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SUMMARY

In this thesis, we explore the fabrication methods aimed at engineering integrated spin-
photon interfaces based on SnV centers in diamond nanostructures for future quantum
networks. We first introduce the group-IV color centers, elaborating on their spin and
optical properties as future quantum networks end-node candidates. Specifically, the
inversion symmetry of these color centers opens the path towards nanophotonic integration,
a key step to enable scalability. However, integration of tin-vacancy (SnV) color centers in
diamond and fabrication of suspended nanophotonic devices is challenging.

In Chapter 2, we focus on the crystal-plane-dependent quasi-isotropic-etch based fab-
rication, and present the extensive development of two fabrication process variants: we
present the optimization of the fabrication protocols and discuss in depth the requirements
and the fabrication process parameter space such that successful fabrication of suspended
nanophotonic structures in diamond is achieved. The methods and optimized process pa-
rameters developed here are then used for fabrication of suspended nanophotonic structures
with integrated SnV centers in diamond.

Integration of SnV centers in diamond is typically realized via ion implantation and high
temperature annealing activation. In Chapter 3, we explore the graphitization phenomenon
that occurs at the diamond surface upon high temperature low pressure annealing. Here we
investigate the graphitization phenomenon with complementary diagnostic methods and
find that this significantly affects and modifies the diamond surface properties. We then
propose an alternative surface-protected high temperature annealing fabrication method
and demonstrate graphitization-free activation of SnV centers. The developed methods
and fabrication protocol are then used to systematically and reliably integrate SnV centers
in bulk diamond.

In Chapter 4, we investigate the interaction between a single SnV center and a weak
coherent light field in a single-mode nanophotonic waveguide. We perform spectroscopy
of the transmitted and reflected signals, and demonstrate the single-photon nature of the
interaction by measuring the effect on the photon statistics in both fields. These results
highlight SnV centers integrated in diamond waveguides as a promising platform for
the realization of efficient spin-photon interfaces, with significantly reduced fabrication
overhead inherent to the waveguide design.

Finally, with the fabrication methods developed in this thesis, in Chapter 5 we present
the successful integration of SnV centers in diamond photonic crystal cavities. Here we
show a systematic analysis and estimate the geometry of the fabricated device, evaluating
the performance of the developed and optimized fabrication process. We then show the
statistics of the fabricated devices optical performance at room temperature and present
the results on the cryogenic-temperature SnV-cavity spectroscopy experiments. These
results open the path towards further SnV-cavity interaction in the weak cavity regime
and demonstrate the potential of such a platform as an efficient light-matter interface to
unlock high entanglement rates in modern quantum networks.
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SAMENVATTING

In dit proefschrift verkennen we de fabricagemethodes gericht op het ontwerpen en creéren
van geintegreerde spin-foton interfaces gebaseerd op tin-holtecentra voor toekomstige
kwantumnetwerken. We introduceren eerst de groep-IV kleurcentra en gaan dieper in
op hun spin- en optische eigenschappen als toekomstig eindknooppunt kandidaat voor
kwantumnetwerken. De inversie-symmetrie van deze centra opent de deur naar nanofoto-
nische integratie, een grote stap richting schaalbaarheid. De integratie van tin-holte (SnV)
kleurcentra in diamant en fabricage van zwevende nanofotonische structuren blijft echter
uitdagend.

In Hoofdstuk 2 focussen we op de fabricagemethode gebaseerd op de kristal-vlak-
afhankelijke quasi-isotrope-ets en presenteren we de omvangrijke ontwikkeling van twee
varianten van het fabricageproces: we presenteren de optimalisatie van de fabricage
protocollen zien en bespreken diepgaand de vereisten en parameterruimte van het fa-
bricageproces om succesvolle fabricage van vrijdragende nanofotonische structuren in
diamant te bereiken. De methodes en procesparameters die we hier ontwikkeld hebben
worden vervolgens gebruikt voor de fabricage van zwevende nanofotonische structuren
geintegreerd met SnV kleurcentra in diamant.

De integratie van SnV kleurcentra in diamant wordt normaliter gerealiseerd door ionen-
implantatie en activatie door gloeien bij hoge temperatuur. In Hoofdstuk 3 verkennen we
het grafitiseringfenomeen dat zich voordoet op het oppervlak van diamant tijdens gloeien
bij hoge temperatuur en lage druk. We onderzoeken hier het grafitisering fenomeen met
complementaire diagnostische methodes en ondervinden dat dit fenomeen de eigenschap-
pen van het diamant oppervlak significant aantast. We stellen een alternatieve methode
voor die het oppervlak beschermt tijdens de hoge-temperatuur lage-druk gloei methode
en demonstreren we grafitisering-vrije activatie van SnV kleurcentra. De ontwikkelde
methodes en fabricageprotocollen worden vervolgens gebruikt voor het systematisch en
betrouwbaar integreren van SnV kleurcentra in bulk diamant.

In Hoofdstuk 4 onderzoeken we de interactie tussen een enkel SnV kleurcentrum en
een zwak coherent lichtveld in een enkele modus nanofotonische golfgeleider. We voeren
spectroscopie uit op de doorgelaten en gereflecteerde signalen en laten de eigenschappen
van een enkel foton zien tijdens de interactie door het meten van de fotonstatistieken
in beide lichtvelden. Deze resultaten benadrukken dat SnV kleurcentra in diamanten
golfgeleiders een veelbelovend platform zijn voor de realisatie van efficiénte spin-foton
interfaces, met aanzienlijk lagere fabricage-inspanning die inherent zijn aan het golfgeleider
ontwerp.

Tot slot, met de fabricagemethodes ontwikkeld in dit proefschrift presenteren we
in Hoofdstuk 5 de succesvolle integratie van SnV kleurcentra in diamanten fotonische
kristalholtes. We laten hier een systematische analyse zien en schatten de geometrie van de
gefabriceerde structuren om de kwaliteit van het ontwikkelde fabricageproces te evalueren.
Vervolgens presenteren wij de statistieken van de optische prestatie bij kamertemperatuur



Xiv SAMENVATTING

van de gefabriceerde structuren, gevolgd door de resultaten van SnV-holte experimenten
bij cryogene temperaturen. Deze resultaten banen de weg naar verdere SnV-holte interactie
experimenten in het zwakke holte regime en tonen de potentiaal van een dergelijk platform
aan als efficiént licht-materie interface voor hogere verstrengeling snelheden in moderne
kwantumnetwerken.



INTRODUCTION

1.1 QUANTUM NETWORKS WITH COLOR CENTERS IN DIA-

MOND

The purpose of a quantum internet is to enable applications that are fundamentally beyond
the reach of the classical internet, with future quantum networks opening the path to
secure communication, distributed quantum computing, and quantum enhanced sensing
[1].

Optically active spins in diamond represent a promising building block for the real-
ization of future quantum networks [2, 3]. Color centers in diamond represent promising
candidates as end-nodes for photon mediated entanglement distribution, where the spin-
state is the realization of the qubit. In order classify as suitable candidates for a quantum
network, such end-nodes must fulfill a series of requirements.

The first is the ability to create entanglement between the spin state of the electron
(localized in the defect) and the quantum state of the emitted photon. This is a key ingredient
to enable quantum information transfer from a stationary qubit (spin) to a flying qubit
(photon). The second is the capability of storing the quantum states during entanglement
generation, that is, the qubit coherence times under full network activity must be longer
than the required time to generate entanglement between individual nodes. The third is the
capability to store several entangled states per node while at the same time guaranteeing
high-fidelity operations between them [4].

These three fundamental requirements translate into a series of requirements for the
spin-photon interface. For color centers in diamond, generally, the above requirements
can be satisfied. First, the color center contains an optically active spin, which can be
individually addressed and controlled. The internal level structure of the color center is
suitable for spin-photon entanglement generation owing to the ability to address spin-
state-selective optical transitions. Second and third, the color center electron spin can be
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interfaced with surrounding long-lived nuclear spins. In turn, nuclear spins can act as
memory qubits that can be manipulated with a high degree of fidelity. Therefore, quantum
state storage becomes possible in the memory qubit(s), freeing up the communication qubit
for further network activity [4].

Thus, in a quantum network, where communication is established via photon-mediated
entanglement, the remote parties are connected via photonic links, the end nodes require
both access to long-lived memory qubit registers that can be operated with high fidelity,
and bright spin-selective optical transitions with good coherence properties [1]. Recently,
several promising photonic platforms [5-8] have been investigated as potential compatible
candidates.

By leveraging this ability over multiple stationary distant qubits, such resource allows
to link distant nodes, eventually realizing remote spin-spin entanglement over multiple
distant end-nodes.

In this thesis, we focus primarily on the reliable fabrication, design and characterization
of such building block. The focus is directed towards a specific color center, namely the
negatively charged the tin-vacancy (SnV) in diamond, although the fabrication methods and
general underlying principles are valid for the frequently encountered nitrogen-vacancy
centers (NV), as well as group-IV color centers.

1.1.1 NV CENTERS

Nitrogen vacancy centers (NV) in diamond have been and are currently among the leading
platforms, with milestone achievements such as the first loophole-free Bell test [9], entan-
glement distillation [10], a local 10-qubit quantum register [11], the first demonstration of
a heralded generation of a multipartite entangled state across a 3 node quantum network
[12] and most recently metropolitan-scale heralded entanglement [13]. However, further
scaling of the network is hindered by a low spin-photon entanglement generation rate.
The low entanglement generation rate can be attributed to two main limitations: a physi-
cally intrinsic limitation of low fraction of optical emission at the zero-phonon line (ZPL)
only 3 % and the extrinsic limited collection efficiency. These two limitations combined
currently restrict local entanglement generation rates to < 100 Hz [14]. The limited ZPL
emission is an inherent physical constraint to the system itself arising from the strong
electron-phonon coupling between the system and the diamond lattice, whereas the limited
collection efficiency arises from the internal reflection at diamond-environment (typically
vacuum or air) due to the high refractive index contrast.

A viable route to address the challenge of low emission rate of coherent ZPL photons
and increase it is to enhance the spontaneous emission rate through approaches such as
embedding the color center in an optical cavity. Embedding NV centers in an optical cavity
allows to leverage the Purcell effect, thus enhance the ZPL emission. At the same time,
optical cavities address as well the challenge associated with the poor collection efficiency,
enabling collection of the emitted photons into a well defined output mode. As a result, spin-
photon entanglement generation rate can be increased, as well as improving the collection
and efficient routing of the entangled photons for further spin-spin entanglement.

Promising strategies for coupling color centers in diamond to optical resonators can be
broadly categorized into two main approaches. The first involves positioning a diamond
sample hosting the activated color center within fiber-based open microcavities. The sample
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hosting the color center may be nanodiamonds [15-17], or micrometer-thin diamond
membranes [18-22]. This approach allows for tunability and high-quality optical coupling.
In the case of NV centers, employing micrometer-thin diamond membranes is beneficial
to maintain good optical coherence, [23, 24]. Purcell-enhanced ZPL photons from NV
centers in open optical cavities have been shown, demonstrating a potential increase of
the entanglement rates of 3 orders of magnitude [25].

The second approach entails fabricating nanophotonic cavities directly in the diamond
substrate, around the color centers, thereby integrating the color center into a monolithic
cavity structure with enhanced optical confinement and stability. The integration of NV
centers in nanophotonic optical cavities remains challenging [26], the reason being that
optical transitions of the NV center are detrimentally affected when positioned in the
vicinity of surfaces [27, 28]. In fact, NV centers embedded in nanophotonic cavities showed
substantially broadened transition linewidths, induced by surface effects [27]. Due to the
presence of a permanent electric dipole moment, the NV centers are affected by charge-
noise [29]. The reason is in the atomic structure of the color center itself: the NV system is
constituted by a nitrogen atom replacing a carbon atom of the diamond lattice, next to a
lattice vacancy, which gives rise to a Csy point group symmetry. This renders the NV center
a system that possesses a permanent electric dipole moment. As a consequence, NV centers
are highly susceptible to electric fields, to first order [4]. Although this allowed a high
degree of optical control of the NV centers, enabling Stark tuning of optical transitions, at
the same time this prevented NV centers from high optical coherence when embedded in
nanophotonic cavities [23].

Thus, open Fabry-Pérot microcavities remain particularly appealing for the NV centers
in diamond for several reasons, among these most relevant being the bulk-like properties
of NV centers preserved in micrometer-thick membranes [30], as already demonstrated
in previous works. Open microcavities present the advantage of full spectral and spatial
tunability, photon emission into a well-collectible cavity output mode [31], as well as
quality factors (of the order of ~ 10°) [32]. Nevertheless, this comes at the cost of a higher
mode volume [33] with respect to typical mode volumes, for example, of nanophotonic
crystal cavities and challenging cavity vibration isolation [21].

1.1.2 GROUP-IV COLOR CENTERS

The research field has become fervent in recent years in the search of alternative good
candidates with excellent properties that could fulfill the requirements of suitable platforms
for the realization of a quantum network. In this framework, of great interest are the
group-IV (Si, Ge, Sn, and Pb) color centers, which represent a promising alternative to the
widely studied NV centers. For a comprehensive review of optical and spin properties and
control, as well as their applications to quantum technologies, we refer the reader to Refs.
[34, 35].

The atomic structure of the group-IV color centers is substantially different from the NV
centers: the group-IV atom takes an interstitial lattice site between two lattice vacancies,
resulting in a D34 point group symmetry [36], rendering these a zero permanent dipole
moment, meaning that, to first order, the group-IV color centers are insensitive to electric
field fluctuations [4, 37]. While frequency tuning of the emission line of interest via
the Stark effect for these systems is limited [37-39], the first-order insensitivity to the
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local charge environment offers the advantage of robustness to charge noise, rendering
nanophotonic integration a viable route towards efficient extraction of emitted photons
[40, 41].

To date, the most mature group-IV color center has been the negatively charged silicon
vacancy center (SiV), including groundbreaking quantum networks experiments such as
a two-node quantum network composed of multi-qubit registers based on SiV centers in
nanophotonic diamond cavities [42] and universal distributed blind quantum computing
[43].

The key limitation of the SiV center is that it requires operational temperatures in the
mK-regime in order to enable sufficient ground-state spin coherence, thereby necessitating
the experimental overhead related to employment of dilution refrigerators. In the case
of SnV center, exceptional optical properties are guaranteed, at the same time the higher
ground-state splitting guarantees spin coherence at higher temperature in the ~K regime
(See Table 1.1). The measured Ags =850 GHz) is higher than e.g. SiV center (measured
Ags =50 GHz). The ground state splitting determines the phonon-limited coherence which

3

is CAGSA/% [44], therefore a higher ground state splitting is desirable in order to suppress
the exponential factor and allow operation at higher temperatures. The SnV higher ground-
state splitting limits the phonon population which in turn limits the coherence of the spin
qubit [45, 46] at a higher temperature. Ultimately, for large-scale integration, aiming for
operational temperatures in the ~K regime results in less experimental overhead.

At the same time, compared to other group-IV (e.g. SiV), SnV centers are characterized
by higher quantum efficiency () and Debye-Waller factor (f).

SPIN PROPERTIES

As mentioned in Section 1.1, high fidelity quantum control of the ground-state spin (where
the qubit is encoded) is paramount for the realization of an efficient spin-photon interface.
Until recently, this key capability has not been demonstrated in the case of the SnV centers.
The first demonstration of spin control has been demonstrated via all-optical multi-axis
coherent control of the SnV spin qubit with microwave modulated laser fields [47], with
moderate fidelity. Most recently, high fidelity microwave spin control [48-51] and control
of single nuclear spins [52] have been successfully demonstrated. Thus, this capability
motivates further advances to research and improve SnV-based spin-photon interfaces.

OPTICAL PROPERTIES

Evidence of Sn-related single-photon emitters in single-crystal diamond has been reported
for the first time in 2017, including the negatively charged SnV centers in diamond [53,
54]. In the following years, the properties of the SnV have been actively studied, where a
detailed spectroscopic study and analysis of the phonon sideband and Debye-Waller factor
have been shown, as well Fourier limited linewidths and stability of the charge state of
single emitters [45, 46].

Furthermore, by embedding SnV centers in diamond nanophotonic waveguides, de-
spite the heavy fabrication process of the nanostructures, SnV zero phonon line (ZPL)
linewidth as narrow as 36 + 3 MHz has been reported for free-hanging waveguide inte-
grated nanophotonic waveguides [55], values comparable to those previously reported
for nanopillar integrated SnV [41], and in both cases reported values are close to the
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color center H A [nm] ‘ n Bo ‘ 7 [ns] ‘ Ags [GHz]
Siv 737 0.1~0.3 (0.65-0.9) 1.8 50
GeV 602 ~0.2 ~0.6 5 170
SnV 620 ~0.8 0.57 (4.5~8) 830
PbV 520 / ~0.34[62] | 44[63] | ~ 6000 [63]

Table 1.1: Main properties of group-IV - Vacancy centers in diamond. Data adapted from Refs. [4, 64]. A: ZPL
wavelength of the C transition; 7: Quantum Efficiency; fy: Debye-Waller factor; 7: excited state lifetime.

lifetime-limited linewidth of around 32 MHz [54]. Taking into account the high quantum
efficiency (#), Debye-Waller factor (f), and higher operating temperature regime, these
characteristics represent a strong motivation to pursue nanophotonic integration of SnV
centers in broadband devices (e.g. one-dimensional photonic waveguides) in order to
both increase collection efficiency of the ZPL emitted photons and to leverage non-linear
quantum effects [21, 56].

Recently, Purcell enhancement of SnV centers in diamond photonic crystal cavities has
been demonstrated, with SnV-cavity devices showing an average Purcell factors up to ~
37 [57-59]. Efficient spin-photon interfaces that implement SnV centers with improved
collection efficiency and enhanced coherent ZPL emission by resonant SnV to cavity
coupling have the potential to enable next-generation quantum networks beyond the
current state of art [60, 61].

In this thesis work, integration of SnV color centers in diamond substrates, in nanopho-
tonic waveguides, and photonic crystal cavities is investigated, realized, and presented in
Chapters 3, 2, 4 and 5, respectively. The objective of this work is to develop robust methods
aimed at systematic and reliable integration of SnV centers in diamond substrates, as well
as to design, engineer, and optimize nanophotonic optical interfaces for efficient photon
collection into well-defined modes, suitable as single-photon sources for quantum network
experiments.

1.2 SNV CENTERS IN DIAMOND AS SPIN-PHOTON INTER-

FACES

The negatively charged tin vacancy (SnV) center in diamond is a group-IV color center, in
a split-vacancy configuration aligned with <111> equivalent crystallographic axis, of which
a schematic is illustrated in Figure 1.1 (a). The symmetry of this class of defects belongs to
the D34 symmetry point group [36], in particular, displaying an inversion symmetry point
centered on the position of the impurity atom.

