond 

grains with sizes below 10 nm are embedded in an amorphous carbon matrix [193, 194]. 

For long growth times, a nanocrystalline diamond film will become polycrystalline [195] because of the columnar 

growth in the van der Drift regime (Fig. 2.9). 

 

Figure 2.9: Evolution of the columnar growth of a polycrystalline diamond film starting from the nuclei 
(Reprinted with permission from [196]. © 2004, Elsevier) 

 

As substrates for heteroepitaxial diamond growth metals, semiconductors, insulators, graphite, fused silica glass 

and more can be used [197]. To be suitable as substrate for CVD diamond growth the substrate material has to 

meet certain important criteria, like a melting point above the deposition temperature, a thermal expansion 

coefficient comparable with that of diamond (to avoid compressive stress) and the capability of forming a carbide 

layer to a certain extent which promotes the diamond growth and supports the adhesion of the diamond film to 

the substrate. Examples for good substrates materials include, but are not limited to, metals such as Ti, Cr, Mo, 

W, Co, Ni, non-metals like B or Si, SiO2, Si3N4 and substrates consisting of carbides like SiC or WC. Substrates with 

no or low carbide formation ability, such as Cu, Ag, Au, tend to show a delamination if no interlayer is applied [198, 

159]. Among these, single crystal Si wafers are probably the most commonly used non-diamond substrates for 

diamond CVD, due to the availability, low cost and favorable properties of Si wafers [159]. 

At the beginning of the heteroepitaxial growth there is a so-called incubation period where only little diamond 

growth occurs. This is due the large uncovered substrate area where carbon can diffuse into the substrate until a 

carbon/carbide diffusion barrier is formed or the film is coalesced. This denotes the end of the incubation period 

and the growth rate increases [3]. The different binding situations at the diamond surface and the interlayer 

between diamond and substrate can be determined by XPS as depicted in Fig. 2.10 with Si as substrate. Pure 

carbon can only be detected at the sample surface while the interlayer clearly shows a carbide peak.  
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Figure 2.10: XPS spectra a) at sample surface, b) interface between Si substrate and grown film [199]  
as cited in [2] (Reprinted with permission from [199]. © 1994, AIP Publishing) 

 

Depending on the carbon diffusion rate in the substrate the incubation period can last longer due to carbon losses 

from nuclei growth to the substrate resulting in different growth rates for varying substrates [200]. Also, the 

process parameters, like CH4 concentration, play a role on the duration of the incubation period as well as power 

density in case of MWPECVD and substrate temperature for all variations of CVD [201].  

Nanocrystalline diamond (NCD) is a thin film of columnar diamond grown on a substrate with a high initial 

nucleation density. With increasing layer thickness, the grain size and hence the roughness increases because it is 

grown in the van der Drift regime. Since there are no re-nucleation processes taking place the films become 

microcrystalline at about 1 µm film thickness, depending on the initial nucleation density and the α-

parameter [195]. 

 

2.4 CARBURIZATION AND HFCVD SET UP 

The NCD films in this work were grown in a home built Hot Filament Chemical Vapor Deposition (HFCVD) set up at 

the Institute of Nanostructure Technologies and Analytics (INA). The reactor is made from stainless steel with 

water cooled side walls and includes the gas inlet, the power supplies for the heating and filaments, and a notch 

for the NiCr/Ni thermoelement (0.5 mm diameter, Fa. Thermocoax) at the bottom. A glass window for better 

observation of the process and a barometer are attached to flanges on the side of the reactor. The sample holder 

(molybdenum, 80 mm in diameter, 9.8 mm in thickness) is placed on a heating plate made of boron nitride (77 mm 

in diameter and 2.2 mm in thickness) with graphite as a heat guide (Fa. Boralectric, model HT/0213). The construct 

sits on five ceramic cylinders to provide the desired distance (approx. 10 mm) of the sample to the filaments and 

prevents short circuits with the reactor walls and possible mechanical strain. A small hole and channel at the 

bottom are drilled in the sample holder to provide contact of the thermoelement to the sample backside, 

respectively the dummy wafer where the sample is placed on. The set up runs with two gas lines (H2 and CH4) 

which are regulated by mass flow controllers (MKS Instruments 247 with 4-channel control unit). An additional 

third gas line (N2) is installed for the cooling and venting of the chamber after the deposition process and is 

controlled via a needle valve. For thermal activation of the carbon source (CH4) seven tungsten filaments of ca. 

15 cm in length (0.3 mm diameter, Fa. Heraeus) are used, stretched between two parallel copper blocks and 

hooked to self-made feather coils made from the same tungsten wire to prevent them from bending due to 
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thermal strain during carburization and growth processes. The filament heating was performed with a 

programmable DC power supply (GeneSys 3300W GEN30-110A) with a capable output voltage of 30 V and a 

current of 110 A. For additional heating of the substrate a three-phase voltage transformer was used and was later 

replaced by a Heinzinger PCY 140-50 power supply, because it broke and caused short circuits. 

A scheme of the reactor is depicted in Fig. 2.11 and a picture from top view inside the opened chamber is shown 

in Fig. 2.12.  

  

Figure 2.11: Scheme of the HFVCD Reactor. Left: side view, right: top view [202] 

 

 

Figure 2.12: Photograph of the HFCVD chamber. A Si wafer is placed on the molybdenum block and serves 
as sample holder (dummy wafer) for smaller samples. The seven tungsten filaments stretched 
between the two copper blocks, the connections for the heating of the boron nitride heating 
plate and the wire of the thermoelement are also visible 

 

Every renewal of the filaments requires a carburization step before the next deposition process to reduce tungsten 

contamination in the films [203, 204]. Carburization is a continuous process and happens also during diamond 

deposition. During the carburization process CH4 is absorbed and decomposed on the metal surface. The carbon 

atoms then diffuse into the metal lattice building a layer of WC and W2C on the outer layer whereas the inner 
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layer/core consist of tungsten and carbide; as a result the resistance shows a constant increase [205]. During the 

process the filaments are elongated and become more brittle which sooner or later makes them break and they 

need to be replaced. To prolong their lifetime, they are strained by a feather coil to keep them tense, in the right 

position and at constant distance to the substrate. The carburization process is run with the dummy wafer at 

25 mbar chamber pressure. During the first 30 min the filaments were heated with approx. 8.5 A per filament 

(60 A in total) in pure hydrogen atmosphere (500 sccm). After that the current was increased by 5 A every 30 min 

until the final current of 70 A (10 A per filament) was reached and CH4 flux of 5 sccm was switched on. The process 

parameters (substrate temperature, filament current, filament voltage) were carefully monitored, and the current 

was kept slightly above 70 A. The difference in resistance of the carburized and non-carburized tungsten filaments 

lead to the decreasing of their temperature [206] and respectively the filament heating voltage needed constant 

adjustment. The process was performed at least for 3 h or until the the filament voltage reached a constant level. 

 

2.4.1 PRETREATMENT PROCEDURES 

To receive closed poly- or nanocrystalline diamond films it is necessary to increase the nucleation density on the 

non-diamond substrate. Untreated substrates like silicon offer a very low nucleation density of about 105 -  

106 cm-2 [169]. The required nucleation density for the growth of closed films depends on the desired film 

thickness, as for large nucleation densities continuous films form at smaller thicknesses. The necessary nucleation 

density Nd  can be estimated by Nd = d-2 where d is the film thickness (consisting of cubic crystals) [207]. For thin 

films different nucleation procedures are known to increase the nucleation density to 1010 cm-2 and include 

polishing with diamond powder (mechanical abrasive method), ultrasonic treatment with diamond powder in a 

solution or solvent, Bias enhanced nucleation (BEN) and some more [208, 209]. In general, surface defects (e.g. 

grain boundaries and dislocations) are accepted as favored sites for diamond nucleation. The nucleation 

enhancement by scratching can generally be attributed to seeding effects, minimizing the interfacial surface 

energy at sharp edges, presence of dangling bonds or breaking of surface bonds at sharp edges and a rapid carbon 

saturation at these sharp edges. Although polishing with a diamond powder increases the nucleation density 

significantly, it can only be used on flat substrate surfaces and damage may occur to predeposited intermediate 

layers [169]. 

The ultrasonic treatment is a more gentle method [210] where the substrate is simply immersed in an ultrasonic 

bath with the diamond powder properly dispersed in an organic solvent. This method enables the pretreatment 

of non-flat, 3D shaped substrates [169]. The enhancement of the nucleation density performed with ultrasonic 

pretreatment depends strongly on particle size of the used diamond powder, the liquid in which the diamond 

powder is dispersed and duration of the pretreatment [211]. 

In the current work, growth of nanocrystalline diamond films was conducted mainly on commercially available 

substrates of 3-inch (100) silicon (CrysTec Kristalltechnologie, Berlin) and 3-inch (100) silicon wafers coated with 

silicon dioxide (2 µm SiO2, thermally oxidized, CrysTec Kristalltechnologie, Berlin). 
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The pretreatments are performed in an ultrasonic (US) bath, where two different diamond dispersions were 

established in this group as appropriate methods. The first, namely “standard”, uses two diamond powders with 

different grain sizes in an organic solvent, the second is a commercially available diamond dispersion, namely 

“slurry”. The procedure for each pretreatment will be described in the following text. The established amount of 

the powders as well as the pretreatment duration and the resulting nucleation density were determined by E. and 

C. Petkov [212, 202]. 

Prior to the pretreatment itself, the samples were cleaned with a 1:1 mixture of purified water and an etching 

mixture containing NH4F and HF 7:1 (BASF; art. 51151613) to remove the thin native oxide layer on the silicon 

substrates. The wafer was immersed for 30 s, then rinsed in purified water and dried in nitrogen flow. Samples 

with a thermal layer of silicon dioxide (as sacrificial layer for photonic crystals) were not cleaned in the buffered 

HF etching mixture, but with acetone and isopropyl alcohol (IPA).  

The standard pretreatment procedure consisted of two diamond powders, D0.25 (nanocrystalline diamond 

powder (NCDP), Fa. Winter) with an average grain size of 0.25 µm, and ultra-disperse diamond powder (UDDP, Fa. 

Mineral-Werke Kuppenheim), with an average particle size between 3 and 5 nm. 50 mg of D0.25 and 80 mg of 

UDDP were dispersed in 75 mL n-pentane mixed in a glass beaker with a lid. After placing the samples inside the 

beaker, it was immersed in an ultrasonic bath for 60 min. Due to the inhomogeneity of the dispersion the process 

was interrupted every 5 min to gently shake the beaker and re-disperse the diamond powder. Also, the bath 

temperature was monitored and if necessary, the water was replaced before exceeding 35°C to avoid loss of n-

pentane due to evaporation. The sample was then cleaned in acetone and isopropyl alcohol in the US bath for 90 s 

each. Between and after the cleaning steps the samples were dried in nitrogen flow. With this method a nucleation 

density of approx. 1.5 x 1010 cm-2 was achieved [212]. 

The opal seed “slurry” for pretreatment was a commercially available diamond suspension (Fa. Adámas 

Nanotechnologies, Raleigh, North Carolina) containing diamond nanoparticles of 20-30 nm average aggregate size 

(0.5 wt%) in dimethyl sulfoxide (DMSO) as dispersing medium. For an improved nucleation density 20 mL of this 

slurry was diluted with 60 mL methanol in a glass beaker and used for 30 min in an ultrasonic bath to create a 

nucleation density of 1011 cm-2 [202]. There was no need of shaking the beaker because of the homogeneity of the 

dispersion. The sample was cleaned in acetone and isopropyl alcohol in the US bath for 90 s each. Between and 

after the cleaning steps the samples were dried in nitrogen flow.  
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2.4.2 HFCVD GROWTH OF NANOCRYSTALLINE DIAMOND FILMS 

After pretreatment the samples were placed on the substrate holder or in case of a small sample size on the 

dummy wafer in the self-built HFCVD chamber described in Section 2.4. The chamber was evacuated to a basic 

pressure of 10-3 mbar and subsequently flooded with 500 sccm H2 until a working pressure of 25 mbar was 

reached, which was held for the whole deposition process. The substrate heating (105 V)2 and filament current 

(70 A) were applied to reach the desired deposition temperature of 880-885 °C. As carbon source 5 sccm CH4 were 

introduced into the reaction chamber (ratio H2:CH4 is fixed to 100:1). The process parameters are summarized in 

Tab. 2.1 (see also Appendix A). 

Table 2.1: Summary of the HFCVD process parameters for diamond growth 

Tfil > 2000 °C 

Tsub 880-890 °C 

p 25 mbar 

Ifil 70 A (10 per filament) 

Gas flow 505 sccm 

Gas mixture 1% CH4 in H2 

 

Morphology and thickness were controlled after the growth process for each sample as exemplary shown in 

Fig. 2.13 for the growth on a Si substrate. The closed were evaluated by scanning electron microscopy (SEM; 

Hitachi S-400). The cross sectional view revealed the columnar structure and made it possible to estimate the 

thickness of the film. The growth rate (average film thickness per time interval) was determined by measuring the 

height of the film obtained by cross section SEM images with the freeware program ImageJ. 

The standard deposition time of NCD films was 3 h (180 min) and resulted in closed films with a columnar 

appearance in the cross section and well-developed facets on top with pyramidal (111) structures. The random 

orientation of the facets stems from the random orientation of the seeded diamond particles and scratches on 

the Si surface [214]. From the SEM images in Fig. 2.13 and Fig. 2.14 there is only a marginal difference in the 

appearance of NCD films depending on the pretreatment procedure. Since the slurry pretreatment is less time 

consuming and due to the insignificant difference, the slurry pretreatment was used for most samples. Because 

of the lower nucleation density when the standard pretreatment is applied the incubation time lasts longer 

resulting in a thinner film of approx. 575 nm (see Fig. 2.13, right).  

                                                                 
2 The supply for the substrate heating was changed after the old self-built one broke. The old trafo was run with 
100 V. To reach the required substrate temperature 105 V are necessary. It also changed from AC to DC supply  
which might have an influence on the sample. No noticeable change in growth rate, grain size, morphology etc. 
occurred [213]. 
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Figure 2.13: SEM images of a NCD film on Si after 3 h of HFCVD growth (standard pretreatment): left top 
view 45°, right cross section 

 

The slurry pretreatment resulted in a higher nucleation density and thus the incubation time was shorter. The 

thickness of the film was measured to be approx. 640 nm (Fig. 2.14, right). Calculating the average growth rates 

for both cases the standard pretreatment showed an average growth rate of 3 nm/min and the slurry pretreated 

sample an average growth rate of 3.6 nm/min. Comparing the SEM images the difference in grain size on top of 

the films almost show no difference. 

  

Figure 2.14: SEM images of a NCD film on Si after 3 h of HFCVD growth (slurry pretreatment): left top view 
45°, right cross section 

 

It must be mentioned that during growth the temperature was not exactly stable but showed a variation between 

870 °C and 890 °C. Also, for some depositions the set up was run with only six filaments. Because of the brittleness 

of the carburized filaments they tend to break easily when touched (e.g. by accident with the dummy wafer) or 

other stress. The depositions with six filaments were performed with 60 A, 10 A per filament still reaching the 

required deposition temperature without changing the other process parameters and resulting in steady film 

quality. Nevertheless, it cannot be excluded that this also has an influence on the growth rate. Another fact that 

must be considered is the inhomogeneous distribution of the film thickness due to the lack of a rotating sample 

holder. After growth, the sample exhibits interference patterns stemming from the different thicknesses (see Fig. 

1.7, Chapter 1.1) following the direction of the stretched filaments above. The variation tends to be as high as 
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100 nm (measured for the average height). Also, due to the grain size the ascertaining of the film in general can 

be quite difficult. The values reported here are estimated in all conscience. 

Furthermore, the initial surface roughness was determined using the tapping mode of an atomic force microscope 

(AFM, DualScope 95, Fa. DME). The data was either analyzed with the corresponding software DME Scan Tool 

Version 1.5.1.0 (2010) or the freeware Gwyddion Version 2.42 (2015). For a scan size of 5 x 5 µm the NCD surface 

grown for 3 h on Si is depicted in Fig. 2.15 exhibiting nicely shaped crystallites with a rms roughness of 23 nm. 

  

Figure 2.15:  5 x 5 µm AFM scan of a NCD surface grown with slurry pretreatment for 3 h on a Si substrate: 
2D image (left) and 3D image (right) 

 

For longer growth times the crystallite size as well as the film thickness increased. For 6 h of HFCVD growth the 

film thickness was measured to be approx. 1.7 µm (Fig. 2.16, right). The calculated growth rate is 4.7 nm/min 

which is 1 nm/min more than for the 3 h growth. However, the variation of height also tends to increase with 

increasing the film thickness reaching several hundred nm in this case. Thus, the calculated growth rates must be 

treated with caution. 

  

Figure 2.16: SEM images of a NCD film on Si after 6 h of HFCVD growth: left: top view 45°, right: cross section 

 

There seems to be an influence of the substrate material on the nucleation density und subsequent growth, 

because on SiO2 substrates the grown films were often not closed when using the slurry pretreatment. 

Consequently, for most cases the standard pretreatment was applied when growth on SiO2 substrates was crried 
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out. Furthermore, the used power supply had an impact on the quality of the films. When using the old AC power 

supply for substrate heating the films grown on SiO2 often were not closed completely when the slurry 

pretreatment was applied. There are hints in literature, that changes in the kind of power supply, for substrate 

and filaments, have an impact on the growth process. No further notes were made on this (S. 566 [213], S. 174 

[215]). After changing the substrate heating to a DC power supply this problem vanished and all films were closed 

using the slurry pretreatment. With the change of the substrate heating the pretreatment was changed to the 

slurry method for time saving reasons. 

For the fabrication of photonic crystal slabs (see Chapter 3.5) NCD films were grown on Si wafers with up to a 2 µm 

thick SiO2 sacrificial layer. The film thickness was measured to be approx. 1000 nm (Fig. 2.17, right) which is almost 

400 nm more than for the growth on Si substrates at the same process conditions. The corresponding average 

growth rate is 5.6 nm/min for a slurry pretreatment. 

  

Figure 2.17: SEM images of a NCD film on 1 µm interlayer of SiO2 after 3h HFCVD growth  
(30 min slurry pretreatment): left: top view 45°, right: cross section 

 

The fabrication of photonic crystal slabs in diamond requires thinner diamond films and thus the deposition time 

was reduced to 2 h resulting in a film thickness of approx. 610 nm (Fig 2.18, right). The growth rate was calculated 

to be 5.1 nm/min. 

 

 

 



2 Diamond Growth 

 
 

 
 

  

Figure 2.18: SEM images of a NCD film on a 2 µm interlayer of SiO2 after 2 h HFCVD growth (30 min slurry 
pretreatment): left: top view 45°, right: cross section 

 

To further investigate the influence of the pretreatment on the growth the slurry pretreatment was performed 

for just 5 min in diluted (1:3 in methanol) and in the pure diamond dispersion. To study whether there is a 

difference in the nucleation density on different substrates the pretreatment was performed on Si and Si/SiO2 

substrates. In previous experiments performed in our group [212] the correlation between pretreatment time and 

nucleation density was already tested, but not for a short time of only 5 min. 

For slurry pretreated Si substrates, the nucleation density was calculated from the AFM pictures as depicted in 

Fig. 2.19. In case of the diluted slurry (1:3 in methanol) the nucleation density was determined to be  

1.2 x 1010 cm-2, for the pure slurry it was 1.9 x 109 cm-2.  

  

Figure 2.19: AFM images showing the resulting nucleation density on Si substrates for pretreatment with 
diluted slurry (5 x 5 µm, left) and pure slurry (2 x 2 µm, right) for 5 min in an ultrasonic bath 

 

In comparison the nucleation density on SiO2 coated substrates was calculated to be 5.89 x 109 cm-2 for the diluted 

and 8.5 x 109 cm-2 for the pure slurry solution, thus approx. one magnitude lower than for Si substrates. 
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Figure 2.20: AFM images showing the resulting nucleation density on Si/SiO2 substrates for pretreatment 
with diluted slurry (2 x 2 µm, left)3 and pure slurry (2 x 2 µm, right) for 5 min in an ultrasonic 
bath 

 

The resulting nucleation densities were all sufficient and exceeded 108 cm-2, thus were high enough to form a 

closed film with the given growth process parameters [216]. The subsequent HFCVD growth was performed for 

90 min. The results are depicted in Fig. 2.21 (diluted) and Fig. 2.22 (pure) for the Si substrates: 

  

Figure 2.21: SEM images of the NCD film on a Si substrate prepared after pretreatment with diluted slurry 
for 5 min and subsequent HFCVD growth for 90 min: left: top view 45°, right: cross section 

 

The SEM cross section image of the NCD film prepared after pretreatment with the diluted slurry for 5 min and 

90 min growth possessed a thickness of approx. 410 nm. The film that was pretreated with pure slurry for 5 min 

and subsequent 90 min HFCVD growth resulted in a similar, only slightly thinner film thickness (400 nm). From 

that, the average growth rate is approx. 4.5 nm/min which is 1 nm/min higher than for a 30 min pretreatment. 

The higher nucleation density leads to a higher initial coverage of the substrate, thus the incubation period is 

reduced and the film coalesces faster. 

                                                                 
3 The signal in the upper part of the image was excluded for the nucleation density calculations. It is a matter of 
tip error. 
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Figure 2.22: SEM images of a NCD film prepared after pretreatment with pure slurry for 5 min and 
subsequent HFCVD growth for 90 min: left: top view 45°, right: cross section 

 

The AFM images of both samples (Si substrate, 90 min HFCVD) with evaluation of the surface roughness are 

depicted in Fig. 2.23. The rms roughness for the diluted slurry pretreatment is 17 nm and only 2 nm higher than 

the value for the pure slurry pretreatment (15 nm).  

 

Slurry diluted 

 

Slurry pure 

Figure 2.23: AFM images with evaluation of the surface roughness of the resulting NCD film after 90 min 
HFCVD growth. The Si substrate was treated either for 5 min with the slurry 3:1 (left) or with 
pure slurry solution (right) 

 

Additionally to the dilution and time variation for the slurry pretreatment, different washing procedures after the 

ultrasonic bath were tested on Si and 370 nm SiO2 on Si substrates. The pretreatment itself was performed for 5 

min either in pure or diluted slurry (1:3 in methanol). The samples were subsequently washed with either acetone 

and isopropyl alcohol for 90 s each with ultrasonic treatment (as described in the slurry pretreatment procedure 

before) or twice with DI water for 90 s each in the ultrasonic bath. The SEM micrographs obtained after these 

pretreatments and consequent 90 min HFCVD growth are presented in Fig. 2.24: 
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Si 

 a)  

SiO2/Si 

 b) 

 c)  d) 

 e)  f) 

 g)  h) 

Figure 2.24: 45° top view SEM micrographs showing the results of the different pretreatment followed by 
90 min HFCVD growth; a) Si sample; slurry 1:3, acetone/isopropyl alcohol; b) SiO2 sample, slurry 
1:3, acetone/isopropyl alcohol; c) Si sample; slurry 1:3, 2x H2O; d) SiO2 sample, slurry 1:3, 2x 
H2O; e) Si sample; pure slurry, acetone/isopropyl alcohol; f) ) SiO2 sample, pure slurry, 
acetone/isopropyl alcohol, g) Si sample, pure slurry, 2x H2O, h) SiO2 sample, pure slurry, 2x H2O 
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For the Si substrates the washing procedure does not have any pronounced impact. After 90 min of HFCVD all 

films on Si were closed with no significant differences in crystallite size or orientation. For the SiO2 covered Si 

sample the case is different. Washing with acetone and isopropyl alcohol also resulted in closed films, while 

washing with DI water however resulted in the formation of pinholes in the films and larger crystallites around 

those holes (Fig 2.24., d)). 

The surface composition of the grown NCD films were investigated using X-ray photoelectron spectroscopy (XPS) 

which was performed by Dr.-Ing. Dr. rer. nat. Rolf Merz at the Institut für Oberflächen- und Schichtanalytik (IFOS), 

University of Kaiserslautern, utilizing an Axis Nova Spectrometer (Kratos Analytical Ltd., UK). Monochromatic Al Kα 

radiation was used. For the survey spectra the transmission energy was 160 eV and for core spectra 20 eV with an 

analyzed area of 400 µm x 700 µm. Occurring surface charges were neutralized using a heated filament within the 

magnetic lens system (I = 1.9 A, V = 3.2 V). The core spectra were shifted along the energy axis to match the 

consistent energy of 285.0 eV as signal of the C-C bond in the C1s core spectra to compensate any further charging 

effects. The energy distribution of the photoelectrons and Auger electrons emitted from the surface irradiated by 

X-ray photons was measured. 

NCD films on Si before (DHF98) and after (DHF131) the change of the power supply mentioned earlier in this 

chapter were characterized. The resulting surface compositions are represented in Tab. 2.2: 

Table 2.2: Surface composition of two as-grown NCD samples determined by XPS 

Sample C [at%] O [at%] F [at%] 

DHF98 95.7 4.3 0 

DHF131 96.4 3.4 0.2 

 

The samples were rather clean with small amounts of surface oxygen that stems from the sample exposures to air 

prior to the measurements. The second sample (DHF131) showed some fluorine contamination of unknown origin. 

Fig. 2.25 represents the XPS survey spectra (wide-scans) of the samples DHF98 and DHF133 presenting the joint 

elements on the sample surface in the binding energy range 0 - 1400 eV. The peak for carbon is located at a binding 

energy of 285 eV and the peak for oxygen at 532 eV. The survey spectrum of DHF133 also exhibits a peak for 

fluorine, located at a binding energy of 686 eV [217]. 
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Figure 2.25: XPS survey spectra of the NCD surfaces 

 

The corresponding normalized C1s core spectra depicted in Fig. 2.26 show no significant differences between the 

two samples. The center of the peak for both measurements is 285.0 eV. The shape of the peak is due to 

contribution of the nanocrystalline diamond grains and the grain boundaries consisting of either C-C or C-H bonds. 

The asymmetrical shoulder that is shifted to higher binding energies can be attributed to some oxygen-carbon 

bonds. This observation matches the surface compositions summarized in Tab. 2.2. The lower binding energy side 

of the peak is featureless, which indicates a very low sp2 content of the films, thus sparse amorphous carbon [218]. 