SNV ELECTRONIC LEVEL STRUCTURE AND OPTICAL TRANSITIONS

The unperturbed electronic structure can, in principle, be predicted by group theory
[36], with the energy ordering of the states calculated by density functional theory (DFT)
[65]. The electronic structure can be determined from the defect molecule model: Each
neighboring carbon atom presents one unsaturated dangling bond, from which the 6
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orbitals in the D34 symmetry emerge. Each orbital can host two electrons, due to spin
degeneracy, for a total of twelve electrons. The negatively charged SnV center hosts eleven
electrons: six electrons from each nearest-neighbor carbon atom, four electrons from the
interstitial Sn atom, and one electron captured from a donor in the diamond lattice. This
results in spin and orbital dynamics, effectively, of a spin 1/2 system [65]. The electronic
structure (schematically illustrated in Figure 1.1 (b)) exhibits a ground state and an excited
state with opposite wavefunction parity: even (g) for the ground state (GS) and odd (u) for
the excited state (ES). In the unperturbed case, both GS and ES are four-old degenerate. In
the absence of any interaction, the ground state and the excited state are split by an optical
transition at 619 nm. We will indicate the spin-1/2 electron with |1) and ||) to indicate
Img = +1/2) and |ms = —1/2), respectively, and the orbital states described in the bases |e,)
and |e_) (in which the spin-orbit interaction Hamiltonian is diagonal) [36].
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Figure 1.1: Tin-Vacancy (SnV) center in diamond | (a) Schematic illustration of the negatively charged
SnV center; (b) Schematic illustration of the electronic energy levels: (left) spin-orbit (SO) and Jahn-Teller (JT)
interaction lift the orbital degeneracy of the ground state (GS) and excited state (ES) onto two-fold degenerate
states in the GS and ES respectively, lower branch (LB) and upper branch (UB); the energy splitting between LB
and UB scales as A = /A% +4y?; (center) Zeeman effect (for B#0) and (right) Strain lift the spin degeneracy; C
and D transitions split into spin-conserving transitions (A; and By, allowed by selection rules) and spin-flipping
transitions (A2 and By, allowed in the presence of an off-axis static magnetic field) (c) Decay paths: direct transition
in the zero-phonon-line (ZPL, orange) and indirect phonon-assisted transitions phonon-sideband (PSB, red).
Figure adapted from Ref. [48, 64].

In presence of spin-orbit (SO) coupling and the Jahn-Teller (JT) effect, the ground states
and the excited states are split into a set of two-fold degenerate branches each, respectively,
lower branch (LB) and upper branch (UB) (Figure 1.1 (b), left panel). The set of two-fold
degenerate ground and excited states gives rise to four optical transitions. The energy
splitting in the ground (Ags) and the excited state (Ags) scales as A = (JA2 +4y2, where y
is the magnitude of the Jahn-Teller effect and A is the spin-orbit coupling factor [36]. The
splitting is Ags = 830GHz in the ground state, whereas in the excited state Ags = 3030GHz.
When taking into account inherent interactions to the system, such as spin-orbit coupling
and the Jahn-Teller effect (and lattice strain), the ground state and excited state are split
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into A, B, C and D transitions: B and C transitions are linearly polarized, whereas those of
A and D are circularly polarized. At cryogenic temperatures (<100 K), the upper branch
of the excited state is characterized by a low occupation population and fast relaxation
to the lower branch of the excited state. As a result, optical transitions from the excited
state upper branch are suppressed and prevalent optical transitions involve the C and D
transitions, respectively [45].

Next, the population of the upper branch of the ground state is temperature dependent:
for temperatures <10 K the phonon transition rate to the upper branch of the ground state
is negligible compared to the fast phonon decay rate in the lower branch of the ground state
[64]. As a consequence, the short lifetime of the ground state UB renders the respective
states (Figure 1.1 (b), center panel, states indicated as UB |e’g +T)and |e/g, 1), respectively)
impractical to use.

In the presence of a static magnetic field, the spin degeneracy is lifted revealing eight
spin-orbital levels (Figure 1.1 (b) center) due to Zeeman interaction, revealing Ay, A;, B;
and B, transitions (A; and B; spin-conserving transitions, A, and B; spin-flipping). In the
presence of additional external strain, the energy levels are further shifted (Figure 1.1 (b)
right), enabling spectral tuning of the ZPL emission of interest [66—68].

SNV AS SPIN-PHOTON INTERFACE

The features that render SnV a promising spin-photon interface are the efficiency of the
optical transition (high quantum efficiency (1), Debye-Waller factor () and branching
ratio (@)), the spin control at temperatures higher than 2K and the inversion symmetry.

The qubit states of the SnV center are defined as the spin-down and spin-up states
(Figure 1.1 (b), states indicated as |eé +4)and |eé_ 1), respectively) of the lower branch in the
ground state (Figure 1.1 (b), center and right panels). These two states are the lowest-energy
states, with the orbital part of the wavefunction mutually orthogonal. Driving between
these two states is forbidden according to the selection rules due to the orthogonality of
the orbital components. This challenge can be overcome via two possible approaches:
one is to alter the orbital component of the states e.g. via crystal strain, relaxing the
orthogonality between the two states (thus relaxing the selection rules). In such case,
microwave driving between the two states (Figure 1.1 (b), right panel, states indicated as
leg: +) and ley” 1), respectively) becomes possible [48, 50, 52]. Another approach is the
stimulated-Raman scattering [47], where coherent population transfer between the two
states with a two-photon process through a common (virtual) excited state (detuned from
the excited state) is employed with two driving fields in a "lambda scheme" configuration
[47].

The optical initialization of the SnV qubit state involves spin-dependent resonant
excitation schemes, driving the cycling spin-conserving transition (e.g. A; or B;) and a
non-cycling spin-flipping transition (e.g A, or B;) used for qubit initialization (optical
pumping into the down state) [64].

The relevant decay paths of the SnV center are schematically illustrated in Figure 1.1
(c). Within the radiative channels, the decay from the excited state can occur through a
direct transition (zero-phonon line, ZPL) or through phonon-assisted processes: the electric
dipole transitions are associated with a change in the wavefunction, in turn linked to a
change in the charge distribution. A variation in the charge distribution causes a change
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in the positions of the nuclei in the vicinity of the defect, inducing lattice vibrations, hence
the electronic and vibronic structures are linked [36, 44]. Phonon-assisted decay processes
result in a spectrally broad phonon sideband (PSB, for SnV =630 nm).

Quantum efficiency () is defined as the ratio between the radiative decay rate (};aq)
over the total decay rate (yyad + Ynonrad)- The Debye-Waller () factor quantifies the ratio
of ZPL to ZPL+PSB, while the branching ratio (@) quantifies the efficiency of the ZPL decay
of interest to the total ZPL. Thus, quantum efficiency (7), Debye-Waller factor (f,) and
branching ratio («) are each defined respectively as

p=—1d qy o= — 12 (19 a="2 @13
Yrad + Ynonrad YzrL + YPSB YzrL

where yyad = yzpL + ypsp and yzpr = yc + yp. The total efficiency of the SnV center can
be quantified in the product between the above terms as follows

n-Po- o = 0.36. (1.4)

This value shows improvement over SiV centers total efficiencies, as well as an order
of magnitude improvement over the NV centers [21].

EMBEDDING SNV CENTERS IN OPTICAL CAVITIES

As highlighted in Section 1.1, in the context of color centers in diamond as end-nodes for
long-distance quantum networks, a key goal is to increase the entanglement generation
rate. To achieve this, we focus on improving both the photon collection efficiency from the
color center and enhancing its spontaneous emission rate. Embedding the color center in a
nanophotonic structure, such as a photonic crystal cavity, offers a promising approach to
simultaneously address both objectives.

In the context of nanofabrication, one can identify two simple ways to enhance quantum
systems interaction with light, that is, the integration of SnV in nanophotonic waveguides
and in resonant cavity systems (e.g. photonic crystal cavities). In the following, the aim is
to introduce the main figures of merit to quantify the emitter to cavity interaction.

The use of optical cavities to enhance the quantum system interaction with light is a
well-studied subject, for which we refer the reader to other literature references [69-71],
while below a brief overview of key figures of merit is introduced [64]. Considering a
two-level system (linked by an electric dipole transition) located inside a single-mode
optical cavity resonantly interacting with the cavity light field, the interaction between
the two is described by the Jaynes-Cummings model. From the resulting Hamiltonian,
if the emitter is in resonance with the cavity and the cavity mode is occupied by one
photon (more photons lead to faster energy exchange), it follows that the rate at which the
two-level system exchanges energy with the optical field is quantified by 2g, where g is
the emitter-cavity coupling. The coupling constant g is defined as
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where o is the transition frequency between two eigenstates of the dipole emitter,
Heg = Hleg -d is the electric dipole moment of the emitter, V is the vacuum field quantization
volume, €y and €, are the vacuum and relative electric permittivity, respectively [30].

In the case of solid-state defects, in addition to the optical transition of interest coupled
to the cavity, there are several additional decay channels (non-radiative decays, phonon
sideband emission, and D-transition emission). These decay channels affect the coupling
factor g between the transition of interest and the cavity mode, as the transition dipole

moment effectively decreases when the other decay channels are taken into account.

The cooperativity C compares the rate of radiation via the cavity to all emitter decay
mechanisms. Taking into account the efficiency of the solid-state defect, the cooperativity
follows [21]

C=F,fonale, (1.6)

where f is the Debye-Waller factor,  quantum efficiency, « is the branching ratio into
the C transition, { overlap of cavity polarization with the emitter dipole and € the spatial
overlap of cavity mode and emitter. An important figure of merit is the Purcell factor Fp,

defined as:
3 /2\’0
Fb=— 2] = 1.7
P g2 (n) v’ (1.7)

where A is the cavity resonance wavelength, n the refractive index of diamond, Q is
the cavity quality factor (defined as Q = w/Aw with frequency w and cavity linewidth Aw)
and V is the cavity mode volume. Equation 1.6 expresses the efficiency of a spin-photon
interface [72], which can be expressed as

2
c=__ & (1.8)
K( Yrad t )’nonrad)

where K = Kin/out + Kloss s the total decay rate of the cavity and y = yad + Ynonrad
is the total decay rate of the transition. For the SnV center the radiative component
Yrad = YzpL + ¥psB, with a further split of the ZPL component in the C and D transitions
YzpL = yc + yp [21]. Here we focus on the cavity resonant with the C transition of the SnV
center.

The cavity-induced increased C transition decay rate (yp) with respect to its initial
value yc is determined as follows

yp=Fpelyc+y, (1.9)

Taking into account yc = nfpay, from Eq. 1.1, 1.2 and 1.3 we obtain:

C:FP%§€> (1.10) e =y(C+1), (1.11)
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which yields for y = 1/(27 1)

c="_1-"_4 (1.12)
Y Tp
Thus, cooperativity C can be determined by measuring the Purcell-reduced excited
state lifetime 7p and the natural excited state lifetime 7 [21].
Next, taking into account broadening effects of the optical transition, such as dephasing,
the linewidth-broadened emitter decay rate is y’ = y + y4 and the comprehensive metric

quantifying the emitter-cavity interaction is the coherent cooperativity [72]

_ e
=

Therefore, coherent cooperativity can be determined by measuring the emitter linewidth
and Purcell-enhanced linewidth.

Finally, in the case of nanophotonic cavity devices, the probability of emission in
the cavity mode (fBcay) and the overcoupling of the cavity to the waveguide ﬁ (xs
includes all unwanted cavity scattering loss with k = ky + k) determine the efficiency of
the outcoupled ZPL emission (#4,t) [73] defined, respectively, as

Ceohy = c% 1. (1.13)

¢ 1.14 =
v O T e ks

Beav = Peav- (1.15)

The cavity-emitter coupling strength regimes can be roughly divided into two regimes.
In the weak coupling regime (k, y > g and C <1) the emitter properties are modified by the
increased photonic density of states at the cavity resonance. The optical transition of the
emitter in resonance with the cavity is enhanced via the Purcell effect and is associated with
a decrease in the excited-state lifetime in the cavity 7p compared to the natural excited-state
lifetime 7. In this regime the cavity and emitter decay are faster than the coupling rate;
therefore, the probability that the emitter interacts with a photon in the cavity mode is
low. In the case of a "lossy" cavity regime (kx > g > y and C > 1) Purcell enhancement
scales with cooperativity C: for increasing cooperativity, Purcell enhancement is stronger.
Although cavity decay is still faster than the coupling rate and emitter decay, the probability
of emitter interaction with a cavity field is increased; therefore, although the interaction
probability is modest, coherent interaction between the emitter and the cavity field can be
observed.

In the strong coupling regime (g > «, y and C > 1) the interaction rate between the
cavity photon and the emitter is much faster than the decay rate of the cavity and the
total decay rate of the emitter, leading to a high probability of cavity-photon interaction
with the emitter several times before the cavity photon is lost. In this regime, (C>>1
high cooperativity) near-deterministic interactions between the emitter and the photon are
enabled [72] and allows implementation of reflection-based schemes to realize entanglement
by using the spin-dependent reflection amplitude of the cavity, as demonstrated in the case
of SiV embedded in a nanophotonic cavity [40].

In practice, Purcell enhancement is leveraged to increase spontaneous emission in the
cavity mode or using coherent interaction with input photons to realize spin-dependent
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single-photon gates. For color centers in diamond, two types of optical cavities are promis-
ing candidates [70]: nanophotonic cavities, which can be fabricated directly into the bulk
diamond crystal host environment and the open Fabry-Pérot microcavities (previously
discussed in Section 1.1.1).

Integrated nanophotonic cavities are appealing due to their small optical mode volumes
V < (A/Ngiamond)’ [74] and the inherent cavity spectral stability [75]. In fact, from Eq. 1.7,
the ratio Q/V is entirely determined by the cavity design, with the objective of maximizing
Q and minimizing V in order to maximize Fp

In case of the SnV center, taking into account the non-radiative decay (quantum effi-
ciency), phonon sideband emission (PSB) and emission in the C-transition (branching ratio,
@), the efficiency n- -« = 0.36 is higher compared to other color centers in diamond [21].
Therefore, given a defined cavity performance as a result of fabrication imperfections, for
an optimally coupled SnV center to the cavity mode, the resulting cooperativity is higher
when compared to other group-IV (Table 1.1). On the other hand, the C transition ZPL line
is blue-shifted with respect to e.g. SiV color centers, rendering the nanocavity design more
challenging to fabricate, as the cavity geometry is as a consequence smaller.

1.3 BRIEF HISTORY WALK ON DEVELOPMENT OF DIAMOND

MATERIAL

Diamond is an exceptional material with a unique combination of outstanding proper-
ties, making it a compelling focus of scientific inquiry. It exhibits remarkable mechanical
strength, including unparalleled hardness, as well as superior thermal conductivity. Its
broad optical transparency, chemical inertness, biocompatibility, and favorable electronic
characteristics further contribute to its appeal. This rare convergence of attributes posi-
tions diamond as a highly versatile platform for diverse technological and engineering
applications.

In the context of this work, diamond material is of interest mainly due to the wide optical
window transparency and the variety of hosted color centers. Diamond is a semiconductor
material, with a large indirect optical bandgap of Eg,p=5.5 €V, while the direct energy
bandgap is Er=7.3 eV (at the I in the center of the irreducible Brillouin zone). This large
energy bandgap of diamond renders the material transparent to an optical window from
ultraviolet to far infrared [76]. At the same time, a plethora of optically active impurities
that can lead to absorption of light in the visible spectrum are possibly hosted in the
diamond crystalline lattice. The peculiarity of such optically active systems is that the
energy levels of impurities lie within the diamond energy bandgap, effectively rendering
them optically isolated systems in a solid state environment. Such systems, in analogy
with e.g. trapped atoms, offer the advantage of optical control, while being embedded in
a solid-state environment that effectively acts as a vacuum. This eliminates the need for
experimental overhead, such as trapping potentials, which is typically required in atomic
systems. A great deal of effort and interest has been directed toward the study of such
complexes, establishing over hundreds of species, which have been studied, characterized,
and summarized in Ref. [76, 77].

The underlying basic scientific principles aimed at the development and control of color
centers in diamond for quantum technologies began to take shape in the previous century.
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It was in 1951 that William G. Eversole reported the first successful artificial diamond
synthesis [78, 79]. Only a few years later, in an equally rapidly advancing field of physics,
the laser was invented by Theodore Maiman in 1960. Together, these two breakthroughs
laid the foundation for quantum experiments involving color centers in diamond.

We refer the reader to the complete historical scientific endeavor of chemical vapor
deposition synthesis efforts over the past century [78], while here we report on the very
first milestone experiments investigating diamond chemical composition and artificial
synthesis efforts.

The first scientific studies on diamond material date back to 1694 at the Accademia del
Cimento in Florence, where diamond combustion studies have been conducted by Averani
and Targioni [78]. Fast forward, in 1797, it was concluded that "diamond consisted entirely
of charcoal, differing from it only by its crystallized form" [79]. The discovery that diamond
is fully constituted by carbon has raised interest in research on artificial synthesis.

As early as 1915, G.N. Lewis and M. Randall determined that under room temperature,
diamond and graphite are in equilibrium at 10000 atm. It was until 1949 that serious
concerns were held valid with respect to the growth of diamond at low pressures. The
first documented diamond growth reports at low pressures have been documented by
William G. Eversole at the Linde Division of the Union Carbide Corporation in 1949: carbon
monoxide was proposed to be used as a source gas to precipitate diamond on a diamond
crystal seed. The growth of these has been achieved in January 1953, with fast conclusive
proof in February of the same year. This discovery precedes the high pressure synthesis of
diamond, reported by the General Electric Company in 1954 [78].

In the following decade, extensive efforts have been dedicated towards the investigation
of reliable diamond growth, with fervent developments and rapid implementation of new
techniques, which mainly involved laboratories across the United States (Union Carbide,
General Electric, Case Western Reserve University), Soviet Union (Physical Chemistry
Institute) and Japan (National Institute for Research in Inorganic Materials). These efforts
confirmed that diamond synthesis can be achieved successfully at low pressures and
relatively moderate temperatures (of the order of 1000 K) employing mainly CH4/H; gas
mixture.

To date, artificial diamond synthesis is enabled by mainly three processes, namely high-
pressure high-temperature (HPHT), detonation, and chemical vapor deposition (CVD).

Although the potential of diamond as a semiconducting material was clear, until
the 1990s its optical technology applications remained limited, the main reason being
a restricted availability of high purity and crystal size. The advent and development of
diamond CVD growth has changed this scenario, making readily available optical CVD
grades that rapidly found a variety of technological applications, including e.g. high energy
radiation detectors [79, 80], and, very recently, quantum applications.

1.4 FABRICATION OF DIAMOND DEVICES

1.4.1 WHY IS DIAMOND CHALLENGING TO NANO-STRUCTURE?

Diamond lattice (constituted by carbon atoms in a crystal), consists of two interpenetrating
face-centered cubic Bravais lattices. Each constituting atom has its four nearest neighbors
positioned to form the vertices of a tetrahedron [81]. In this spatial configuration, the
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spatial electronic distribution of each constituent atom is localized and preferred along
certain directions (typical of covalent crystals), giving rise to sigma bonds (154 pm long)
in a three-dimensional configuration. Therefore, in this configuration, both the atomic
position within the crystal lattice and the electron wavefunction distribution give rise to
the sp® configuration.

CHEMICAL REACTIVITY

At the same time, diamond is chemically inert and is not affected by any acid or other
chemical solutions [80, 82]. Moreover, controlled chemical modification of the diamond
surface has proven challenging, with the surface generally being inert to most chemical
reagents. Ref. [83] reports that the first major factor responsible for the low reactivity
of diamond surfaces is the steric bulk of the diamond surface. This constrains the attack
trajectory of a potential reagent to a near-surface normal vector. The second factor relies
on the crystalline structure of the lattice: the bulk sp® hybridization, combined with
surface carbon-hydrogen termination is inherently characterized by low reactivity [83].
Thus, the outstanding chemical stability of diamond in the sp® configuration and the high
binding energy of the C-C bonds render the wet chemical etch ineffective: wet chemical
etch solutions do not provide sufficient energy to break the C-C bonds [84]. This makes
diamond a challenging material to shape, by mechanical means or wet etching.

There are several exceptions to the generally low reactivity of diamond surfaces. The
first and most notable one is the graphitization (to which we dedicated a great deal of
attention in this thesis, Chapter 3) and the second (and most important) exception is
represented by surface oxidation.

Wet etching of diamond surfaces is made possible by strongly oxidizing agents at high
temperatures under ambient pressure that efficiently attack the surface of the diamond
[80, 82, 83]. Such oxidizing agents are mainly constituted by molten alkali nitrates (e.g.
KCIO3, KMnOy, K,CrO; and NaClO4 wet etch of {111} oriented diamond at 653 K [85] and
KNO; wet etch of {100} oriented diamond at 800 K to 1100 K [86]) [82]. The other possible
chemical attack form is composed of two groups of metals: At high temperatures, metals
such as tungsten, tantalum, titanium and zirconium react chemically with diamond to form
respective carbides, whereas metals such as iron, cobalt, manganese, nickel, chromium and
platinum group of metals, in the molten state, act as solvents for carbon [80, 82].

The severe wet etching conditions of diamond employing the above chemical attack
methods, combined with the resulting typical etched pattern (triangularly shaped cavities,
in case of {111} oriented surfaces [85]) and squared etched pits (in case of {100} oriented
surfaces [86]), made diamond wet etching significantly challenging for future micro- or
nano-structuring purposes. In addition, these methods are highly aggressive, technically
challenging to implement, and not compatible with cleanroom fabrication processes or
with the safety regulations of typical cleanroom facilities. Therefore, even though in the
above exceptions wet etching of diamond is in principle possible, it is not a viable route for
micro- and nano-fabrication of devices.

DRrY ETCHING
The high chemical inertness renders the diamond a challenging substrate material for
alternative reactive ion etching (RIE), with few candidate etchants that effectively etch
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diamond in chemistry processes involving oxygen plasma. At the same time, the strong
bonding nature of the carbon lattice makes physical etching quite challenging [77].

The dry etching mechanism is fundamentally different from the chemical wet etch,
which involves mainly four major steps: (1) reactive species (radicals and ions) are generated
in the plasma; (2) the species are brought in proximity to the substrate of interest and
adsorb on the target; (3) chemical reactions occur at the surface of the target; (4) etch
byproducts desorb from the surface [87]. In addition, sputtering of ions occurs (physically
removing ions from the target substrate) for sufficiently energetic plasma radicals.

Efforts directed at the dry reactive ion etch date back as early as 1961, where experiments
of etching diamond surfaces in air at high temperatures have been conducted [88]. Most
of the efforts in the study of reactive ion etching stem from research conducted in the
context of diamond CVD growth. Hence, hydrogen and oxygen etching are by far the
most common etching mechanisms. The reason for the high etch rates in the case of an
oxygen-based plasma is the reactivity of the diamond surface upon oxidation [82]. Atomic
oxygen strongly oxidizes the diamond surface, chemically removing surface carbon atoms,
resulting in CO and CO,, whereas atomic hydrogen etch yields CHy4 volatile byproducts
[89].

Although diamond is known to be an inert material, extensive surface functionalization
research has recently been conducted for a variety of applications, of particular interest for
molecular sensing and biosensing [90].

1.4.2 NANOPHOTONIC DEVICES IN DIAMOND: FABRICATION METHODS
With the advent and potential of optically active color centers in diamond for quantum
communication applications and quantum sensing, photonic integration has gained signifi-
cant interest. Diamond material offers the advantage as both a solid-state platform hosting
potentially high performance spin-qubits, while at the same time offering the possibility
of engineering high efficiency optical nanophotonic devices. These ultimately have the
potential for nanophotonic integration with conventional integrated photonic circuits,
offering the advantage of on chip routing and signal processing [91]. In the context of quan-
tum communications, the above features open the possibility to overcome experimental
challenges hindering scalability due to low photon collection efficiency.

In recent decades, diamond fabrication has seen tremendous development, characterized
by several landmark application-driven fabrication processes being successfully developed.
We refer to several comprehensive literature review articles exploring this subject [77, 84,
92], here we focus on the main fabrication processes aimed at nanophotonic integration
with NV and group-IV color centers for quantum communications.

Conventional methods for structuring diamond material involve cutting and fine pol-
ishing, yielding flat sub-nanometer surface roughness Single Crystal Diamond (SCD) plates.
Structuring diamond beyond this dimensionality is notoriously challenging, with several
methods developed in order to engineer curved surfaces, such as focused ion beam milling
and ultrashort pulse laser micro-structuring [93]. Additionally, methods relying on lithog-
raphy patterning and reactive ion etching enabled a top-down approach towards diamond
structuring, yielding successful fabrication of micro and nano devices. To date, a method
for wet-etch undercutting of nanophotonic structures by means of a wet etch of a sacrificial
layer, as conventionally adopted strategy in the traditional silicon photonics (i.e. silicon on
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Overview of fabrication proc

(a) Selective etching of a sacrificial layer (b) Thinning of a diamond membrane via dry etch
(1) lon implantantion and (2) Transfer of selectively etched (1) Diamond is mounted on (2) Deep ICP-RIE to membrane
annealing of diamond; membrane on carrier wafer; carrier wafer; layer thickness;
(c) Angled etch / Focused ion beam milling (d) Quasi-isotropic crystallographic dependent etch
& ‘,
- B
(1) ICP-RIE transfer pattern from (2) ICP-RIE Angled etch / (1) ICP-RIE transfer pattern from (2) Crystallographic dependent
hard mask into diamond Focused ion beam milling hard mask into diamond QIE undercut and upward etch;
substrate, with prtected sidewall; undercut; substrate, with protected sidewall;

Figure 1.2: Overview of common fabrication methods: | (a) Schematic illustration of selective etching of a
sacrificial amorphous carbon layer, obtained via ion implantation and subsequent high temperature annealing; (b)
Deep ICP-RIE of a several tens of micrometer thick diamond membrane, to few micrometer device layer thickness;
(c) ICP-RIE Angled ion etch / Focused ion beam milling: a hard mask material is used for nanophotonic device
transfer pattern; (d) QIE crystallographic dependent based fabrication process. Figure adapted from Ref. [4].

insulator (SOI) platform) has emerged [94], although not widely available yet. The majority
of developed diamond fabrication processes start from bulk SCD substrates and typically
rely on lithography combined with dry reactive ion etching, where common fabrication
methods can be roughly divided into four approaches.

SELECTIVE ETCHING OF A SACRIFICIAL LAYER

This method is based on high energy ion implantation of the SCD above a critical damage
threshold at a depth dictated by the ion beam energy. This yields a highly damaged burried
layer inside the SCD at a precise depth. Subsequently, a thin layer of high quality diamond
(i.e. alow concentration of crystalline defects and non-native impurity atoms) is overgrown
via CVD. In order to incorporate non-native impurities, typically delta doping takes place
in the overgrowth phase (as in the case of subsequent NV or SiV center creation), or ion
implantation of dopants is carried out in a following step. The substrate is then annealed
at high temperature, both activating the color centers and migrating the vacancies in
the overgrown layer, as well as converting the damaged layer into chemically non-inert
amorphous carbon. Next, in order to release the diamond thin film from the parent substrate,
the amorphous carbon layer is chemically or electrochemically etched and transferred to a
carrier wafer chip, the damaged layer being further dry etched (RIE or ICP-RIE) and for
further post thin-film release fabrication [94-104]. Typically, this method yields ultra low
surface roughness (few hundreds of picometers), high uniformity (wedge-free), thin-film
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layer thickness <200 nm (typical dimension for visible wavelength waveguiding structures)
diamond films. Nanophotonic diamond devices fabricated with this method have shown
the highest Purcell enhancement of color centers in diamond to date [103, 105].

THINNING OF A DIAMOND MEMBRANE VIA DRY ETCH

Starting from a commercially available diamond membrane of few micrometer thick,
directly hosted by a carrier wafer chip (for example, silicon), the membrane is thinned
down by means of relatively long RIE etching (typically argon / chlorine and oxygen-based)
to a device layer compatible with nanophotonic devices fabrication (typically up to ~200 nm
thick). Next, dry etching is performed to undercut the host wafer chip and suspend the
diamond devices [27, 106—-108]. Similarly, micrometer thick diamond film layers can be
fabricated via deep RIE employing a positioned mask placed atop the substrate. In this
case, the mask opening allows for deep etching of diamond substrates, whereas the masked
areas preserve the original substrate thickness. This method demonstrated the advantage
of user-efficient handling while preserving the structural integrity of the resulting thin film.
On the other hand, thickness uniformity across the etched area has resulted in a challenge
to guarantee, ultimately hindering the ability to reach the nanophotonic device layers of
~200 nm typically required for optimal optical mode waveguiding [109-111].

ANGLED ETCH / MILLING

Starting from a commercially available SCD, typically a few hundred micrometers thick, the
fabrication process begins by patterning a high etch-selectivity hard mask using standard
lithography techniques. Nanophotonic device structures are then defined and undercut
to form fully suspended geometries through an angled reactive ion etch (RIE) process,
or focused ion beam milling process, in which ions are directed toward the substrate
surface at a well-controlled angle. This approach enables the realization of free-standing
devices with triangular cross-sections, as demonstrated using both focused ion beam (FIB)
milling [112] and angled RIE. The latter can be achieved by employing a Faraday cage to
steer plasma radicals relative to the surface normal [113], or by direct reactive ion beam
angled etching [114, 115]. State-of-the-art quality factors photonic crystal cavity devices,
starting from bulk SCD substrates have been demonstrated with this method as well as
demonstration of probabilistic entanglement generation between two SiV centers in the
same waveguide [116] (showing coherent cavity-SiV interaction for the first time), strong
interaction between two SiV centers placed in the same nanocavity [117], demonstration
of a memory-enhanced quantum communication employing a nanophotonic diamond
resonator with cooperativity of C=105+11 [118].

QUASI-ISOTROPIC CRYSTALLOGRAPHIC DEPENDENT ETCH (QIE)

In analogy with the crystallographic-dependent wet etch in silicon, where crystallographic
planes with different Miller indices exhibit different etch rates when exposed to the same
wet etch conditions, diamond crystallographic etch was demonstrated in dry reactive ion
etch plasma under specific etch conditions for the first time by Ref. [119]. The combination
of crystallographic etch selectivity with single-crystal reactive ion etching and metallization
(SCREAM) process principles [120] has enabled fabrication of high quality nanophotonic
devices in diamond, such as microdisk resonators [119], one-dimensional nanophotonic
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waveguides [55, 56, 91], one- and two-dimensional photonic crystal cavities [26, 121, 122], 1
as well as nanomechanical resonators [123].

In this thesis, we focus primarily on the development of the latter fabrication process,
establishing experimental methods and fully characterizing the process parameters that
allow the reliable fabrication of nanophotonic devices with SnV centers in diamond.
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1.5 OUTLINE OF THE THESIS

This thesis presents the progress on the development and methods for the realization
of spin-photon interfaces based on tin-vacancy (SnV) centers in diamond nanophotonic
devices, and is organized as follows:

« Introduction gave a brief overview of quantum networks, color centers in dia-
mond and the properties of SnV centers. We then motivated the advantages of
SnV-embedded nanophotonic devices as spin-photon interfaces for next generation
quantum networks. Challenges associated with diamond nanofabrication meth-
ods were introduced and a brief overview of state-of-the-art fabrication processes
with the goal of realizing free-hanging all-diamond nanophotonic one-dimensional
nanophotonic waveguides and photonic crystal cavities was given.

« Chapter 2 presents and discusses in detail the quasi-isotropic-etch (QIE) based
nanofabrication process and presents the two process variants we developed. Next,
we present the optimized process parameters and nanophotonic devices designs. We
then show successful fabrication of all-diamond photonic crystal cavity devices op-
erating in the telecommunications regime and all-diamond photonic crystal cavities
operating at the SnV emission wavelength.

« Chapter 3 gives a brief overview of state-of-the-art generation and activation of
color centers in diamond. We investigated the graphitization challenge associated
with the activation of SnV implanted color centers upon high-temperature vacuum
annealing. We then propose and present an alternative surface-protected high
temperature annealing discussing the analysis of the graphitization phenomenon
via complementary inspection methods. The analysis confirms the efficacy of the
proposed method in preventing the diamond surface graphitization phenomenon.

« Chapter 4 presents a detailed investigation of a diamond SnV center coupled to
a nanophotonic waveguide. We present the integration of SnV centers in a di-
amond waveguide, showing the successful fabrication of free-hanging diamond
nanophotonic devices with the 65°C QIE-based fabrication process variant. We
then investigate the interaction between a single SnV in a single-mode fabricated
waveguide and a coherent input field and demonstrate strong non-linear interaction.

« Chapter 5 presents the results of fabricated SnV-embedded photonic crystal cavity
devices with the surface-protected high temperature vacuum annealing (develop-
ment and methods in Chapter 3) and 250 °C QIE-based variant fabrication process
(development and methods presented in Chapter 2). Here we show the results of
optically characterized cavity devices and show cavity resonance tuning at cryogenic
temperature.

« Chapter 6 summarizes the findings of this thesis and outlines the prospects for
further development of SnV-embedded all-diamond nanophotonic devices as the
next generation of diamond-based quantum network nodes.
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FABRICATION OF DIAMOND
NANOPHOTONIC STRUCTURES
FOR QUANTUM NETWORKS
APPLICATIONS

Future quantum networks require end nodes that combine excellent qubit control and coher-
ence with efficient spin-photon interfaces. Further scaling of such systems requires higher
entanglement rates combined with excellent spin-qubit control and coherence with efficient
spin-photon interfaces. Diamond Tin-Vacancy (SnV) centers have recently emerged as prime
node candidates thanks to their long spin coherence times and strong optical coherence even
when integrated in photonic nanostructures. Such integration enables engineering of quantum
light matter interactions for efficient spin-photon interfaces. Fabrication of free-standing
diamond nanostructures is in itself a challenge. Here we present the quasi-isotropic etch (QIE)
undercut-based fabrication process flow, where we show our development and optimization
of two variants of the process, with which we achieve successful fabrication of free-standing
nanophotonic structures, such as one-dimensional waveguides (operating at the SnV center
zero-phonon line (ZPL) emission) and photonic crystal cavities (PCCs) (operating both at the
telecom and SnV center ZPL emission wavelengths). The successful integration of quantum
emitters in nanophotonic structures opens the path toward integration in photonic circuitry.
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2.1 INTRODUCTION

Diamond crystallographic etch was demonstrated in dry reactive ion etch plasma under
specific etch conditions for the first time by the authors in Ref. [1]. High etch selectivity
along crystallographic planes, combined with the principles of the single-crystal reactive
ion etching and metallization (SCREAM) process [2] have proved excellent ingredients for
the development of the diamond quasi-isotropic undercut fabrication process. This has
enabled fabrication of high quality nanophotonic devices in diamond [1, 3-11], operating in
both the visible and the telecom regimes, and demonstrating the robustness and versatility
of the proposed process.

In this chapter, we present the methods and fabrication protocols we developed, aimed
at systematic and reliable fabrication of suspended diamond nanophotonic devices for
quantum network experiments. In this work, we develop two variants of the Quasi-Isotropic
Etch (QIE) based fabrication process. First, we show the 65 °C QIE-based process variant,
used for the successful fabrication of free-standing nanophotonic structures, such as one-
dimensional waveguides (operating at the SnV center zero-phonon line (ZPL) emission)
and photonic crystal cavities (PCCs) (operating at the telecom wavelength). Second, we
show the development of the 250 °C QIE-based process variant, demonstrating successful
fabrication of one-dimensional PCCs operating at the SnV center ZPL emission.

In Section 2.2 we introduce the general steps of QIE-based fabrication process flow, with
a brief overview of the crystallographic-dependent etch mechanism. Section 2.3 enumerates
and discusses the requirements of the main fabrication parameters aimed at developing
a robust process flow. Section 2.4 presents and elaborates on the main nanophotonic
device designs and the overall chiplet layout variants developed, calibrated, and tailored
for the two QIE-based variants. In Section 2.5 we present and discuss the baseline design of
QIE-based process, elaborating on the process development and parameters, as well as the
complementary Si/ Si,N,, etch tests protocol, necessary for monitoring the main fabrication
process. Section 2.6 presents the results of the 65 °C QIE-based process variant performance.
This process variant shows the successful fabrication of free-hanging one-dimensional
nanophotonic waveguides (results presented in Chapter 4) and PCCs (operating at the
telecom wavelength).

Next, in Section 2.7 we elaborate on the methods aimed at the development and optimiza-
tion of the 250 °C QIE-based process variant. Here, we focus primarily on the development
of the ICP-RIE quasi-isotropic etch recipe at 250 °C table temperature (methods in Section
2.7.1) and the high-fidelity device geometry layout transfer pattern (methods in Sections
2.7.2 and 2.7.3).

Finally, we conclude with presenting the successful fabrication of one-dimensional
free-hanging photonic crystal cavity devices operating at the SnV center ZPL emission in
the QIE-based variant 2.8 achieving high control over the process parameters, as well as
evaluating the performance of the newly developed 250 °C.
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2.2 QIE-BASED FABRICATION PROCESS

2.2.1 GENERAL FABRICATION STEPS

Quasi-Isotropic Etch (QIE) based fabrication process is an example of a diamond nanopho-
tonic fabrication which foresees starting from a bulk diamond substrate. In the context of
the development and optimization of this fabrication process in Kavli Nanolab Delft, we
have converged to two variants of the QIE-based process, both of which rely on the main
fabrication steps schematically illustrated in Figure 2.1.