 

Figure 2.26: C1s core spectra of two reference NCD samples grown at different dates  

 

The addition of nitrogen to the process chamber (unknown amount, because of control with a needle valve and 

no mass flow controller) and its impact on the diamond morphology was also studied. For that, a slurry pretreated 
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Si wafer was placed in the HFCVD chamber. When the deposition temperature of 880 °C was reached the N2 needle 

valve was opened and the chamber pressure kept at 25 mbar by adjustment of the bypass valve. After a deposition 

time of 90 min the films were investigated with SEM (Fig.2.27). The films were not closed, and the morphology 

differs from the samples obtained from the standard HFCVD process. The crystallites seem to have a rounder, 

cauliflower-like shape in contrast to the sharp crystallites in processes without additional nitrogen. Since the film 

was not closed no further investigations were made with this sample. For the future work it could be interesting 

to investigate a longer growth time and consequently the properties, especially the optical ones, of the films.  

  

Figure 2.27: 45° top view SEM micrographs of the resulting NCD films after 90 min HFCVD growth with 
addition of nitrogen during deposition 

 

2.5 ISOLATED DIAMOND NANOCRYSTALS 

Another task of the current work was the deposition of single isolated nanodiamonds on the sample surfaces 

which can be essential for some applications. Two approaches were tested to meet this goal. First, a prepatterned 

substrate for a so-called site-controlled deposition and second a change in the pretreatment procedure, or more 

precisely in the dilution of the pretreatment dispersions and a rather short HFCVD growth step to prevent the 

coalescence of the islands. Additionally, the substrates, either Si or SiO2, should serve as Si-source during the 

growth for the formation of SiV centers inside the crystallites. 

 

2.5.1 PREPATTERNED SUBSTRATE 

For the selective growth of small diamond nanocrystallites prepatterned samples with arrays of different hole 

diameters and distances were structured. First, 50 nm of SiO2 were deposited on a silicon wafer in a Balzers 

evaporation system (BAK 600). To create the template for the growth an electron-beam (e-beam) resist  

(AR-P 672.03, AllResist) was spun on the wafer and baked at 180 °C for 2 min. The design included holes with a 

diameter of 60 and 80 nm and varying distances of 200, 500 and 1000 nm. The detailed procedure for the 

fabrication of the prepatterned substrate is described in Appendix C. The result of the prepatterning is shown in 

the SEM images in Fig, 2.28 for 60 nm hole diameter and 200 nm period (left), and for 80 nm hole diameter and 

200 nm period (right). 
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Figure 2.28: SEM images of the prepatterned Si/ SiO2 substrates with 60 nm (left) and 80 nm (right) hole 
diameter [219] 

 

Additionally, two different approaches regarding the SiO2 removal were tested and compared. The first one was 

the removal of the SiO2 layer and the diamond grains from the pretreatment on it prior to the growth with buffered 

HF. Only grains inside the holes shall remain and the rest are removed, securing that growth takes only place in 

the designated areas. The second approach includes the removal of the SiO2 layer after the growth similar to a lift 

off step. For both cases buffered HF (BOE 7:1, Microchemicals) was applied for 5 min. The schematic of the two 

different approaches is depicted in Fig. 2.29. 

 

Figure 2.29: Schematic of the two different approaches for the deposition of diamond nanocrystallites on a 
prepatterned substrate. 

 

The first sample batch (DHF125) was pretreated using the standard pretreatment procedure for 60 min (see 

Chapter 2.4.1). For sample “A” the SiO2 layer was removed after the growth (lift off like procedure), for sample 

“B” before the growth process. The growth was performed for 7 min in the HFCVD set up (Appendix A). After that 

the samples were investigated by SEM (Fig. 2.30). 
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Figure 2.30: SEM images of the samples after 7 min HFCVD growth with 60 nm hole diameter and 200 nm 
distance (left) and 500 nm distance (right)  

 

The results for each hole period are quite different for the removal of SiO2 after the growth. With a 200 nm 

distance the area around the holes seems to be almost covered completely with diamond crystallites (Fig. 2.30, 

left). For 500 nm distance the area around the holes is clean, but only a few holes are filled with crystallites 

(Fig. 2.30, right). In case of 1000 nm distance (Fig. 2.31) more holes are filled with crystallites and the area between 

the holes is mostly clean. Nevertheless, when taking a closer look on the crystallites grown in the holes it looks 

more like aggregates of small diamond particles as no large single crystallites could be spotted.  

  

Figure 2.31: Top view SEM images of the sample after 7 min HFCVD growth with 60 nm hole diameter and 
1000 nm distance where the SiO2 was removed after the growth step: overview (left) and 
closeup (right) [219] 

 

The removal of the SiO2 layer prior to the 7 min growth step led to the formation of nanodiamonds mostly around 

the holes, but not inside of them. In some cases single crystallites could be spotted inside the holes, but the 

majority is deposited as clusters or islands around the holes (Fig. 2.32). 



2 Diamond Growth 

 

53 
 

 

Figure 2.32: Top view SEM image of the sample after 7 min HFCVD growth with 80 nm hole diameter and 
200 nm distance where the SiO2 was removed prior to the growth step [219] 

 

A second sample batch (DHF126) was pretreated with 50 mg D0.25 in 75 mL n-pentane for 5 min applying 

ultrasonic bath. The cleaning procedure after the pretreatment was the same as for a standard pretreatment. 

Here, also two samples were prepared: one to remove the SiO2 layer prior growth (“B”) and one after 10 min 

HFCVD growth (“A”). The results are depicted in Fig. 2.33. The crystallite density is decreased compared to the 

first attempt leading to isolated crystallites. Unfortunately, no placement of the crystallites inside the holes could 

be observed for both prepared samples. 

  

Figure 2.33: SEM images of the results of the D0.25 pretreatment and 10 min HFCVD on a prepatterned 
sample: Removal of the SiO2 layer after growth (left) and before growth (right) 

 

A third sample batch was pretreated with 50 mg D0.25 in n-pentane for 30 min but turned upside down in the 

standard dispersion and for the cleaning procedure prior to growth. Here too, the SiO2 was removed with buffered 

HF before growth on one sample and after growth on the other sample. The sample where the SiO2 layer was 

removed after 10 min HFCVD growth is shown in the SEM images in Fig. 2.34. The crystallite density is quite low 

and for the 80 nm hole diameter most of the crystallites are grown inside of the holes. Nevertheless, most of the 

holes remain empty and for the larger periods a lot of crystallites are distributed on the area between the holes. 
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Figure 2.34: SEM images of the sample pretreated with 50 mg D0.25 and 10 min HFCVD on a prepatterned 
sample with 80 nm hole diameter and 200 nm period. The SiO2 layer was removed after 
growth: Overview (left) and closeup (right). 

 

The sample where the SiO2 layer was removed prior to growth resulted in randomly distributed diamond 

crystallites on the sample (no image shown here). Also, the holes and arrows were not visible anymore. This might 

indicate an unsuccessful structuring step of the SiO2 layer that might not be etched through to the Si substrate. 

When applying HF this would remove not only the SiO2, but also the crystallites in the holes. 

Because of the good results of the application of D0.25 and removal of the SiO2 layer after the growth this step 

was repeated with a growth time of 20 min to increase the crystallite size in the holes. As can be seen in Fig. 2.35 

this resulted in a higher density of crystallites on the surface that are randomly distributed. The arrays of the holes 

cannot be discerned anymore. 

 

Figure 2.35: SEM image of a sample after 20 min growth using D0.25 for 5 min as pretreatment on a 
prepatterned sample 

 

A further attempt using the slurry pretreatment for 5 min and subsequent HFCVD growth for 20 min led to almost 

full coverage of the sample. Earlier experiments from our group in this direction with similar dimensions of the 

holes were successful [202]. The main difference there is an oxygen-asher treatment after the structuring process 

of the holes prior to the pretreatment to remove any organic contaminants from the resist. It should be clarified 
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in future experiments if the addition of this step has a crucial influence on the surface properties of the substrate 

and thus on the pretreatment.  

 

2.5.2 CREATION OF ISOLATED NANODIAMONDS 

The fabrication of isolated nanoislands or nanodiamonds on a substrate requires a lower nucleation density to 

avoid a rapid film closure. Two different pretreatment methods which affect the nucleation density were already 

mentioned: the commercially available diamond slurry and the standard procedure. For a lower nucleation 

density, the suspensions were further diluted in the respective solvent. The pretreatment was performed on Si 

pieces (Si source for SiV center formation) for 5 min each in the respective suspension (Tab. 2.3) in an ultrasonic 

bath. After cleaning with acetone and isopropyl alcohol in the ultrasonic bath for 90 s each the samples were 

placed in the HFCVD chamber. There, growth was performed for 20 min at 880 °C substrate temperature, 25 mbar 

working pressure, 505 sccm total gas flow with 1% CH4 diluted in H2 (Chapter 2.4.2). The short growth time 

resulted in thin closed films for the DHF136_1 and DHD136_3 samples and in isolated nanodiamonds for the 

DHF136_2 and DHF136_4 (Tab. 2.3 and Figs. 2.36-2.39).  

Table 2.3: Summary of the different pretreatments for the growth of isolated diamond nanocrystals on Si 

Sample Pretreatment 

DHF136_1 slurry: methanol 1:6 

DHF136_2 slurry: methanol 1:10 

DHF136_3 50 mg D0.25 in 75 mL n-pentane 

DHF136_4 25 mg D0.25 in 75 mL n-pentane 

 

As can be seen from Fig. 2.36-2.39 not all pretreatments resulted in isolated nanocrystals on the surface. In case 

of slurry diluted 1:6 in methanol and 50 mg D0.25 in 75 mL n-pentane the films were closed after 20 min of HFCVD 

growth (Fig. 2.36 and 2.37). This indicates a nucleation density that is sufficient to form a closed film after this 

short deposition time. 

 

Figure 2.36: Top view SEM image of the closed film obtained from a pretreatment with diluted slurry 1:6 in 
methanol after 20 min of growth 
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Figure 2.37: Top view SEM image of the closed film obtained from a pretreatment with 50 mg D0.25 after 
20 min of growth 

 

The pretreatment with the 1:10 diluted slurry in methanol resulted in isolated, but nearby nanodiamonds with 

varying sizes in the range of a few hundred nanometer. From the SEM closeup in Fig. 2.38 (left) the facetted surface 

of the nanodiamonds can be observed, indicating the presence of single crystallites instead of nanodiamond-

clusters. 

  

Figure 2.38: SEM image of isolated nanodiamonds obtained after the pretreatment with diluted slurry 1:10 
in methanol and subsequent 20 min growth  

 

A similar result was received with the pretreatment of the Si substrate with 25 mg D0.25. After growth, randomly 

distributed isolated nanodiamond crystallites were spread on the sample surface (Fig. 2.39). They also showed a 

variation in size like the sample pretreated with 1:10 diluted slurry in methanol, but the average grain size seems 

to be slightly smaller. Here also, the crystallites showed well-defined facets (Fig. 2.39, right). 
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Figure 2.39: SEM images of isolated nanodiamonds obtained after the pretreatment with 25 mg D0.25 and 
subsequent 20 min growth 

 

To further decrease the nucleation density and to generate isolated diamond nanoparticles that are far away from 

each other (> 1 µm) the pretreatment suspensions were further diluted, and the growth time further decreased 

to 3 min only. As a reference a piece of silicon without pretreatment was placed in the HFCVD chamber, too. The 

pretreatment dilutions and sample names are summarized in Tab. 2.4: 

Table 2.4: Summary of the strongly diluted pretreatment suspensions for the growth of isolated nanodiamond 
      particles on Si 

Sample Pretreatment 

DHF137_1 slurry 1:50 in methanol 

DHF137_2 slurry 1:20 in methanol 

DHF137_3 10 mg D0.25 in 75 mL n-pentane 

DHF137_4 No pretreatment 

 

The shorter growth time resulted in much smaller crystallites on the diamond surface with diameters below 

100 nm. Also, the distance between the single crystallites increased with increasing the dilution of the slurry 

pretreatment suspensions (Figs. 2.40 and 2.41). A comparison of the images in these figures reveals a lower 

nucleation density for sample DHF137_1 pretreated with more diluted slurry (1:50), which is an expected result. 

  

Figure 2.40: SEM images of isolated nanodiamonds obtained after the pretreatment with diluted slurry 1:50 
in methanol and subsequent 3 min growth 
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Figure 2.41: SEM images of isolated nanodiamonds obtained after the pretreatment with diluted slurry 1:20 
in methanol and subsequent 3 min growth 

 

The application of 10 mg D0.25 in n-pentane and subsequent short growth resulted in comparatively large islands 

with distances of several hundred nanometers to each other, exceeding 1 µm in some cases. The size distribution 

is quite uneven as can be seen from Fig 2.42. For the larger crystallites, well-shaped facets could be observed. 

  

Figure 2.42: SEM images of isolated nanodiamonds obtained after the pretreatment with 10 mg D0.25 and 
subsequent 3 min growth 

 

The sample without any pretreatment did not show any noteworthy diamond nuclei on the surface. For the other 

samples the crystallite size could be increased by increasing growth time.  

Since no noticeable growth or coalescence of the film has to be expected after 3 min of growth the initial 

nucleation density was calculated from identified peaks in the AFM images (Fig. 2.43-2.45) using the freeware 

Gwyddion. 
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Figure 2.43: AFM scan of the sample pretreated with the slurry diluted 1:50 in methanol 

 

 

Figure 2.44: AFM scan of the sample pretreated with the slurry diluted 1:20 in methanol 

 

 

Figure 2.45: AFM scan of the sample pretreated with 10 mg D0.25 

 

The density of crystallites calculated for the pretreatment with the diluted slurry solutions is in the same 

range. For the 1:50 dilution it is 2.9 x 109 cm-2 and for the 1:20 dilution it is 2.7 x 109 cm-2. For the 

pretreatment with 10 mg D0.25 only the crystallite density is noticeably lower with a value of 

3.5 x 108 cm-2. It is quite difficult to set a threshold value for the crystallite height as some of the 

measurements contain much noise, thus the values for the crystallite density represent only a trend. 



2 Diamond Growth 

 
 

 
 

Compared with the pretreatments on Si substrates for NCD film growth the nucleation density is one 

magnitude lower for the parameters with diluted slurry and almost two orders applying less D0.25. 

Raman spectra were taken by Dr. László Himics from the Institute for Solid State Physics and Optics at 

the Wigner Research Centre for Physics in Budapest, Hungary with a modified set up of a Renishaw inVia 

Qoontor Raman spectroscopy system with an excitation wavelength of 325 nm. The confocal system 

with a Leica DM2700 light gave a laser spot size smaller than 1000 nm with the 100x objective. 

Exemplarily, the spectra with 325 nm laser excitation wavelength are shown in Figs. 2.46 and 2.47 for 

DHF136_2 (slurry 1:10) and DHF136_4 (25 mg D0.25 in 75 ml n-pentane), respectively. Five 

measurements were taken at different spots on each sample. 

All spectra exhibit similar peak positions and shapes. The dominant peak is located at 1332 cm-2 which 

can be attributed to the first-order diamond Raman line. To higher wavenumbers the peak exhibits a 

small shoulder around 1345 cm-2, the so-called D-peak or D-band. In Fig. 2.46 the first-order silicon 

Raman peak is also visible at 520 cm-2. The broad peak with its maximum around 1600 cm-2 is the so-

called G-band or G-peak. Both, G- and D-band, originate from sp2 carbon on the surface of the 

crystallites [33]. The peaks for trans-polyacetylene in the grain boundaries at 1150-1180 cm-2 and 

approx. 1460 cm-2 were either absent or concealed by other peaks of the spectrum [34]. Since the laser 

spot hits areas with different numbers of diamond crystallites, the intensities of the diamond and silicon 

Raman peaks varied significantly. The excitation wavelength has also an influence on the Raman spectra: 

the first order diamond Raman peak is only visible for UV excitation and the sensitivity of sp2 bonded 

material is higher than for sp3 bonded carbon due to enhancement by resonance effects of different 

types of sp2 clusters (50-60 times for an excitation wavelength of 514 nm) [220, 221]. 

From the spectra it can be concluded that all investigated crystallites consisted of sp3 carbon with only 

little amount of sp2 carbon. The sp3 carbon content could be further increased by an oxidation step 

removing the sp2 content from the crystallite surface [222]. 
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Figure 2.46: Raman spectra of different crystallites on the sample pretreated with 1:10 diluted slurry in 
methanol and subsequent 20 min HFCVD growth (DHF136_2) (courtesy of L. Himics) 

 

 

Figure 2.47: Raman spectra of different crystallites on the sample pretreated with 25 mg D0.25 and 
subsequent 20 min HFCVD growth (DHF136_4) (courtesy of L. Himics) 

 

2.6 HFCVD OVERGROWTH ON EXISTING DIAMOND STRUCTURES 

In a series of experiments planarized NCD samples, diamond nanopillars structured from NCD on a Si substrate or 

from monocrystalline diamond were overgrown. For this purpose, the samples with nanopillars were placed in the 

HFCVD reactor after mask removal and cleaning but without any pretreatment. Except for the overgrowth of a 

planarized NCD surface the growth time was reduced to several minutes (5-15 min). Specific information for each 

structured sample can be found in Chapter 3. 
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2.6.1 OVERGROWTH OF PLANARIZED NCD FILMS 

An as-grown NCD sample was planarized as described in Chapter 3.3. Fig. 2.48 depicts the well-facetted as-grown 

(left) and smooth planarized (right) NCD surface. The planarized sample was placed in the HFCVD chamber and 

overgrown using the standard conditions for 60 min. No additional pretreatment prior to growth was applied. 

After the growth the samples was investigated via SEM (Fig. 2.49). 

  

Figure 2.48: SEM images of the as-grown NCD surface (left) and after planarization (right) 

 

The surface morphology of the overgrown planarized NCD films reveals smaller crystallites with a large variation 

in grain size with smaller crystallites sitting between larger ones. Actually, the overgrowth step restored the 

facetted topography of the NCD film. In the cross section the planarized part can be differentiated from the 

overgrown part indicated by horizontal borders at the crystal columns (see yellow arrows in Fig. 2.49). Without 

this planarization step the film would grow only in vertical or diagonal running columns, where the larger columns 

overgrow the smaller ones. Since this attempt seems to have no advantage for any of the following structuring 

processes it was not further pursued.  

  

Figure 2.49: Surface morphology (left) and cross sectional view of a planarized overgrown NCD sample 
(right). The yellow arrows indicate the border between planarized and overgrown part.  
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2.6.2 OVERGROWTH OF NCD NANOPILLARS 

A sample with structured NCD pillars with diameters from 1000 nm to 50 nm was placed in the HFCVD reactor 

without additional pretreatment. The sample was overgrown for 30 min, allowing the Si substrate being etched 

by atomic hydrogen for the incorporation in the newly grown diamond [121]. The results are depicted in Fig. 2.50. 

Before overgrowth 

 
a) 1000 nm pillar before overgrowth 

After 30 min overgrowth 

 
b) 1000 nm pillar after overgrowth 

 
c) 500 nm pillar before overgrowth 

 
d) 500 nm pillar after overgrowth 

 
e) 200 nm pillar before overgrowth 

 
f) 200 nm pillar after overgrowth 

 
g) 100 nm pillar before overgrowth 

 
h) 100 nm pillar after overgrowth 

Figure 2.50: NCD pillars with 1000 nm, 500 nm, 200 nm and 100 nm diameter on a Si substrate right after 
structuring (a,c,e,g) and after 30 min of HFCVD overgrowth (b,d,f,h) [121] © 2016 Elsevier 

 

The NCD film used for this overgrowth experiment was thinner than usual due to growth with only six filaments 

and complications with the thermocouple. As a result, variation in the deposition temperature could not be 
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excluded which might have led to a reduced growth rate. Before overgrowth the diamond nanopillars were of 

conical shape with smooth sidewalls and, for the larger diameters, the facetted structure on top was still visible. 

After 30 min of overgrowth the morphology of the pillars had changed. For the larger diameters, especially 

1000 nm and 500 nm the sidewalls exhibited a facetted structure too and the transition from sidewalls to tops of 

the pillars vanished. The edges appeared rounder and not sharp anymore (Fig. 2.50 b), d)). For the smaller 

diameters, the overgrowth seems to take place mainly on the pillar tip reducing the previous conical shape. In this 

case the smooth sidewalls also appeared more facetted (Fig. 2.50, f), h)) [121]. 

A shorter overgrowth time (10 min) on existing NCD pillars on Si lead to an inferior deformation of the pillars (Fig. 

2.51). 
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Before overgrowth 

 
a) 1000 nm pillar before overgrowth 

After 10 min overgrowth 

  
b) 1000 nm pillar after overgrowth 

 
c) 500 nm pillar before overgrowth 

  
d) 500 nm pillar after overgrowth 

 
e) 200 nm pillar before overgrowth 

  
f) 200 nm pillar after overgrowth 

 
g) 100 nm pillar before overgrowth 

  
h) 100 nm pillar after overgrowth 

 
i) 50 nm pillar before overgrowth 

 
j) 50 nm pillar after overgrowth 

Figure 2.51: NCD pillars with 1000 nm, 500 nm, 200 nm, 100 nm and 50 nm diameter on a Si substrate right 
after structuring (a,c,e,g,i) and after 10 min of HFCVD overgrowth (b,d,f,h,j) 
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The overgrown NCD pillars were optically characterized as described in Chapter 4. 

 

2.6.3 OVERGROWTH OF MONOCRYSTALLINE DIAMOND STRUCTURES 

The overgrowth of single crystal diamond columns was first carried out by Nishibayashi et al. under different 

growth conditions. They were able to fabricate a pyramidal emitter array on single crystal diamond by applying 

photolithography, etching techniques and homoepitaxial growth. They claimed that the overgrown structure 

should have the morphology of the half-shape of a particle described by the α-parameter (discussed in 

Chapter 2.2) for respective growth conditions [181]. 

Small monocrystalline diamond pillars with top diameters of 30 nm and pitches (periods) of 1 µm, 700 nm and 

500 nm were prepared by T. Jaffe at Technion, Haifa, Israel in the group of Prof. M. Orenstein using EBL for 

definition of a chromium mask and subsequent ICP etching. As substrate (100) oriented diamond with less than 

1 ppm nitrogen was used. The height was approx. 200 nm (see Fig. 2.52) [223]. 

 

Figure 2.52: Monocrystalline diamond pillars with a 30 nm top diameter, 70 nm bottom diameter and a 
height of approx. 200 nm [223] 

 

After mask removal and cleaning the samples were placed in the HFCVD chamber and overgrown on a genuine Si 

wafer as substrate holder for 10 min. The purpose was to incorporate Si atoms in the newly grown diamond from 

the Si substrate in order to create SiV centers. The resulting pyramidal structures were approx. 230 nm at the base 

and 30 nm at the top with a slope of 55° on top and a flat plateau with 15° slope at the bottom (Fig.2.53) [223].  

 

Figure 2.53: SEM top view on the pyramidal structures resulting from overgrowth of diamond nanopillars 
on a (100) oriented substrate. Inset: 45° viewing angle image of a single pyramid [223] 
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The estimated growth rate for the (100) plane was 4.1 nm/min determined from the thickness of the overgrown 

material in the TEM pictures taken from the cross section of a pyramid (Fig. 2.54). There, the overgrown layer was 

clearly distinguishable from the substrate and the etch trench at the bottom of the pillar could be observed [223]. 

 

Figure 2.54: TEM cross section of a pyramidal structure with the original pillar still perceptible. Inset: SEM 
image of the original pillar structure [223] 

 

The overgrowth of pillars on a diamond substrate exhibiting more defects (Fig. 2.55, left) resulted also in pyramids. 

The surface roughness caused by the defects prior to growth was reduced because they exhibited the shape of 

flat terraces between the pyramids. 

  

Figure 2.55: SEM images of monocrystalline diamond pillars on a defect-rich substrate prior (left) and after 
(right) 10 min HFCVD overgrowth [223] 

 

Additionally to the influence of temperature and methane concentration the appearance of the resulting 

structures also depends on substrate orientation which was predicted with geometric modeling by 

Silva et al. [224] and later studied experimentally by Brinza et al. [225]. The results shown in this subchapter were 

carried out on (100) oriented diamond samples. For future experiments overgrowth on different sample 

orientations could be conducted to promote the variety of overgrown shapes. 

Further point which should be addressed here is the possibility for incorporation of Si atoms during the overgrowth 

for creation of SiV centers. The unintentional self-doping with silicon from the substrates is beyond control and 

the amount of Si in the gas phase etched from the substrate is hard to determine. As a proof that the substrate is 
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the origin of the SiV centers formation the rms roughness of a Si wafer was measured with AFM prior and after 

growth. The untreated Si wafer was directly taken from the packaging without removal of the native oxide layer. 

As specimen for the investigations after growth, a single used Si wafer that served as substrate holder for the 

overgrowth of a monocrystalline diamond sample for 10 min was used. The resulting AFM images are depicted in 

Fig 2.56: 

  

Figure 2.56: AFM images from the Si surfaces prior (left) and after 10 min of HFCVD growth (right) 

 

The genuine Si wafer appears mainly smooth with smaller features on the surface. This might be because these 

samples were neither cleaned thoroughly nor processed in the clean room. The maximum height measured on 

the surface was around 12.5 nm with an average height of 8.0 nm. The measured rms roughness was 0.6 nm which 

indicates a quite smooth surface. After being used as sample holder for 10 min of growth the surface exhibited a 

higher roughness and holes on the surface. Here, the maximum height was measured 57.2 nm with an average 

height of 34.7 nm. The rms roughness increased to 3.4 nm. The measurement was performed at approx. 1/4 of 

the wafer radius. Since the quartz windows of the chamber were relatively far away from any heat source and the 

reactor walls were water cooled the substrate was designated as main source of silicon. This is promoted by the 

increasing rms roughness measured after growth that is caused by etching of the silicon substrate or substrate 

holder by atomic hydrogen. 

Monocrystalline diamond pillars with larger diameters were also fabricated as described in Chapter 3.4.3. The 

diameters ranged from 1000 nm down to 50 nm with pillars arranged in 10 x 10 arrays. The field with 50 nm pillars 

had markers in each row to facilitate the discovery of these structures easier in the SEM. An example of the 

1000 nm pillars is shown in the SEM image in Fig. 2.57. 
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Figure 2.57: Monocrystalline diamond pillars with larger diameters were achieved by 8 min ICP etching; 
SEM image shows pillars of 1000 nm diameter 

 

The sample was covered with a spin-on-glass (SOG) in a manner still exposing the apices of the pillars. The SOG, 

also known as spin on dielectric, consisted of 20 wt% solution of perhydropolysilazane (PHPS) in di-n-butyl ether 

(inorganic polysilazane resin). The SOG film adheres well to the substrate and can be cured in air at elevated 

temperatures yielding in a glass-like SiOx film [226]. Applying PHPS to pre-structured diamond pillars could protect 

the diamond between the pillars and the bottom part of the pillars during an overgrowth step. In comparison to 

the application for NCD planarization (see Chapter 3.3) a slower spin velocity was chosen, because the pillars were 

expected to have a height of 800-1000 nm. A high spin velocity would result in a coverage of only about one third 

of the pillars. Initially, 1000 rpm and 1500 rpm were tested, but the films cracked during the baking step and 

resulted in an uneven SOG surface on the diamond that also partly peeled from the diamond surface (see Fig. 

2.58). 

 

Figure 2.58: Light microscope image of the cured PHPS spun with a velocity of 1500 rpm 

 

Due to the small size of the sample the distribution of the PHPS with slow spin velocities is suboptimal, that is why 

the spin velocity was set to 2000 rpm resulting in an acceptable distribution of the PHPS. After evaporation of the 

solvent for 5 min at 90 °C and subsequent curing for 60 min at 180 °C the sample was investigated via SEM to 

ascertain uncovered pillar apices. The films showed significant charging during SEM studies and it was hard to take 

proper images (see Fig. 2.59), which could reinforce the assumptions that the pillar tips were still exposed after 

PHPS application. 
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Figure 2.59: SEM image of the sample coated with cured PHPS spun with 2000 rpm. Blurriness is due to 
sample charging 

 

The sample was placed in the HFCVD reactor on a Si dummy wafer without any further pretreatment. The 

overgrowth of the pillar apices was performed for 10 min using the growth parameters introduced in 

Chapter 2.4.2.  

After the growth, the sample was subsequently controlled with SEM. As shown in Fig. 2.60 the SOG film cracked 

partly during HFCVD resulting in rifts. This might be due to the high growth temperature and internal strain in the 

SOG. Fig. 2.60 also shows the successful overgrowth of the pillar apices. Small features above the SOG layer are 

visible. 

 

Figure 2.60: Pillars with spin on glass after 10 min HFCVD overgrowth (Reprinted with permission from 
[227]. © 2018, WILEY-VCH) 

 

The features observed above the SOG layer were visible down to a diameter of 200 nm. Smaller diameters are 

assumed to be covered with SOG due to the shorter height caused by mask erosion and breakoff (see Chapter 

3.3). After SOG removal with buffered HF and short ultrasonic treatment the final structures revealed a clearly 

visible overgrown diamond above the protected part (see Fig. 2.61).  
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Figure 2.61: SEM image of an array of overgrown pillars with 1000 nm diameter 

 

The overgrown part slightly differs in its appearance for each pillar diameter as can be seen in the SEM images in 

Fig. 2.62. Also, some of the smaller pillars (200 nm) broke, maybe due to the short ultrasonic treatment. Diamond 

is hard, but also brittle. 

   

Figure 2.62: Final overgrown pillars of 1000 nm, 500 nm and 200 nm diameter. Note the facetted top of 
all pillars (Reprinted with permission from [227]. © 2018, WILEY-VCH) 

 

A closer study of the pillars shows that the shape of the overgrown part is not round anymore but exhibits certain 

facets. This can clearly be seen from in SEM top views on different pillar diameters in Fig. 2.63. 

  

Figure 2.63: Top view of the overgrown pillars. Left: 1000 nm; right: 500 nm and 200 nm. The facets are 
clearly visible for all sizes (Reprinted with permission from [227]. © 2018, WILEY-VCH) 
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The shape of the resulting structures can be explained with the α-parameter that was introduced in Chapter 2.2.  

 

Figure 2.64: Dependency of the crystal shape on the α-parameter (Reprinted with permission from [2] 
© 2007, B.G. Teubner Verlag / GWV Fachverlage GmbH) 

 

Extracting the α-parameter for our growth conditions, 1% CH4 concentration and 880 °C growth temperature from 

Fig. 2.5, values between 2.0 and 2.5 were found. One should consider that the α-parameters in the graph were 

determined for the growth in an MWCVD reactor, not HFCVD. The resulting morphologies of the overgrown 

diamond in Fig. 2.61-2.63 match with a good agreement with the half-shapes of the predicted particles given in 

Fig. 2.64 for an α-parameter between 2.00 and 2.25. 

  



3 Structuring 

 

73 
 

3 STRUCTURING 
 

 

As seen in Chapter 1 the properties of diamond in bulk differ a lot from properties in diamond nanostructures. 

Besides the bottom-up approach that uses already structured samples to create a certain nanostructure the 

fabrication of diamond nanostructures from bulk is not trivial due to its hardness and chemical inertness thus wet 

etching techniques cannot be applied. Dry etching in combination with an appropriate hard mask material defined 

by lithographic techniques is needed for this task. This so-called top-down approach requires the lithographic 

definition of a pattern via photo- or electron-beam lithography (EBL), the deposition of a suitable hard mask 

material, the dry etching step and mask removal. In this chapter a general overview as well as some optimizations 

will be presented. 

 

3.1 GENERAL PROCESS STEPS IN THE TOP DOWN APPROACH 

The top-down fabrication of diamond nanostructures usually starts with a lithographic step which can either be 

photolithography or electron-beam lithography (EBL) transferring the desired pattern into a resist. Because often 

the resist is not sufficient as mask material in diamond structuring, it is used for lift off processes or structuring of 

the hard mask itself via dry etching. Common mask materials include, but are not limited to, gold, aluminum, 

chromium, but also silicon or silicon dioxide [228, 136, 229]. For the structuring of diamond itself almost exclusively 

ion assisted plasma techniques, like reactive ion etching (RIE) are applied. There, two main groups of processes 

can be distinguished with respect to the reactive gas used: oxygen or oxygen-containing gas mixtures [135, 136, 

230, 231] and hydrogen-containing gas mixtures [232, 233]. The latter have the disadvantage of high process 

temperatures in the range of the deposition temperature of diamond. The addition of gases like Ar, SF6, Cl2 or CF4 

to the oxygen plasma depends on the mask material but can enhance the surface quality of the resulting 

structures, affecting the etch rate and the anisotropy as well [134, 234, 137, 235, 236, 229, 237]. Applying an 

oxygen-based etching recipe the structuring can be performed at room temperature achieving high etch rates. 

 

3.1.1 LITHOGRAPHY 

Lithography in general describes the process of transferring patterns from one medium to another. In the field of 

micro-structuring lithographic techniques describe the process of transferring a defined pattern (e.g. from a quartz 

mask) to a resist that is applied on a surface. The resist can serve as mask material itself e.g. for a subsequent wet 

or dry etching step or to protect the masked areas from hard mask deposition and serve as sacrificial layer during 

the lift off process (see Chapter 3.1.2). 

For larger structures (> 1 µm) the standard technique is photolithography where the sample is illuminated through 

a quartz mask that contains the desired pattern. Depending on the photosensitive resist (positive or negative) 
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either the illuminated areas on the resist are removed during development or the non-illuminated ones. Since the 

structures in this work here have much smaller feature sizes, electron beam lithography is applied. Starting from 

an electron beam sensitive resist, usually high molecular weight polymers in a solvent, the pattern on the resist is 

defined by writing the design (usually from a CAD-based file) with a finely focused, Gaussian shaped electron beam 

pixel by pixel [238]. Among all conventional organic electron beam resists polymethylmethacrylate (PMMA) has 

the highest resolution and lines only 10 nm wide have been patterned using PMMA [239].  

Prior to any resist application the samples in the current work were cleaned with acetone and isopropyl alcohol 

and dried in nitrogen flow. The samples were baked at 120 °C for 10 min to remove ubiquitous water film from 

the surface that would interfere with the resist adhesion. For spin coating the samples were fixed by vacuum to a 

sample holder and an adhesion promoter (Ti Prime, Microchemicals, 40 s @ 2000 rpm) was applied. For the 

fabricated structures described below two different positive PMMA-based e-beam resists have been used 

(ARP 617.06 and ARP 672.03, AllResist). The process parameters for each resist are summarized in Appendix B. 

The resists were applied with a spin coater (model Spiner Modul Delta 20BM AK 99300, Süss MicroTech, Garching, 

Germany). Writing of the patterns was performed using a Raith electron beam lithography system (see Fig. 3.1). 

The patterns were designed with the free CAD-based software LayoutEditor™ 2014 and later transferred to the 

operation software of the system. After exposure and development, the samples were ready for further 

processing, respectively structuring of the mask or metal layer deposition. 

 

Figure 3.1: Raith eLine electron beam lithography 

 

In case of a metal mask, lithography was performed prior to the mask material deposition, in case of silicon dioxide 

lithography was performed after mask material deposition. The details on the different mask materials, their 

deposition and structuring will be discussed in the next section in detail. 
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3.1.2 MASK MATERIALS, DEPOSITION AND STRUCTURING 

Dry etching of diamond requires an appropriate hard mask material. Here the adhesion of the mask on the 

substrate and the stability during the etching process play important roles. The stability of the mask material 

during the etching can be evaluated by the so-called selectivity S which is the ratio between the etch rate of the 

diamond and the etch rate of the mask material. To assess the etch rates of both components the initial height of 

the resist must be known (A in Fig. 3.2). After a certain etching time, the heights of the resist (E in Fig. 3.2) and the 

etch depth in the diamond (C in Fig. 3.2) need to be examined. For the examination of the heights either a surface 

profilometer or SEM pictures can be used. 

  

Figure 3.2: Assessment of etch selectivity (Dimensions used for surface profilometry and SEM assessment 
of etch selectivity are the pre-etch mask thickness, A; post-etch step height, B; depth etched 
into the diamond, C, depth etched into the mask, D; post-etch mask thickness, E; initial 
diamond thickness, F; and the final diamond thickness, G.) (Reprinted with permission from 
[229]. © 2010, Elsevier) 

  

The selectivity is then described by the following equation (3.1): 

𝑆 =
𝐶

𝐴 − 𝐸
 

(3.1) 

Typical mask materials include aluminum, gold, titanium, silicon, silicon dioxide or silicon nitride [234, 136, 229]. 

The use of a certain mask material depends on the etching parameters like applied gases and whether a more 

physical or chemical etching is involved. An inappropriate mask might withstand the etching process but can lead 

to micromasking, caused by redeposition of material sputtered from the mask. In the etching process this can lead 

to the formation of unwanted grass on the structured material. In literature some authors report about problems 

[134, 234, 229, 240] while others do not observe any problems [241, 242]. When etching in oxygen plasma this 

effect can be reduced by the addition of gases like SF6 or CF4 [229, 243, 240]. 

The hard mask materials were applied via electron beam evaporation, a form of physical vapor deposition under 

high vacuum. The different mask materials, in this work titanium and gold, aluminum or silicon dioxide were 

evaporated by an electron beam. Due to the high free mean path and thus the reduced number of collisions and 

changes in directions of distributions the atoms and molecules move perpendicularly towards the sample surface 

resulting in a thin film [244]. Evaporation of the named materials was either performed in a Balzer BAK 600 

(Fig. 3.3, right) or Pfeiffer PLS 500 (Fig. 3.3, left) system. The deposition rate of 3 or 5 Å/s and required film 
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thicknesses were controlled with quartz crystals. In the Balzer BAK 600 system a 2 min Ar ion gun treatment was 

performed prior to mask deposition to promote the adhesion between mask material and diamond. 

  

Figure 3.3: Pfeiffer PLS 500 (left) and Balzer BAK 600 (right) electron beam deposition systems 

 

In case of a gold mask, which was used for the fabrication of diamond nanopillars, a 5 nm titanium layer was 

deposited as adhesion promoter under, if not stated other, 200 nm of gold. In some cases, e.g. monocrystalline 

diamond samples, aluminum was applied as hard mask material. Here, 150 nm were sufficient for the following 

etching step as the selectivity and adhesion seemed to be better than with gold. Aluminum was also used in tests 

as material for photonic crystal fabrication. In this case 150 nm aluminum was deposited first with subsequent 

EBL. The structuring was performed using an adapted AlGaAs dry etching recipe with BCl3, O2 and Ar as reactive 

gases. The exact parameters can be found in Appendix C. 

The lift off technique is applied for the structuring of noble metal masks such as gold but can also be applied to 

metals like aluminum and uses the resist as a sacrificial layer. Prior to the deposition of the thin metal layer a 

lithography step is applied. The resist is coated with the metal using a directional method (e.g. evaporation 

deposition) to prevent coverage of the resist slopes. For a good quality of the resulting metal structures on the 

surface it is important that the resist profile shows an undercut (Fig. 3.4, left) and that the resist layer is significantly 

thicker than the evaporated metal (Fig. 3.4, middle). Afterwards, the resist is dissolved with an appropriate solvent 

removing the metal layer on top as well (Fig. 3.4, right) [244]. 

 

Figure 3.4: Steps of the lift off process; A: resist; B: substrate; C: evaporated metal layer (Reprinted with 
permission from [244]. © 2006, Friedr. Vieweg & Sohn Verlag/GWV Fachverlage GmbH) 

 

The lift offs in this work were carried out for gold and aluminum masks using either N-methyl-2-pyrrolidone (NMP, 

Microchemicals) at 80 °C or dimethyl sulfoxide (DMSO, Microchemicals) at 60 °C. The samples were immersed in 
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the solvent and heated on a hotplate until the resist with overlaying metal was completely removed. Thus, only 

metal directly deposited on the substrate surface will remain, representing the negative of the resist’s image. If 

necessary, a short and mild ultrasonic step was applied to remove last tiny metal flakes from the substrate. Final 

cleaning was performed by rinsing the sample in acetone and isopropyl alcohol and drying in nitrogen flow. The 

resulting metal structures served as mask during the subsequent dry etching step. 

The patterning of the silicon dioxide masks in this work was performed by EBL and dry etching rather than by lift 

off. 150 nm of silicon dioxide were deposited on the diamond sample, followed by EBL as described earlier in this 

section. The structuring was performed applying CHF3 and O2 dry etching (given in detail in Appendix C). 

 

3.1.3 DRY ETCHING 

As wet etching is performed using liquid chemicals, dry etching describes the application of a reactive gas plasma 

and the corresponding chemical reactions or energetic ion beams to remove material. A plasma, in general, refers 

to an ionized gas, which is in an electrically neutral state (equal number of positive and negative charges) from a 

macroscopic point of view, but consists of electrons, ions, neutral atoms and radicals [245, 246]. The advantages 

of dry etching over wet etching include the potential of anisotropic etching, reduction of chemical hazard and 

reduced waste treatment problems. It also offers the possibility of process automatization [246]. The dry etching 

technique takes place through a combination of chemical and physical components. Pure chemical etching (plasma 

etching) has a high etch rate, but is isotropic, while a pure physical etching (sputtering, ion beam milling) is slow, 

but anisotropic. Reactive ion etching (RIE) combines the advantages of chemical dry etching and physical dry 

etching employing high etch rates, high selectivity and the choice of anisotropic or isotropic etching by adjustment 

of the parameters [247]. 

The RIE processes used to fabricate diamond nanostructures can be divided into two groups with respect to the 

employed chemistry: the first one uses oxygen containing gas mixtures. It can be even subdivided using 

O2/halogenated carbon species (e.g. CF4) and O2 or O2/Ar gas compositions [228, 248, 249]. The second approach 

includes H2 plasmas. This method uses conditions like these of diamond deposition, which means they are 

especially performed at high temperatures. In most cases oxygen-based processes are used today. The admixture 

of accessory gases like SF6 or CF4 can enhance the etching performance with respect to micromasking [229]. 

Oxygen radicals are highly reactive and react with the carbon atoms on the diamond surface forming volatile 

products such as CO and CO2 which is an additional advantage. There are also etching recipes without hydrogen 

and oxygen, e.g. Ar/Cl2 which have a rather low etch rate and are used for the smoothening of the surface [243]. 

The RIE technique enables not only the processing of large area CVD diamond, but also anisotropic etching of 

diamond resulting in high aspect ratio structures [250]. It can be combined with other techniques like inductively 

coupled plasma (ICP) [251, 252], capacitively coupled plasma (CCP) [253, 254] and electron cyclotron resonance 
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(ECR) plasma [255, 256]. The combination of different techniques allows a fine adjustment for optimal process 

results [254]4 . 

In this work ICP-RIE was applied to produce diamond nanostructures. Basic parameters like ICP and rf power, 

working pressure and gas flow have an influence on the morphology of the resulting structures. The ICP power 

controls the plasma density which includes ions and chemically active species. An increase of the ICP power leads 

to an increase of the ion current to the substrate resulting in a higher etch rate. It must be noted that this not only 

affects the diamond, but also the mask material. Hence, the selectivity might decrease [136, 257]. The rf power 

allows control over the mean energy of ions impinging on the sample surface. It also induces the flow of the 

reactive species in plasma normal to the sample leading to a vertical (anisotropic) etching. An increase in the rf 

power increases the mean energy of ions and the vertical etching which decreases the etch selectively, 

respectively reduces the sidewall erosion by suppression of random incoming reactive particles [136, 241, 257]. 

The pressure inside a plasma chamber influences the collision probability of ionized particles. An increase reduces 

the mean ion energy leading to a decrease in the etch rate [258, 257]. Investigations led to the fact that the gas 

flow has only minor effects on the etching procedure [137], but the ratio of oxygen to another accessory gas, for 

example CF4 at a fixed gas flow has an impact: Mehedi et al. found that, in their investigated range, the minimum 

and maximum ratios had similar effect (reduction in height of their structures) assuming that at these extrema the 

effects of CF4 and O2 could compensate, but this is not fully understood yet [257]. Erosion of the mask material 

during the etch process can have an influence on the resulting morphology of the diamond nanostructures. The 

consequences of this are depicted in Fig. 3.5. 

 

Figure 3.5: Mask erosion during the etching process and effect on the resulting structures. Unless the 
erosion does not hit the diamond no noticeable effect is visible; mask is depicted in grey, 
diamond is drawn in blue (adapted from [259])  

 

Putting everything together results in a successful etching recipe. For our purposes we used silicon dioxide, or 

either gold or aluminum combined with lift off processes as mask material with sufficient etch selectivity. Etching 

of the diamond structures was performed in an Oxford PlasmaLab 100 ICP-RIE set-up (Oxford instruments, 

Fig. 3.6). At INA two of such set ups exist: the first, ICP-F, is mainly used for silicon and silicon related technology 

as it applies fluorine-containing gases. The second, ICP-Cl, is used for III/V materials as it involves chlorine-based 

etching recipes. This set up also got the advantage of a laser interferometer which enables the monitoring of the 

etch depth of the sample. Prior to any process a cleaning step with SF6 and O2 was performed to remove any 

residuals in the system from previous processes. After cleaning a conditioning step was applied where the 

respective etch recipe was run without a sample for 5 to 15 min. The parameters for the cleaning step as well as 

                                                                 
4 https://www.corial.com/en/technologies/icp-rie-inductively-coupled-plasma-reactive-ion-etching/  
(17.08.2018) 
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all etching recipes can be found in Appendix C. A 4-inch Si wafer served as sample holder on which the samples 

were glued with Fomblin. 

 

Figure 3.6: Oxford PlasmaLab 100 ICP-RIE system (ICP-Cl) 

 

3.1.4 MASK REMOVAL AND WET ETCHING 

For Ti/Au mask removal either aqua regia (HCl: HNO3 = 3: 1) or gold etchant (25 g of KI, 6.25 g of I2 in 250 mL 

deionized water as stock solution; for application one part of the stock was diluted with two parts of water) was 

applied for 2 min. To remove the thin titanium layer, the sample was placed in buffered oxide etch (BOE 7: 1; 

HF: NH4F = 12.5: 87.5, Microchemicals, Ulm) for 30 s. The aluminum mask was removed with Al etchant 

(H3PO4: HNO3: CH3COOH = 80: 5: 10, Microchemicals, Ulm). In case of the SiO2 mask the sample was placed in BOE 

7:1 for 5 min. After mask removal the samples were first rinsed in water, cleaned with acetone and isopropyl 

alcohol, and dried in nitrogen flow. 

For the fabrication of suspended diamond photonic crystal slabs the samples were placed in BOE 7:1 for a time 

depending on the thickness of the sacrificial SiO2 layer (assumed etch rate 50 nm/min at room temperature). In 

this step the diamond samples were underetched by removal of the sacrificial layer and the SiO2 mask was 

removed as well. 

 

3.1.5 ADDITIONAL TECHNIQUES 

Besides the dry etching techniques several other techniques exist for the structuring of diamond. The most 

prominent is focused ion beam (FIB). The operation is similar to a scanning electron microscope, but instead of 

electrons ions, usually gallium ions, are used. With a low beam current images can be created while with a high 

beam current sputtering or milling of material is possible. The process is depicted in Fig. 3.7. 
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Figure 3.7: Principle of focused ion beam material removal (ion milling) Reprinted with permission from 
[260]. © 2007, IOP Publishing Ltd) 

 

In this work, the focused ion beam technique (Zeiss NVision 40 High End Cross Beam, Fig. 3.8) was used to create 

trenches in the photonic crystal slabs to cut the air holes and investigate e.g. slab thickness, quality of the sidewalls 

and sidewall angles. 

 

Figure 3.8: Zeiss NVision 40 High End Cross Beam used for FIB cuts of the photonic crystal samples 

 

3.2 BOTTOM-UP TECHNIQUES 

Creating nanostructures made of diamond is also possible with bottom-up approaches. The two main strategies 

here include application of templates or selective growth on a certain substrate. An example for the first case is 

the creation of boron doped diamond (BDD) nanorods using silicon nanowires as growth template (Fig. 3.9) to 

fabricate electrodes for possible biosensing applications [261], as well as the overgrowth of diamond 
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nanostructures presented in Chapter 2.6. For the latter, diamond structuring is performed prior to growth and can 

be applied on nanocrystalline [121] as well as monocrystalline diamond [227].  

 

 

Figure 3.9: Top: schematic bottom up process for the fabrication of diamond nanorods using silicon 
nanowires as template; bottom: SEM (a) top and (b) side view of the diamond nanorods 
(Reprinted (adapted) with permission from [261]. © 2009, American Chemical Society) 

 

Another possibility for templated homoepitaxial diamond nanostructure fabrication is the deposition of a mask 

prior to CVD growth, e.g. thin patterned SiO2 masks on single crystalline diamond. The resulting shape of the 

structure depends on the growth time. If the mask thickness exceeds the grown diamond thickness, the shape is 

determined by the shape of the patterned template. If the diamond growth exceeds the mask thickness, a past is 

formed in the confined area of the template whilst the shape of the region above the template is determined by 

the relative growth rates of the crystal planes. With this technique, pyramidal or umbrella shaped structures were 

formed (Fig. 3.10) [191, 262, 192]. 

 

Figure 3.10: (a) SEM image of a pyramidal structure fabricated by the templated bottom-up approach, the 
scale bar indicates 250 nm, (b) schematic of the resulting geometry (Reprinted with permission 
from [192]. © 2016, AIP Publishing) 

 

The mask can be removed with a wet etching step resulting in an undercut structure that provides optical isolation 

from the bulk material [192]. 
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3.3 PLANARIZATION OF NANOCRYSTALLINE DIAMOND FILMS 

For a better performance in optical applications, planarization of nanocrystalline diamond films is necessary to 

reduce scattering at the facets of the surface crystallites. The well-known chemical-mechanical polishing method 

(CMP) offers sufficient results, but it is not applicable in the case of thin NCD films due to the large amount of 

removed material (several µm). Simple dry etching using the NCD recipe (see section 3.2) for a short time (1 min) 

resulted in less sharp crystallites which looked quite smooth, but the surface roughness was not reduced 

(Fig. 3.11). Similar tests were performed in a former PhD thesis in our group for etch mechanism studies [202]. 

There, small needle like structures were observed in the valleys between the crystallites after this short etching 

time. A real smoothening of the film cannot be expected with this method since the sp2 carbon from the grain 

boundaries in NCD films is preferentially etched by oxygen plasma [263]. Nevertheless, efforts were made to 

create photonic crystals from these samples (see Chapter 3.5.1).  

 

Figure 3.11: SEM image of 1 min maskless ICP etch of an NCD film applying the NCD etching recipe 

 

The principle of planarizing a nano- or polycrystalline diamond sample is based on the principles of chemical 

mechanical polishing (CMP) that usually includes the removal of a large amount of material and is quite time 

consuming [264, 265]. Rabarot et al. adapted this technique by applying a thick SiO2 layer as polishing interlayer. 

The process was abbreviated with DPE which stands for the deposition, planarization, and etching steps. A thick 

layer of SiO2 is deposited on the rough diamond surface (Fig. 3.12, 1) adopting the shape of the crystallites 

(Fig. 3.12, 2). In the next step the surface of the SiO2 is planarized applying conventional CMP (Fig. 3.12, 3). The 

SiO2 still covers the crystallites of the underlying diamond providing a smooth surface. This planar surface of the 

SiO2 is then transferred to the diamond surface by a selectively controlled RIE step. Using O2 and SF6 as reactive 

gases they managed to develop an etching recipe with similar etch selectivity for diamond and SiO2 layer leaving 

the diamond surface planarized (Fig. 3.12, 4) [266]. 
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Figure 3.12: Planarization process by DPE (deposition, planarization, etching) (Reprinted with permission 
from [266]. © 2010, Elsevier) 

 

The RIE recipe for the transformation of the smooth SiO2 surface to the diamond surface was tested systematically 

by Rabarot et al. as depicted in Fig. 3.13. The optimal mass flow ratio of SF6 and O2 was interpolated from the 

measured etching rates. 

 

Figure 3.13: RIE etch rates of NCD and SiO2 for DPE process using an intermediate LPCVD SiO2 layer 
(Reprinted with permission from [266]. © 2010, Elsevier) 

 

To avoid expending effort in SiO2 layer deposition and CMP polishing another method came to the focus of interest. 