W -

(1) Substrate preparation: (2) Hard mask material: (3) E-beam (4) E-beam:
Inorganic cleaning PECVD or ICPCVD deposition Resist and conductive layer spinning Exposure and development
(5) Hard mask transfer pattern: (6) Resist removal: (7) Substrate pattern transfer: (8) Conformal hard mask:
ICP-RIE etch Stripping and inorganic clean Anisotropic Oz ICP-RIE etch ALD deposition
O
3 /
(9) Vertical walls protection: (10) Devices undercut: (10) Devices undercut: (11) Devices ready:
ICP-RIE etch of conformal mask Isotropic Oz ICP-RIE etch Isotropic Oz ICP-RIE upward etch Wet etch of hard masks
diamond . hard-mask material . resist ' conformal hard mask

Figure 2.1: Quasi-isotropic undercut ICP-RIE etch based fabrication process: Schematics of the fabri-
cation steps Fabrication process flow variant adapted from [1, 5-7, 12, 13], developed in Kavli Nanolab Delft.
The optional second oxygen anisotropic etch between steps (9) and (10), which allows for faster undercut etch of
nanophotonic devices is omitted here [1, 12].

The general process steps are schematically illustrated in Figure 2.1 and can be roughly
divided into three process phases: 1. Design transfer pattern (steps (1) to (7)): nanopho-
tonic design pattern is electron-beam (e-beam) written onto a positive resist, followed by
inductively coupled plasma reactive ion etch pattern transfer into the hard mask material
and downstream into the diamond substrate; II. Vertical sidewalls passivation (steps (8) to
(9)): patterned vertical sidewall are conformally coated with a second hard mask material,
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followed by clearance of the former from the horizontal sample plane to open plasma
access to diamond substrate; III. Quasi-isotropic undercut etch (steps (10)): undercut of
patterned devices, resulting in free-hanging structures, followed by upward etching to
reach the design target thickness. Lastly, hard mask materials are wet etched (step (11))

The core of such a fabrication process is the method with which the devices are
eventually undercut, such that fully suspended, free-hanging devices are obtained. For
this purpose, a particular oxygen-based chemistry plasma regime is utilized: reactive ion
etching (RIE) at a highly inductively coupled plasma in combination with a high substrate
temperature has been shown to produce crystallographic-dependent etching of diamond
[1]. The authors of Ref. [1] have successfully demonstrated that under zero substrate Radio
Frequency (RF) power, dense O; plasma with 3000 W Inductively Coupled Plasma (ICP)
power and 250 °C table temperature, diamond substrates exhibit crystallographic-dependent
etch rate, hence a quasi-isotropic etch.

The QIE-based fabrication process is inspired by the single-crystal reactive ion etching
and metallization (SCREAM) process, developed in the 1990s [2]. The SCREAM process
emerged as a breakthrough in bulk micromachining for fabricating high-aspect-ratio
single-crystal silicon beams. The development of this process was driven in the context of
microelectromechanical systems (MEMS), which required high-aspect ratio structures to
enhance performance in applications such as motors, gears, and accelerometers. In addition
to addressing the challenge of creating high-aspect-ratio features, the SCREAM process
enabled the effective undercutting of silicon MEMS structures through dry etching methods,
using only one lithographic step and conventional RIE processes. This advancement
overcame the limitations of wet chemical etching, which often proved problematic to
achieve precision at sub-micrometer scales, as successfully shown in Ref. [2].

The backbone concepts underlying the SCREAM process, combined with the crystal-
dependent etch rate of diamond substrates, have proved to be excellent ingredients for the
development of the diamond quasi-isotropic undercut fabrication process.

2.2.2 CRYSTALLOGRAPHIC DIAMOND ETCH

RIE is mainly characterized by two phenomena occurring during the exposure of a material
to a certain plasma chemistry. Specifically, etching of the substrate occurs as a result of
chemical susceptibility of the substrate to free radicals of the plasma and physical ion
bombardment. The major factors controlling the etch mechanism include the ion flux
impinging the surface, kinetic energy of the impinging ions, and the energy barrier for
chemical reactions to take place. Crystallographic-dependent etching in diamond has been
thoroughly investigated by the authors in Ref. [14]. In this study, the etching principle
underlying the crystal-dependent etching in diamond is presented, where the authors find
that crystallographic etching in diamond can be observed by finely tuning the plasma
regime between the purely chemical region and purely anisotropic region. A high etch
selectivity along crystallographic planes emerges only when the ion energy is tuned to the
chemical energy barrier and the chemical reaction limits the etching process.

By fine-tuning the kinetic energy of the impinging plasma ions, a crystallographic-
dependent diamond etch rate can be observed. Authors of Ref. [14] find this energy barrier
threshold to be 60 V. The kinetic energy of the impinging plasma ions can be controlled
by controlling the RF power of the plasma itself, thus, for RF powers lower than ~ 40 W
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(corresponding to the chemical energy barrier threshold), crystallographic etching was
shown to be achieved. The degree of anisotropy achieved (i.e. the exposed crystallographic
{hkl} Miller indices planes) is proportional to the applied RF power. Depending on the
alignment orientation of the patterned features, combined with the value of the RF bias
power, different {hkl} Miller indices crystallographic planes can be revealed upon quasi-
isotropic etch. In Xie et al. [14], linear edges aligned with <110> direction show a decreasing
angle between faceted surfaces etched at different bias power (Table 1 in Xie et al. [14]) for
increasing RF power, with corresponding {hkl} planes revealed, respectively from {111} (0
W RF power) to {331} (40 W RF power). Therefore, in principle, crystal planes with different
Miller indices can be revealed by varying the substrate power. The resulting shapes of
etched features strongly depend on the alignment of the edges of the mask, combined with
the RF power of the plasma.

Given {001} surface exposed diamond substrates, {111} planes are exposed with zero RF
power and patterned structures aligned with <110> crystallographic direction, depending
on the width of the window exposed to plasma between the linear edges, V-shaped grooves
can be obtained. Considering, for example, the aligned 1D patterned waveguide <110>
aligned (relevant in the context of this work), positioned in the middle of two adjacent
rectangular patterned openings, with the advancement of the etch time, {111} planes in a
V-shaped groove configuration will present. Advancing the etch process by prolonging
the etch time, V shapes from the opposite longitudinal side of the waveguide will recess
in the vertical <001> direction, causing eventually {111} planes to converge, resulting in a
full undercut of the waveguide device. This etch mechanism is shown in Ref. [14] for both
<110> and <110> mask aligned edges, as well as in previous work in Ref. [1] for round
microdisk resonators.

2.3 QIE-BASED PROCESS REQUIREMENTS
In this Section, we elaborate on the requirements of each of the three phases foreseen by
the QIE-based fabrication process.

I. TRANSFER PATTERN AND HARD MASK MATERIAL

This phase comprises the fabrication steps aimed at the successful top-down transfer
of the pattern from the intended device geometry computer-aided design (CAD) of the
nanophotonic devices into the bulk diamond substrate. This phase is composed by a two-
step pattern transfer, where the CAD design is first transferred into an e-beam resist via
electron beam lithography (e-beam), followed by a highly anisotropic dry ICP-RIE step
which transfers the intended design into a hard mask material. The design features are then
transferred from the patterned hard mask material to the bulk diamond material through a
top-down O, anisotropic plasma etch. We opt for a 2-step transfer pattern as it offers the
advantages of versatility in the high resolution transfer pattern onto the electron beam
lithography resist, combined with the high resistivity of the patterned hard mask material,
thus satisfying the requirements listed below. In order to reliably and successfully execute
the aforementioned steps, a series of requirements over the process parameters must be
satisfied, which, in turn translate in the below listed:
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Requirements

1. Robustness of the mask to overall QIE-based process: the first primary require-
ment for a patterned mask, is that it must withstand with minimal etch rate and
erosion all the sequential etch steps foreseen by the overall QIE process itself. This
fundamental requirement translates into high selectivity for all involved ICP-RIE
plasma chemistries foreseen by the QIE process.

2. Versatility and high resolution pattern transfer: highest resolution, combined
with high accuracy pattern transfer, e.g. e-beam, are desirable, allowing to achieve
resolution compatible with the fabrication of nanophotonic structures tailored to
SnV center emission wavelength. Current state-of-the-art patterning tools with
resolutions on the order of tens of nanometers include electron beam (E-beam)
lithography, commonly available, or less than tens of nanometers such as extreme
ultraviolet (EUV) lithography, not commonly available. E-beam lithography is a
powerful tool and, therefore, widely adopted in the research community. Generally, in
the development phase, e-beam lithography offers the advantage of rapid customized
patterning, offering flexibility over design of chiplets and layouts, whereas EUV
exposure requires ad-hoc preparation of exposure mask.

3. Low vertical sidewall surface roughness: sidewall surface roughness of the
patterned hard mask features is directly transferred to the surface roughness of
the etched nanophotonic devices pattern in the diamond substrate. Low surface
roughness of vertical (and horizontal) nanophotonic devices is desirable, as this
limits propagation scattering losses. This is a fundamental requirement for efficient
guiding and in-coupling exciting laser source and out-coupling and extraction of
the light emitted by the integrated into the photonic structure color centers. For
resonant cavities, surface roughness is a well-known detrimental factor, lowering
the quality factor of such, therefore limiting it.

4. Good surface properties, e.g. high adhesion to the substrate: low stress of
the hard mask material limits undesired effects such as contraction of the deposited
film upon higher thicknesses of the deposited material. High stress in the film may
cause delamination or buckling of the film, which can cause poor adhesion to the
substrate, which is an undesired effect. The mask material should also have high
surface adhesion, such that a good adhesion of the e-beam resist is guaranteed.

5. Easy to remove at end of process: a high selective wet etch rate of the mask
material is desired, such that an e.g. wet or vapor inorganic clean is enabled.

6. Compatibility of material with processing and inspection cleanroom equip-
ment: the mask material should be compatible with the overall equipment of the
fabrication process foreseen by subsequent QIE fabrication steps. This is a practical
requirement which allows for both parallelization of the process (reducing processing
overall fabrication time) and compatibility of the fabrication process with available
cleanroom equipment (avoiding cross-contamination of the sample with co-living
different fabrication processes in the cleanroom).
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The combination of the first two requirements listed above, generally determine whether
the transfer of the pattern takes place in a one-step pattern transfer (typically soft e-beam
resists or flowable hydrogen silsesquioxane (HSQ or FOX series)) or in a two-step pattern
transfer (typically a combination of soft e-beam resists with deposited thin film hard mask
materials).

In the general context of QIE-based variants fabrication processes, the most common
approach is a two-step transfer pattern. The first advantage is that high-resolution e-beam
resists can be exploited to pattern tens of nanometer sized features: this represents a
stringent requirement criterion when considering visible range nanophotonic structures.
Second advantage of the two-step transfer pattern is that regardless of the selectivity of
the e-beam resist, the hard mask material choice is relatively independent of the latter.
Thus, a material with the most adequate process parameters can be chosen regardless of
the chosen e-beam patterning resist.

In a two-step transfer pattern approach of the intended design, thus, one should
prioritize a high resolution e-beam resist, in combination with a high selectivity hard mask
material. While the first step should consider a careful calibration of e-beam exposure set
of parameters in order to allow for highest possible accuracy pattern transfer onto the
resist, the next critical step is to transfer such pattern into the hard mask material. Next, the
successfully e-beam developed resist pattern is transferred into a pre-deposited hard mask
material characterized by high selectivity to both quasi-isotropic and anisotropic diamond
O, ICP-RIE plasma chemistry, as well as to the ICP-RIE plasma chemistry necessary in the
vertical sidewall passivation phase IL

The one-step transfer pattern has been proven successful as well in the case of micrometer-
sized dimension nanophotonic devices, such as telecom wavelength operating range op-
tomechanical crystal cavities. The work of Ref. [15] explores in detail the possibility
of one-step pattern transfer comparing different mask materials performance both with
the QIE-based fabrication process and reactive ion beam angled etching (RIBAE). In this
work, the HSQ resist in combination with the alumina adhesion layer as the hard mask
has demonstrated the best performance for the fabrication of 1550 nm PCCs with RIBAE
process[15]. Same approach transfer pattern has been demonstrated successful in the
context of QIE-based fabrication of 1550 nm optomechanical crystals, showing high optical
quality factor devices in Ref. [16]. However, authors of Ref. [16] report on switching to
two-step transfer pattern for nanodevices of smaller dimensions such as phononic crystals
(PnC) slabs due to requirements on higher resolution. The developed QIE-based fabrication
processes in the research community typically rely on two-step transfer pattern, as it
generally satisfy the above listed requirements alongside the listed advantages.

II. VERTICAL SIDEWALLS PASSIVATION

This phase comprises the fabrication steps required to passivate and cover the vertical
sidewalls of the top down etched patterned devices in the diamond substrate. For this, a
fully conformal coating of the substrate is desirable, which can be achieved by Atomic
Layer Deposition (ALD) deposition method. Following the conformal coating, a highly
anisotropic plasma etch is required to fully etch the horizontal thin-film coated substrate,
while fully preserving the vertical sidewalls coverage.
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Requirements

1. Conformal coating the diamond walls: a uniform and high selectivity material
to quasi-isotropic O, ICP-RIE plasma chemistry is required. This ensures minimal
etch during the undercut phase of the devices. A high selectivity thin film material
is preferable in order to allow for full coverage and robustness over the downstream
process etch steps, such that the thickness of the film is low enough to allow for SEM
transparency imaging through it. This in turn enables high contrast at the diamond
interface, allowing real-time monitoring of the undercut process progress. At the
same time, such material is desirable to have high adhesion to the diamond and low
film stress to prevent delamination from the passivated sidewalls.

2. High anisotropy of the clearing plasma: the deposited thin film layer mask should
be efficiently etched and fully cleared out of the diamond interface. No micromasking
is preferable so that subsequent QIE plasma access to the diamond substrate is
uniformly guaranteed. The ICP-RIE clearing plasma should be characterized by a
high degree of anisotropy such that high top-down etch rates are ensured, along
with preferably no lateral etch to prevent undesired exposure of vertical sidewalls of
the patterned nanobeams to the downstream QIE steps.

QIE-based fabrication process variants typically rely on Plasma Enhanced Chemical
Vapor Deposition (PECVD) of SiyN,, or, most commonly, ALD deposition of AlO,. A
decent conformality of PECVD deposition can be achieved for a moderate aspect ratio,
although the degree of conformality is strongly dependent on the chamber deposition
conditions. On the other hand, ALD is inherently conformal thanks to self-limiting surface
reactions through sequential deposition cycles. This ensures precise and uniform deposited
thin film layers regardless of the aspect ratio and orientation of the substrate features.
Therefore, the thickness of the material on the vertical sidewalls is equal to the thickness
of the material on the horizontal plane of the sample. This makes the characterization of
the fabrication step (9) reliable and reproducible in simple flat-etch tests. For our process,
taking into account the above considerations, we chose ALD as deposition method for
vertical sidewalls passivation.

ITI. QUASI-ISOTROPIC UNDERCUT ETCH

This phase comprises multiple iterative steps, depending on the progression of the under-
cut etch process, aimed at fully undercutting and suspending the intended nanophotonic
devices, followed by a QIE "upward-etch’ step with the goal of flattening the bottom surface
of the suspended devices, rendering preferably rectangular cross-section of devices.

Requirements

1. Etch rate of {111} vs. {100} crystallographic planes : the etch rate of {111} planes
is generally higher than the etch rate of {100} planes. Hence, typically a full undercut
of <110> aligned nanophotonic devices will be achieved for <110> aligned patterned
devices as a result of convergence of peripheral adjacent {111} planes underneath
the patterned devices and recess of these in the <100> direction with respect to the
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surface of the diamond substrate. The ICP-RIE QIE recipe parameters should be
calibrated at an optimal working point such that the overall recess of the resulting
bottom plane underneath the suspended devices extends to depths compatible with
post-QIE fabrication, e.g. patterning of electrodes in close proximity to the suspended
nanobeams. Thus, a relatively low <100> direction recess rate of the crystallographic
planes is desirable, such that the vertical gap between devices and bulk diamond is
compatible with RF and MW fields extents for efficient qubit driving.

2. Short overall etch time: first, the total duration of the QIE step should not exceed
the total robustness lifetime of the protection top and sidewall hard mask materials;
second, the total etch time should be compatible with practical operability in terms
of etch duration and stability of plasma in the reactor chamber.

2.4 DESIGN: NANOPHOTONIC STRUCTURES LAYOUT

In this Section, we present and elaborate on the main nanophotonic device designs and the
overall chiplet layout variants developed, calibrated and tailored for the two QIE-based
variants (65 °C QIE-based variant and 250 °C QIE-based variant) fabrication processes
within the context of this work.

Although the principles of single device designs are the same for different operating
wavelengths for both waveguides and photonic crystals, the physical geometric dimensions
of such are dependent on the former. Therefore, based on the geometric dimensions of
the devices, we divide the designs fabricated in this work into two categories: Section
2.4.1 presents the devices designs and layouts, which have proven compatible with the
65 °C QIE-based variant fabrication process, while Section 2.4.2 presents the devices
designs and layouts, which have proven compatible with the 250 °C QIE-based variant
fabrication process.

As mentioned in the Introduction, with the inversion symmetry of group-IV color
centers comes the advantage of their resilience to noisy charge environment, hence the
great advantage of integrating these color centers in nanophotonic diamond structures.
The latter method of improving light-matter interaction, namely using optical cavities
to enhance the interaction of a quantum system with light, is a well-studied subject [17]
and mainly relies on the Purcell effect to increase the spontaneous emission rate in the
strongly confined colocalized cavity mode. The former method of enhancing light-matter
interaction is to use a single traveling optical mode in a waveguide [18].

In practice, the two approaches branch out into the two types of nanophotonic diamond
devices hereafter presented: waveguides and photonic crystal cavities.

H Rectangular hole-based PCC [ [ Rectangular <110> waveguide
Parameter [ [ an [ Wy [ r [ ty [ [ Wig [ bwg
Value [nm] [ 206 [ 275 ] 71 [ 230 ] 250 | 160

Table 2.1: Zero-phonon line emission (ZPL) frequency of SnV centers compatible devices designs
parameters | Left: Unit cell parameter values used to simulate rectangular hole-based PCCs bandstructure, based
on which the defect functional form from Refs. [13, 19] is implemented to obtain PCC devices, illustrated in
Figure 2.3 (b) and (c); | Right: optimal waveguide parameters, maximizing the SnV center electric dipole coupling
to a <110> oriented structure, from Refs. [18, 20], to obtain waveguide devices illustrated in Figure 2.2 (b) and
Figure 2.3 (a).
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Waveguide device

A waveguide is a device where the light field is confined in two dimensions and allowed
to propagate in the third. The chosen geometry of the waveguide is a simple rectangular
cross-section, aligned with <110> (or <100>) diamond crystallographic directions respec-
tively, typically compatible with the QIE-based fabrication process. The dimensions of
the waveguide structure are determined as a result of coupling maximization between the
emitter C-transition and the rectangular cross section air-cladded geometry, taking into
account the relative orientation of the emitter along <111> direction with respect to the
<110> oriented waveguide.