Checoury et al. spun hydrogen silsesquioxane (HSQ), a spin-on-glass (SOG) on the NCD surface. After baking on a 

hot plate this resulted in a smooth silica-like layer on top of the diamond. The dry etching and thus planarization 

process involved oxygen and argon which were adjusted to etch both, HSQ and diamond, with the same speed 

[267]. The schematic of the process is depicted in Fig. 3.14. 

 

Figure 3.14: Schematic of the planarization process using a spin-on-glass (SOG). NCD is shown in blue, the 
SOG in red 

 

After the etching process the residual silica was removed with hydrofluoric acid. The root mean square (rms) 

roughness dropped from around 10 nm for an as grown layer to 1.6 nm for the planarized one (Fig. 3.15) [267]. 
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Figure 3.15: Planarized NCD surface; (a) SEM image, (b) AFM image (Reprinted with permission from [267] 
© 2012, AIP Publishing) 

 

Because of the relatively high price of HSQ and its relative low durability a different approach was introduced in 

the current work. Another inorganic polymer, perhydropolysilazane (PHPS) can also be used as precursor for the 

formation of silica, respectively thin SiO2 films. It contains the repeating unit –(SiH2NH)– and can be converted into 

silica through heat treatment in air and under the release of ammonia and hydrogen (Fig. 3.16) [268]. 

 

Figure 3.16: Curing pathway of PHPS into silica in presence of air moisture and heat including hydrolysis and 
polycondensation (Reprinted with permission from [268]. © 2013, Elsevier) 

 

PHPS is a so-called spin-on-dielectric or spin-on-glass (SOG) and applicable with most standard coating methods.  

NN120-20 provided by durXtreme is a 20 wt% perhydropolysilazane (PHPS) in n-dibutyl ether solution which 

should give similar properties like HSQ. The lack of data for spin-coating made it necessary to develop a proper 

coating procedure. First, the spin-on characteristics were investigated by spinning the SOG on a blank piece of 

silicon to determine not only the morphology of the film, but also evaluate the film thickness with ellipsometry. 

The spin-coating programs were chosen in 1000 rpm steps for 40 s (except for 7000 rpm which was run for 30 s) 

with different ramp procedures. The results of this experimental series are summarized in Tab. 3.1. The values of 

the thickness are average values determined from at least three measurements on different spots on the samples. 

The refractive index was assumed to be the same as for SiO2 (n = 1.458). Thicknesses of the films were measured 

directly after opening the bottle (labeled as Thickness 1) and after approx. 24 months (labeled as Thickness 2), 

because of the limited shelf life of one year provided by the manufacturer.  
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Table 3.1: Overview of the tested spin velocities with respect to the testing date and the thicknesses of SOG 
                   coatings 

Spin-on parameters Thickness 1 Thickness 2 Difference 

Time [s] rpm [nm] [nm] [nm] 

5 

40 

500 

1000 

1613 - - 

1 

2 

40 

500 

1000 

2000 

362 460 98 

2 

40 

500 

3000 

279 488 209 

2 

40 

500 

4000 

274 376 102 

2 

1 

40 

500 

1000 

5000 

278 388 110 

2 

1 

40 

500 

1000 

6000 

257 347 90 

2 

30 

500 

7000 

228 293 65 

 

When plotting the results of the investigated spin velocities into a graph (Fig. 3.17) it is obvious that the thickness 

decreases significantly in the range from 1000 rpm to 2000 rpm and does not change that much when increasing 

the speed. For the planarization process it is desirable to have a film thickness that is smooth but also thick enough 

to cover the crystallites on the NCD surface. Based on AFM evaluation and an average peak to valley height of 

190 nm (Fig. 3.24) all spin-coating velocities higher than 2000 rpm should be sufficient and the choice depends 

only on the quality of the layer on the NCD film. As can be seen from Tab. 3.1 and Fig 3.17 the films get thicker 

when exceeding the shelf live. This might indicate evaporation of the solvent or partial polymerization as there 

were more small particles visible in the solution.  
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Figure 3.17: SOG film thickness depending on spin-on velocity for 1 x 1 cm Si samples directly after opening 
the batch (Thickness 1, blue) and after ca. 24 month (Thickness 2, red) 

 

To evaluate the applicability of the SOG for diamond planarization, it was spun with different spin velocities on 

NCD samples to assure a proper coverage of the crystallites and to investigate the morphology. The baking step 

was performed at 90 °C for 5 min to remove an excess of solvent and subsequently set to 180 °C for 60 min as 

recommended by the manufacturer. All films were even and closed except for the one with the lowest spin velocity 

(1000 rpm). The thickness of the layer in this case caused cracks during the baking process (Fig. 3.18). Therefore, 

the recipe with this spin velocity was not tested again for the evaluation of the shelf live in the second 

measurement after approx. 24 months. 

 

Figure 3.18: Cracks occurred in the SOG film with the slowest spin coating velocity after curing 

 

Light microscope (Leica DMR microscope) images were taken to assess the quality of the films. On blank Si only 

minor impurities were visible, most of the film was flat and without imperfections (Fig. 3.19, left). On NCD on the 

other hand, a lot of impurities or bubbles were visible in the light microscope (Fig. 3.19, right). 
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Figure 3.19: Light microscope images of the applied SOG film with 2000 rpm spin velocity; left on Si, right 
on NCD 

 

The impurities might stem from the reaction between the SOG solution and the humidity in air during application 

which might form small silica particles. It was possible to reduce this phenomenon by filling the SOG in a vial with 

septum and withdraw it through the septum with a syringe. Using a filter (syringe filter, 25 mm in diameter, PTFE 

membrane with 0.2 µm pore size, VWR) did not make any further difference. However, the shelf-life even in small 

portions seems limited as the process quality decreases with time and re-bottling small portions is necessary. 

The best result for the coverage of NCD films was established with a spin velocity of 6000 rpm, which was also 

confirmed by SEM. The determined SOG thickness was 150 nm measured from the deepest valley visible to the 

surface (Fig. 3.20) resulting in a full coverage of the crystallites. Additionally, in the SEM micrographs less visible 

defects were spotted compared to the light microscope image. However, the measured thickness for the SOG film 

on NCD determined by the valley to surface measurement was different than the thickness for SOG spun on blank 

Si, but as the results turned out fine this should not be seen as a problem or drawback. 

 

Figure 3.20: NCD film covered with SOG using a spin velocity of 6000 rpm. No crystallites stick out of the 
SOG film. Also, the charging of the film can be seen (Reprinted with permission from [58]. © 
2018, Springer Nature) 

 

To gain first experiences on the etch behavior of the SOG, NCD films covered with SOG were etched under several 

different etch conditions ranging from a variation in time, gas flow and composition. As a starting point the 
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established NCD etching recipe was used with variations in time (Fig. 3.21). A part of the sample was covered with 

a piece of Si protect this part of the sample and to enable the comparison of the morphology prior and after the 

etching step. After one minute there was no visible difference to the unetched part. After 5 min there was a clearly 

noticeable step in the SOG film, but the diamond layer was not reached yet. An etch time of 10 min resulted in a 

thinning of the SOG, but no smoothing of the diamond crystallites. There were few occasional holes in the film 

where larger crystallites might have been quite close to the SOG surface (Fig. 3.21, left). Shifting the piece of Si in 

a way that the already etched part is exposed to the plasma again and etching for 20 min results in etched areas 

exposed 20 min and 30 min to the plasma (Fig. 3.21, right). For 20 min more smaller holes occur in the SOG film 

while for 30 min the SOG is removed and maybe redeposited resulting in grass-like or cone-like diamond 

structures. Thereafter the gas flows in the NCD recipe were changed from 10 sccm O2 to 33 sccm O2 and additional 

17 sccm Ar with the intension to lower the etch rate for diamond and improve the sputter etching of SiO2 [269]. 

  

Figure 3.21: Etching of NCD covered with SOG using the NCD recipe (oxygen only). Left: etching for 10 min; 
right: 20 min. The left part was etched 30 min in total, the right part 20 min. 

 

We started to develop an etching recipe based on parameters taken from literature [266]. varying the major 

process parameters: the gas compositions and flows were comparable to those in literature but was necessary to 

adjust rf and ICP power as well. For a better visuality and comparability of the etch rates of SOG and NCD, NCD 

samples were partly covered with a piece of Si and Si samples were coated with SOG and also covered partly with 

a piece of Si. With this sample set it was possible to determine the etch rates for a certain recipe for the SOG and 

NCD separately, making it easier to compare. First tests were performed directly with SOG on NCD and the partial 

coverage but ended up with unclear results regarding the further optimization of these recipes. All tried recipes 

are listed below in Tab. 3.2. The basic parameters for pressure and temperature are assumed from the NCD recipe. 

Any changes are noted in the table. Further, different gas mixtures and process parameter combinations were 

tested. After each run the samples were evaluated with SEM. For the most promising ones the step height was 

measured using a profilometer (Ambios Technology surface profilometer XP-100). The calculated etch rates and 

thus the selectivity are summarized in Tab. 3.3. Recipes I_1 to III_4 were performed with SOG directly on NCD, 

tests where the SOG was separately applied on NCD and Si start from IV_1 in the table. 
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Table 3.2: Summary of the tested etch recipes for the planarization of NCD films 

Recipe O2 [sccm] SF6 [sccm] ICP [W] rf [W] t [min] 

I_1 22.5 2.5 1000 200 1 

I_2 9 1 1000 200 1 

I_2 9 1 1000 200 5 

I_3 9 1 700 100 5 

I_4 22.5 2.5 700 100 5 

II_1 22.5 2.5 1000 200 10 

II_2 22.5 2.5 1000 200 20 

II_3 22.5 2.5 1000 200 15 

II_4 22.5 2.5 1000 200 7.5 

III_1 22.5 2.5 700 100 10 

III_2 22.5 2.5 700 100 5 

III_3 22.5 2.5 700 100 2 

III_4 22.5 1.5 1000 200 10 

IV_1 18 2 1000 200 2 

IV_2 18 2 700 100 2 

IV_3 18 2 500 100 1 

IV_45 18 2 700 100 1 

V_1 18 2 1500 200 2 

V_2 18 2 0 250 2 

V_3 18.5 1.5 0 250 2 

V_4 22.5 2.5 0 250 2 

V_5 22.5 2.5 0 250 2 

V_6 23 2 0 250 2 

 

For samples I_1 and I_2 (5 min) there was a clear visible step after the relatively short etching time. For the other 

samples from this batch there was no visible step. Sample II_1 revealed a thinning in the SOG layer and some 

crystallites, but the layer was not etched through. Doubling the etch time (sample II_2) led to the complete 

removal of SOG and underlying NCD. Also, for II_3 with an etch time between II_1 and II_2 the sample showed 

holes in the thinned SOG layer and the NCD film was not closed anymore. III_1, III_2 and III_4 showed no visible 

results and III_3 only a minor step. From IV_1 the evaluation was only performed with the surface profilometer 

(Ambios XP-100 surface profilometer) to calculate the etch rate for each component separately and to determine 

the selectivity from that. At least three measurements were made to determine the step height. The average 

etching rates for NCD and SOG and the calculated selectivity for selected samples are listed in Tab. 3.3. 

Table 3.3: Calculated etch selectivity for selected etch recipes 

Etch Rate IV_1 IV_2 IV_3 IV_4 V_2 V_4 V_6 

NCD [nm/min] 38 29.5 18.5 9.5 46 39 61 

SOG [nm/min] 86 61 49 40.5 76 69 75.5 

Selectivity (NCD: SOG) 0.44 0,48 0.38 0.23 0.6 0.56 0.81 

 

                                                                 
5 p was set to 10 mTorr for IV_4 
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As can be seen from Tab. 3.3 the recipes from batch V with rf power only, i.e. without ICP power achieved an etch 

selectivity higher than 0.5 approaching 1 with recipe V_6. This was the recipe used for further tests regarding the 

etch time. After spin coating SOG on a NCD sample as described before etching tests with recipe V_6 were 

performed with 2, 4, 6 and 8 min etch time (Fig. 3.22). 

 

2 min 

 

4 min 

 

6 min 

 

8 min 

Figure 3.22: SEM images of the results of the investigated etch times for the planarization process using 
SOG 

 

For an etch time of 2 min only the tips of the crystallites were etched. As can be seen from Fig. 3.22 the SOG layer 

is almost fully unimpaired. By increasing the etch time to 4 min more diamond material is removed, but the results 

were still insufficient. For better visibility, the SOG was removed with buffered HF. As a large area of crystallites 

seems already planarized only leaving some small valleys still unetched the etch time was increased to 6 and 8 min. 

After 6 min crystallites were still visible, but without sharp edges. AFM measurement revealed a rms roughness of 

approx. 17 nm (not shown here). The same phenomenon was observed for an etch time of 8 min, but here the 

crystallites seemed even smoother. An AFM investigation of the sample that was etched for 8 min revealed a 

reduction of the rms roughness from 23 nm down to 14 nm, for some measurement areas down to 10 nm. Further 

improvement was tested by applying a second planarization step using the same etching recipe but a variation in 

time. Starting from the initial 8 min process, the SOG coating process was repeated, and etching was performed 

for 6 and 8 min as these results seemed quite promising from the first planarization step. In order to evaluate the 

effectiveness of the second step SEM (Fig. 3.23) as well as AFM images (Fig. 3.24) were taken. 
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8 + 6 min surface 

 

8 + 6 min cross-section 

 

8 + 8 min surface 

 

8 + 8 min cross-section 

Figure 3.23: SEM surface images (left) and cross-sections (right) of the second planarization for 6 + 8 min 
(top) and 8 + 8 min (bottom) (Reprinted with permission from [58]. © 2018, Springer Nature) 

 

From the SEM images the results turned out fine for both durations after the removal of possible residual SOG 

with buffered HF. The SEM cross-section revealed a thickness of 230 nm for the 8 + 6 min process which fits good 

for the processing of photonic crystal slabs (see Chapter 3.5). The sample with 8 + 8 min etching resulted in a 

thickness of approx. 100 nm which might be too thin for any further processes. Therefore, AFM investigations 

were only made for the 8 + 6 min etching step (Fig. 3.24). With this process the rms roughness could be reduced 

to 6 nm. Calculated from the initial thickness of 900 nm NCD (Fig. 3.20) and the remaining thicknesses the etch 

rate/material removal rate is calculated to be 45-50 nm/min. Thus, this process is also applicable for sample 

thinning. 

One must consider that after planarization the minimum roughness is limited by the initial roughness of the SOG 

film on the NCD layer. Therefore, an AFM image was taken after the spin coating and baking procedure. In Fig. 3.24 

it is shown that there are no sharp edges that bulk out the SOG layer. Nevertheless, one could surmise the 

crystallites underneath. With a peak to peak height of 16 nm and a rms roughness of around 2 nm for SOG 

transferring this value onto the diamond surface would be a huge improvement. With a reached rms roughness 

of 6 nm and in single cases around 4 nm, the roughness is quite close to the process limit. 
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As grown 

 

SOG applied on NCD and cured 

 

After the first 8 min of etching 

 

After smoothening process (8+6 min) 

Figure 3.24: AFM images of the different stages of the planarization process (Reprinted with permission 
from [58] © 2018, Springer Nature) 

 

For shorter grown (90 min) and planarized samples the AFM scan (2 x 2 µm) revealed a rms roughness as smooth 

as 2 nm as shown in Fig. 3.25. Visible defects might be due to the advanced shelf life of PHPS and inhomogeneities 

in the SOG film caused by formed particles from the polymer-mixture due to reaction with humidity in air. 

 

Figure 3.25: AFM image of a 90 min grown and planarized NCD sample in a 2 x 2 µm area 
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For investigations on the impact of the SOG application on the sample surface XPS measurements were taken by 

Dr.-Ing Dr. rer. Nat. Rolf Merz at the Institut für Oberflächen- und Schichtanalytik GmbH (IFOS), Kaiserslautern. For 

a better comparison two as-grown NCD reference samples (DHF98-1, DHF131) were measured. The first one was 

grown with the old set up, the second after replacing the power supply for the substrate heating. Concerning the 

SOG studies samples were prepared with SOG applied and cured but removed without dry etching/planarization 

(DHF98-2) and after planarization (DHF98-3). The removal of the SOG (also eventual present after the 

planarization) for these samples was performed for 2 min in buffered HF. The surface composition of each sample 

was determined and is summarized in Tab. 3.4. 

Table 3.4: Elemental surface composition of different NCD samples with and without SOG 

Sample Type Carbon Oxygen Fluorine Silicon 

DHF98-1 NCD as-grown 95.7 4.3 0 - 

DHF98-2 NCD SOG coated, removed (HF dip) 91.9 8.1 0 <0.1 

DHF98-3 
NCD SOG coated, etched (O2/SF6 plasma), 

removed 
84.0 7.2 8.8 <0.02 

DHF131 NCD as-grown (new power supply) 96.4 3.4 0.2 - 

 

The samples can be divided in two groups: the two NCD references and the two SOG samples. Both reference 

samples were already discussed in Chapter 2. The carbon content in the SOG samples is lower, indicating other 

elements on the sample surfaces. Oxygen is present for both samples and fluorine from the etching process for 

the DHF98-3 sample. 

The C1s core level spectra of these samples is depicted in Fig. 3.26. DHF98-1 and DHF131 exhibit almost identical 

C1s core spectra typical for good quality NCD films with a peak attributed to sp3 carbon atoms (285 eV). A small 

shoulder of higher binding energies (BE) is visible due to different C-O bonds like C-O-C (286 eV), O-C=O (288.5 eV) 

or C=O (289 eV)6, since the detected oxygen concentration for these two samples is in the range of 3.4- 4.3 at%. 

For DHF98-2 (SOG coated and removed) the C1s peak shows enhancement of this shoulder due to the higher 

oxygen content. The higher oxygen content for DHF98-3 in comparison with the two as-grown samples can explain 

the higher intensity of the shoulder at the higher BE site. However, since the fluorine content is even higher, and 

this is the BE region of CFx (x = 1, 2, 3) and C-CF bonds (289-293 eV), they would also contribute to the higher 

intensity. Another point to be addressed for this sample is the broadening of the peak, especially towards the low 

energy site which could be ascribed to sp2 carbon (284 eV) that might be formed during the etching process due 

to ion bombardment [270]. A small contribution to the shoulder from C-Si (283 eV) should not be excluded 

although the very low silicon concentration as detected by XPS. 

                                                                 
6 www.xpssimplified.com (29.08.2018) 
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Figure 3.26: C1s core level spectra of the reference and SOG treated samples 

 

Although the oxygen content of all surfaces is moderate to low, the O1s core spectra presented in Fig. 3.27 are 

relatively noisy. Both as-grown samples (DHF98-1 and DHF131) differ in their peak position which might be due to 

the slightly different oxygen contents and thus possibly different oxygen species. DHF98-2 (coated with SOG and 

removed), which contains the largest amount of oxygen as determined by XPS, has its peak at the highest BE 

position of this sample set. The etched sample (DHF98-3) again exhibits a broadened peak with an additional small 

shoulder towards higher BE that might be due to contributions from O-Fx (535 eV). It is difficult to determine the 

exact contributors and thus explain the specific peak positions as all oxygen species are very close together (SiO2: 

532.9 eV, organic C-O 531.5-532 eV, organic C=O 533 eV). Peak shifts might stem from different oxygen species, 

but also from different charging effects in the different samples. 
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Figure 3.27: O1s core level spectra of the reference and SOG treated samples 

 

The F1s core level spectrum (Fig. 3.28) was only taken for the etched sample as only here a significant amount of 

fluorine was detected on the surface due to the use of fluorine containing gases in the planarization process. The 

peak position for organic fluorine (CFx, x = 1, 2, 3) is 688-689 eV. The spectrum consists of a featureless single peak. 

 

Figure 3.28: F1s core level spectrum of a planarized NCD sample 
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To investigate further the influence of the planarization on the surface chemistry contact angle measurements 

were made on the samples described in Tab. 3.4. In addition, an etched sample without the HF removal of residual 

SOG was tested. The contact angle measurements were performed against water using a CAM 100 setup from 

KSV instruments Ltd. After the sample was placed on the table, a Hamilton syringe was used to drop a water 

droplet of defined volume on the sample. The droplet triggers a CCD camera taking 15 pictures in 100 ms intervals 

and two second delay. The dedicated program determines the left and right contact angle ϴ of the droplet for all 

pictures and calculates a mean value. For each sample two or three measurements were conducted. The error 

range was calculated as standard deviation σ from recorded 15 images. 

The observed water droplets on the different surfaces are shown in the screenshot in Fig. 3.29 and the resulting 

mean contact angles ϴ are summarized in Tab. 3.5. 

 

a) As-grown NCD  

 

b) SOG applied and removed 

 

c) Etched, without SOG removal 

 

d) Etched, with SOG removal 

Figure 3.29: Photographs of the water droplets in the contact angle experiments with different  

surfaces [271] 

 

As can be already seen from the photographs in Fig. 3.29 the contact angles ϴ against water presented in Tab. 3.5 

do not differ much.  

Table 3.5: Corresponding mean contact angles ϴ measured against water to images in Fig. 3.29 

 
As-Grown NCD SOG applied and 

removed 

Etched, without 

SOG removal 

Etched, with SOG 

removal 

ϴ (1. Measurement) 75.5 ± 0.1 82.6 ± 0.7 34.3 ± 0.1 70.0 ± 0.5 

ϴ (2. Measurement) 80.7 ± 0.1 84.9 ± 0.6 81.9 ± 0.8 70.0 ± 0.3 

ϴ (3. Measurement) 76.0 ± 0.1 - 79.0 ± 0.9 - 

 

As already shown by XPS there seems to be little difference in the as-grown sample and the one where SOG was 

applied and removed with HF. The etching with SF6 should result in a more hydrophobic surface, as the XPS results 

for this sample showed different surface composition with detectable amount of fluorine. The amount of SF6 in 

the dry etching step is small (8.7 vol%) to introduce hydrophobic effects of this surface termination [272, 273]. It 

can be suggested that it is compensated by the oxygen termination, which contributes to a more hydrophilic 
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surface (7.3 at% O vs. 8.8 at% F), resulting in a contact angle close to the one for the as-grown sample. Apart from 

the first measurement of the “SOG applied and removed” sample where the contact angle ϴ was approx. 34° all 

measured values are ϴ < 90° indicating a hydrophilic regime in case of water droplets [274]. 

The process was also used to planarize thick NCD films (> 1.8 µm). As can be seen in the SEM images in Fig. 3.30 

sharp crystallites were successfully removed. Due to the larger crystallite size and higher peak to valley values the 

reduction of the film thickness is lower than for thinner NCD films. A problem of the thicker films and in general 

of the HFCVD set up is the inhomogeneity in the layer thickness. As described in Chapter 2, the setup includes 

seven tungsten filaments. Since there is no rotation of the sample holder the thickness varies as can also be seen 

in Fig. 1.7 (Chapter 1). The measured thickness after planarization was slightly higher than the one measured 

before. This might stem from the fact that the first evaluation of the as grown sample was performed at a thinner 

part of the sample while the measurement of the planarized sample was performed at a thicker part. Therefore 

no statement about the reduction of the layer thickness can be made. 

   

Figure 3.30: SEM images showing results of the planarization of a thick NCD film 

 

Nevertheless, from an initial rms roughness of 92 nm measured with AFM for the as-grown sample (Fig. 3.31, left) 

the surface could be smoothened down to a rms value of only 20 nm (Fig. 3.31, right) applying the described 

planarization routine without changing any parameters. 

  

Figure 3.31: AFM images of the as-grown (left) and planarized (right) thick NCD film 
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These planarized thick films were also used to fabricate nanocrystalline diamond pillars to investigate the influence 

of the smooth surface on the mask adhesion and the etch process. The surface roughness might also be further 

reduced by applying an additional planarization step or repetition of the whole planarization process. 

 

3.4 DIAMOND NANOPILLARS 

Nanopillars were fabricated of NCD films on Si as well as of monocrystalline diamond. The process obstacles and 

the results of the fabricated nanopillars will be discussed in the next subchapters. There, different mask materials 

were tested on as-grown and planarized samples as well as on monocrystalline diamond. The process parameters 

of the dry etching step were varied and described in the text. 

 

3.4.1 NANOCRYSTALLINE DIAMOND 

For the fabrication of nanocrystalline diamond pillars a pattern of circles with 1 µm, 500 nm, 200 nm, 100 nm, and 

50 nm in diameter and 5 µm (center to center) distance were patterned into the e-beam resist (Fig. 3.32). The 

design consisted of arrays for each diameter with 10 x 10 circles (for details se Appendix D). Each array was written 

five times onto the sample for better investigation probabilities in case of damage or surface inhomogeneities. 

The design is attached in Appendix E. In a later design, marker structures with rectangular shape were placed on 

the left and right side of the 50 nm pillar array in each row to enable an easier finding in the SEM.  

 

Figure 3.32: Developed e-beam resist for the preparation of 1000 nm pillars; the control was performed in 
the SEM of the e-Line set up 

 

3.4.1.1 GOLD AS MASK MATERIAL 

Because Ti/Au was established in our group as mask material for diamond structuring before, almost all NCD pillars 

were fabricated using Ti/Au as mask material. After deposition of the metals the lift off was performed using NMP, 

but without ultrasonic treatment to avoid delamination of the mask. The resulting dots which serve as mask for 

the definition of nanopillars were examined in the SEM. Fig. 3.33 shows an Au mask for an array of 1000 nm 

diameter NCD pillars and a single one of the same sizes on an as grown NCD surface. 
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Figure 3.33: SEM images of the Au mask for the definition of 1000 nm pillars; left: complete array; right: 
mask for a single pillar 

 

Prior to structuring in the ICP-Cl set up cleaning and conditioning steps were performed. For the structuring of the 

NCD pillars the “NCD” recipe (for details see Appendix C) was applied. The etch process was monitored via laser 

interferometry (Fig. 3.34). From this tool an etch rate of approx. 140 nm/min was determined with the 

corresponding ICP software for NCD etching. Reaching the Si substrate, the reflectivity changed and so did the 

signal. The process was run for one additional minute to remove any remaining diamond crystallites on the surface 

as can be seen in Fig. 3.35. 

 

Figure 3.34: Signal of the laser interferometer. The red curve is the derivation of the blue one. The 
flattening of the curve indicates the reaching of the substrate as the reflectivity does not 
change anymore 
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Figure 3.35: Small diamond crystallites left between the structures if the etching process was stopped too 
early 

 

Prior to the mask removal the etched structures were checked in the SEM to evaluate if an additional etch step 

was necessary or not (Fig. 3.36). In single cases an additional etching for less than 30 s was necessary to remove 

remaining diamond crystallites between the diamond structures. 

  

Figure 3.36: SEM image of 1000 nm pillars (left) and 500 nm pillars (right) directly after ICP etching.  
The mask is still on the pillars  

 

The final structures were visible down to 50 nm pillar diameter but showed signs of destruction from 200 or 

100 nm to smaller sizes. Also, all pillars show a slightly conical shape that increases with decreasing pillar diameter. 

The tapering is best visible for 200 and 100 nm pillars (Fig. 3.37). Destruction is visible for 50 nm pillars as they 

seem to break off due to erosion of the mask. 
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1000 nm 

 

500 nm 

 

200 nm 

 

100 nm 

 

50 nm 

Figure 3.37:  Final structures of 

etched NCD pillars 

with diameters 

ranging from 

1000 nm down to 

50 nm 

 

Raman spectra were taken of the 1000 nm pillars by Dr. László Himics from the Institute for Solid State Physics and 

Optics at the Wigner Research Centre for Physics in Budapest, Hungary applying the same set up as mentioned in 

Chapter 2.5.2. Several pillars positioned on a diagonal in the array as indicated by the red line in Fig. 3.38 were 

measured. 

 

Figure 3.38: Light microscope image of the measured pillar array. The red line indicates the measured 
pillars. The measured pillars were denoted with row and column number, e.g. the fourth pillar 
in line four is labelled as 44 in the following Raman spectra (courtesy of L. Himics) 
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As already mentioned in Chapter 2.5.2 there is a strong dependency of the resulting Raman spectrum from the 

laser excitation wavelength [33]. As the measurements with a shorter wavelength revealed better the diamond 

peak, only the spectra with 325 nm excitation wavelength are shown (Fig. 3.39). The sharp peak at 520 cm-1 can 

be designated as the first-order silicon Raman peak stemming from the substrate between the pillars. As the laser 

spot has a diameter of approx. 1 µm, the same as the investigated pillars, it is possible that parts of the Si substrate 

were measured, too. The second prominent peak in the spectrum is the 1332 cm-1 first-order diamond Raman 

line. The shoulder towards smaller wavenumbers might conceal the signal of transpolyacetylene in the range of 

1100-1150 cm-1 that is often found in the grain boundary material of NCD films [275, 35, 33]. The broad shoulder 

towards higher wavenumbers can be assigned to sp2 carbon (D-peak at approx. 1345 cm-1). The flat and broad 

peak in the range of 1520-1580 cm-1 can also be allocated to sp2 carbon (G-peak) from the grain boundaries. 
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Figure 3.39: Raman spectra of the 1000 nm pillars with 325 nm excitation wavelength (courtesy of L. Himics) 

 

The signals mentioned above appear for all measured pillars in different intensities. This might be due to different 

overlap of the laser spot with the individual nanopillars but also defects of individual crystals in the NCD film [276]. 

 

3.4.1.2 SIO2 AS MASK MATERIAL 

Pillars were also fabricated from the implanted samples (DHF85-1, DHF85-2, see Chapter 1.2.4). Because of the 

small sample size and the viscosity of the resist, the distribution of the resist during spin coating resulted in an 

edge bead almost covering the whole sample. Thus, the thickness of the resist is different on a smaller sample 

than on a larger one where the resist can spread more evenly. This is assumed to be the reason why the first 

attempt using Au as mask material failed. With the larger resist thickness the e-beam exposure is inappropriate, 
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leaving a small layer of resist after development leading to insufficient adhesion of the mask. The result of this is 

depicted in Fig. 3.40. 

  

Figure 3.40: Failed attempt to use Au as hard mask material on a small NCD sample 

 

To achieve the desired results 250 nm SiO2 were deposited as mask material on the sample surface and the 

pattern for the pillar fabrication transferred via EBL into the resist. The structuring of the mask material was 

performed in the ICP-F after cleaning and conditioning, applying the “SiO2 Castor RIE and descum” recipes for 

9:30 min and 1 min, respectively. The quality of the mask was controlled via SEM (Fig. 3.41). 

  

Figure 3.41: SiO2 mask for the fabrication of 1000 nm (left) and 200 nm (right) NCD pillars 

 

The mask was well defined for all pillar diameters. Only for the 50 nm diameter the mask was hard to find. The 

fabrication of pillars was performed in the ICP-Cl with the NCD etching recipe and endpoint control. Since the 

etching was not complete after 4.5 min (Fig. 3.42, left) an additional etch step for one min was performed resulting 

in a clean substrate surface (Fig. 3.42, right). 
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Figure 3.42: The diamond grass on the sample surface after 4.5 min of ICP etching (left) was removed by an 
additional dry etching step of one minute. The SEM images show pillars of 1000 nm diameter 
with the SiO2 mask still on top 

 

What is noticeable regarding the Si substrate is that it seems not as smooth as for as-grown samples. There are 

small inhomogeneities of unknown origin visible. It is rather unlikely that these stem from the implantation 

process itself because the thickness of the NCD layer was higher than the implantation depth. Nevertheless, this 

did not affect further processing of the sample. 

After the etching process was completed the mask was removed with buffered HF for 2 min. The final quality of 

the structures was studied via SEM (Fig. 3.43). 

  

Figure 3.43: SEM images of the final structures of the implanted NCD samples. Left: 1000 nm pillar; right: 
50 nm pillar 

 

Although the aspect ratio of the mask (ratio of height to width) for the smaller pillar diameters is rather high the 

final structures turned out quite well as can be seen for the 50 nm pillar in Fig. 3.43, right. Although the structures 

have perpendicular and smooth sidewalls it must be mentioned that the 50 nm pillars turned out almost as twice 

as large in diameter as defined by EBL. For the larger pillars the deviation from the desired diameter is much 

smaller. 
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3.4.1.3 ALUMINUM AS MASK MATERIAL 

Aluminum was also considered as mask material as the reported selectivity is quite high and lift off techniques are 

still applicable. Additionally, no adhesion layer seems to be necessary and the removal can be done by one wet 

etching step. For the first tests 200 nm of Al were deposited on NCD after EBL using the Balzer BAK 600 deposition 

system. Fig. 3.44 (left) shows the defined mask after the lift off process. 

  

Figure 3.44: SEM images of the Al mask for the fabrication of a 200 nm diameter NCD pillar (left) and 200 nm 
pillars after 8 min of oxygen ICP etching (right) 

 

The used samples were quite thick and thus the etching time in the ICP-Cl was set to 8 min. As can be clearly seen 

in Fig. 3.44 (right) there is no or only little redeposition of the mask as no grass is visible between the pillars. Also, 

the sidewalls of the pillars were smooth and perpendicular as shown exemplarily for the 200 nm pillars. 

 

3.4.1.4 PLANARIZED NCD FILMS 

The fabrication of diamond nanopillars was also carried out on planarized NCD surfaces. A 200 nm Au mask with 

5 nm Ti as adhesion layer were used as mask material. The mask was investigated after lift off (Fig. 3.45, left) 

revealing very smooth fringes on the circular patterns. After the NCD etch conducted in the ICP and mask removal 

the resulting pillars were examined in the SEM (Fig. 3.45 middle and right). Despite the slight conical shape of the 

pillars they disclosed very smooth sidewalls.  

   

Figure 3.45: SEM images of the 200 nm Au mask for 1000 nm pillars on a planarized NCD sample (left) and 

final structures of 500 nm (middle) and 200 nm (right) after ICP etching 
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3.4.1.5 FABRICATION OF NANOCRYSTALLINE DIAMOND PILLARS FROM THICK NCD FILMS 

The fabrication of NCD pillars from thicker NCD films (DHF100, 6 h HFCVD) shows tapering of the pillars already 

for the larger ones (Fig. 3.46). Comparing the 1000 nm pillar with e.g. the 200 nm pillar in the SEM images of 

Fig. 3.46 it is clearly visible that the 200 nm pillar has a reduced height compared to the 1000 nm pillar. As depicted 

earlier in Fig. 3.5 (Chapter 3.1.3) masks of a smaller diameter tend to erode completely earlier than one with a 

larger diameter due to the facet at the edge of the mask that forms during the ion bombardment. The apex angle 

increases until the mask is fully gone and the pillar has a conical shaped end that is transferred into the diamond 

pillar [259]. This leads to a decreased height for the pillars with smaller diameters. 

 

1000 nm 

 

500 nm 

 

200 nm 

 

100 nm 

 

50 nm 

Figure 3.46:  SEM images of the 
resulting pillars 
from a thick 
(approx. 1.8 µm) 
NCD film on Si (Au 
mask) 

 

The necessary etch time of approx. 20 min to etch fully to the substrate seems to be too long for a 200 nm Au 

mask to withstand this process. On bigger structures, e.g. the markers (Fig. 3.47) no mask was visible any more 

directly after dry etching indicating the complete mask erosion for this process. 
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Figure 3.47: Visible mask corrosion on one of the marker structures during etching caused by the long  
etching time 

For further etch tests the mask thickness was increased from 200 nm to 350 nm Au. First, an etching recipe for 

the fabrication of polycrystalline diamond pillars was applied. The structuring was carried out in an ICP-RIE system 

at room temperature with 30 sccm O2, a pressure of 10 mTorr, RF power of 150 W and ICP power of 900 W. The 

recipe sounded promising because of the reported etch rate of 220 nm/min [136]. With the endpoint detection 

of the ICP-Cl system an etch time of 19 min was necessary to reach the substrate. Assuming a thickness of 1.8 µm 

this would be an etch rate of ca. 100 nm/min which is less than for the regular recipe. However, as can be seen in 

the SEM image in Fig. 3.48 there is almost no grass on the substrate and the pillars have relatively smooth and 

perpendicular side walls. 

 

Figure 3.48: Results of 19 min ICP etching with new etching parameters (description in text)  

 

The second recipe tested by these authors was carried out at room temperature, 30 sccm O2, a pressure of 

10 mTorr, an ICP power of 700 W and a RF power of 100 W. The reported corresponding etch rate was 200 nm/min 

[136]. Because the endpoint detection did not show an end after 20 min the process was stopped, and the results 

checked via SEM (Fig.3.49, left). It can be clearly seen that the pillars are still connected with a layer of NCD. Also, 

the mask still seems to be sticking to the pillars. The sample was placed in the ICP-Cl again until the substrate was 

reached after additional 7 min. Thus, the sample was etched 27 min in total, resulting in a calculated etch rate of 

67 nm/min. The sidewalls of the pillars are still quite perpendicular, but not as smooth as the pillars with the recipe 

used before (Fig. 3.49, right).  
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Figure 3.49: Results of 20 min ICP etching with new etching parameters (description in text) and until the 
substrate was reached after 27 min 

 

Another approach to improve the quality of the resulting structures was to apply planarized thick samples for a 

better mask adhesion. The planarization process of DHF100 led only to a minor reduction in film thickness 

compared to the overall thickness as already showed in Chapter 3.3. Efforts were made to create nicely shaped 

pillars from these planarized surfaces. With the smooth surface of the planarized sample the mask adhesion seems 

to be promoted, also the shape of the mask is improved. 

For these tests 200 nm Al, and 5 nm Ti and 200 nm Au, respectively, were used as mask materials on different 

thick planarized NCD samples. After the lift off process, no visible differences could be spotted between the 

samples (Fig. 3.50). The masks were shaped round without any inhomogeneities or other salience. 

  

Figure 3.50: 200 nm Al mask (left) and 200 nm Au mask (right) on the thick planarized NCD samples 

 

The standard NCD recipe was applied for the dry etching step in the ICP-Cl and monitored via laser interferometry 

until the substrate was reached. As in every step, an additional minute of etching was implemented to avoid grass 

on the substrate surface. 

The results of the Al mask showed only a slightly tapered end of the 200 nm pillars (Fig. 3.51). Also, there was still 

a top facet visible indicating that the mask is still intact. Full mask erosion took place for the 50 nm pillars, but the 

bottom part of the pillars was still perpendicular. Due to the columnar growth and the fact that sp2 carbon is 
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etched away easier one cannot exclude a breaking down of the pillars. It also has to be noted that the substrate 

shows certain structure and inhomogeneities which were not observed in experiments before. 

  

Figure 3.51: SEM images of 200 and 50 nm pillars fabricated from a thick planarized NCD film (DHF100plan) 
with Al mask 

 

The test with a planarized sample and Au mask revealed similar results (Fig. 3.52). The 200 nm pillars have smooth 

and perpendicular sidewalls, but it is not clear from the SEM images whether there is still a top facet or not. If not, 

breaking down may occurred here as well. Observations are valid for the 50 nm pillars. The only essential 

difference from the experiment with the Al mask is the smooth and featureless Si substrate between the pillars. 

  

Figure 3.52: SEM images of the 200 and 50 nm pillars fabricated from a thick planarized NCD film 
(DHF100plan) with Au mask 

 

Both mask types (Al and Au) on the planarized NCD samples led to a reduction of the conical shape for smaller 

pillar diameters. All pillars had smooth and vertical sidewalls. The diameters of the resulting pillars are slightly 

larger than defined by EBL, but this problem can be solved by intense lithography studies. 
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3.4.2 INFLUENCE OF PROCESS PARAMETERS ON STRUCTURE APPEARANCE 

It is commonly known that parameters like pressure, gas flow and combination of process gases affect the dry 

etching result immensely. The influence of certain parameters to the etching of nanocrystalline diamond has been 

studied for our samples before [137]. One parameter that was not tested was the table height and thus the 

position of the sample in the plasma. For this, ridge structures were defined into diamond applying conventional 

photolithography. One reason for this strategy is the fact that it is easier to see certain etch effects better on larger 

structures, the other reason is the time component. Nevertheless, the results gained here should be applied to 

smaller structures to complete the whole investigation.  

After cleaning with acetone and isopropyl alcohol the samples were dried for 10 min at 120 °C on a hot plate. 

Photolithography was performed applying the adhesion agent Ti-Prime (Microchemicals) and a negative 

photoresist, namely AZ nLOF 2070/AZ EBR 4:3 (Microchemicals), by spin coating the samples for 20 s at 3000 rpm 

and 40 s at 6000 rpm, respectively. The pre-exposure bake was performed for 5 min at 100 °C. Exposure was 

performed through a quartz glass mask using a Karl Süss MA 4 mask aligner (365 nm exposure wavelength) for 

14.5 s in hard contact mode. The quartz glass mask had designs for ridges with 1 µm width and 50 µm distance 

between the ridges. The post-exposure bake was performed for 1 min at 110 °C. After that, the samples were 

developed for 20 s in AZ 826 (Microchemicals), cleaned with water and dried in nitrogen flow. To get rid of any 

residual resist in the developed areas the samples were placed in an oxygen-asher (TePla 200G) for 1 min with a 

power of 100 W. This step ensures the success of the lift off process.  

For the experiments 5 nm Ti and 200 nm Au were used as mask material and deposited on the sample after 

photolithography and oxygen-asher treatment. As a reference the first sample was etched in the ICP-Cl with the 

standard NCD recipe, the process was monitored using the endpoint detection. The etch rate was determined to 

be 120 nm/min which is slightly lower than usual. At the beginning of the etching process the plasma needs a 

certain time to stabilize which might have been the reason for the reduced etch rate. Nevertheless, it is still in the 

range of the usual etch rate. In Fig. 3.53 a SEM image of the resulting ridge is shown. The sidewalls appear smooth 

but are not straight at the bottom. Also, the mask shows holes after the etching process. This might be caused by 

dirt on the quartz mask or partly improper adhesion of the mask on the NCD surface. 

 

Figure 3.53: SEM image of an etched ridge applying the NCD recipe. This sample served as reference. 
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The second recipe tested was the NCD recipe, but with 50 mm table height instead of the default 20 mm. The 

results are depicted in the SEM image in Fig. 3.54. Thus, working distance between the sample surface and the 

plasma was reduced. Because a plasma does not exhibit a discrete boundary no absolute values regarding the 

working distance are given here. With the table height of 50 mm the sample is deeply located inside the plasma 

ball. The measured etch rate was 160 nm/min which is slightly higher than the usual one. The facets of the mask 

casted from the NCD facets appear smoother, but the mask is still visible and without any damage. The sidewalls 

are perpendicular, but with small columnar and rough features at the bottom. However, the edges of the ridges 

emerged also not parallel which might be due to problems during lithography like improper alignment of the mask. 

 

Figure 3.54: SEM image of an etched ridge applying the NCD recipe with 50 mm table height 

 

The experiment was planned to be tested also with 10 and 80 mm table height, but the plasma did not ignite. As 

the chuck with the sample also changes the dynamics of the plasma this might be a reason for the failure. Further 

investigations regarding the plasma parameters themselves might solve this problem and could enable the 

investigations in these directions. 

As last experimental etching recipe 2 sccm SF6 were added to the NCD recipe. The dry etching was performed in 

the ICP-F, so no endpoint control was possible. Short etch times were applied until the substrate was reached and 

left blank between the ridges after 3 min. The structures depicted in the SEM image in Fig. 3.55 also exhibits holes 

in the mask material as already observed for the reference sample in Fig. 3.53. The sidewalls of the ridge seem to 

be very smooth, without any features or defects. But since the plasma contained fluorine the Si substrate is 

affected and etched as well [277]. 
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Figure 3.55: SEM image of an etched ridge applying the NCD recipe with 2 sccm SF6 (etched in the ICP-F) 

 

As there are already some results on different etching recipes tested on NCD pillars the experiment applying 80°C 

during the NCD etching recipe was tested with a pillar design (Ti/Au mask) and not with ridges. The results show 

a slower etch rate and rougher sidewalls on the pillars. Also, etching for 10 min was not sufficient to etch to the 

substrate. As can be seen from SEM images after the etching process (Fig. 3.56) the Au mask seems to corrode 

easier resulting in low quality pillars. The pillars with 50 nm diameter are hard to distinguish from potential etch 

defects in the diamond surface. 

 

1000 nm 

 

500 nm 

 

200 nm 

 

100 nm 

 

50 nm 

Figure 3.56:  SEM images of the NCD etching results performed at 80°C 

 

Further investigations on these preliminary tests, especially for smaller structures like the pillars are necessary to 

prevent a breakoff of the pillars. Also an intense investigation of different mask materials, especially for the smaller 

structures, is recommended.  
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3.4.3  MONOCRYSTALLINE DIAMOND PILLARS 

Etching monocrystalline diamond does not differ much from etching nanocrystalline diamond. Since no grain 

boundaries are present the etch rate is slower. The endpoint detection is hardly applicable because there is no 

substrate that indicates the end of structuring. Since the diamond is transparent the obtained etching rates from 

the laser interferometer are quite imprecise and the etch rate can only be assumed. Another phenomenon that 

can be observed especially during the etching of monocrystalline diamond is the appearance of trenches at the 

bottom of the structures (Fig. 3.57). 

 

Figure 3.57: Schematic image for trenching during monocrystalline diamond dry etching (Reprinted with 
permission from [142]. © 2014, Elsevier) 

 

Widmann et al. performed simulations indicating that pillars with 195 nm diameter fit best for optimal intensity 

towards an objective lens. There, approx. 45% of the overall intensity is guided backwards through the pillar. They 

also found that a tapered angle of only 1° already causes 25% loss in intensity. 10° however cause 28% which is no 

big difference compared to the loss caused by 1°. Additionally, slightly tapered nanopillars could provide benefits 

regarding mechanical stability [142]. 

The first monocrystalline diamond samples processed in this work, an Ib sample (named bulkNV), and a δ-doped 

(δNV) sample, were provided by the Institute of Quantum Optics, University of Ulm. The goal was to produce pillars 

of different diameters from these samples. 

As gold was already established as mask material for NCD structuring efforts were made to transfer this technology 

on monocrystalline diamond. One obstacle was the uneven and bumpy surface caused by the δ-doping of sample 

δNV (Fig. 3.58, left). The unevenness from the surface partially affected the deposited mask (Fig. 3.58, right). 
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Figure 3.58: The uneven and facetted surface of the δ-doped Ib sample (left SEM image) also affects  
the mask deposition (right SEM image) 

 

Although the sample was covered with larger crystallites there was enough smooth space to fabricate arrays of 

pillars, even if some parts of the mask were deposited on the larger surface crystallites (Fig. 3.59). The mask on 

the larger crystallites appeared distorted. 

  

Figure 3.59: Exemplary SEM image for the 1000 nm and 500 nm Au mask on the δ-doped sample 

 

After ICP etching for 4 min (NCD recipe) small pillars with a conical shape were established. A certain amount of 

grass could also be observed on the sample surface as well as some pillars located on the larger surface crystallites 

(Fig. 3.60). The origin of the grass could be due to defects already present prior the etching step or redeposition 

of mask material.  
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Figure 3.60: SEM images of the final structures of the δ-doped sample with 500 and 200 nm diameter 

 

BulkNV was meant to be structured in the same way, but large parts of the mask delaminated during the lift off 

process. A thinner resist and an Ar ion gun treatment in the Balzers BAK 600 system prior to mask deposition also 

were not adequate. After removal of any residual Au mask 250 nm SiO2 were deposited in the Balzers BAK 600 

system. Prior to deposition a 2 min treatment with the Ar ion gun was performed to promote adhesion of the 

mask. After EBL the mask was structured in the ICP-F system applying the recipes “SiO2 castor RIE” for 9.5 min and 

a “descum” step for 1 min (see Appendix C). The mask was well developed and visible in the SEM down to 500 nm 

(Fig. 3.61). Images of smaller mask diameters were not possible due to surface charging of the sample and the bad 

contrast between SiO2 and the diamond surface. 

  

Figure 3.61: 1000 and 500 nm SiO2 mask on Ib (“bulkNV”) diamond 

 

The sample was etched for 4 min in the ICP-Cl with the NCD recipe. After mask removal the subsequent SEM 

evaluation revealed some minor EBL writing errors (Fig. 3.62, marker structure) and a surface with lots of smaller 

etch defects in the form of small pits. The 1000 and 500 nm pillars had smooth and perpendicular sidewalls. This 

applies also for the 200 nm pillars but some pillars were missing in the arrays. 
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Figure 3.62: SEM images of the resulting structures of the “bulkNV” diamond using SiO2 as a hard mask 
 

For the smaller diameters of 100 nm and 50 nm the pillars were hard to be found. One possibility is the absence 

of these small structures, possibly caused by mask erosion. On the other hand, these small diameters are of the 

size of the etching defects, namely grass or also small hollows or pits. An example is shown in Fig. 3.63 where it is 

uncertain whether it is a 100 nm pillar or grass from the etching process (red circle). 

 

Figure 3.63: The red circle in the SEM image marks a structure that could whether be a 100 nm pillar or an 
etch defect on the monocrystalline diamond surface 
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For the monocrystalline diamond sample UU275 (also provided by our partners at University of Ulm) the first 

attempt with 200 nm Au as mask material for pillars failed as can be seen in Fig. 3.64. At the edges of the marker 

structures the mask begins to delaminate. Also, parts of the mask were already missing for the largest pillar 

diameters. To avoid an unsuccessful structuring process the mask was removed. 

  

Figure 3.64: Partly delaminated Au mask clearly visible at the marker structures (left) and in the array of 
1000 nm pillars (right) 

 

For a second attempt a thinner resist (ARP 672.03, spin coated for 40s @4000 rpm, see also Appendix B) was 

applied for a more evenly spreading and less edge beads on the small sample. After EBL writing and subsequent 

development, 5 nm of Ti and 75 nm of Au were deposited. Assuming a selectivity of approx. 50:1 [229] this should 

be sufficient for the fabrication of 500-700 nm high pillars. After the lift off SEM images revealed the good quality 

of the mask and its presence with diameters down to 100 nm. The mask for the 200 nm pillars is exemplarily shown 

in Fig. 3.65.  

 

Figure 3.65: The 75 nm thick Au mask was visible und fully developed as revealed by the SEM image of the 
mask of 200 nm pillars 

 

Because of the thin Au mask, the etch time was first reduced to 2 min. After this time, the mask still looked fine 

and so it did after 3 min. The total etch time was 6 min. As can be seen from Fig. 3.66 the sidewalls appeared quite 

smooth and perpendicular, but for smaller diameters like 200 nm the pillars became conical again. Also, some etch 

pits and defects appeared between the pillars. 
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Figure 3.66: 1000 nm (left) and 200 nm (right) pillars after 6 min etch time 

 

Because the Ti/Au mask system tends to fail quite often and a SiO2 mask requires an additional etching step, hence 

is more time consuming, aluminum was tested as a new mask material for monocrystalline diamond. 

For the fabrication of diamond nanopillars from the implanted sample UU331 (Chapter 1.2.4) circles from 1000 nm 

down to 50 nm were defined by EBL first. After development of the resist, a 200 nm aluminum layer was deposited 

on the sample without any adhesion layer. The lift off was performed using NMP and the final mask controlled in 

the SEM (Fig. 3.67). In comparison to the Au mask the contrast is smaller between the Al mask and the diamond. 

Nevertheless, the mask was found easily with SEM and all diameters down to 50 nm were present. 
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Figure 3.67:  SEM images of the Al mask for the 
fabrication of 1000, 500, 200, 100 and 
50 nm pillars 

 

The desired height of the pillars was 750-1000 nm hence the etching step was performed for 8.5 min assuming an 

etch rate of 100 nm/min as determined in earlier experiments. The results of the dry etching step and the 

subsequent mask removal is depicted in Fig. 3.68-3.72. A remarkable observation from these images is that the 

surface defects between the pillars seem to decrease with decreasing pillar diameter. There are not only etch 

defects, but also grass around the 1000 nm pillars, for the 500 nm pillars there seem to be only a few etch defects 

without grass and for all smaller diameters only a minor amount of etch defects was observed.  

The 1000 nm pillars (Fig. 3.68) were of good quality with smooth sidewalls and almost no conical shape at the top 

of the pillar. The typical etch trenches are also visible at the bottom of the pillars. In Fig. 3.68 (right) an etch defect 

is shown in form of a smaller pillar. This kind of etch defects might stem from a lower quality substrate or 

redeposition of the mask material. 
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Figure 3.68: Array of pillars (left) and single pillar (right) of 1 µm diameter fabricated with an Al mask 

 

This statement is also applicable for the 500 nm pillars (Fig. 3.69). The only difference here was the slightly more 

conical shape of the pillars. The etch defects in this case appear mainly as small holes. 