Using COMSOL ® Multiphysics, the coupling between the electric dipole of the emitter
to the waveguide is simulated, following the approach in Ref. [21]. As a result, the
coupling between the emitter and the <100> and <110> oriented waveguides with different
dimensions is obtained, as detailed in Refs. [18, 20]. <110> orientation of waveguide
structures is preferred, as higher emitter to waveguide coupling is obtained in this case.
Table 2.1 details the values of the optimal waveguide parameters, aligned with <110>
crystallographic direction, fabricated subsequently in this work.

Photonic crystal cavity (PCC) device

Compared to the propagation in a simple cross-section rectangular waveguide, where
the rectangular cross-section is uniformly maintained along the propagation direction, in a
photonic crystal cavity device, the propagation of the electromagnetic field is altered by
a periodic modulation of the refractive index between air and diamond. In this case, the
periodic modulation of the refractive index is guaranteed by physically removing parts
of the diamond slab in a periodic fashion along the longitudinal propagation direction.
Pragmatically, this concept translates into a variety of available designs such as fishbone
cavities [22] and hole-based design [6, 7], to name a few.

For a detailed introduction to the topic of photonic crystals, we refer the reader to
Refs. [23, 24]. For a detailed description of the photonic crystal cavity devices hereafter
described, we refer the reader to Refs. [13, 19, 25].

In this work, we adopt the hole-based cavity design, where in COMSOL ® Multiphysics
we simulate the nanobeam unit cell, parametrized by hole radius r, beam thickness t,,
lattice period a, and beam width w,. By introducing a perturbation to the nominal lattice
period a,, in combination with fixed values of all aforementioned parameters, the lowest
TE mode frequency is raised into the TE modes bandgap to the target frequency, here
corresponding to the C-transition of the SnV centers. The perturbation to the lattice period
ay is introduced adiabatically, in a functional form introduced by Ref. [19], in order to
minimize coupling to radiation modes.

Once the nanobeam parameters are determined, the nanophotonic cavity structure
results as a structure formed by two opposite symmetric mirror regions over M unit cells
of lattice period a,, where the lowest TE mode is localized in the band-gap by introducing
the altered correspondingly lattice period a, over N unit cells, forming the full symmetric
cavity region over 2N unit cells.

A full description of the nanobeam parameters optimization herein adopted can be
found in Ref. [13].

Table 2.1 details the values of the unit cell parameters based on which the bandstructure
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has been simulated and on which the PCCs fabricated in this work are constructed.

Diamond chiplets layout
Once the optimal operating parameters of the nanophotonic device are determined in
COMSOL ® Multiphysics, the next step is to embody these structures into a chiplet body
layout, typically integrating several PCCs and / or waveguides within the same body-frame.
In Section 2.4.1 and Section 2.4.2, the chiplet layout integration configurations are presented,
along with the light coupling method to the integrated devices.

2.4.1 65°C QIE-BASED VARIANT COMPATIBLE DEVICES LAYOUT AND
DESIGNS
This Section presents and describes the diamond chiplet designs developed in Hanson

Group, compatible with the first 65 °C QIE-based variant fabrication process developed
in Kavli Nanolab Delft.

(a) 1550 nm PCCs Triple structure design
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Figure 2.2: 65°C QIE-based variant compatible devices layout and designs | (a) 1550 nm Nanophotonic
cavities Triple structure device design Figure here modified and adapted from Ruf M. PhD Thesis [13]. | (b)
SnV center tailored nanophotonic waveguides: schematic of the waveguide chiplet.

(a) 1550 nm triple structure devices chiplet in diamond

Figure 2.2 (a) schematically illustrates the design of the triple structure devices chiplet
(adapted from Ruf M. PhD Thesis [13]), compatible with the fabrication process described
in Section 2.5.1. Details on the device parameters can be found in Chapter 7 of Ruf M. PhD
Thesis [13]. The simulated design of the nanophotonic crystal cavity with parameters listed
in Ruf M. PhD Thesis [13] show a quality factor Q = 1x 10° and a resonant wavelength
Ac =1531nm. For the purpose of developing and optimizing the QIE-based fabrication
process, relevant device parameters are detailed in Table 2.2. Taking into account the en-
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semble of geometric parameters characterizing the triple structure chiplet design presented
below, these allow for thorough evaluation of the first QIE-based variant (65 °C QIE-based
variant) fabrication process and subsequent optimization.

H Rectangular hole-based PCC H Coupling mirror / holding bar / taper
Parameter T an W r tn | Weg | Twg | 8w | W | Wi
Value [nm] [[ 507 | 6% [ 169 | 568 [[ 69 | 30 [ Var. | Var. | Var

Table 2.2: 1550 nm PCCs Triple structure design devices parameters, adapted from Ref. [13]; gnb, Whp and w;
are varied.

The device geometry is composed of (top) one photonic crystal cavity (symmetric
mirrors over M unit cells each, regions shaded in blue, cavity region over 2N unit cells
shaded in orange), (middle) coupling waveguide (shaded in green, waveguide width w,
minimum taper width wy), and (bottom) simple waveguide (shaded in green).

The (middle) coupling waveguide terminates into a Bragg mirror (M unit cells, shaded
in blue), which allows to probe and transfer the waveguide field to the adjacent structures
via evanescent field coupling. This transfer efficiency depends on the distance gy, between
the waveguide and the lateral devices. In order to avoid scattering of light into leaky modes,
the hole radius of the terminating mirror waveguide gradually changes from waveguiding
region of width wy, (shaded in green), starting with a hole of minimum tapered radius
of 1y, to the mirror hole size r, while keeping the lattice spacing a, throughout the hole
radius variation constant (shaded in yellow, changed over L unit cells). To allow structural
integrity, waveguides are anchored to the diamond frame via narrow holding bars: the value
of the width of the holding bars wyy, is an optimal trade-off between structural stability of
the entire structure and minimization of scattering losses.

Next, the (middle) coupling waveguide can be coupled to a single-sided tapered single-
mode optical fiber in a tapered waveguide region (shaded cyan) to a minimum taper width
wt. Such tapered optical fibers are typically fabricated in house via wet etching in HF 40%
controlled velocity fiber pulling [26]. By achieving high control over the axial direction
pulling axis, the taper radius of the optical fiber is virtually reduced to zero and angle of
the fiber can be achieved as low as few degrees. This is particularly favorable for achieving
high degree adiabaticity in mode transfer from fiber to waveguide taper, with coupling
efficiencies as high as 90% [27, 28].

Finally, the spacing between the waveguide taper end and the diamond substrate
dis should be high enough to allow comfortable positioning of the optical fiber upon
tapered contact coupling. This is a desirable feature because it prevents the fiber length
from contacting the bulk diamond substrate, hindering unwanted sliding and mechanical
vibrations from the substrate itself. At the same time, this allows for accurate positioning
and alignment of the fiber to the coupling waveguide taper. In our triple structure chiplet
device layout, we typically use dis =80 pm.

As a first step of the process development and optimization, resulting in the 65°C
QIE-based variant fabrication process, the triple structure features dimensions allow
us to evaluate the performance of the fabrication process for waveguiding structures of
width, length, and hole radius twice the typical dimensions of devices for SnV center ZPL
designed nanophotonic structures.

Next, pragmatically, the already available telecom wavelength test setups in Groblacher
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Lab in Delft allowed us to evaluate the performance of the QIE-based fabrication process
on 1550 nm nanophotonic cavities. By evaluating the experimentally evaluated quality
factor of the fabricated devices, we can evaluate whether the accuracy of the obtained
devices with respect to the CAD designs, combined with the surface roughness, would
eventually allow us to scale-down the aforementioned nanophotonic structures to much
shorter operating wavelengths, compatible with the SnV center emission.

The triple structure device chiplet has been modified and optimized to host waveguides
and PCCs with devices parameters detailed in Table 2.1, for which a schematic is shown
in Figure 2.8. The same working principles as described above apply in the scaled-down
version of the chiplet. As it will be shown in Section 2.7.3, the narrow design features
typical of hole-based 620 nm PCCs are challenging to accurately pattern with the fabrication
recipes developed in the context of 65 °C QIE-based variant. Hence, the nanofabrication
feasibility of this design variant is investigated subsequently in the context of 250°C
QIE-based variant.

(b) 620 nm SnV center integrated waveguides chiplet in diamond

Figure 2.2 (b) illustrates the schematic of a SnV center emission tailored designed
nanophotonic waveguides chiplet. The typical suspended chiplet layout is attached to
the diamond substrate via the rectangular holding frame (lille, holding bar width wyy).
The SnV center emission tailored nanophotonic waveguides can be probed in both trans-
mission and reflection via input and output fiber coupling: the total waveguide length
Ly (green) terminates in double-sided tapers (cyan) of length L; each and the end taper
minimum width w¢. The spacing of the waveguide taper end to the diamond substrate dys
(not to scale) and the inter-waveguide distance gap gy, are designed so that the fiber-to-
waveguide taper coupling is spatially comfortably hosted. For this purpose we experiment
two configurations: in the first layout configuration dis ~35 pm and gy=4 pm, whereas in
the second configuration we experiment with an in-line positioning of chiplets with a fully
etched unified inter-chiplet trench of taper-to-taper distance d¢ ~100 pm and gy,=4 um.
The second configuration proved the most suitable for fiber coupling, both in-contact and
in lensed-fiber configuration.

Typical values of waveguide length Ly, are implemented as a result of semi-quantitative
considerations on the statistics of the SnV centers, namely considering the average number
of SnV center per unit volume of waveguide length. Thus, with typical implantation
parameters and conversion yield in this work, we typically sweep Ly, between 10 um to
20 pm. Next, in order to maximize the fiber to waveguide taper coupling, we sweep L;
from ~10 pm to 15 pm and fix w; to ~50 nm, the minimum value width compatible with
the QIE-based fabrication process. gy and d¢s are design parameters adopted as a trade-off
between maximization of the number of waveguides per chiplet and fiber-to-waveguide
taper coupling spatial optimization.

The waveguide chiplet layout of diamond nanophotonic waveguides described here is
adopted for the fabrication of arrays of SnV center integrated nanophotonic waveguides,
results and experiments of which are presented in Chapter 4.
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2.4.2 250 °C QIE-BASED VARIANT COMPATIBLE DEVICES LAYOUT AND
DESIGNS

This Section presents and describes the diamond chiplet designs, compatible with the
second 250 °C QIE-based variant fabrication process developed in Kavli Nanolab Delft.
In order to fully characterize the QIE-based process and more specifically the 250 °C QIE
etch recipe aspect-ratio dependency, we experiment with different aspect-ratio chiplet
layouts in combination with different surrounding opening in the diamond substrates
(schematically illustrated in Figure 2.3, single-standing nanophotonic devices combined
with narrow opening, double structure layout combined with narrow opening and single
standing devices combines with wide opening).

(a) 620 nm nanophotonic waveguides

L de—.

d
u : :
L 1 Whp t

(b) 620 nm PCCs Double structure

2N M Whb
gnb et i —— e dtS

| I
0000000000000 §
P00 0000 6 o o

1

Wi

-
—ile—

L Wag

(c) 620 nm PCCs: SnV integrated PCCs

M, 2N My L
(0000000000000 0eeoeeeeoeeeeee oo oo ool IN]

Wug
AR AR XIOO00000000000OXXAXIO00 0 0 © o

9n S
& OCO0000000000000OLXXNIO0000 o o

T

Wt

—ie—

LOO0000000OC IO 000000000000 0LXXIO0 00 0 © o

00000000000 0000000000000LXIOC0 0 0 o o

L.

OO00000C00COOO00000000000000L0):

Lnb

Figure 2.3: 250 °C QIE-based variant compatible devices layout and designs SnV center integrated PCCs:
SnV center emission tailored nanophotonic waveguides and cavities: | (a) Single standing nanophotonic
waveguide; | (b) Photonic crystal cavity double structure design, similar to the triple structure device chiplet in
Ref. [13]; | (c) Suspended single standing asymmetric one-sided PCCs.

(a) 620 nm SnV center integrated single standing waveguides in diamond

The rectangular cross section waveguide designs presented in Section 2.4.1 are, naturally,
compatible with the finer tuned 250 °C QIE-based variant fabrication process, as this
process addresses the more stringent fabrication process parameters requirements dictated
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by the more complex geometry of the devices, alongside denser patterns. Figure 2.3 (a)
shows a schematic illustration of the revisited waveguide design. Here, double-sided
waveguides are single-standing, fixed to the diamond substrate via two holding bars of
width wy, at an angle 90° with respect to the axial direction of the waveguide. The
holding bars here presented are positioned on alternative sides with respect to the substrate
border (although the same side is equally effective), so that the torsional motion in all
three directions of the waveguide is minimized upon fiber coupling from both taper ends.
Typical values of waveguide length Ly, taper length L, waveguide width w,, waveguide
thickness t,, end taper width wy, and end-to-substrate distance dis have the same values
as in Section 2.4.1 waveguide chiplet design.

The design presented in Figure 2.2 (b) has been optimized and modified, first taking
into account the total number of optical scattering points per waveguide: each point where
the waveguide encounters the holding bar, if wyy, value deviates from the nominal design,
within the fabrication process, increases the total amount of scattering losses. Therefore,
instead of four holding bars per waveguide as characteristic for the chiplets in Figure 2.2
(b), the number of scattering points here is reduced to only two.

At the same time, the number of waveguides per chiplet has been reduced to one in
order to guarantee systematic and equal thermal link of the waveguide to the diamond
substrate, such that a closer and more efficient thermal dissipation of the heat generated
upon optical excitation is dispersed in the substrate via the holding bars.

(b) 620 nm double structure PCCs

Similarly to the triple-structure chiplet design presented in Section 2.4.1, Figure 2.3 (b)
shows a schematic illustration of the double-structure chiplet design. Here, the structure of
the nanophotonic crystal cavity follows the same hole-based symmetric cavity principles as
in Ref. [13], where (top) the nanobeam is composed of two symmetric mirror regions (blue-
shaded, lattice spacing a, each over M unit cells) and a central cavity region (red-shaded,
over total 2N unit cells) where the defect is adiabatically introduced over N unit cells by
varying a, with the functional form introduced by Ref. [19]. The PCC is evanescently
coupled via the (central) coupling waveguide region, placed at a distance gy, terminating
in a Bragg mirror (blue-shaded, over M unit cells), adiabatically tapered down from the r
radius hole to the ryjn,wg minimum radius hole (yellow-shaded, over L unit cells), keeping
the lattice spacing constant a,. The waveguide of width wy, is tapered down (shaded
with cyan) from wy, to the end taper width of width w;. Again, the end taper to substrate
distance dis (not scale) value is designed such that the one-sided tapered optical fiber
coupling is comfortably hosted and allows for accurate positioning on the waveguide taper.
The structure is attached to the substrate through holding bars of width wyy,.

(c) 620 nm Single standing one-sided SnV center integrated PCCs

Figure 2.3 (c) shows a schematic illustration of the single standing one-sided asym-
metric photonic crystal cavity design, in an array chiplet configuration. In contrast to
the evanescent field lateral coupling via the central waveguide presented so far, here the
coupling of the optical field takes place by leveraging the designed input weak-coupling
mirror. The design of the nanophotonic structure hereby presented is inspired by the
design introduced in Ref. [29].

Taking into account a single nanobeam from the presented array, the asymmetric PCC
design is articulated as follows: From left to right, the photonic crystal cavity is terminated



44 2 FABRICATION OF DIAMOND NANOPHOTONIC STRUCTURES FOR QUANTUM NETWORKS APPLICATIONS

in a strong mirror region (blue shaded, constant lattice spacing a,, over M; unit cells),
followed by the cavity region (red shaded, over a total of 2N unit cells) where the defect is
introduced adiabatically over N unit cells by varying a, with the functional form introduced
by Ref. [19]. Next to the cavity region, the weak mirror region (blue-shaded, constant
lattice spacing a, over My, unit cells) is positioned. This is adiabatically tapered down
from r radius hole to rminwg minimum radius hole (yellow shaded, over L unit cells) to the
waveguide region (green shaded, width wy,; same at nanobeam width). The waveguide
region is next tapered down from wy,, to end taper minimum width wy, over L; taper length
(cyan). The end taper to substrate distance dys, is designed similarly as in all previous
tapered optical fiber couplings.

The difference in the design parameters with respect to Ref. [30] is that here the weak
mirror over M unit cells maintains a constant lattice spacing a,. Therefore, in this case,
the weak mirror allows coupling of the input field via leaking the input TE mode through
a poorly reflective in-coupling mirror. Given that the expected coupling efficiency to the
nanobeam cavity is not optimized, we sweep the number of Mg unit cells from a minimum
of one to a maximum of six.

In contrast to all chiplets designs presented so far, the single standing one-sided PCCs
here presented are fully suspended and free-hanging, where the holding bars are optionally
implemented (holding bar width wyy,). The devices are fixed to the diamond substrate via
an end waveguide region distanced from the strong mirror ~2 pm. Therefore, in order to
guarantee structural stability, a careful trade-off between the overall length of the nanobeam
and the L; taper length is considered.

2.5 METHODS

In this Section, we present the development and optimization of the QIE-based diamond
fabrication process in Kavli Nanolab Delft, schematically illustrated in Figure 2.1. We have
adapted this fabrication process in two different variants, according to the specific devices
design requirements. Specifically, we have adapted this process with the quasi-isotropic
ICP-RIE at 65 °C temperature and further optimized and developed a second variant of
this process with the quasi-isotropic ICP-RIE at 250 °C temperature. This fabrication
process, including optimization of the entire parameter space, is developed and for {100}
oriented surface diamond substrates. The baseline methods and protocols presented here
are generally valid for both QIE-based process variants, unless otherwise mentioned. All
SEM quantitative measurements are corrected for tilted angled view.

2.5.1 BASELINE QIE-BASED PROCESS DEVELOPMENT

Referring to Figure 2.1 the fabrication steps of the QIE-based fabrication process are
discussed below in detail, for which the process parameters are listed in Appendix A.4,
Table A.3 and Appendix A.4, Table A.4 for the 65 °C QIE-based variant and 250 °C QIE-
based variant respectively.

SUBSTRATE PREPARATION: FABRICATION STEP (1)

The cleaning procedure is detailed in Table A.3 step (1), where we first perform a room
temperature hydrofluoric acid clean (HF, 40 % concentration), followed by two subsequently
performed piranha mixture (ratio 3:1 of HySO4 (95 %) : H,0; (31 %)) inorganic cleanings



2.5 METHODS 45

at 80 °C. The purpose of this extensive inorganic cleaning is to ensure a free of organic
contaminants substrate prior to any following fabrication steps.

First, a fully cleaned uniform substrate surface ensures good adhesion of the hard mask
material.

Second, the presence of point macro-sized impurities may constitute nucleation points
for the PECVD (or ICPCVD) growth, resulting in a non-uniform thin film layer (hard mask).
This effect is undesirable, as it can negatively impact the resist spin coating (fabrication
step (2)), causing an uneven thickness of the spun resist, which in turn is detrimental for
subsequent e-beam exposure in fabrication step (3).

HARD MASK MATERIAL DEPOSITION: FABRICATION STEP (2)
65 °C QIE-based variant: plasma-enhanced chemical vapor deposition (PECVD) of
SixN,, for a thickness of ~200 nm, deposition parameters in Table A.3 step (2).

250 °C QIE-based variant: inductively coupled plasma chemical vapour deposition
(ICPCVD) of SixN,, for a thickness of ~85nm, deposition parameters in Table A.4

step (2).

Once the real-time Si,N, deposition rate is determined (methods described in Section
2.5.2), we proceed with material deposition on both target diamond substrates and additional
twin Si test samples, all in the same deposition chamber, in the same deposition run. After
deposition, we repeat the spectroscopic ellipsometry to confirm that the design thickness
is achieved in the SiyN, deposition process.

E-BEAM RESIST AND CONDUCTIVE LAYER SPINNING: FABRICATION STEP (3)

Before proceeding with the e-beam resist spin coating, one has to ensure that the surface
of the deposited SiyN, does not undergo significant surface modification, e.g. oxidation.
Exposure of SiyN,, to O, plasma, as well as ambient oxygen, causes oxidation of SiyNy, at the
surface, resulting in the formation of a thin layer of non-stoichiometric silicon oxynitride
[31, 32]. As a consequence of prolonged exposure of SiyN, to ambient conditions, the
adhesion of the surface may change. Therefore, one should proceed with the following
spin coating step of the e-beam resist at a fast pace, so that modifications of the Si,N,
adhesion are contained.

Typically, diamond substrates with which we experiment have different areas, for
example 2 mm x 2 mm, 3 mm x 3 mm and 4 mm x 4 mm and a typical thickness of 500 um.
The dimension of the diamond plates represents a challenge per se, as for dimensions as
small as the above expressed, spin coating of resist is severely affected by resist reflow.
During the spin coating, the liquid resist suffers from edge-beating effect, resulting in a
post-spin effective resist thickness considerably higher than that designed by experiment.

In order to mitigate for the edge-beating effect, one possible solution is to artificially
expand the effective spin-coating area. Pragmatically, by extending the effective spin-
coating area, the edge-beating phenomenon still takes place on the diamond / SixN,, edges,
though to a lesser extent.

We artificially expand the effective spin coating area by positioning Si / Si,N,, (with
same thickness as the diamond / Si,N, and dimensions 5mm x 5 mm) in the immediate
vicinity at the diamond / Si,N,, edges. The deposited Si,N, (within the same deposition
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session as the diamond substrate) on the surrounding Si coupons guarantees the same
adhesion as the target diamond sample, while the same height of the surrounding Si /
SixNy, coupons alleviate the edge-beating effect at the edges of the diamond. The diamond
and surrounding artificial spin-coating area are all glued to a silicon carrier coupon for
easy handling. In order to ensure a uniform spin coating of the resist layer, the overall
system, prioritizing the diamond substrate position, should be central with respect to the
spin-coating chuck such that the resist experiences a centrifugal force centered on the
diamond sample center. This method allows us to obtain consistently and reproducibly a
uniform resist layer of resist at the center of the diamond / SiyNy, stack, presenting reflown
resist only on the four edges of the sample.

The preparation of the diamond substrate for e-beam exposure is articulated in two
main steps: first, a positive e-beam resist is spin coated, followed by conductive polymer
spin-coating to prevent the sample substrate from charging effects throughout e-beam
exposure.

65 °C QIE-based variant: AR-P-6200.13 positive e-beam resist of ~400 nm, followed
by AR-PC-5090 conductive polymer of ~40 nm, parameters in Table A.3 step (3).

250 °C QIE-based variant: AR-P-6200.09 positive e-beam resist of ~220 nm, followed
by the AR-PC-5090 conductive polymer of ~40 nm, parameters in Table A.4 step (3).

E-BEAM EXPOSURE AND DEVELOPMENT: FABRICATION STEP (4)
Once the optimal clearing exposure dose is determined (implementing ad-hoc dose tests),
the e-beam writing set of parameters is optimized.

Specifically, we optimize over the following:

« Beam spot size and Beam Step Size (BSS): the beam spot size d; and BSS are
related roughly as d;=1.2 x BSS to ds=1.5 x BSS. This ensures a continuous exposure
of the beam spot size in the e-beam raster scan exposure of the pattern, as an optimal
exposure of adjacent points; We choose a beam spot size of d;=2.3 nm (closer to the
smallest available on our exposure tool EBPG 5200) and a BSS=3 nm (closer to the
highest resolution possible to the grid size of the pattern);

« Pattern fracture: among the possible options, we test the Large Rectangle Fine
Trapezoid (LRFT), conventional and curved. We find that the curved setting yields
the highest accuracy of the design pattern in the case of circular features, as this
fracturing mode offers the finest writing trapezoids (in good agreement with the
results of the fracturing test patterns for ellipsoidal shapes in Ref. [33]).

« Writing order: among the conventional combinations possible (array no compaction
and follow geometry), the follow geometry option yielded the highest accuracy.

« Proximity Effect Correction (PEC): we Monte Carlo simulate in the TRACER
software the stack of materials constituted by diamond / Si,N,, / AR.P.6200, combined
with the adopted d; and acceleration voltage (100 keV) to obtain the Point Spread
Function (PSF) of energy density. We then implemented the PSF into the PEC module
in BEAMER and obtained a design calibrated local exposure dose, hence, pattern
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density calibrated with respect to the clearing optimal dose. As mentioned above, the
optimal clearing dose is determined in a dose test beforehand. TRACER simulations
parameters for the stack of materials systems of two variants of the process are:

500 um diamond / 200 nmSi,N, / 400 nm AR.P.6200.13, 65°C QIE-based variant
500 um diamond / 85 nmSi,N,, / 220 nm AR.P.6200.09, 250 °C QIE-based variant

« Lateral development compensation: in order to compensate for exposure bias on
the design geometric parameters, a lateral development compensation is implemented
in order to compensate for resist over-exposure by secondary electrons lateral spread.

The exposure is first tested on Si / SiyN,, coupon twin test samples by patterning
benchmark test designs.

Before the resist development step, the conductive polymer is removed: a gentle
H,O water rinse is performed for 1 min at room temperature. The sample must then be
thoroughly N, dried. An optical microscope inspection before developing the underlying
resist is strongly recommended to ensure the absence of H,O on top of the sample. H,O
and the wet development solutions are immiscible liquids; therefore, H,O droplet residues
eventually act as a mask on top of the exposed pattern on the resist, preventing it from
developing. Since complete development of the exposed pattern is essential, total removal
of H,O is strongly recommended.

The development of the pattern follows a standard recipe developed in Kavli Nanolab
Delft (parameters in Table A.3, step (4)). An optical microscope inspection of the developed
pattern is followed in order to ensure that the exposed resist is fully cleared out.

TRANSFER PATTERN IN THE HARD MASK MATERIAL: FABRICATION STEP (5)
The developed pattern is transferred into the Si,N, hard mask material via a top-down
anisotropic CHF3/O; ICP-RIE plasma chemistry.

The etching process and performance are first tested on Si / SiyNy, coupon twin samples
prepared at step (2) and exposed at step (4), as described in Section 2.5.2. Once the real-time
etch rate, transfer pattern geometry and RIE lag are determined, we proceed with the
CHF3/0; etch on diamond samples. In order to compensate for RIE lag, we overetch with
a ~ 25% to 30 % tolerance.

RESIST REMOVAL: FABRICATION STEP (6)
The resist removal is articulated in the following two steps:

1. Course resist stripping: Coarse resist stripping is carried out employing a PRS-3000
resist stripper solution, detailed in Tables A.3 and A.4. This allows for bulk removal
of the residual post-etch resist layer from the extended non-exposed areas of the
sample.

2. Fine inorganic cleaning: intensive and highly reactive acid cleaning enables fine
chemical wet etching of fine resist traces, ensuring complete resist cleaning even
in the case of dense design pattern features. For this purpose, since, typically, the
Piranha solution is highly effective within the first ~ 10 min after adding the H,0,
to the HySO4, we chose a double sequential inorganic Piranha mixture cleaning
(parameters detailed in Table A.3 and A.4) in au-bain Marie at 80 °C, over a longer
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duration one-step cleaning. Residues from resist traces negatively affect the transfer
pattern into the diamond substrate in the fabrication step (7), causing micromasking
(e.g., nano and micro pillars or pits). In turn, micromasking may potentially act
as nucleation points for the ALD step (8), resulting in a variable thickness AlO,
film across the sample. This further exacerbates micromasking in the fabrication
step (9). QIE etch (step (10)) takes place along the diamond crystallographic planes;
therefore, micromasking on a starting diamond surface translates into an irregular
etch, enhancing surface roughness on the bottom surface of suspended nanopho-
tonic devices. Efficient removal of masking sources rules out possible sources of
micromasking; therefore, it is critical to ensure thorough inorganic cleaning of the
diamond sample in this fabrication step.

SUBSTRATE PATTERN TRANSFER: FABRICATION STEP (7)

The design patterns are transferred from the Si,N,, hard mask top-down to the diamond
substrate via anisotropic O, ICP-RIE. The vertical spatial extent is ~2x to 3x the design
thickness of the nanophotonic devices. The extent of the etch allows sufficient room for the
QIE etch at step (10) to undercut the patterned devices, as well as to allow for an efficient
upward etch of the devices.

CONFORMAL HARD MASK ALD [FABRICATION STEP (8)] AND ETCHING [FABRICATION
STEP (9)]

The passivation of vertical sidewalls is ensured by the inherently conformal ALD method.
We deposit a thin layer of ~20 nm AlO,, verifying the target thickness by spectroscopic
ellipsometry on Si/ AlO, ALD deposited twin coupon samples (within the same deposition
session).

The AlO, mask is then removed from the horizontal facets of the sample via anisotropic
BCls/Cl; ICP-RIE. We etch with a ~ 25 % to 30 % tolerance in order to both compensate
for RIE lag effect, as well as to remove the excess thickness-variable AlO,, which may
possibly result in micromasking nucleation points otherwise. The tolerance is compatible
with the BCl3/Cl, ICP-RIE (as lateral etch is significantly limited, since the ICP-RIE plasma
is strongly anisotropic), anisotropic O, ICP-RIE, and the overall QIE undercut consecutive
steps (as an overetch does not affect the underlying diamond substrate, because the etch
rate of diamond is close to zero in BCl3/Cl; plasma).

Once BCl3/Cl, ICP-RIE is completed, the reactor chamber is pumped down for a con-
siderably longer duration compared to conventional post-etch pump-down to efficiently
evacuate any possible residues of volatile reaction byproducts. The diamond sample is then
kept within the reactor chamber for the next etching steps without breaking the vacuum.
Preventing a vacuum break, and hence maintaining low pressure in the chamber, avoids
possible sources of organic contamination from the environment, therefore reducing the
risk of micromasking.

QIE ICP-RIE UNDERCUT: FABRICATION STEP (10)

QIE ICP-RIE undercut etch steps are executed in sequential steps. Each QIE step is inter-
leaved by SEM inspection sessions of the diamond sample. Typically SEM inspection takes
place at an inspection tilt angle of 65° tilt: this allows for a precise monitoring of the etch
progress on the diamond photonic structures.
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The sample must be inspected for a brief period of time, up to ~ 30 min each session:
This provides us with the possibility to contain the carbon contamination from the electron
beam raster scan during imaging.

WET ETCH OF HARD MASK MATERIALS: FABRICATION STEP (11)

Once the target thickness on diamond nanophotonic devices is reached, the substrate
undergoes an inorganic wet cleaning step. The wet cleaning time should be determined
according to the wet etch rate of Si,N, and AlO, in HF 40%. Reported etch rates of PECVD
Si,N, and evaporated AlOy in Piranha solution are respectively zero and ~19 nm/min [34].
Reported etch rates of PECVD SixN,, and evaporated AlOy in diluted 5:1 HF are respectively
~8.2nm to 60 nm/min and ~160 nm/min [34]. Although the wet etch rate of such materials
depend on their respective stoichiometry and deposition parameters, the above literature
gives a rough estimation of the expected etch rates in the respective inorganic solutions.
We observe a zero etch rate of SiyN,, and a high etch rate of AlO, in the Piranha solution
and a very high etch rate of both materials in HF 40%. To ensure that no traces of these
mask materials are left on the diamond samples, we overshoot and perform double cleaning
in HF 40% at room temperature for 20 minutes each, followed by a Piranha mixture at 80 °C
for ~ 20 minutes.

As the fabricated photonic structures have dimensions of a few hundreds of nanome-
ters in thickness, it is strongly suggested to avoid mechanical vibrations of the sample
throughout the entire procedure.

Finally, it is beneficial to avoid blowing dry N, of the sample, as such operation may
lead to the breaking of fragile suspended nanophotonic devices.

2.5.2 COMPLEMENTARY S1/ SiyNy ETCH TESTS

Typically, the CAD design transfer pattern is tested first on Si / SixN,, coupon samples.
Prior to the Si,N,, deposition on diamond substrates, we routinely pre-characterize the
real-time SiyN, deposition rate on silicon (Si) substrate test samples. This protocol allows
us to monitor fluctuations in the deposition rate of the material, which may be caused by
the real-time deposition chamber conditions.

Before deposition of SiyN,, we prepare the pristine Si coupon substrate thoroughly
cleaning the surface: a pristine silicon (Si) coupon test sample is thoroughly cleaned at
room temperature in 10 min ethanol ultrasonic bath, followed by 10 min acetone ultrasonic
bath and 5 min Isopropyl Alcohol (IPA) ultrasonic bath, concluding with blow drying Ny.

The spectroscopic ellipsometry method is used to determine the thickness of native
silicon dioxide (ntve SiO;): the ellipsometry data analysis of the Si / ntve SiO, material
stack is performed by modeling the stack with oscillator models of the aforementioned
materials (using J.A. Woollam software and data analysis tool), thus extracting the optical
constants (refractive index n and absorption coefficient k) and the thickness of ntve SiO,.

The test sample is then used as the substrate for the Si,N, test deposition with an
arbitrary deposition time.

The thickness of the deposited SiyN,, material is measured by spectroscopic ellipsom-
etry: the ellipsometry data analysis of the Si / ntve SiO, / SiyN,, material stack system
is performed by modeling the system, this time fixing the previously determined optical
constants and thickness of ntve SiO,, while the optical constants and thickness of Si,N,,
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are fitted. The fitting is carried out by minimizing the Mean Squared Error (MSE) and
comparing the obtained values of optical constants of the Si,N, with both the literature
and values from previous deposition rounds. The real-time deposition rate is obtained by
dividing the estimated thickness by the deposition time.

Next, we deposit the target thickness SiyN, on Si substrates (Figure 2.4, step (2)),
preferably in the same deposition run as the diamond substrate. Subsequent spectroscopic
ellipsometry confirms the deposition rate and the target thickness of SiyN,,.

Figure 2.4 schematically illustrates the fabrication protocol we have developed for
Si / SixNy, etch tests. The protocol presented here allows us to determine the real-time
deposition rate of Si,N,, the etch rate of Si,N, under the CHF3/O, ICP-RIE plasma and, as
will be presented in Section 2.6.1 the performance of Si,N,, under anisotropic O, ICP-RIE
plasma. Close monitoring of these parameters and preventive measurements allow for
accurate control over the fabrication process, regardless of the deposition and etching
reactor chamber conditions.

Si/Si,N, transfer pattern etch tests

(2) Hard mask: (3) E-beam (4) E-beam: (5) Hard mask transfer pattern (6) Resist removal
Si,N, CVD deposition Resist spinning Exposure and development CHF3/O2 ICP-RIE etch Stripping
Sample 1 s o2
4|
ML Sample 3,
|

Figure 2.4: Si/ SixN, etch tests: fabrication steps foreseen for the preparation of test samples.

The etch tests transfer pattern are carried out on two types of Si / SiyN,, test samples: 1.
Non-patterned Si / Si,N,, twin samples allow us to first determine the real-time etch rate; 2.
E-beam patterned Si / Si,N,, test samples are constituted by a combination of benchmark
test design devices and simple geometry trench lines of varying width.

Thus, based on the above categories of test samples available, we developed the follow-
ing protocol:

1. Real-time etch rate: on non-patterned Si / SiyN,, test samples (Figure 2.4, Sample
1), the thickness of SiyNy, is measured via spectroscopic ellipsometry before and after
the CHF3/O, ICP-RIE is performed. This allows to determine the net real-time etch
rate.

2. Geometry of devices and RIE lag: patterned Si/ SiyN), test samples are etched
under CHF3/0;, ICP-RIE. The etched test sample is cleaved in correspondence of the
trench lines into 2 parts.

The part of the sample containing the trench lines (Figure 2.4, Sample 2) is further
SEM inspected under 85° tilt angle. An analysis of vertical sidewalls is carried out,
allowing to determine the resist to SiyN,, selectivity. At the same time, we analyze
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the vertical sidewall angle, surface roughness, and re-deposition of the material.
Next, by inspecting trenches of various widths, we determine the effect of RIE lag
[35] for dimensions typical for our nanophotonic devices.

The sample part containing the benchmark photonic structures design (Figure 2.4,
Sample 3) undergoes fabrication step (6), after which an SEM inspection at 0° tilt
angle is carried out. This allows us to evaluate the geometric mismatch between
patterned devices and CAD design. Thus, we determine if any systematic bias
(consistent dimensions mismatch between design values and fabrication etched
obtained values) and/or geometry-dependent bias (inconsistent dimensions mismatch,
variable according to pattern density and geometry) is present, so that it can be
compensated with the next fabrication optimization iteration.

2.6 REsuULTS: 65°C QIE-BASED PROCESS VARIANT

2.6.1 S1xNy HARD MASK

Before proceeding with presenting the results of the overall QIE-based 65 °C temperature
variant of the fabrication process on diamond substrate, in this section we focus on briefly
showing the design transfer pattern in the Si,N, hard mask, evaluating systematic bias
and / or geometry-dependent bias, as well as evaluating the robustness of the mask under
downstream O, ICP-RIE, foreseen by the QIE-based fabrication process.

For this, we first carry out a series of Si / Si,N,, etch tests, following the methods
described in Section 2.5.2. We iterate over several test rounds and optimize the thickness
of resist and Si,N,,, e-beam exposure parameters, etch duration, and tolerance over the
process parameters. The benchmark test design chiplet used during the development
and optimization process is the design of the triple structure layout device schematically
illustrated in Figure 2.2 (a). In the following, we present the results with the best set of
parameters determined, detailed in Appendix A.2, Table A.3.