  

Figure 3.69: Array of pillars (left) and a single pillar (right) of 500 nm diameter fabricated with an Al mask 
(Reprinted with permission from [58]. © 2018, Springer Nature) 

 

The 200 nm and 100 nm pillars showed a conical shape at the upper part of the pillar (Figs. 3.70 and 3.71). The 

bottom part still had perpendicular sidewalls. Also, the masks seem to be corroded in both cases as the pillar 

height seems to be smaller than for the 1000 nm and 500 nm pillars. This is especially the case for the 100 nm 

pillar. The blurriness of the image taken from a single 100 nm pillar stems from surface charging. For both 

diameters almost no etch defects between the pillars were visible. 

The question is, why for smaller pillar diameters the etch defects in form of grass or holes are less prominent. A 

possible explanation for this observation could be derived from the amount of mask material. Smaller pillars are 

defined with a smaller amount of mask material. Thus, less mask material leads to a reduction of possible 

redeposition and this however to less grass and defects. 
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Figure 3.70: Array of pillars (left) and a single pillar (right) of 200 nm diameter fabricated with an Al mask 

 

  

Figure 3.71: Array of pillars (left) and a single pillar (right) of 100 nm diameter fabricated with an Al mask 

 

The 50 nm pillars shown in the SEM image in Fig. 3.72 were clearly shortened, but not as conical as expected. The 

pillars still got smooth and perpendicular sidewalls with no defects. Each pillar sits in the middle of the 

characteristic etch trench. But in comparison with earlier monocrystalline diamond samples the pillars were 

present and had a noticeable height. Furthermore, there was no grass for which they could be mistaken. 

  

Figure 3.72: Array of pillars (left) and a single pillar (right) of 50 nm diameter fabricated with an Al mask 
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The application of aluminum as mask material was also used to define pillars on the “Dummy 2” sample (Fig. 3.73) 

which was later used in the partly covered overgrowth process (Chapter 2.6.3). Because of the good selectivity the 

mask thickness was reduced to 100 nm Al. With a total etch time of 10 min all pillars were well developed after 

the dry etching step (Fig. 3.73, right). Even the 50 nm pillars were distinguishable from the quite present surface 

defects (Fig. 3.74).  

  

Figure 3.73: Exemplarily Al mask for the 500 nm diameter pillars (left) and final array of pillars with 1000 nm 
diameter (right) (Reprinted with permission from [58]. © 2018, Springer Nature) 

 

 

Figure 3.74: SEM image of the 50 nm pillars and the marker structures. Blurriness is due to surface charging.  

 

The inconsistencies in the mask adhesion on monocrystalline diamond samples might also be caused by sample 

size and the used e-beam resist, or to be more precise, its viscosity. The handling of such samples is quite difficult 

as their size is comparable with the size of the hole in the vacuum chuck of the spin coater and is hard to fix it on 

the sample holder in the eLine (clamps). Also, during EBL writing, the sample charges a lot, and this also affects 

directly the results. If the focus is not properly adjusted the resist might not be fully exposed leading to 

delamination of the mask during the lift off. 

To overcome the first problem of the sample size, the samples were glued on a piece of silicon for better handling. 

As glue an ebeam resist was used and hard baked. With this procedure spin coating and EBL writing were easier 

to handle. Experiments were made for eccentric placement of the sample on the spin coater to reduce the edge 

bead at least on one side but placing it in the center led to better results. Also, the gluing of the sample to a piece 
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of Si seems to positively influence the edge bead formation. From all the masks tested, aluminum seems to be the 

best choice. In combination with gluing the sample on a piece of Si, good results regarding monocrystalline 

diamond pillars were possible. 

 

3.5 DIAMOND PHOTONIC CRYSTALS 

Efforts were made to fabricate photonic crystal slabs from NCD films deposited on Si with an SiO2 interlayer as 

sacrificial layer. Lithographic and etching techniques as described in the previous chapters were applied. The 

development of a general etching recipe, simulations to fit the emission of SiV and NV centers as well as the 

adjustment of the parameters and experiments on planarized NCD surfaces were performed. This also included 

tests of hard mask materials and dose variations in EBL. 

 

3.5.1 NANOCRYSTALLINE DIAMOND PHOTONIC CRYSTALS 

First, it was studied if the NCD etching recipe is also applicable for the fabrication of holes since the etch behavior 

can be different in small spaces, because of the so called aspect ratio dependent etching (ARDE) which occurs in 

all etching processes [278, 279]. Since this effect mainly appears in higher pressure regimes no problems were 

expected transferring the NCD etching recipe for the fabrication of diamond pillars to the fabrication of diamond 

photonic crystals. An older fabrication process with 250 nm SiO2 as mask material and a different, thicker resist 

(ARP 617.06) was discarded since the selectivity for SiO2 against diamond is high enough to switch to a thinner 

SiO2 mask and to a thinner e-beam resist which provides a better resolution. For the very first tests an as-grown 

NCD film (thickness ca. 700 nm, determined by SEM cross section) on a SiO2 sacrificial layer was covered with 

150 nm SiO2 as mask. The EBL was performed using ARP 672.03 (see Appendix B). Due to the rough surface of NCD 

films, scattering of electrons is intensified during the EBL process. Additionally, the roughness and film thickness 

differed slightly from sample to sample. To avoid dissatisfying results most designs were written with different 

exposure doses, based on a basis dose, that is multiplied with a dose factor D. 

The photonic crystal design consisted of a triangular lattice of holes with missing holes in the middle of the design 

(L3 cavity, see also Appendix F). For etch tests, the hole diameter and period were already adjusted to the 

simulations described in Chapter 3.5.2, but not the slab thickness. The results of the EBL are exemplarily shown in 

Fig. 3.75. 
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Figure 3.75: SEM control of the mask consisting of ARP 672.03 for the structuring of the underlying  
SiO2 mask (DHF102-2) 

 

The structuring of the mask was performed using the ICP-F set up and the recipe “SiO2 with CHF3/O2, PC process” 

(Appendix C) for 10 min. Afterwards the mask was controlled in SEM (Fig. 3.76). The SEM image (distorted by 

charging of the sample) shows the SiO2 mask for a photonic crystal with a L3 cavity. The holes appear darker 

because of the underlying diamond. Also, some unevenness can be spotted due to the diamond crystallites. 

 

Figure 3.76: SEM image of a 150 nm SiO2 mask for the fabrication of NCD photonic crystals with L3 cavity 

 

After mask structuring the sample was placed in the ICP-Cl and the NCD layer was etched in small steps for a total 

time of 4.5 min. The etching process was monitored via SEM until the sacrificial SiO2 layer beneath the NCD was 

reached. This is indicated in SEM once the air holes appear very dark and featureless (Fig. 3.77). 
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Figure 3.77: SEM image of an etched PhC structure in NCD (top view) 

 

The sacrificial layer was removed by wet chemical etching (Chapter 3.1.4.). By cutting a trench into the photonic 

crystal structure applying FIB, it could clearly be seen that the sacrificial layer was removed successfully (Fig. 3.78). 

Also, the etched air cylinders (holes) had perpendicular and smooth sidewalls. Due to the surface roughness of the 

as-grown NCD the holes appeared a bit uneven as seen on the sample surface. 

 

Figure 3.78: SEM image of the FIB cut of the as-grown NCD photonic crystal slab suspended in air 

 

The thickness of the NCD slab with the photonic crystal cavity determined by FIB was around 560 nm (Fig. 3.79). 

The difference to the initially measured thickness is due to thickness variations caused by growth. Using a 

deposition set up that provides substrate rotation could solve the problem of the large variation in the layer 

thickness. 
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Figure 3.79: SEM image of a marker structure and measurement of the NCD thickness and gap height 

 

When the same structuring process is performed with a maskless etched NCD layer (Chapter 3.3, 1 min with the 

NCD recipe) the results are similar at first sight. Taking a closer look, the SEM image revealed that the holes are 

not that well developed, and some are coalesced. In Fig. 3.80 the uneven surface is clearly visible, even if there 

are only a few sharp crystallites visible outside the structure. But it has to be mentioned that also here, the holes 

were fully etched down to the sacrificial layer and had smooth and perpendicular sidewalls. The SiO2 sacrificial 

layer was not fully etched as the gap between silicon and NCD is quite narrow. 

 

Figure 3.80: SEM image of the FIB cut of the maskless etched NCD photonic crystal slab suspended in air. 
Note that the holes have a minor quality and some coalesced 

 

In general, it was shown that the developed technological steps can be used for the fabrication of nanocrystalline 

diamond photonic crystal slabs and might also be transferable to the fabrication of photonic crystals made of thin 

monocrystalline diamond membranes. 
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3.5.2 SIMULATION OF PHOTONIC CRYSTAL PARAMETERS 

Simulations for the diamond photonic crystals have been contributed by the Dept. of Computational Electronics 

and Photonics (CEP), University of Kassel. The simulations were performed for different cavity designs and both 

color centers (NV and SiV) using the finite element method (FEM) [280–282]. A triangular lattice of air cylinders 

(n = 1) in diamond (n = 2.4) served as basis for all calculations. The goal of the simulation was to find parameters 

for the hole diameter, slab width and pitch (period) where the coupling of the cavity to the color center emission 

is enabled and thus lead to a spontaneous emission enhancement (Purcell factor, β). This is the case, if β > n. For 

the simulations, two different defect designs were chosen: L1 (one missing hole) and L3 (three missing holes in a 

line). The cavity modes are in plane (TE) polarized. 

First, TE photonic band gaps for the emission wavelengths of the NV and SiV centers (637 and 737 nm) were 

determined (see respectively Fig. 3.81). The band gaps were calculated with a given slab thickness of 250 nm and 

varying hole diameter and pitch. There is an area where photonic band gaps exist for both, the NV and SiV emission 

wavelengths (Fig. 3.81, yellow).  

 

Figure 3.81: Simulations of the TE bandgap for both the NV and SiV center emission wavelengths with 
varying hole diameters and pitches (periods). Red area indicates a band gap for λ = 637 nm, 
green for λ = 737 nm and yellow for both wavelengths (courtesy of F. Römer, CEP) 

 

3.5.2.1 SIMULATION FOR L3 CAVITY 

In Fig. 3.82 the calculated modes for NV and respectively SiV centers are shown. For each emission wavelength 

three TE modes (H1, H2 and V1) exist inside the band gap. The markers show the relation of hole diameter and 

pitch for the resonances at the corresponding emission wavelength. The insets show the cavity with the calculated 

E-field while the mode polarization is indicated by the orange arrow. 
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Figure 3.82: Calculated TE modes inside the band gap window for NV (left) and SiV (right) emission 
wavelength (courtesy of F. Römer, CEP) 

 

The maximum Purcell factor β as well as the quality factor Q were calculated (Fig. 3.83). For the Purcell factor of 

the NV center emission wavelength (λ = 637 nm) near the photonic band edge, the mode penetrates deep into 

the photonic crystal and the high mode volume reduces β. The Purcell factor β of the modes with horizontal 

polarization is generally lower, because of the higher mode volume. Regarding the Purcell factor for the SiV center 

(λ = 737 nm) the situation is similar. A high value for the Purcell factor β only exists for one condition where the Q 

factor is also high.  

  

Figure 3.83: Q factor and maximum Purcell factor β for the different TE modes for an L3 cavity from 

Fig. 3.82; left: NV center, right: SiV center (courtesy of F. Römer, CEP) 

 

The Purcell factor β in dependency of the wavelength is depicted in Fig. 3.84 exemplarily for the NV center 

simulations.  
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Figure 3.84: The Purcell factor β in dependency of the wavelength for the NV center simulations for an 
emitter in the L3 cavity (courtesy of F. Römer, CEP) 

 

For fabrication considerations the sensitivity has also been calculated. The sensitivity explains the shift of the 

resonance wavelength λ with changing hole diameter D. For the L3 cavity the sensitivity for the V1 mode is dλ/dD = 

-1.6 and for the H1 mode dλ/dD = -1.1. 

 

3.5.2.2 SIMULATION FOR L1 CAVITY 

For the simulations of a L1 cavity there is one degenerate TE mode in the corresponding band gap window for 

each color center. The horizontal and vertical polarizations have the same resonance. The vertical polarization 

mode is like the vertical polarization mode for the L3 cavity (Fig. 3.85, left). 

  

Figure 3.85: Left: Degenerate TE mode in the NV and SiV band gaps. The inset shows the horizontal and 
vertical polarization. Right: Q factor and maximum Purcell factor β for the different TE modes 
for an L1 cavity; red: SiV center, blue: NV center (courtesy of F. Römer, CEP) 

 

The maximum Purcell factor β as well as the quality factor Q were calculated for the L1 cavity (Fig. 3.85, right). The 

results here are similar to the results for the V1 mode from the L3 cavity. For both wavelengths, a high value for 

the Purcell factor β only exists for one condition where the Q factor is also high.  

Fig. 3.86 depicts the Purcell factor β in dependency of the wavelength near the NV center.  
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Figure 3.86: The Purcell factor β in dependency of the wavelength for the NV center simulations for an 
emitter in the center of an L1 cavity (courtesy of F. Römer, CEP) 

 

The parameters simulated here are still not consummate but served as a good starting point and compromise for 

further fabrication tests. Minor changes in the design are easy to handle and there is no change expected regarding 

the etching behavior. 

 

3.5.3 PROCESS OPTIMIZATION OF NCD PHOTONIC CRYSTAL FABRICATION 

For the adjustment of the photonic crystal properties according to the simulations the films need to be thinned 

down to a thickness of about 250 nm. The planarization process described in Chapter 3.3 does not only smooth 

the surface for a reduced scattering at the surface crystallites, but also offers material removal to get the desired 

slab width. A SEM image of the smoothened surface and the reduced film thickness are shown in the SEM images 

in Fig. 3.87. 

  

Figure 3.87: SEM image of the smooth surface (left) and reduced thickness (right) of a planarized NCD film 
on 2 µm SiO2 
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3.5.3.1 HARD MASK CHOICE  

The photonic crystal structures were written multiple times on the same sample to obtain a good yield. 

Additionally to that, a dose variation was applied to study the influence of the dose on the resulting structures and 

to compensate differences in focusing. 

First, the adjusted parameters were tested with a 150 nm SiO2 mask and a dose variation. As slight mask erosion 

occurred on some samples, especially at the bridges connecting the holes, aluminum was considered as mask 

material since it provides good adhesion and proper selectivity against the etching process as demonstrated in the 

fabrication of diamond pillars. The task here was to develop a dry etching recipe to transfer the pattern into the 

metal with dry etching techniques since a lift off process was not applicable in this case. An Al etching recipe was 

first tested on a NCD sample deposited with 100 nm Al that was partly covered with a piece of Si. As starting point 

already available AlGaAs dry etching recipes were used (Appendix C). The etch test was performed in the ICP-Cl 

and monitored via the endpoint detection. As a first step 2 min were etched, as the signal from the laser 

interferometer was not clear. Because Al was still visible with the bare eye the sample was etched one additional 

minute resulting in a fully etched Al layer. Thus, the estimated etch rate for this recipe was 33 nm/min. For the 

structuring of photonic crystals 150 nm Al were applied.  

 

3.5.3.2 SIO2 HARD MASK  

A dose variation ranging from 110 µC/cm2 to 50 µC/cm2 was carried out on 150 nm SiO2 as mask material on NCD 

(Fig. 3.88). From this, the best dose for the mask fabrication should be determined. 

 

Figure 3.88: Planarized NCD on SiO2 sacrificial layer coated with 150 nm SiO2 as hard mask (Reprinted with 
permission from [58]. © 2018, Springer Nature) 

 

After structuring the mask material applying dry etching (see Appendix C for recipe) the results of the different 

dose variations were evaluated. Corresponding SEM images are shown in Fig. 3.89. 
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Figure 3.89:  Influence of the 
exposure dose on the 
etched SiO2 mask  

 

As can be seen from the SEM images of the dose variation for the structuring of the SiO2 mask the dose has an 

influence on mask development, shape, and hole diameter. The highest dose resulted in holes with a diameter of 

approx. 180 nm by intentional 230 nm. No inner and outer rims around the holes were visible indicating smooth 

sidewalls. The opposite is the case for the lowest dose. Here, inner and outer rims were observable, as well as 

partly unetched holes in the middle. Measuring the inner rim, the holes had a diameter of approx. 140 nm. A 

medium dose of 80 µC/cm2 still exhibited smooth sidewalls, but also a reduced hole diameter of about 170 nm. 

Also, different dry etching recipes were tested for the structuring of the mask with a fixed dose for better 

comparability (general dose 70 µC/cm2, dose factor D = 2.142). The application of an etching recipe using CHF3 
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and O2 as reactive species (“PC process”, Appendix C) delivered the best results. The “PC, alternative” recipe is 

basically the same as the PC process dry etching recipe, but with halved gas flows. Also, the combination of CHF3 

with Ar and an additional descum step with additional SF6 resulted in smooth sidewalls (“SiO2 Castor RIE + 

descum”, see Appendix C) [271]. 

    

PC process PC process, alternative SiO2 Castor RIE SiO2 Castor RIE + descum 

Figure 3.90: SEM images for the comparison of the influence of different etching recipes for SiO2 

mask structuring [271] 

 

The etch times for the different recipes applied varies because of the gas combination. In the SEM images in 

Fig. 3.90 there are not only variations of the quality of the structured mask, but also in the hole diameters.  

 

3.5.3.3 ALUMINUM HARD MASK  

Because of partly erosion of the SiO2 mask and results from preliminary tests regarding the etch selectivity 150 nm 

Al were considered as possible mask material for the fabrication of diamond photonic crystals. After EBL on a 

planarized sample (DHF131plan) with different doses (D1-D4, 65-110 µC/cm2) the mask was structured for 3 min 

using the AlGaAs recipe in Appendix C. The larger marker structures still seemed to be not fully etched, thus an 

additional etch step of 30 s was applied (Fig. 3.91). After this step the marker structures appeared to be fully 

etched. A closer look to the holes after 3.5 min revealed that some material seemed to be still inside the holes 

(Fig. 3.92). Because of the bad contrast between diamond and Al in the SEM it was assumed that the holes, like 

the marker structures, were fully etched after 3.5 min. The features spotted in the holes might be resist or due to 

redeposition of mask material.  
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Figure 3.91: First attempt to use Al as mask material. Left: after 3 min of structuring, right: after 3.5 min 

 

 

Figure 3.92: SEM image of the Al mask of a photonic crystal cavity after 3.5 min of structuring with the 
AlGaAs dry etching recipe. Some holes exhibit inside a feature of unknown origin. 

 

Because of the larger film thickness of the used sample (DHF131plan, approx. 550 nm) the NCD etch time was set 

to 4.5 min. After this, the results were evaluated via SEM (Fig. 3.93). Apart from some smaller grass-like features 

the marker structures seemed fully etched. This is obviously not the case for the photonic crystal structures. The 

appearance of the different doses varies a lot, but none of them resulted in good quality structures. Exemplarily 

three doses will be discussed. For the first dose, D1, most of the air holes were etched, but they are strongly 

deformed and inhomogeneous in size. Also, the symmetric arrangement of the holes is lost in the middle of the 

structure. The cavity is not visible anymore, as there are some areas where also some holes are missing. For the 

second dose, D3, the mask seemed to be fully destroyed during the etching process. One can still guess where the 

mask might have been and also the L3 cavity is still visible, but the NCD is demolished. The corrosion of the mask 

might also be caused due to overexposure of the resist. For the third dose, D4 the resist seemed to be 

underexposed as only a small fraction of holes is visible. Here, the same observations could be made as for D1: 

The holes are unshaped and not round anymore, they also show a certain size distribution, but are in general 

smaller than those fabricated with D1. 
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Figure 3.93: SEM images of the etched NCD photonic crystals using an Al mask for the fabrication process 

 

As the structures were of bad quality and the results were not as expected the mask removal was relinquished. 

Because of these results the option using Al as mask material for the fabrication of diamond photonic crystals was 

not further pursued. In later experiments carried out by Master student Julia Heupel, the problem of heavy mask 

erosion during etching could be overcome by depositing SiO2 in the Balzers BAK 600 system with a 2 min Ar ion 

gun step prior to the deposition step to avoid delamination of the mask during the etching processes. Additionally, 

mask adhesion seems to be promoted when the NCD structuring step is carried out in the ICP-F system instead of 

the ICP-Cl system. 

 

3.5.4 OPTIMIZED FABRICATION PROCESS 

The working process with the best results for the fabrication of nanocrystalline diamond photonic crystal slabs 

was achieved with a 150 nm SiO2 mask on planarized NCD samples. The structuring of the mask was performed 

using AZ 672.03 resist applying “PC process” as etching recipe for 10 min which resulted in smooth and round 

shaped holes in the mask. There, still a dependency of the dose applied in EBL can be seen after the NCD etching 

(Fig. 3.94). With the highest dose factor the holes still turned out smaller than defined in EBL and then required 
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from the simulation. From SEM images taken in the FIB the diameters of the air cylinders can be measured from 

the top view. The diameters were slightly smaller than defined by EBL and varied e.g. from 183 nm for a dose 

factor of D = 1.723 to 205 nm for a dose factor of D = 2.669. 

  

 

1.386D 

 

2.669D 

Figure 3.94: SEM image revealing the influence of the dose factor on the hole diameter. Left: 1.386D results 
in a hole diameter of 175 nm. Right: A dose factor of D = 2.669 results in a hole diameter of 
205 nm [271] 

 

The FIB cuts of the best matching structures (fabricated with the dose factor of D = 2.669) showed a very smooth 

NCD surface. Also, the air cylinders were smooth with a sidewall angle of 89.4° which is almost perfectly 

perpendicular (Fig. 3.95). The undercut established by wet chemical etching resulted in a gap of only approx. 

185 nm which is due to short application. Nevertheless, the NCD photonic crystal slab was suspended in air. 

 

Figure 3.95: FIB cut of the structure fabricated with a dose factor of D = 2.669 [271] 

 

The samples produced here were sent to partners for optical characterization. Although they do not contain any 

color centers yet the location of the modes and the results in comparison with the simulations were of peculiar 

interest. 
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4 OPTICAL CHARACTERIZATION 

 

 

As already discussed in Chapter 1 diamond nanostructures can enhance the light emission of a color center in 

diamond. This Chapter presents the optical characterization methods and results for the characterization of the 

incorporated color centers in this work. Most color centers are vibronic centers, where interactions between 

vibrational and electronic transitions take place. The radiation due to the transition from the excited to the ground 

state of a defect center whose levels lay inside the diamond band gap is called luminescence. To put a defect into 

its excited state it is necessary to pump energy into the system (excitation). If the excitation from the ground to 

the excited state is performed with laser light, this phenomenon is called photo-luminescence (PL). Detecting the 

emitted light via photoluminescence spectroscopy allows to analyze these optically active defects by recording 

their optical spectra in a broad wavelength range. The resulting optical spectra can be explained in a simple way 

using the configuration coordinate diagram as depicted in Fig. 4.1. 

 

Figure 4.1: One dimensional configuration coordinate diagram showing the ground and excited electronic 
states with their vibrational sublevels. Absorption, emission and ZPL transitions are indicated 
by bold arrows. After [283] 

 

At low temperatures, only the lowest vibronic state m = 0 of the ground state is populated. When absorbing a 

photon, a transition from the ground state takes place to the n-th level of the excited state resulting in an 

absorption spectrum with peaks at E = E0 + nħω with E0 as energy difference between the ground and excited state 

and ω as phonon frequency. The most probable, so called Franck-Condon, transition is a vertical one as indicated 

by a green arrow in Fig. 4.1, with S as Huang-Rhys factor, as a measure of the strength of the electron-phonon 

coupling. The defect center can then relax to n = 0 (pink wavy arrow) by emission of S phonons (non-radiative 
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transitions, lattice vibrations). The decay back to the ground state (red arrow) takes place under emission of a 

photon and another S phonons [283]. 

The zero-phonon line (ZPL, blue arrow in Fig. 4.1) is a purely electronic transition between the levels m = 0 and 

n = 0. Since no phonons are involved, it often appears as sharp peak in the spectrum compared to the phonon side 

bands. The ZPL appears weak, compared to the phonon side bands, at high temperatures or if the electron-phonon 

coupling is strong [283]. 

The spectral shapes of these electron-phonon transitions are unique for each color center and can be used for its 

identification. Exemplarily the photoluminescence spectra of the NV and SiV center are shown in Fig. 4.2 showing 

clearly different signatures. 

 

Figure 4.2: Typical PL spectra of SiV (dark red) and NV (light red) centers. The PL spectra of the NiV and 
GeV centers are also shown [284] © 2018 Masfer H. Alkahtani et al., published by De Gruyter 

 

A confocal microscope is used for pointwise illumination (excitation) and detection and can serve as basis for 

photoluminescence measurement setups. The principle of a confocal microscope is depicted in Fig. 4.3: 

 

Figure 4.3: Illustration of a confocal microscope and its working principle. For a detailed description see 
text. 
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An excitation source (laser, green path in Fig. 4.3) is focused on the sample in the x-y plane (focus plane, dotted 

black line) through the objective of a microscope instead illuminating a large area. The excited fluorescence from 

the sample (red path) is then collected and focused to a spot surrounded by a pinhole in front of a detector. The 

pinhole is mounted confocally to the excitation focus, preventing stray light and fluorescence stemming not from 

the focal plane to be detected. This significantly increases the axial and radial resolution of a confocal microscope 

compared to a conventional one. The image is created by scanning the laser beam over the sample and subsequent 

assembling of the single pointwise signals resulting in an intensity-map [285, 286]. In combination with a 

spectrometer the recording of PL spectra is also possible. 

In quantum optics a beam of light is seen as a stream of photons rather than an electromagnetical wave as 

described by classical physics. Light can be threefold classified in different groups of lights sources according either 

to their photon statistics (sub-Poissonian, Poissonian and super-Poissonian). The Poisson and super-Poissonian are 

consistent with the classical theory of light while the sub-Poissonian constitutes a direct confirmation of the 

quantum nature of light. The second order autocorrelation function7 g(2)(τ) is describing the time-dependent 

intensity fluctuations of a light beam and leads to an alternative classification of light based on the value for g(2)(0) 

[288]: 

• Bunched light: g(2)(0) > 1, 

• Coherent light: g(2)(0) = 1, 

• Antibunched light: g(2)(0) < 1. 

Both types of classifications are compared and summarized in Tab. 4.1. A very simplified illustration of the different 

types of photon streams is depicted in Fig. 4.4: 

 

Figure 4.4: Schematic of the distribution of photon streams as a function of time for antibunched light, 
coherent light and bunched light 

 

Perfectly coherent light has g(2)(τ) = 1 including τ = 0 and underlies Poissonian photon statistics with random time 

intervals between the photons. Bunched light, e.g. thermal light, consists of a photon stream with the photons 

clumped (bunched, as the name suggests) together. If a photon is detected at a time t = 0, there is a higher 

probability to detect another photon at short times rather than at long times. Antibunched light exhibits a photon 

stream with regular gaps between the photons rather than a random distribution. After the detection of one 

                                                                 
7 The quantum mechanical description and deviation of the second order correlation function is not part of this 
thesis but can be found in literature [287–289, 93]. 
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photon at a time t the probability to detect another photon is small for small values of τ and increases with 

increasing τ. 

Tab 4.1: Classification of light according to the photon stream, the second order correlation function and photon 
               statistics 

Classical description Photon stream g(2)(0) Photon statistics 

Chaotic bunched > 1 Super-Poissonian 

Coherent Random = 1 Poisson 

None antibunched < 1 Sub-Poissonian 

 

For the experimental approach the Hanbury Brown Twiss (HBT) set-up is the standard way to determine the 

second order correlation function g(2)(τ). This interferometer was originally developed in astrophysics in the 1950’s 

by Hanbury Brown and Twiss as intensity interferometer to determine the angular diameter of stars [290, 291]. In 

1977 Kimble et al. employed the HBT interferometer to observe antibunching from individual sodium atoms [292]. 

A schematic sketch is shown in Fig. 4.5. 

 

Figure 4.5: Schematic of the essential parts of a HBT set-up 

 

The essential parts of a HBT set-up include two highly efficient photodetectors (avalanche photodiodes, APD) 

monitoring the signals coming from a 50:50 beam splitter. The signals from the APDs are proceeded to a correlator 

(coincidence counter or also time trigger) recording the time delay between two photons, while simultaneously 

counting the number of pulses at each input. Therefore, one of the APD is defined as “start” signal, the other one 

as “stop” signal. The result is a histogram displaying the number of registered coincidences or photons in the 

respective time interval. For the ideal single photon source, the second order correlation function would be zero, 

but since the detectors got a finite response time, that contributes to a nonzero signal a g(2)(0) < 0.5 is a valid 

criterion for a single photon source [293]. 

In the first part of this Chapter, optical characterizations of the grown and overgrown films as well as single 

crystallites were performed, followed by the investigation of the fabricated structures with incorporated color 

centers.  
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In this work, almost all samples were optically characterized by the colleagues in the group of Prof. F. Jelezko at 

the University of Ulm applying a home built scanning confocal microscope with an air objective (Olympus UPLAN 

FL 100x-0.95) controlled by Qudi software suite [294]. The excitation was achieved either with a frequency doubled 

Nd:YAG laser (532 nm, Laser quantum GEM) or a laser with a wavelength of 518 nm (Toptica iBeam smart). The 

set-up possesses two single photon counters (avalanche photo diodes, Excelitas SPCM-AQRH-14) in a Hanbury-

Brown-Twiss configuration for performing auto-correlation measurements. The fluorescence spectra were 

recorded using a spectrometer (Princeton Instruments, IsoPlane 160, CCD PIXIS 100B).  

The unstructured NCD samples overgrown on different sized Si pieces and on a Ge coated wafer, the shortly 

overgrown NCD pillars on Si as well as the small overgrown monocrystalline diamond pillars were characterized 

via room temperature photoluminescence measurements by Tzach Jaffe from the group of Prof. M. Orenstein at 

Technion in Haifa, Israel. The applied set up is described in Ref. [295] and consisted of a Fianium supercontinuum 

pulsed laser at 560 nm and an acusto-optic filter. The laser spot was focused to a 1 µm spot using a 100x objective 

with NA of 0.95. The emitted light from the sample was collected with the same objective. 

 

4.1 NCD FILMS AND SINGLE CRYSTALLITES 

This first subchapter covers the optical investigation, photoluminescence measurements and confocal 

fluorescence microscopy of color centers incorporated in unstructured nanocrystalline diamond films and isolated 

crystallites that were grown on different substrates.  

 

4.1.1 NCD FILMS OVERGROWN ON DIFFERENT SIZED SI PIECES 

To study the incorporation efficiency of Si from the substrate into the NCD film pieces of NCD placed and 

overgrown on different sized Si pieces ranging from a full 3-inch Si wafer down to 1 x 1 cm2. In Fig. 4.6 the PL 

spectra of a reference NCD sample and a sample overgrown on a full 3-inch Si wafer are shown to compare both 

extrema (no Si – largest exposed area of Si). 
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Figure 4.6: Comparison of the reference NCD sample (red) and a piece of NCD overgrown on a full 3-inch 
Si wafer (black) 

 

Unfortunately, the results obtained from the PL measurements were inconsistent and showed an inexplicable 

trend. The signal for the reference sample was already higher than the one with the largest exposed Si area during 

the overgrowth step. A possible reason for that might be the sidewalls of the Si substrate on which the NCD is 

grown allowing for incorporation of Si. In addition, no SiV signal could be detected. In literature it is reported, that 

some NCD films simply do not exhibit a SiV center PL signal. This is considered as a quenching effect with unknown 

origination and formation [296]. It was also found that the surface termination of the diamond plays a crucial role 

for the color center stability. For NV centers for example it was shown that a hydrogen-termination of 

nanodiamonds seems to suppress the fluorescence [297] while oxygen stabilizes the negative charge state of 

shallow NV centers [298]. Mei et al. discovered that as-deposited NCD films lacking the SiV center luminescence 

peak can exhibit SiV center PL signature when thermally oxidized [296]. This was confirmed by Tegetmeyer for 

monocrystalline diamond surfaces. There, the effects of hydrogen, oxygen, and fluorine termination of the 

diamond surface on the SiV PL were investigated. While with O-termination the PL signal was the strongest, H-

termination gave the weakest signal. The intensity of the PL signal of the F-terminated diamond surface was 

between the signal of the O- and the H-terminated samples [299]. On the other hand, Sedov et al. discovered that 

doping with a gaseous Si-source (silane) leads to a concentration dependent SiV signal intensity in PL showing a 

maximum at very low concentrations [118]. For a better understanding and study of the incorporation efficiency 

of Si from a solid source (wafer) the experiment could be repeated with IIa monocrystalline diamond that does 

not contain grain boundaries and exhibits a very low impurity concentration thus avoiding possible quenching 

routes. 
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4.1.2 NCD FILMS OVERGROWN ON A GE COATED WAFER 

The NCD sample that was overgrown on a 3-inch Ge coated Si wafer was also investigated by photoluminescence 

measurements. The exemplarily PL spectra taken at room temperature and at two different spots on the sample 

are depicted in Fig. 4.7. 

 

Figure 4.7: PL spectra of the NCD film overgrown on a Ge coated wafer measured at two different spots 

 

In general, the FWHM of the ZPL of the GeV center located at 602 nm is quite broad for room temperature PL 

measurements [104]. In the spectrum shown in Fig. 4.7 no clear peak of the ZPL of the GeV center could be 

observed. The only prominent peak there stems from SiV centers located at 738 nm. The source of Si might be the 

uncoated edges of the NCD/Si samples subjected to overgrowth on the Ge coated wafer. Furthermore, holes and 

defects in the Ge layer on the Si wafer could also serve as source of Si. The SiV peaks in the taken spectra overlap 

a broad band in the investigated wavelength range. The latter might cover the signal from any GeV centers. A 

possibility would be to record the PL spectra at cryogenic temperatures in order to reduce the broad signal and 

enhance the possibility to observe a GeV peak – if present. In this work, a Ge coated Si wafer was used as Ge 

source. It should be investigated whether the quality of the dopant source plays a role. Iwasaki et al. placed a Ge 

crystal near a monocrystalline diamond sample [104] and Ralchenko et al. deposited a microcrystalline diamond 

film on a single crystal (111) Ge wafer [300]. Both methods resulted in the successful incorporation of GeV centers. 

Ralchenko et al. also found that the GeV signal remains quite broad even at low temperature PL measurement 

assuming as a reason inhomogeneous internal stress in the polycrystalline material. Sedov et al. recently 

established a gaseous doping route for the creation of GeV centers by introducing GeH4 gas to the reaction mixture 

for the growth of Ge-doped polycrystalline and epitaxial single crystal diamond films that exhibited a bright GeV 

PL signal at cryogenic temperatures [301]. 
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4.1.3 ISOLATED DIAMOND NANOCRYSTALLITES ON SI 

The optical investigation of the diamond crystallites grown on a silicon substrate with a short HFCVD growth time 

of 3 min revealed randomly distributed and bright spots in the confocal measurement (DHF137_3; 10 mg D0.25 

in n-pentane). The crystallites in samples DHF137_1 (slurry 1:50 in methanol) and DHF137_2 (slurry 1:20 in 

methanol) exhibited a high crystallite density making it hard to investigate isolated diamond nanocrystals. 

Additionally, they showed bleaching over the time. The sample with the lowest crystallite density (DHF137_3) 

showed clearly distinguishable bright spots in the confocal measurement presented in Fig. 4.8 corresponding to 

the isolated diamond nanocrystals with incorporated color centers. 

 

Figure 4.8: 40 x 40 µm confocal microscope image of small diamond crystallites on a silicon substrate 

(sample DHF137_3) 

 

Room temperature photoluminescence spectra were taken from selected crystals (labelled from 10 – 20) in 

Fig. 4.8. The PL spectrum was recorded from a diamond nanocrystal and the Si substrate next to it in order to 

perform a proper background subtraction. The results for all measured crystallites after background subtraction 

are shown in Fig 4.9.  
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Figure 4.9: Room temperature PL spectra of selected crystallites 

 

As can clearly be seen from Fig. 4.9 the PL spectra of the different crystallites not only differ in intensity, but also 

in appearance exhibiting peaks at different positions. Almost all measurements show a prominent peak around 

740 nm with a light variation of a few nm in the peak position, most probably it stems from SiV centers. Some of 

the peaks observed in this region appear as a double peak. Additionally, a very broad band in the region of 600-

800 nm can be observed in the spectra. The broad band in this range might be an indication for the presence of 

NV centers that just might be concealed by the phonon side band. Since the growth time was rather short it can 

be excluded that its origin is from CVD growth and thus due to sp2 carbon because the position of this related 

broadband luminescence is centered around 620 nm [302]. PL measurements at cryogenic temperature might 

increase the signal from the NV ZPL if these centers were present.  

Sedov et al. showed that a growth time of only 3 min is sufficient for the incorporation of SiV and NV centers into 

diamond nanocrystals deposited on different substrates [303]. Thus signals from the SiV centers could be expected 

for these diamond nanocrystals. Taking a closer look to the prominent peaks around 740 nm leads to the 

assumption that they could indeed originate from SiV centers: the ZPL of the SiV center might be shifted due to 

environmental influences. There are reports in literature about shifts of the ZPL at room temperature of about 

20 nm in isolated diamond crystallites grown on iridium [304]. The splitting of the ZPL into multiple lines is reported 

for polycrystalline diamond in the range of 733 – 745 nm and explained by mechanical stress between the 

crystallites [38]. In our case, two main causes for stress need to be attributed shifting the energy levels of the color 

center [305]: first, due to the three dimensionally growth of the diamond crystallites there might occur biaxial 

compressive stress induced by the Si substrate when cooling down the sample at the end of the growth process 

[190]. Even if the grown diamond is rather small, it is still in contact with the Si substrate. Second, microstress 

might occur when two slightly misoriented crystallites coalesce. By stopping the grain boundary and introduction 

of a disclination with a corresponding rotation angle to compensate the misorientation, the coalesced crystals can 

grow as one single crystal, but with a strong local bending of the crystal lattice [306, 304]. In our case, we cannot 
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exclude the formation of small clusters during the pretreatment and thus, coalescence of crystals might take place 

resulting in internal stress shifting the peak position of the ZPL. Since the peak at 740 nm is partly covered by the 

broad phonon side band, no statement about the shape at the bottom of the peak is possible and thus it would 

need more investigations to assign this peak as ZPL of a SiV center. A contribution to the peak by another 

luminescent center, namely the GR1 center with a ZPL doublet at 740.9 and 744.4 nm [38], can be excluded since 

it is stable only up to a temperature of 800 °C which is below the applied deposition temperature [307].  

Unfortunately, the recorded spectra do not cover the photoluminescence below 580 nm, thus no information 

about the presence of NV0 centers can be gathered.  

 

4.2 DIAMOND NANOPILLARS 

In this section implanted and overgrown NCD pillars on a Si substrate as well as implanted or overgrown 

monocrystalline diamond pillars were optically investigated. Fluorescence mapping was performed for selected 

samples as well as room temperature PL measurements.  

 

4.2.1 NANOCRYSTALLINE DIAMOND PILLARS 

Samples with NCD pillars on Si substrates were investigated. The first investigations cover the N-implanted samples 

where the implantation took place either prior (DHF85-1 and DHF85-2) or after (DHF97-3) the structuring process. 

The second series of investigations deals with the overgrown NCD pillars where Si from the substrate was 

incorporated during the overgrowth process. 

 

4.2.1.1 IMPLANTED NCD SAMPLES 

The implantation was performed prior to structuring of samples DHF85-1 and DHF85-2 as described already in 

chapter 1.2.4. The fluorescence mapping of both samples showed the pillars as bright spots on a less fluorescent 

background (Fig. 4.10). An intense fluorescence signal could only be measured for some of the pillars of each array, 

because in some arrays a part of the pillars was missing. 
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Figure 4.10: Fluorescence mapping of 500 nm pillars (DHF85-1) and 200 nm pillars (DHF85-2) 

 

Room temperature PL spectra were taken from selected pillars of both samples revealing a signal from NV centers, 

but not for all pillars (Fig. 4.11). The sample with the shallow implanted NV centers showed only a minor signal of 

the NV centers whereas the emission from the deeper NV centers was slightly stronger. All spectra exhibited the 

typical broad phonon side band of the NV center. Also, the signal of the SiV ZPL (737 nm) was found in some pillars. 

The origin of the SiV centers is most probably the large exposed substrate area at the very early stage of growth 

where the NCD film is not closed yet. 

 

Figure 4.11: Exemplary RT PL spectrum (DHF85-1, 200 nm) 

 

The absence of the signal of the NV center ZPL in some pillars can be explained by the implantation process. Due 

to large area implantation the NV centers are spread in the diamond layer. Without investigations prior to the 

structuring process it was unknown if and where NV centers were created. It is rather technologically difficult to 

place the mask in such a way that the resulting pillar contains one or several NV centers. Thus, there is a probability 
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to obtain pillars without any NV center while for some there might be more than one NV center inside a pillar. 

Additionally, there were some problems with the implanter in the group of Prof. J. Meijer at the University of 

Leipzig. Thus, we cannot exclude the implantation was not successful. Another explanation for the rather few NV 

signals might be the oxygen termination of the diamond surface that is induced during the structuring process. 

Kim et al. investigated the influence of short oxygen plasma treatments to shallow NV centers and found that even 

after a short treatment the NV signal disappears in the fluorescence image. A subsequent annealing step led to 

the formation of a large number of new NV centers due to plasma-induced vacancy creation [308]. In our case, 

the additional annealing step after the structuring process could lead to more NV centers in the pillars. In literature 

there are also some reports that annealing in an oxygen atmosphere or other methods to oxidize the diamond 

surface leads to the stabilization of the negative charge state of the NV center [139, 140]. Fluorination of the 

diamond surface could stabilize the negative charge state even better [9]. 

The NCD pillars that were implanted with nitrogen after the structuring were also investigated with room 

temperature PL measurements. Fig. 4.12 shows the laser illumination of a 1000 nm pillar (left) and a 200 nm pillar 

(right). 

 

A1 

 

C1 

Figure 4.12: Laser illumination of a pillar of array A1 (1000 nm, left) and C1 (200 nm, right) 

 

Typical PL spectra for a 1000 nm and a 200 nm pillar are shown in Fig. 4.13. There is no visible distinct NV peak in 

the example spectra, but a broad phonon sideband. Unfortunately, the spectra are not extended below 600 nm 

thus possible NV0 centers could not be measured. If they are present, the implantation resulted in neutral NV 

centers instead of negatively charged ones. Compared to the samples that were implanted prior to the structuring 

process a PL signature of the SiV center is absent. The annealing time was rather short after implantation of the 

sample (1 min at 900 °C). An extension of the annealing time might also improve the NV center formation due to 

migration of the created vacancies. In literature, annealing is often reported with a temperature of 750-800 °C for 

1-2 h [112, 309]. A shorter annealing time found so far in literature is in the range of 10-30 min [310] along with 

5 min at a temperature of 1000 °C [92]. 
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Figure 4.13: PL spectra results of the NCD pillars implanted after the structuring process 

 

In general, both methods, implantation prior or after structuring should result in the effective creation of NV 

centers. Hausmann et al. demonstrated the successful implantation of 15N prior and after structuring of diamond 

nanopillars in type IIa diamond with a high yield of single emitters inside the pillars [112]. This might also indicate 

that NCD with its sp2 content, which further increases after implantation due to damage of the diamond lattice, 

leads to a quenching of the fluorescence of the color centers as shown for nanodiamond [52]. For a more 

successful implantation and thus color center creation changes in the implantation parameters like fluence and 

energy could help, but also the investigation towards a different surface termination after the structuring process.  

 

4.2.1.2 OVERGROWN NCD PILLARS 

After 30 min overgrowth the NCD pillars on the Si substrate were characterized using confocal microscopy and 

room temperature photoluminescence measurements. Typical confocal images of the pillars with 1000 nm and 

100 nm after the overgrowth are shown in Fig. 4.14. The bright spots correspond to the individual pillars of the 

arrays. The fluorescence was collected after a 640 nm long pass filter and varied between 3 Mcts/s down to 

1 Mcts/s depending on the pillar diameter.  
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Figure 4.14: Fluorescence mapping of an array of 1000 nm pillars (left) and 100 nm pillars (right) [121].  
© 2016 Elsevier 

 

Room temperature photoluminescence spectra were taken from selected pillars prior to overgrowth as a 

reference, showing the absence of SiV centers. The broad spectral feature can be attributed to nitrogen related 

color centers and the corresponding broad phonon side band (Fig. 4.15, (a)). As there is still a certain background 

pressure in the HFCVD chamber and thus a source of nitrogen this might be the origin. However, the incorporation 

of SiV centers at the initial growth stage of the diamond film cannot be excluded, but if present, is masked by the 

signal.  

After the overgrowth step selected pillars with different diameters were measured under the same conditions as 

the reference sample (Fig. 4.15, (b)). The PL spectra exhibited the presence of SiV centers with a ZPL approx. 

located at 739 nm. The signal of the SiV center also overlapped with the broadband luminescence typical for CVD 

diamond [302]. The SiV ZPL peaks were studied in detail after subtraction of the broadband NCD signal.  

 

a)  b)  

Figure 4.15: Room temperature PL spectra of nanocrystalline diamond pillars with a diameter of 100 nm 
(a) prior and (b) after the overgrowth step [121]. © 2016 Elsevier 

 

The full widths at half maximum (FWHM) were calculated and varied from 6 to 9 nm which is in good accordance 

to literature [311, 115, 98]. As can be seen from the corresponding graphs in Fig. 4.16 the intensity depends on 

the pillar diameter. The highest intensity is found for the 200 nm pillars. 



4 Optical Characterization 

 

151 
 

 A weak vibronic band on the long wavelength side could be observed and is attributed to the phonon replica 

[116]. To observe only the fluorescence from the SiV centers a small band pass filter (Chrome 740/10) was applied. 

Spots from the sample still could be observed, but the auto-correlation measurements showed no anti-bunching. 

This indicates either a rather high (>10) number of SiV centers in the pillars or the background fluorescence was 

too high.  

Since the overgrowth area of the larger pillars is quite high, this increases the probability for the incorporation of 

a higher number of SiV centers. Thus, the smaller pillars and a reduced overgrowth time could be favorable for 

the reduction of the SiV number. 

 

Figure 4.16: PL spectra of NCD pillars with different diameters overgrown for 30 min (Reprinted with 
permission from [58]. © 2018, Springer Nature) 

 

Pillars with a larger height, i.e. structured from thicker NCD films and overgrown for only 10 min were investigated 

applying room temperature PL measurements. The results showed the same trend regarding the intensity of the 

PL signal depending on the pillar diameter as the previously discussed overgrown pillars (Fig. 4.17): the 200 nm 

pillar showed the signal with the highest intensity. 



4 Optical Characterization 

 
 

 
 

 

Figure 4.17: PL spectra of NCD pillars with different diameters overgrown for 10 min 

 

From the graph in Fig. 4.17 it can also be seen that the background for each pillar diameter exhibits a different 

intensity with the lowest for the 1000 nm pillars and the highest for the 500 nm pillars. The origin of the 

background signal could be attributed to the typical broadband luminescence band in CVD diamond [302]. The 

spot size for investigation (although not known exactly) was definitely larger than the diameters of the smaller 

pillars. In this case part of the signal stems from the area around the pillar. Nevertheless, it would be interesting 

to compare the results with the ones obtained from the longer overgrown sample. Additionally, Marseglia et al. 

showed in their studies that the collection efficiency of the SiV emission depends on the bottom and top diameter 

of the pillar (conically shaped), but also on the pillar height [143]. Thus, further experiments regarding the film 

thickness and hence pillar height could be interesting. Also, the implantation of Si and the comparison with the in 

situ created SiV centers would be an interesting point that was not performed in this work. 

 

4.2.2 MONOCRYSTALLINE DIAMOND PILLARS 

The first monocrystalline diamond samples (bulkNV and δNV) that were structured already contained color centers 

(NV centers) but showed a too high background fluorescence to distinguish the light emitted from the pillars and 

from the substrate. Thus no further investigations were performed with these samples. 

 

4.2.2.1 DIAMOND NANOPILLARS FROM AN IMPLANTED SUBSTRATE (UU331) 

The monocrystalline diamond sample UU331 from University of Ulm was characterized after implantation and 

prior to the structuring process to ensure the presence of NV centers. The pillars were fabricated on the implanted 

areas with respect to the implantation map shown in Fig. 1.26. 
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After structuring the pillars were characterized by fluorescence mapping. Fig. 4.18 shows the results for the 1000, 

500, 200 and 100 nm pillars. The background between the pillars remains dark indicating the absence of NV 

centers while the pillars are observed as bright spots. 

 

1000 nm 

 

500 nm 

 

200 nm 

 

100 nm 

Figure 4.18: Fluorescence mapping of 1000, 500, 200 and 100 nm pillars (Reprinted with permission from 

[58]. © 2018, Springer Nature) 

 

Room temperature PL measurements revealed the presence of NV- centers with a ZPL at 637 nm in all pillars (Fig. 

4.19) overlapping the characteristic broad phonon sideband and the first order Raman peak located at 572 nm 

(for an excitation wavelength of 532 nm) [312]. A small shoulder towards longer wavelength at the bottom of the 

first order Raman line could stem from NV0 centers that were also created during the implantation process. 
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Figure 4.19: Room temperature PL spectra of different pillars revealing the presence of NV centers. They 
possess different intensities of the ZPL and the broad phonon side band 

 

Further investigations regarding the implantation dose and height of the pillars could be useful for an appropriate 

adjustment of the collection efficiency of the NV center emission and creation of single centers in the pillars. 

 

4.2.2.2 OVERGROWTH OF SMALL MONOCRYSTALLINE DIAMOND PILLARS 

The spectra in this subchapter were recorded by T. Jaffe at Technion, Haifa/Israel. The room temperature PL 

measurement of a nano-pyramid array and from the overgrown layer between the pyramids is depicted in Fig. 4.20 

showing the ZPL of the SiV center at 738 nm. The intensity of the emitted light from the SiV centers incorporated 

in a single nano-pyramid is four times higher than the emission from the flat overgrown layer between the 

pyramids. A higher Si content inside the pyramids and a higher extraction efficiency contribute to these results 

[223]. 

 

 



4 Optical Characterization 

 

155 
 

 

Figure 4.20: Room temperature PL spectra of the overgrown layer (red) and a single nano-pyramid from the 
array (adapted from [223]) 

 

Similar results were observed for the Ib diamond sample where nanopillars were also overgrown to form nano-

pyramids with incorporated SiV centers.  

The overgrowth of monocrystalline diamond nanopillars on a Ge wafer lead to no formation of GeV centers. Only 

the signal of NV centers from the Ib sample could be detected. Since the ZPL of the GeV is at 602 nm it might be 

concealed by the broad phonon side band of the NV center. The repetition of this experiment with a IIa diamond 

could lead to a reduced NV signal. Also, the Ge source could be exchanged by a gaseous [301] or different solid 

source [300], or the Ge coating layer on the Si wafer thickened to avoid any incorporation of SiV centers. 

 

4.2.2.3 OVERGROWTH OF PARTLY PROTECTED MONOCRYSTALLINE DIAMOND PILLARS 

As the shape of the overgrown diamond differed depending on the initial pillar diameter so do the corresponding 

confocal microscopy images and the fluorescence maps. The confocal images for each sample are depicted in 

Figs. 4.21-4.25. Instead of bright spots which correspond to the pillars in the array observed in previous samples 

the fluorescence of these overgrown pillars appears in a ring-shape for the 1000 nm pillars (Fig. 4.21). The shape 

of the signal matches with the shape of the facet observed by SEM (see Chapter 2.6.3).  
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Figure 4.21: Confocal scan of partly protected overgrown 1 µm monocrystalline diamond pillars after 
removal of spin-on-glass; left: 10x10 µm scan, right: 30x30 µm scan (Reprinted with permission 
from [227]. © 2018, Wiley-VCH) 

 

The depth confocal scan of the 1000 nm pillar in Fig. 4.22 showed that the fluorescence only appeared in the 

overgrown part of the pillars. The part that was protected by the SOG remained dark. The fluorescence of the 

overgrown part also seems to be located only at the edges and side walls since the plateau on top remains 

significantly darker. 