Transfer pattern into the Si,N, mask

As described in Methods (Section 2.5.2), the steps of the fabrication process that lead
us to test the transfer of the pattern from the CAD design to top-down etching in the hard
mask SiyN,, are schematically illustrated in Figure 2.5 (a). Typically, for the 65 °C QIE-based
variant of the process, pattern transfer is executed using a stack of materials composed of
400 nm CSAR-13 spin coated on top of 200 nm PECVD Si,N,,. The benchmark test design
layout is then the e-beam exposed, developed, and top down etched (the same process
parameters as in Table A.3 for the corresponding fabrication steps) design.

SEM inspection (85° tilt view) enables inspection of the etched trenches vertical sidewalls
(Figure 2.5 (b.1)): the sidewalls of the etched mask show a ~90° sidewall angle, with a
surface roughness that cannot be quantitatively resolved by SEM inspection. For the
telecom frequency regime tailored and operating photonic devices, as detailed in Table
2.2, typical dimensions are 2100 nm and relatively low pattern density. Hence, we do not
identify the RIE lag effects. At the same time, we determine that CSAR-13 to SiyNy, is ~
3:2, confirming that the 400 nm CSAR-13 is sufficient for a full breakthrough of the 200 nm
SixNy mask.

The e-beam writing parameters and the etch rate of Si,N,, in CHF3/O; ICP-RIE plasma
have been optimized to improve the accuracy of the transfer pattern. Top-down SEM inspec-
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tion (0° tilt, top view) enables inspection of the patterned devices, allowing for an evaluation
of systematic bias and geometry-dependent bias. Triple structure telecom frequency tai-
lored devices, etched in Si,N,, can be observed in the SEM pictogram (Figure 2.5 (b.2))
(left) coupling waveguide terminating in a mirror and (right) photonic crystal cavity. The
systematic bias in the transfer pattern is <25 nm, whereas no geometry-dependent bias
can be identified. We also observe that the constant exposure dose (the same) on Si / Si,N,,
and diamond / SiyN,, produces a different systematic bias on the two different substrates;
therefore, here we present the systematic bias on diamond / SiyN,, for which the nominal
exposure dose is calibrated with respect to Si / Si,N,,.

The quantified systematic bias is then compensated in the design phase of the SnV
center emission tailored nanophotonic waveguides (Figure 2.5 (b.3)): SEM inspection (0°
tilt, top view) allows to quantify the compensated systematic bias to amount to <10 nm,
hence a one-to-one transfer pattern from CAD design to hard mask.

From these etch test, we conclude that the Methods described in Section 2.5.1, according
to the process parameters detailed in Appendix A.2 Table A.3 are the optimal ones for a
reliable transfer pattern onto the Si,N,, hard mask material.

SiyN, erosion in anisotropic O; ICP-RIE

The challenges associated with the robustness of the SiyN, mask in the QIE-based
fabrication process are frequently addressed. Specifically, the Si,N, mask often breaks
during the several ICP-RIE steps foreseen by the QIE-based variants of the process, com-
promising the result of the sample fabrication. QIE plasma acquires access to the protected
diamond slab of material, etching the diamond structures via the broken open access points,
thus yielding severely altered cross-section suspended devices, characterized by both high
surface roughness in correspondence to the broken mask areas and fully etched through
devices.

In Ruf M., PhD Thesis [13], Chapter 8, we demonstrated that anisotropic O, plasma
etching significantly alters the profile of the SiyN,, hard mask. We found that subjecting
the PECVD SiyN,, mask to 5 minutes of continuous anisotropic etching in O, ICP-RIE
plasma leads to edge erosion, resulting in rounded sidewalls and material re-deposition.
This suggests that the primary mechanism responsible for mask degradation is the erosion
effect induced by O; ICP-RIE plasma.

Here, we show that the erosion mechanism becomes more pronounced when anisotropic
O, etching is performed in two separate steps. Furthermore, we demonstrate the mask
breaking process, providing direct confirmation of the previously proposed hypothesis.

This study aims to replicate the performance of the Si,N, mask under the exact 2-
step anisotropic O, etch QIE-based fabrication process. The key benefit of the optional
second O etch step is its ability to reduce the overall quasi-isotropic undercut etch time.
As reported in Ref. [8], this approach can shorten the total undercut etch duration to
approximately 8 hours. However, since anisotropic O, etching accelerates edge erosion of
the SiyN, mask, the additional etch step may increase the risk of mask failure.

Building on the previous sample preparation (Figure 2.5 (a)), the sample undergoes an
extensive inorganic cleaning process (fabrication step (7)). For inspection, we focus on
the benchmark etch test lines composed of nominally 200 nm SiyN,,. The profile of these
patterned etch lines (Figure 2.5 (a)) exhibits a 90° sidewall angle, with a measured width of
approximately 235 nm, which is close to the intended design width of 200 nm.



2.6 REsuLTs: 65 °C QIE-BASED PROCESS VARIANT 53

To assess the impact of O; etching, the sample is subjected to two sequential anisotropic
O, etch steps: the first lasting 2 minutes and 15 seconds, and the second lasting 3 minutes
(Figure 2.5 (d) and Figure 2.5 (e), respectively).

After the first anisotropic O etch, the thickness of the Si,N,, is reduced from 200 nm
(starting thickness) to ~174 nm, resulting in an etch rate ~11 nm/min, thus a selectivity of
~27,to 1, as expected. From top to bottom, the sidewall angle changes from ~45° (over
~70 nm thickness) to ~90° (over ~105 nm thickness).

After the second anisotropic O; etch (additional 3 min, Figure 2.5 (e)), the thickness of
the Si,N,, is reduced from 174 nm to ~123 nm with respectively sidewall angle ~45° (over
~94 nm thickness) and ~73° (over ~29 nm thickness).

However, significant re-deposition can be observed (highlighted in pink false color),
which affects the accuracy of the sidewall angle estimation. This is due to Si,N,, redepositing
directly within the etched trench line, particularly near the Si/ SiyN,, interface. As a result,
the previously estimated sidewall angle at the interface represents an optimistic value. To
obtain a more precise measurement of the angle of the sidewall after anisotropic etching
O,, we repeat the etch test directly on a diamond substrate.

Repeating the same etch procedure on a diamond / Si,N,, test sample, the first anisotropic
O3 etch (2 min 15 sec) confirms the characteristic erosion of SiyN,, on the diamond substrate,
demonstrating that this effect arises solely from the O anisotropic etch. Unlike in Si/ Si,N,,
tests, no re-deposition of Si,N,, is observed at the diamond / SiyN, interface, making the
sidewall angle estimation unequivocal. As expected, the erosion of the Si, N, mask is more
pronounced compared to previous observations, with a sidewall angle estimation of ~53°
(over ~98 nm thickness), with a remaining ~78° (over ~71 nm thickness). The increased
angling observed in the diamond / SiyN,, test sample further reinforces the severity of mask
degradation, providing additional evidence in support of the mask breaking mechanism
hypothesis.

To evaluate the robustness of the mask, the sample containing the triple-structure
device layout undergoes 5 hours + 11 hours of QIE etching at a table temperature of 65°C.
Following the extended QIE sequential steps, clear signs of hard mask failure emerge at the
interface (highlighted by red circles, Figure 2.5 (g)), evident in the SEM contrast between
the vertical coverage of AlO, and the progressively etched underlying diamond.

Upon examination of the same device after removal of the hard mask materials (Fig-
ure 2.5 (i)), a direct one-to-one correlation is observed between the regions previously
suspected of mask failure and the final post-fabrication features. This further substantiates
the breakdown of the mask, reinforcing the hypothesis of its progressive degradation
during the etching process.
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PECVD Si.N, transfer pattern etch tests

(a)

(2) Hard mask:
PECVD deposition
(3) Resist and cond

(4) E-beam: 5) Hard mask transfer patter

T (6) Resist removal:
----- Exposure and develcp_ﬁnt" CHF4/O2 ICP-RIE etch

Stripping

successful transfer pattern

no geometry
bia

Si,N, mask breaking mechanism: quantitative SisN./ Si etch test

CHF4/O: aniso-etch: vertical 0O: 1st aniso-etch: erosion 0: 2nd aniso-etch: rupture

Si.N, mask on diamond breaking mechanism

0O: aniso-etch: erosion O: iso-etch: mask rupture Diamond locally etched through

Figure 2.5: Si,N, Hard Mask Performance and Etch Tests | Top panel: PECVD Si / Si,N, transfer pattern
etch tests: (a) Etch test fabrication steps for 400 nm CSAR-13 / 200 nm SiyN,; (b.1) Cross-section SEM (85° tilt) of
benchmark etched trench lines; (b.2) Top-view SEM (0° tilt) of telecom-wavelength designed patterned structures:
coupling waveguide tapered mirror holes (left) and photonic crystal cavity (right); (b.3) Cross-bar structure
for SnV center tailored nanophotonic waveguide. | Middle panel: Si/ Si,N, anisotropic O, ICP-RIE tests: (c)
Same as (b.1), after resist removal; (d) First O, anisotropic etch: significant edge erosion, leaving 105 nm vertical
sidewall mask material; (e) Second O, anisotropic etch: further mask erosion, nearly no sidewall protection at
the interface. | Bottom panel: Mask failure and correlation with etched-through diamond devices: (f) Etch test
on diamond confirms Si,Ny, erosion after anisotropic O, ICP-RIE; (g) Triple-structure suspended devices after
0O, QIE steps: mask rupture observed (red circles); (i) One-to-one correlation between broken mask areas and
etched-through diamond regions.
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CONCLUSIONS

In this section, we have demonstrated that anisotropic O, ICP-RIE etching causes severe
erosion of the SiyN,, hard mask. Notably, the erosion effects are more pronounced when
the etch is performed in consecutive separate steps rather than a single continuous etch
of equivalent total duration. In the two-step anisotropic O, ICP-RIE etch variant of the
QIE-based fabrication process, the residual protective Si,N,, hard mask exhibits a severe
sidewall angle of approximately 45°, resulting in a lower overall sidewall angle and residual
SixNy at the substrate interface. Consequently, the remaining 29 nm thick Si,N,, layer may
continue to erode during the extended quasi-isotropic diamond etch, ultimately leading to
mask failure.

To further investigate this degradation mechanism, anisotropic O, etch tests are con-
ducted on diamond / SiyN,, samples, confirming significant erosion at the interface. Addi-
tionally, QIE etching of diamond photonic devices at 65 °C table temperature reveals that
SixNy breaks during the undercut process. As a result, the etched diamond devices exhibit
reduced mechanical stability at the edges, often leading to breakage at the holding bars.
Furthermore, the increased surface roughness at the edges is suspected to contribute to
high optical losses. The quality factor of the fabricated devices is measured to be lower
than the simulated values, as reported in Ruf M., PhD Thesis [13].

In conclusion, due to the enhanced erosion of SiyN,, the second anisotropic O, etch
step (after BCl3/Cl, ICP-RIE) is omitted from 65 °C QIE-based variant fabrication process.
This adjustment mitigates the hard mask erosion effects caused by anisotropic O; ICP-RIE,
ensuring the robustness of the mask throughout the fabrication process. This modification
of the process, nevertheless, comes with the trade-off of a slower overall quasi-isotropic
undercut etch during fabrication step (10).

2.6.2 TELECOM-WAVELENGTH DIAMOND CAVITY DEVICES

In the following Section 2.6.3, 2.6.4 and 2.6.5 we present the results of the overall 65°C
QIE-based variant, developed following the methods described in Section 2.5.1, for which
the optimized final set of parameters are detailed in Appendix A.2, Table A.3. This variant
of the QIE-based variant fabrication process showed a successful fabrication of telecom-
wavelength PCCs (for which representative results are shown in Figure 2.6 and Figure 2.7)
and 620 nm photonic waveguides (for which representative results are shown in Chapter
4. Consequently, the benchmark test design chiplets employed through the development
and optimization process are the design of the triple structure device and the waveguide
chiplets schematically illustrated in Figure 2.2 (a) and (b)).

2.6.3 TRANSFER PATTERN

Referring to Figure 2.1 for the fabrication steps, this section presents and discusses the
optimized results achieved after multiple rounds of refinement of the process parameters.
To demonstrate the robustness of the developed fabrication process, SEM inspections are
performed at key fabrication stages (Figure 2.6 and Figure 2.7), ensuring that interleaved
imaging does not introduce cross-contamination or compromise the final result.
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Design transfer pattern into diamond substrate

Figure 2.6: 65°C QIE-based fabrication process: telecom-wavelength tailored nanophotonic devices |
Upper panel: design transfer pattern into the diamond substrate: | (a) After fabrication step (6): (a.1) Overview
of the patterned <110> aligned triple structure in Si,N, hard mask; (a.2) Zoom in of the cavity region inspection
of the circular holes and sidewalls; (a.3) Zoom in of the coupling waveguide taper end; | (b) After fabrication
step (7): (b.1) Same device as in (a.1), after anisotropic O, ICP-RIE; (b.2) Zoom in of the coupling waveguide
(center) and cavity defect region (right); (b.3) Same as in (a.3), after O etch: Si,N, mask erosion at the tip due to
anisotropic O, ICP-RIE; Bottom panel: 65 °C QIE sequential steps (c) After 7.5 h QIE | (c.1) Same device as in
(a.1) and (b.1): exposed {111} family of planes, parallel to the <110> aligned devices; (c.2) Same device as in (c.1)
but <100> aligned; (c.3) Same as in (a.3) and (b.3), after first QIE step; | (d) After additional 7 h QIE, second QIE
step; | (d.1) Same device as in (a.1), (b.1) and (c.1); (d.2) Same device as in (b.2); (d.3) Same as in (a.3), (b.3) and (c.3):
the thickness of the diamond devices can be monitored through the thin AlO, hard mask during upward-etch.
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1550 nm nanophotonic devices

Figure 2.7: 65°C QIE-based fabrication process: telecom-wavelength tailored nanophotonic devices Total
QIE duration 15 h 10 min | (a) SEM sample overview (62° tilt view); (b) <110> aligned and (c) <100> aligned
devices (top-down view, 0° tilt); (a.1) Zoom in on <110> aligned devices cavity defect region; (a.2) coupling
central waveguide taper (62° tilt view).

Fabrication steps (1) to (6): hard mask transfer pattern
The transfer pattern of the design of the layout of the triple structure device (schematically
illustrated in Figure 2.4.1 (a)) is achieved on diamond substrates (Figure 2.6 (a)) with
optimized process parameters (Appendix A.2, Table A.3). This confirms the reliability of
the Si / SiyN,, developed etch test protocol (Section 2.5.2).

SEM inspection at 55° tilt angle enables evaluation of vertical sidewall angle and
qualitative evaluation of the SiyN,, sidewall surface roughness. The design of the triple
structure device is aligned with <110> diamond crystallographic direction. From the general
inspection (Figure 2.6 (a.1)), it can be seen that the SiyN, hard mask is fully etched and
removed from the surrounding area in the vicinity of the device.

A higher SEM magnification of the PCC in the cavity region (Figure 2.6 (a.2)) allows
evaluating the sidewalls of the cavity edges, finding a ~90° sidewall angle, linear and
uniform edge profile. At the same time, the patterned circular holes maintain the circular
aspect and are fully etched through. From this SEM inspection, no RIE lag is identified. The
same high magnification SEM inspection of the coupling waveguide taper (Figure 2.6 (a.3))
confirms that the rectangular taper shape is fully transferred into the mask material Si,N,,
in a reliable top-down transfer pattern. one-to-one for the respective dimensions of the
features. The surface roughness of the Si,N,, vertical sidewalls is not quantitatively resolved
at the respective SEM magnification. However, the finite magnitude of the roughness of
the SiyN,, vertical sidewalls is transferred directly to the diamond substrate at the next
fabrication step, for which the effects can be identified correspondingly.
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Fabrication step (7): anisotropic Oz ICP-RIE
In this fabrication step, anisotropic O, ICP-RIE in diamond transfers top-down the layout
chiplet pattern from the Si,N,, into the diamond substrate.

An SEM inspection of the device (the same as in Figure 2.6 (a.1)) after the ICP-RIE step
confirms the absence of micromasking on the planar etched diamond surfaces (Figure 2.6
(b.1)). This validates the effectiveness of the organic and inorganic resist wet etch methods
detailed in Section 2.5.1. Notably, all e-beam resist residues are completely removed.
Together with full clearance of the SiyN,, mask material in the previous etch step, prevent
the formation of unwanted nanopillars in the open areas surrounding the diamond device.

At higher SEM magnification, the PCC cavity region and the coupling waveguide (Figure
2.6 (b.2)) reveal that anisotropic O, ICP-RIE produces sidewalls with no significant deviation
from vertical alignment at 90°. However, SEM inspection shows that the diamond vertical
sidewalls exhibit surface roughness higher than sub-nanometer scale. This roughness
originates from the roughness of the SiyN,, mask surface, which is transferred top-down
with high accuracy upon anisotropic Oz ICP-RIE. The surface roughness of the diamond
sidewalls observed here may ultimately degrade the quality factor of the devices.

In the regions corresponding to the circular etched holes, the Si,N, mask does not
maintain fully vertical sidewalls at this stage of fabrication. As discussed in Section 2.6.1,
the SiyN, mask undergoes severe erosion under high-power ICP-RIE O, etching. This
effect is particularly evident around the circular holes, where the remaining Si;Ny, layer
exhibits significant thickness inhomogeneity. This yields tapered circular holes in the
diamond substrate.

At high SEM magnification, the device taper (Figure 2.6 (b.3)) clearly reveals the impact
of anisotropic Oy ICP-RIE etching on both the top-down etched diamond profile and the
Si,N, mask. Close examination of the Si,N, thickness shows that the mask profile is
significantly altered. As demonstrated in the Si / Si,N,, anisotropic O, etch tests (Section
2.6.1), the estimated angling of Si,N,, due to O etch erosion is approximately 45° on each
edge of the taper. Given the minimal taper widths of 50 nm to 100 nm, an extended Oy
anisotropic etch causes the angled sidewalls from the three taper edges to converge. This
leads to a significant reduction in mask thickness in the taper region compared to wider
sections of the taper and waveguide.

The SiyN, mask thickness, initially aligned with the nominal values observed in the
waveguide region, gradually decreases toward the taper tip, following the taper’s design
profile. This poses a fabrication challenge, as it indicates that narrow-width waveguides
experience accelerated mask erosion due to enhanced edge degradation. To counteract this,
an adequate initial SiyN, mask thickness is required to compensate for the erosion effect.

The second consequence of this effect is that this enhanced mask erosion leads to an
overall SiyN, thickness reduction over the longitudinal taper profile. This results in a
potential mask failure site, which allows QIE plasma penetration during fabrication step
(10), which could lead to unintended protective mask deterioration and etching of the entire
taper structure.