 

Figure 4.22: Depth confocal scan of a 1 µm pillar. The signal descends only from the overgrown part of the 
pillar. The protected part remains dark and without significant signal (Reprinted with 
permission from [227]. © 2018, Wiley-VCH) 

 

The ring-shaped signal in the fluorescence image also appeared for the 500 nm pillars, but with some additional 

signals between the pillars (Fig. 4.23). These might stem from the holes and defects in the SOG film that were 

spotted after overgrowth. 
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Figure 4.23: 15 x 15 µm confocal scan of partly protected overgrown 500 nm monocrystalline diamond 
pillars after removal of spin-on-glass; the artefacts may arise from cracks in the SOG during 
growth (Reprinted with permission from [227]. © 2018, WILEY-VCH) 

 

The fluorescence map of the 200 nm pillars depicted in Fig. 4.24 shows that the signal now turned into spots. As 

this size is still above the limit of the detector, this reason can be excluded for the origin of the signal shape. As 

already observed in the SEM images of the 200 nm overgrown pillars (Figs. 2.62 and 2.63) the plateau that existed 

on top of the 1000 and 500 nm pillars vanished. The assumption that the SiV centers were only located at the side 

walls and edges might be an explanation for the signal shape. It is also visible that the defect density between the 

pillars increases. This might be due to damages during the overgrowth, but defects prior to the SOG coating and 

overgrowth step cannot be excluded. 

 

Figure 4.24: 10 x 10 µm confocal scan of the partly protected 200 nm overgrown monocrystalline diamond 
pillars. Note that the pillars do not appear as rings anymore (Reprinted with permission from 
[227]. © 2018, WILEY-VCH) 

 

The depth confocal scan for the 200 nm pillars (Fig. 4.25) also does not show any special localization of the SiV 

centers, but rather a signal from the whole overgrown upper part. From this scan it is also visible, that for some 

pillars the height of the collected signal differs. This might be caused by different local coverage of the SOG around 

individual pillars. 
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Figure 4.25: Depth confocal scan of the 200 nm pillars (Reprinted with permission from [227]. © 2018, 
WILEY-VCH) 

 

From these pillars room temperature PL measurements were taken. First, the bulk diamond was measured prior 

to structuring showing only a broad phonon side band and the ZPL of the NV- and NV0 centers, but no SiV signal 

(Fig. 4.26). 

 

Figure 4.26: Room temperature PL spectrum of the bulk diamond revealing the presence of NV- (ZPL at 
637 nm) and NV0 (ZPL at 575 nm) centers (Reprinted with permission from [227]. © 2018, 
WILEY-VCH) 

 

After the overgrowth step the PL spectra of selected pillars of each diameter showed the incorporation of SiV 

centers with a ZPL of 738 nm [115] in the pillars. A can be seen from Fig. 4.27 the intensity of the signal strongly 

depends on the initial pillar diameter. The weakest PL signal was detected for the pillar with 1000 nm diameter, 

the highest PL signal for the pillar with 200 nm. The full width at half maximum (FWHM) was calculated for all 

peaks and determined to be 5.6 nm which is in good accordance with values from literature for room temperature 
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PL [116]. The results regarding the intensity dependency on the pillar diameter are also in good accordance with 

the results found for the overgrown nanocrystalline diamond pillars on Si presented in Chapter 1.2.2.1. 

 

Figure 4.27: Comparison on the PL intensity of the different overgrown pillar diameters (Reprinted with 
permission from [227]. © 2018, WILEY-VCH) 

 

Second-order correlation histograms 𝑔(2)(𝜏) were taken from the overgwon parts, but no antibunching could be 

resolved in these measurements for any of the pillars, indicating the presence of ensembles of SiV centers. 

A comparison of the SiV center emission intensity of an emitter in bulk material, inside a pillar and inside a pyramid 

like Furuyama et al. did [262] is difficult, since the color center creation for the pyramid structure is performed in 

situ. For the bulk and the pillars ion implantation would be more appropriate but causes damage in the crystal 

lattice. Another possibility would be the utilization of completely in situ Si-doped diamond films with SiV centers. 

The pillars with incorporated SiV centers could be fabricated without the implantation step, thus enabling an 

adequate comparison of the collection efficiency from the different environments and structures around the color 

centers. There one has to take into account that the pillars would have a different surface termination, to be exact 

oxygen-termination, that might affect the emission of SiV centers.  

 

4.3 PHOTONIC CRYSTALS 

In a first attempt to characterize the optical properties of the fabricated photonic crystal confocal scans were 

taken from the planarized sample to determine the background fluorescence of an unstructured reference 

sample. The fluorescence mapping revealed a high background fluorescence of approx. 6 Mcts/s (Fig. 4.28). 
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Figure 4.28: Confocal microscope image of the planarized reference sample [271] 

 

The corresponding room temperature PL spectrum of the reference sample showed a high intensity in the range 

of 600-800 nm [271], where NV centers have their respective broad phonon side band and the ZPL. The occurring 

broadband fluorescence is typical for CVD diamond and can be attributed to the presence of an disordered carbon 

phase in the grain boundaries and its optical transitions [302]. 

The detected PL spectrum shows a high intensity which might not be distinguished from the PL signal of NV or SiV 

centers. The first idea was to implant color centers using an aperture in the cavity as shown by Schröder et al. 

[154]. There, the mask applied for structuring has additional small holes in the cavity for the spatially targeted 

implantation of NV centers ensuring the spatial overlap of the NV center with the cavity. Exploiting the so called 

ARDE (aspect ratio dependent etching) effect the small apertures are not etched after the implantation [279]. 

Interestingly, the structured NCD film with the SiO2 mask and sacrificial layer still present showed a comparable 

high fluorescence as shown in Fig. 4.29. 

 

  

Figure 4.29: Fluorescence mapping of the photonic crystals after the NCD structuring. Note that the SiO2 
mask and sacrificial layer are still present. Left: Large area image with several cavities. Right: 
Fluorescence map of a single photonic crystal structure [271] 
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What must be noted from Fig.4.29 is the fact that in the left image, the upper row of structured photonic crystals 

appears significantly darker, thus showing less fluorescence, than the other structures present in this image 

section. These structures were investigated by SEM for the process control right after the NCD structuring. This 

effect is even more prominent in the close-up image on the right. A possible explanation might be the 

contamination induced by the electron beam where the deposition of carbonaceous material, e.g. hydrocarbons, 

during the viewing process with the SEM takes place [313] or other radiation damage caused by the viewing 

process [314]. The directed quenching of the background fluorescence could be achieved by hydrogen-

termination of the planarized surface, but this might also affect the PL intensity of the implanted color 

centers [315]. 

Further investigation of a fabricated nanocrystalline diamond photonic crystal was performed in the group of Prof. 

Christoph Becher (Quantum Optics Group, Saarland University, Saarbrücken). Fig. 4.30 represents two exemplary 

PL spectra taken from a photonic crystal structure with a L1 (red) and a L3 (black) cavity. Since the measurements 

for the investigated structures exhibited similar results, the discussion is only conducted at the presented PL 

spectra. The sacrificial SiO2 layer and the SiO2 mask for these investigations were removed by wet etching 

procedure as described in Chapter 3. 

For the L1 cavity a peak at approx. 728 nm is present. Due to low signal-to-noise ratio it is hard to determine the 

exact peak position. The peak might be split but this is also not clearly seen. For the L3 cavity, the peak is clearly 

split with centers at 721 and 738 nm.  

  

Figure 4.30: PL spectra of the two photonic crystal designs; the spectrum of the L1 cavity is shown in 
red (left) and the Pl spectrum of the L3 cavity is shown in black (right) [271] 

 

For CVD diamond there are two different ways to interpret these results according to literature [38]: First, the 

peak at 738 nm could originate from SiV centers in the NCD slab that were incorporated from the substrate during 

the very early growth stage. In general the ZPL of SiV centers is located at 737 nm, but there are also reports about 

the ZPL at 738 nm and also shifts of up to 10 nm [316, 96, 116]. The peak located at 721 nm may be due to complex 

defects associated with impurity atoms of silicon which is intensively studied in Ref. [317]. The second possible 
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explanation could be the incorporation of tungsten from the filaments during the deposition [176]. It has to be 

noted that the signal of tungsten impurities usual consists of a broad band with a weak structure around 717 nm, 

726 nm and 738 nm [176, 38]. The peak at approx. 870 nm could not be attributed to any known optical transition 

in diamond. Due to the small linewidth, the low intensity, and the low signal-to-noise ratio this is most likely an 

artifact. 

Additionally, a fluorescence map was taken from the NCD photonic crystal slab suspended in air (Fig. 4.31).  

  

Figure 4.31: Left: Fluorescence map of the complete photonic crystal array; right: confocal microscopy 
image of a single L3 cavity [271] 

 

The underetched area as well as the resonators can clearly be seen in the survey scan (left). A single photonic 

crystal structure with a L3 cavity can also be observed in the fluorescence map (right). Since the photonic crystals 

did not contain any color centers deterministically placed in the cavities no modes could be observed. 

A possible way to characterize photonic crystal structures and determine the cavity modes that do not contain any 

color centers inside their cavity are reflectance measurements [318]. 
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5 SUMMARY AND FUTURE WORK 
 

 

Diamond with its outstanding properties is not only used as a gem stone or in cutting tools but also finds 

applications in different scientific fields. A relatively new field is quantum information processing (QIP), because 

of its defects included in the lattice, namely color centers. In this work, two of these color centers, the nitrogen-

vacancy (NV) center and silicon-vacancy (SiV) center were the subject of research since they are capable of 

emitting single photons. A challenge that arises is the high refractive index of diamond leading to a high internal 

reflection of the emitted photons. Thus, it is necessary to enhance the photon emission yield and collection 

efficiency with the help of photonic structures. 

The focus of the current work was the fabrication optimization of different diamond photonic structures for the 

incorporation of color centers such as diamond nanopillars and photonic crystal slabs. 

For the creation of color centers two different methods were applied: ion implantation and in situ generation 

during the growth of diamond. The implantation of nitrogen was carried out in nanocrystalline diamond (NCD) 

films and in single crystalline diamond (SCD) with different implantation doses and energies (i.e. depths). For the 

NCD samples implantation was also carried out prior and after the structuring process. The incorporation of SiV 

centers in nanocrystalline diamond pillars was realized in situ by overgrowth of existing pillar structures on a Si 

wafer where the substrate served as a silicon source. Efforts for the incorporation of GeV centers in NCD film and 

SCD pillars were made and the growth was carried out on a Ge coated Si wafer but were unsuccessful. 

For the growth of NCD crystallites and films Si wafers were pretreated with a diamond slurry, investigating the 

influence of the dilution level on the nucleation density. The growth was performed in a home-built hot filament 

chemical vapor deposition (HFCVD) set-up with 1% CH4 diluted in H2 as carbon source. Depending on the growth 

time, ranging from several minutes up to 6 h, small crystallites or closed films with varying film thicknesses were 

obtained. Investigations regarding the substrate (Si or SiO2 on Si) were performed, finding that the growth rate is 

slightly higher on the SiO2/Si substrates. The quality of the films was studied by SEM (morphology) and AFM 

(roughness), but also by XPS revealing a clean surface. Isolated diamond nanocrystals were grown after 

pretreatment of the substrates in a strongly diluted diamond slurry and a subsequent short growth period. In 

addition, efforts were made to selectively deposit diamond nanocrystals on a prepatterned Si substrate. There, 

holes in a 50 nm thick SiO2 layer deposited on Si with diameters of 60 and 80 nm and periods of 200, 500 and 

1000 nm served as growth sites. The pretreatment was performed with different concentrations of diamond 

powders and diamond slurry. The experimental series included the removal of the SiO2 layer prior and after the 

short overgrowth time of 7-10 min. The deposition on planar Si wafers was successful, revealing randomly grown 

diamond crystallites with sizes from several tens of nanometers to several hundreds of nanometers, depending 

on the pretreatment and the subsequent growth time. In the case of site-controlled deposition on prepatterned 

substrates, the edges of the holes in the substrate served as additional nucleation sites from where the growth 
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started. A pathway for improvement of the localization of the grown diamond nanocrystallites could be the 

optimization of the nucleation site geometry (e.g. lenticular grooves) on the substrates. 

A templated overgrowth, where already existing diamond structures were overgrown, was carried out for NCD 

and SCD pillars. For the latter, the resulting structure of the newly grown diamond material depends on the process 

parameters and is described by the so-called α-parameter. For small pillars under the given process parameters 

this resulted in pyramidal shapes, in case of partly protected pillars, accomplished by the application of spin-on-

glass (SOG), the appearance also depended on the initial diameter.  

With the development of a planarization process for nanocrystalline diamond films a step towards reduction of 

the surface roughness and fabrication of high-quality structures was made.  The applied SOG 

(perhydropolysilazane, PHPS) turns into a smooth SiO2-like layer after curing. The developed dry etching recipe 

includes O2 and SF6 and ensures the etch selectivity of NCD: SiO2 of ~ 1 and led to a significant reduction of the 

surface roughness. This planarization process is accompanied by the reduction of the NCD layer thickness, which 

makes this process relevant for the fabrication of photonic crystal slabs, as there a smaller slab width than provided 

by the as-grown samples is required. 

For the creation of diamond photonic structures, namely pillars and photonic crystal slabs, standard top-down 

technologies, such as electron beam lithography (EBL) and dry etching were applied. 

The fabrication of diamond nanopillars from NCD as well as from SCD was investigated regarding different mask 

materials (gold, silicon dioxide and aluminum) as well as different dry etching process parameters (table height, 

temperature, gas composition). While 200 nm Au with 5 nm Ti as adhesion layer is a proper mask material for NCD 

layers up to approx. 700 nm thickness, it corrodes during the etching of thicker NCD films (> 1000 nm) and SCD 

diamond. For the latter, the resist viscosity and the adhesion of the mask play a crucial role. It was found that a 

thinner resist accompanied with a 200 nm Al mask worked quite well for NCD and SCD samples. SiO2 as a mask 

material was excluded for the pillar fabrication since the process is much more time consuming and does not lead 

to high quality structures. 

As basic dry etching recipe oxygen was used as a process gas for the structuring of NCD and SCD samples. All the 

structures exhibited smooth and perpendicular sidewalls and showed tapering for the smaller pillar diameters. 

The only difference here, apart from the choice of the mask material, are the etch rates of NCD and SCD with 

140 nm/min and 100 nm/min, respectively.  

Preliminary tests regarding the variation of the basic dry etching recipe included additional gas species, such as 

SF6, or different table heights inside the ICP chamber and were performed on diamond ridges for better visibility 

of the resulting effects. While an elevated table height led to a slightly higher etch rate, the structures were left 

with rough features at the bottom. The addition of SF6 led to smooth sidewalls, but also damaged the substrate. 

Applying the NCD etching recipe at 80 °C to fabricate NCD pillars led to rougher sidewalls and a reduced etch rate. 

For the fabrication of diamond 2D photonic crystals a trigonal design with L1 and L3 cavities was chosen. To 

determine the hole diameter or period for which the photonic crystals show an enhancement of the emitted light 
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from the NV and SiV centers, simulations were made. The first tests were performed on as-grown diamond 

samples with a SiO2 mask. The structuring process was optimized using a planarized NCD sample, examining 

different mask materials (SiO2 and Al) and investigating different etching recipes for the structuring of the SiO2 

mask.  

For selected diamond samples, fluorescence mapping and room temperature PL measurements were performed. 

The NCD films overgrown on different sized Si pieces showed no trend towards the number of incorporated SiV 

centers and the overgrowth on a Ge coated wafer did not reveal incorporation of GeV centers. The fluorescence 

mapping of isolated diamond nanocrystallites on Si exhibited bright spots indicating the presence of color centers 

created during the growth. The PL measurements revealed the predominant presence of SiV centers. 

The fluorescence mapping of the samples that were implanted prior to structuring exhibited the presence of color 

centers inside the pillars as bright spots and the corresponding PL measurement confirmed the presence of NV 

centers. This is not the case for the NCD sample which was implanted after the structuring process. The implanted 

monocrystalline diamond samples showed the presence of NV centers with different intensities in the PL spectra. 

The overgrown NCD pillars exhibited SiV centers as confirmed by confocal and PL measurements with the highest 

intensity for the pillars with 200 nm diameter. The monocrystalline diamond samples that were overgrown on Si 

wafers also exhibited the presence of SiV centers, with a local confinement of the signal at the edges of the new 

material. The determined correlation functions for selected samples showed the presence of color centers 

ensembles. 

The confocal scans of the NCD photonic crystal structures exhibited a very high background fluorescence making 

it impossible to determine any proper signal from possible incorporated color centers. The only signal detected by 

PL could stem from SiV centers incorporated in the diamond film at the very early growth stage. Due to the high 

background fluorescence no attempts regarding the implantation of color centers were made. 

 

The results described in this work can pave the way for future development of dense nanopillar arrays for sensing 

applications or nanocrystalline diamond photonic crystal slabs, where a mask with an aperture in the cavity could 

serve as implantation and etching mask at the same time like already demonstrated by Schröder et al. [154]. An 

important step will be the incorporation of single color centers into these photonic structures in order to realize 

the applications in quantum computing [319, 320]  or magnetometry [80, 321]. 

The coverage of the area between already existing structures with SOG not only could be used as a source of Si 

atoms for the partial overgrowth, but also as implantation mask that avoids implantation of foreign atoms into the 

bulk material. This could allow a plasma modification of the structures prior to the implantation improving the 

color center properties, e.g. stabilizing the negative charge state of NV centers. Especially for the creation of 

shallow color centers the risk of accidental removal by structuring or plasma treatment for surface termination 

change could be avoided. With the possibility of implanting single ions, the deterministic fabrication of color 

centers inside a cavity might be realized. 
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Another point that should be addressed in the future is the transfer of the technology developed in this work to 

monocrystalline diamond. For the pillar structures it was already demonstrated in the current work. Only for dense 

arrays some adjustment on the parameters might be necessary. For the photonic crystal structures it is a bit more 

complicated since there is no sacrificial layer. One possibility could be the thinning of a thick diamond sample to 

obtain a membrane that could be transferred or even bonded to a SiO2 coated substrate. A new approach was 

recently demonstrated by Wan et al.: by applying a quasi-isotropic dry etching recipe they were able to fabricate 

a 2D photonic crystal structure straight in bulk monocrystalline diamond [322]. This method sounds quite 

promising, because it does not include any expensive or time-consuming components. The only thing that needs 

to be invested is the adjustment of the parameters from this basic idea to our available capabilities and devices. 
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APPENDIX 
 

 

A  

 

 

General growth procedure and parameters of the HFCVD set-up 

 

For growth the sample was placed on a 3” Si wafer which served as a substrate holder. In case of coating a full 3” 

wafer the Si substrate holder was not needed and the sample was placed directly on the molybdenum block. The 

chamber was evacuated to a pressure of 10-3 mbar. Afterwards, the reactor was filled with H2 with 500 sccm flow 

rate up to a pressure of 25 mbar which was controlled by the bypass valve. The heating was set to 100 V and after 

reaching a substrate temperature of 880-885 °C the CH4 was added with a flow rate of 5 sccm. After the required 

deposition time the reaction gases as well as the filament and substrate heating were turned off and the chamber 

was slightly cooled with a nitrogen flow. The growth parameters are summarized in Table A.1. 

 

Table A.1: Process parameters of the HFCVD diamond growth 

Tfil [°C] >2000  

Tsub [°C] 880-890 

p [mbar] 25  

Ifil [A] 70  

Gas flow [sccm] 505  

Gas mixture 1% CH4 in H2 

 

 

  



Appendix 

 
 

 
 

B 

 

 

Electron beam resist specifications and process descriptions 

Table B.1: Resist specifications 

Resist ARP 617.06 ARP 672.03 

Polymer PMMA/MA 33% PMMA 

Solvent 1-methoxy-2-propanol Anisol 

Solid content [%] 6.0 3.0 

Film thickness [µm] 

1000 rpm - 0.22 

2000 rpm 0.40 0.17 

4000 rpm 0.29 0.13 

6000 rpm 0.24 0.10 

 

Table B.2: Process operation for ARP 617.06 

Purpose Pillar fabrication NCD SiO2 mask (old recipe) 

250 nm SiO2 

Spin coating 40s @ 1500 rpm 40s @ 2000 rpm 

Bake 5 min @ 250 °C 5 min @ 250 °C 

E-line parameter E-gun 20 kV, 10 µm aperture E-gun 20 kV, 10 µm aperture 

Dose 21.6 µC/cm2 21.6 µC/cm2 

Development 2 min 45 s MIBK: IPA 1:3 

30 s IPA 

2 min 25 s MIBK: IPA 1:3 

30 s IPA 

 

Table B.3: Process operation for ARP 672.03 

Purpose SiO2 mask (new recipe) 

150 nm SiO2 

Pillar fabrication on monocrystalline 

diamond 

Spin coating 40 s @ 2000 rpm 40 s @ 2000 rpm 

Bake 2 min @ 180 °C 2 min @ 180 °C 

E-line parameter E-gun 20 kV, 10 µm aperture  E-gun 20 kV, 10 µm aperture 

Dose/dose factor general dose 65 µC/cm2; variation general dose 70 µC/cm2; 2.5 

Development 1 min 30 s MIBK: IPA 1:3 

15 s IPA 

2 min MIBK: IPA 1:3 

15 s IPA 
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C 

 

 

Dry etching recipes 

 

Cleaning procedure 

Prior to every structuring step the respective ICP set up was cleaned applying the recipes listed in Tab. C.1. 

 

Table C.1: Summary of the cleaning recipes in the ICP-F and ICP-Cl set ups 

SF6/O2 cleaning parameters ICP-Cl ICP-F 

Step time [min] 60 60 

RF power [W] 100 150 

ICP power [W] 1000 1500 

Substrate temperature T [°C] 30 20 

Working pressure p [mTorr] 20 20 

Table height [mm] 20 20 

SF6 flow [sccm] 10 10 

O2 flow [sccm] 40 40 

 

 

Dry etching recipes performed in the ICP-Cl set up 

Table C.2: Process parameters for recipe “NCD” 

Substrate temperature T [°C] 30 

Working pressure p [mTorr] 5 

O2 flow [sccm] 10 

ICP power [W] 1000 

RF power [W] 200 

He backing [Torr] 5 

 

Endpoint detection via laser interferometer or after calculated time/etch depth. 

 

 

The Al mask for the PhC fabrication was structured by applying the parameters summarized in Tab. C.3. 
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Tab C.3: Process parameters of the recipe “AlGaAs-BCl3-Ar” used for the structuring of Al  

Substrate temperature T [°C] 20 

Working pressure p [mTorr] 2.5 

BCl3 flow [sccm] 20 

Ar flow [sccm] 10 

ICP power [W] 350 

RF power [W] 75 

He backing [Torr] 5 

 

 

Dry etching recipes performed in the ICP-F set up 

For the prepatterned samples, the design was transferred into the SiO2 coated Si via two dry etching recipes which 

were performed subsequently.  

 

Table C.4: Dry etching recipes for the fabrication of a prepatterned substrate 

SiO2 etch PC Process 

CHF3 flow [sccm] 25 

O2 flow [sccm] 1 

Working pressure p [mTorr] 55 

He backing [Torr] 10 

RF power [W] 150 

ICP power [W] 0 

Substrate temperature T [°C] 20 

Process time [min] 4 

SF6 + CHF3 Silicon Etch 

CHF3 flow [sccm] 50 

SF6 flow [sccm] 10 

Working pressure p [mTorr] 5 

He backing [Torr] 10 

RF power [W] 25 

ICP power [W] 800 

Substrate temperature T [°C] 10 

Process time [min] 1.5 

 

The different dry etching recipes for the structuring of the SiO2 mask for photonic crystal fabrication are 

summarized in Tab.C.5: 
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Table C.5: Overview of the tested dry etching recipes for the structuring of the SiO2 for the fabrication 

                     of NCD photonic crystals 
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 1st step  2nd step 

RF power [W] 150 150 230 230 150 

ICP power [W] 0 0 0 0 0 

Substrate temperature T [°C] 20 20 20 20 20 

Working pressure p [mTorr] 55 55 19 19 19 

CHF3 flow [sccm] 50 25 3 3 3 

O2 flow [sccm] 2 1 - - - 

Ar flow [sccm] - - 5 5 5 

SF6 flow [sccm] - - - - 4 

He backing [Torr] 10 10 10 10 10 

 

 

  



Appendix 

 
 

 
 

D 

 

 

Spin-on-glass specifications  

 

NN 120-20 (A) is a 20 wt% solution of perhydropolysilazane (PHPS) in di-n-butyl ether. 

Properties: 

• Clear, colorless solution 

• Thermal or VUV curing 

• Transparent, colorless, and dense coating 

• Easy-to-Clean 

• Chemically resistant 

• Temperature-resistant 

• Oxidation and corrosion-resistant 

• Scratch-resistant 

• Slightly hydrophobic with low surface energy 

 

Table D.1: Technical data of NN120-20 (A) 

Appearance colorless liquid, ethereal smell 

Density 0.82 g/cm3 

Viscosity < 5 mPa · s (20 °C) 

Polymer content 20 wt% 

Flash point 23.5 °C 

Ignition point 175 °C 

Shelf life 12 months at 10 °C 
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E 

 

 

Designs pillars 

 

Figure E.1: Complete design of the pillar arrays. Nominal diameters: A = 1000 nm, B = 500 nm, C = 200 nm, D = 
100 nm, E = 50 nm 
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Figure E.2: Design of a single array (here 1000 nm). 5 µm indicates the center-to-center distance 
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F 

 

Designs photonic crystals 

 

General grit 

The general grit (in red) served as marker to find the photonic crystal structures easier and to assign a certain 

structure to the dose variation that was applied. Photonic crystal structures were placed between the bridges 

(blue). The “1” at the top left served as orientation marker. 

 

Figure F.1: Design of the supporting structures (red) around the photonic crystal structures (blue). Here, 
only one row of photonic crystals is shown 

 

 

. 

Photonic crystal designs were fabricated with a L1 or L3 cavity as shown in Figs. F.2 and F.3: 
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Figure F.2: Design of a photonic crystal structure with a L1 cavity 

 

 

Figure F.3: Design of a photonic crystal structure with a L3 cavity 

 

Specifications (Applies for both designs) 

• Hole diameter: 230 nm 

• Period: 300 nm 
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