Furthermore, this erosion-induced thinning of the mask in the taper region translates
into a non-vertical diamond taper tip sidewall profile, as evident in the knee profile observed
in Figure 2.6 (b.2) (marked in red circles). This knee profile presents a vulnerability in
process robustness: Following passivation with AlO, the subsequent BCl3/Cl, highly
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anisotropic ICP-RIE step may etch through the AlO, layer at the knee, breaking the
protective coverage and exposing the underlying diamond. This exposure could lead to
unintended etching of the entire taper structure, further compromising the fabrication
process.

Nevertheless, we identify a SiyN,, ~200 nm starting thickness, combined with an O,
ICP-RIE etch yielding a x2.5 final device thickness, as an optimal trade-off. This approach
ensures that a sufficient vertical mask thickness remains post-etch, maintaining structural
integrity. In contrast to QIE-based fabrication methods reported in the literature [5, 7],
where O, etch erosion is not explicitly accounted for, we omit a second anisotropic O, ICP-
RIE step to mitigate excessive mask erosion and enhance the stability of our devices, with
the disadvantage of QIE undercut steps in fabrication step (10) that require considerably
longer etching duration.

2.6.4 VERTICAL SIDEWALL PASSIVATION

At this stage, as described in Section 2.5.1, next fabrication step is vertical sidewalls of the
patterned diamond device passivation (step (8)): we find ALD of AlO, for ~20 nm to 25 nm,
similar to Ref. [7] to be the optimal value, preserving the integrity of the sidewalls. Next,
in fabrication step (9), while Ref. [7] removes the top layer of AlO, with a CF4 ICP-RIE
plasma chemistry; in our case we employ a BCls/Cl; plasma chemistry (parameters detailed
in Appendix A.2, Table A.3). The challenge associated with the BCl3/Cl; etch recipe lies in
its relatively high etch rate for the AlO,, combined plasma instability.

Slight variations in plasma stability significantly impact the effectiveness of the overall
BCl3/Cl, ICP-RIE of AlO, horizontal coverage. This aspect is exacerbated in case of high
etching rate plasma, i.e. short etching duration. Without an adequate tolerance margin
for the etch step, under-etching of the AlOy film from the planar diamond interface may
occur as a result. Such under-etching compromises the O, QIE ICP-RIE undercut process,
as the O, QIE plasma cannot reach the underlying diamond substrate. Additionally, AlO,
exhibits relatively high selectivity to Oz QIE plasma, preventing AlO, mask breakthrough
regardless of the total duration of the O, QIE undercut steps.

On the other hand, excessive BCl3/Cl, overetching can lead to unwanted lateral etching,
which may thin the vertical AlO, film coverage and expose the sidewalls of the patterned
devices to subsequent etch steps. Thus, in order to decide the maximum overetch value,
etch tests in ICP-RIE BCl3/Cl; of ALD AlO, on Si/ Si N, test samples (prepared following
methods described in Section 2.6.1) are conducted. The tests carried out do not show
significant lateral etching of AlO,.

Thus, in order to ensure efficient and full clearance of the AlO, film from the pla-
nar diamond interface, we systematically implement a ~25 % to 30 % overetch, without
compromising the vertical coverage integrity of the protective film.

Fabrication steps (8) and (9) are monitored by spectroscopic ellipsometry on Si / AlO,
twin test samples, while direct SEM inspection is deliberately avoided to prevent cross-
contamination, which is highly likely at this stage of the fabrication process.
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2.6.5 QUASI-ISOTROPIC UNDERCUT

Fabrication step (10): QIE undercut

Once both top protective SiyN,, and the sidewall AlOx layers are prepared, the diamond
substrate undergoes O, QIE (parameters detailed in Appendix A.2, Table A.3) iterative
steps after the fabrication step (9). In the 65 °C QIE-based variant, QIE etch is distinguished
by an extended etch duration, typically several hours. Here we show the results of typical
two-step long QIE iterative undercut.

The SEM-overview inspection of the triple structure device layout (same as in (c), (b)
and (a)) upon the first O, ICP-RIE QIE step of 7.5 h duration, at table temperature 65 °C is
shown in Figure 2.6 (c). The <110> crystallographic direction (Figure 2.6 (c.1)) and <100>
crystallographic direction aligned devices show different undercut etch as a result. As
expected from the QIE etch mechanism for 0 RF forward power (described in Section 2.2.2),
{111} planes (red false colored) and {100} planes (green false colored) are revealed.

The <110> direction aligned devices exhibit {111} planes parallel to the longitudinal
direction of the devices. For prolonged QIFE etch, the {111} planes etch further recessing in
the <100> direction, eventually converging underneath the triple structure device layout.
In the case of <110> alignment of devices, given that {111} planes recess at the same rate
in the <100> direction longitudinally to the patterned longitudinal device cross section,
this enables a uniform longitudinal undercut of devices. As a result, <110> aligned devices
show the same cross section and thickness throughout the whole length.

In the <100> direction aligned devices case, as the etch rate along {100} crystallo-
graphic planes is higher than the etch rate along {111} crystallographic planes, the undercut
mechanism is different with respect to the alignment of devices along <110> direction.

Specifically, {001} planes are revealed by the QIE etch along with {111} planes recessing
in the <111> direction at a lower speed from the center of the device and the {001} planes
recess at a faster speed in the <001> direction. As a result, the <100> aligned devices start to
undercut faster in the longitudinal center (<001> etch rate higher than <111>) progressing
towards the edges of the devices at a rate equal to the <111> equivalent direction of the
receding {111} planes. For a sufficiently long QIE duration, the resulting undercut devices
present a rectangular cross section throughout the device length.

However, if the undercut etch is not completed, the resulting devices will present a
center device of rectangular cross section, with a transition to triangular cross section
and higher thickness towards devices edge: this effect is detrimental for both waveguide
devices (increasing thickness of the device allows multimodal propagation) and photonic
crystal cavities (mirror regions with a higher thickness affects the bandgap of allowed
resonating modes).

Finally, a higher SEM magnification inspection of the <110> aligned (the same as in (a.3)
and (b.3)) coupling waveguide taper end (Figure 2.6 (c.3)) shows a triangular cross section
of the undercut taper end. For the same duration of the QIE etch, it can be observed that
the stage of the undercut of the device taper is considerably more advanced with respect
to both <100> aligned and <110> aligned triple structure, where the <110> aligned is the
slowest.

Considering the <110> aligned triple structure and the taper device, this can be explained
as follows: Based on the mechanism of QIE etching along the crystallographic planes,
a complete undercut is obtained when recessing {111} in the <100> direction converge
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underneath the patterned devices. Therefore, a full undercut of an effective width of the
triple structure (lateral device distance 2x gy, + waveguide width 2xwyg + PCC width w)
requires a longer etch time with respect to an effective width of the taper (effective width of
Wy, narrowed to the minimum taper width wy). Therefore, higher-width devices require
longer QIE undercut duration compared to their narrower-width counterparts. Hence, in
the QIE undercut, we observe device aspect-ratio dependent undercut etch.

Next, SEM inspection of the triple structure device layout after the second 7 h O,
ICP-RIE QIE step is shown in Figure Figure 2.6 (d). The SEM overview of the <110> aligned
triple structure device (Figure 2.6 (d.1), same as in (a.1), (b.1) and (c.1)) shows that after
the second QIE step, the device layout is fully undercut. Notice the {100} and {111} planes
revealed at the edge of the aperture. A higher SEM magnification inspection of the cavity
region of the PCC and coupling waveguide terminating mirror (Figure 2.6 (d.2), same as in
(a.2) and (b.2)) shows full suspension of both devices from the diamond substrate, as well
as ‘'upward-etch’.

Next, a high SEM magnification inspection of the taper end (Figure 2.6 (d.3), same as
in (a.3), (b.3) and (c.3)) shows the advancement of the upward etch. This can be clearly
observed as the thickness of the diamond is decreased relative to the etched diamond in
the fabrication step (7). Assuming there is no significant erosion of the surrounding AlO,
and no significant erosion of the upper SiyN,, the diamond taper device can be estimated
from the SEM contrast obtained between SixN,, (false blue), diamond + AlO, coverage
(not colored) and the AlO; skirt (false cyan colored). Considering the indirect measured
thickness of the taper end with the thickness of the PCC and coupling waveguide, we
observe that the taper end has a lower thickness with respect to the nanophotonic devices
(paired in the triple structure layout device configuration), again indicating that the QIE
undercut is device geometry aspect-ratio dependent.

Fabrication step (11): protective hard mask wet etch

Once the QIE undercut is completed at step (10), the sample undergoes inorganic clean:
the masking materials are wet etched in HF 40% (methods Section 2.5.1). This fabrication
step completes the fabrication process and the SEM inspection of the diamond devices is
carried out (Figure 2.7).

The SEM overview of the diamond sample (Figure 2.7 (a)) shows typical large-scale
fabrication of one-dimensional diamond nanophotonic waveguides and PCCs.

The SEM (top view) overview of the devices aligned with <110> and <100> crystallo-
graphic directions (Figure 2.7 (b) and Figure 2.7 (c), respectively) shows the topography of
the diamond plane etched below: This is characterized by the presence of the {100} and
{111} planes (green and red false colored, respectively). QIE-based process with the 65 °C
table temperature yields an etched bottom plane characterized by a non-flat topography. In
the eventuality of post-fabrication patterning of e.g. microwave driving electrode lines, the
resulting bottom-plane topography represents a constraint, as this prevents a successful
patterning (disrupted metal thin film deposition) on top of it.

In order to evaluate the thickness of adjacently placed 1D waveguide, coupling waveg-
uide and PCC in the triple structure configuration layout, a higher SEM magnification
inspection of the aforementioned devices is carried out at a 62° view tilt angle (Figure
2.7 (a.1)): the thickness of cavity region of the PCC, the coupling waveguide terminating
mirror and the adjacent waveguide all present roughly the same thickness.
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Same high SEM magnification inspection of the taper end (Figure 2.7 (a.2)) allows to
evaluate the measured thickness of the taper at this stage of fabrication process: comparison
of the measured value at this stage with indirect thickness estimation in the previous
fabrication step shows in good agreement. Thus, we conclude that the sequential SEM
inspection throughout the QIE undercut in the previous fabrication step is reliable for
accurate estimate of upward etch.

2.6.6 CONCLUSIONS

The 65°C QIE-based variant fabrication process has been extensively optimized through
numerous Si / SiyNy, etch tests and diamond / Si,N, evaluations, leading to the identifica-
tion of an optimal parameter space, as detailed in Appendix A.2, Table A.3. The presented
methods have proven effective in reliably fabricating telecom-wavelength tailored nanopho-
tonic devices, including as 1D waveguides and PCCs. Additionally, this fabrication process
has been successfully applied to the fabrication of SnV center emission tailored operating
regime of nanophotonic waveguides, as it will be shown in Chapter 4.

In particular, the omission of the second anisotropic O; etch step in this QIE-based
process variant ensures mask integrity throughout the entire fabrication sequence, en-
abling the successful long-duration QIE sequential steps. The process parameters are
well-controlled, as demonstrated by interleaved SEM inspection monitoring at key fabrica-
tion stages (Figure 2.6 and Figure 2.7), ensuring that interleaved imaging does not introduce
cross-contamination or compromise the final result.

This process is well-suited for fabricating large-scale devices with simple geometries.
However, it presents two main limitations:

1. Challenging pattern transfer for smaller geometric dimensions and denser pattern,
typical of SnV center emission tailored hole-based PCC designs.

2. Extended etch duration of QIE undercut phase, limited by the low QIE etch rates
typical of the 65 °C QIE etch recipe.

So far, in the 65 °C QIE-based fabrication process variant, the O, QIE ICP-RIE recipe
has been developed and optimized [13] on an Oxford Plasmalab 100 system, converging
to recipe parameters detailed in TableA.3 (step (10)). Although successful undercut and
fabrication of SnV center integrated photonic waveguides has been demonstrated with the
QIE ICP-RIE at 65 °C, this low temperature variant of the process often exhibited relatively
long quasi-isotropic etch duration steps. In fact, a complete undercut and upward etch of
nanophotonic waveguides (results in Chapter 4) amounted to a total of ~ 18 h QIE ICP-RIE.
A duration of this extent often results in challenges associated with stability of the plasma
over a long duration of the etch, as well as extremely long etch duration times eroding the
mask materials, eventually compromising the coverage robustness. Last but nonetheless
important are pragmatic challenges associated with the availability of the tool and long
processing times.

Despite these constraints, the developed methods and protocols serve as a strong
foundation for the second process variant (250 °C QIE-based variant), which specifically
addresses the above main limitations, as presented in the following sections.
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2.7 METHODS: 250 °C QIE-BASED PROCESS VARIANT

As shown in Section 2.6.2, telecom-wavelength operating regime PCCs successful fabri-
cation can be achieved with 65°C QIE-based variant fabrication process.This variant of
the fabrication process has also been suitable for the fabrication of SnV centers integrated
nanophotonic waveguides, for which the results and the experiment are presented and
discussed in Chapter 4.

Besides the main limitations of the 65 °C QIE-based variant listed in the conclusions of
Section 2.6.2, this variant presents additional challenges such as non-uniform flat bottom
diamond plane (underneath the fabricated chiplets). All of the previous combined investi-
gations have incentivized us to develop a second variant of the QIE fabrication process,
which would allow us to solve the aforementioned challenges.

In this Section, we present the development of the O; ICP-RIE QIE undercut etch
recipe at a 250 °C table temperature (Section 2.7.1). Following, we present the challenges
associated with the transfer pattern of the SnV center integrated PCCs (Section 2.7.2) and
the optimization of the aspect-ratio of resist / Si,N, materials stack, demonstrating the
efficacy of the developed methods, guaranteeing up to ~5nm accuracy transfer pattern
(Section 2.7.3). Next, we present the results on the performance of the optimized 250 °C
QIE-based variant fabrication process flow, demonstrating the reliable and systematically
robust fabrication of PCCs in diamond (Section 2.8).

The benchmark test design chiplets used through the development and optimization
process are the triple structure device design (Figure 2.8 (a)), the single standing waveg-
uide chiplets, the double structure device chiplet, and single standing one-sided PCCs,
schematically illustrated in respectively Figure 2.3 (a), (b) and (c).

2.7.1 250 °C QIE ICP-RIE RECIPE

In order to tackle the challenges previously discussed in Section 2.6.6, we have shifted
focus and developed a higher temperature QIE recipe on an alternative ICP-RIE system
(Oxford PlasmaPro Cobra).

The QIE crystallographic-dependent etch rates and principles have been studied in
Ref. [14], demonstrating crystallographic dependent etch at 10 °C table temperature. A
brief literature study of typical QIE ICP-RIE recipe variants parameters is presented in
Table 2.3. As elaborated in Section 2.6.2, in order to preserve the integrity of the SiyN,, hard
mask through the 65 °C QIE-based fabrication process, we have opted to omit the optional
second O; anisotropic etch step, at the expense of long duration of the full QIE devices
undercut. This strategy is in contrast to the positive results reported by the authors in Ref.
[8], introducing a second O anisotropic etch step, which reduces the overall QIE undercut
of two-dimensional PCCs to ~8 h. Considering that the full undercut of diamond devices
is strongly dependent on the aspect ratio of patterned devices (Section 2.2.2 and Section
2.6.2), the duration of full undercut of one-dimensional PCCs is likely lower than in the
reported case of two-dimensional PCCs. Although this duration is significantly shorter
than the typical overall undercut etch times in our 65 °C QIE variant, the reported duration
is still several hours, for which considerations on hard mask integrity throughout the etch
process still hold.
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. O, precursor flow RF / ICP power Pressure . .
Literature [scem] w] [ubar] Temperature ['C] Devices
Ref. [14] 40 Var / 900 13.3 10 Study on QIE
) Telecom 1D PCCs,
Re.f. [15], 50 0/ 2500 15 65 620 nm 1D
This work .
waveguides
Telecom 1D OMCs,
Ref. [16] 40 0/1100 13.3 150 2D PnCs
Ref. [7], Ref. 630nm 1D and 2D
(8] N/A 0/ 900 30 200 PCCs
Ref. [22] 99 0/ 2000 100 N/A 620 nm 1D PCCs
Ref. [1] N/A 0/3000 20 250 1550 nm Microdisk
resonators
This work 50 0/ 3000 20 250 620 nm 1D PCCs,
1D waveguides
Ref. [6],Ref. N/A 0/3000 N/A 300 620 nm 1D P_CCs,
[36] 1D waveguides

Table 2.3: O, QIE ICP-RIE etch recipes variants: etch recipe variants parameters developed in and reported
in literature. Blue: recipe parameters of the QIE ICP-RIE etch developed for the 65 °C QIE ICP-RIE in this work
and in Ref. [13]; variant reported for completeness, parameters published after we established Burgundy:
recipe parameters of the QIE ICP-RIE etch developed for the 250 °C QIE ICP-RIE in this work based on parameters
available from Ref. [1].

In general, to ignite the 0 RF forward power QIE plasma in a systematic and reproducible
way, we insert an a priori ignition step. The ignition step recipe parameters are the same
as the anisotropic O, ICP-RIE (detailed in Table A.4) for a duration of 15 seconds, where
90 W RF power is sufficient to efficiently ignite and stabilize the plasma in the reactor
chamber. The additional advantage in using the same recipe parameters in the ignition step
as the ones in the anisotropic O, ICP-RIE are that this etch recipe is fully characterized, a
top-down etch rate of ~220 nm/min, which for a total ignition step duration of 15 s yields
55nm etched extent. This ensures a short etch of the diamond material, at the same time
not impacting the integrity of the mask materials aspect ratio. Next, a switching from
90 W RF / 1100 W ICP directly to 0 W RF / 3000 W ICP guarantees a smooth transition
from anisotropic to QIE regime. The 15 s duration of the ignition step results as a trade-off
between plasma stabilization and the diamond anisotropic etch rate.

As reported by the authors in Ref. [7], increased table temperature and pressure
produces an increase in the chemical interaction rate with the diamond. This results in an
overall increase in the etch rate of both {111} and {100} crystallographic planes.

Thus, with respect to the 65 °C QIE recipe, we decided to increase ICP power, pressure
and table temperature recipe parameters to the respective values reported in Ref. [1],
namely 3000 W ICP power, 20 pbar chamber pressure and 250 °C table temperature. At the
same time, in our new QIE recipe parameters variant, we keep a relatively high O, gas
precursor flow of 50 standard cubic centimeters per minute (sccm). Last but not least, we
keep the same reactor chamber temperature (60 °C) as in the 65 °C QIE recipe variant.

A calibrated combination of increased ICP power, pressure, and table temperature
combined with a high precursor flow should yield significantly higher chemical interaction
rates with the exposed diamond substrate, when compared to QIE recipe variants reported
in literature (except for Ref. [22], published a-posteriori to our recipe development) to
our knowledge (see Table 2.3). Our etch recipe has been tested on {100} oriented diamond
substrates, on which the triple structure, double structure, single-standing one sided devices
and nanophotonic waveguides chiplets benchmark layouts have been patterned with the
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methods described in Section 2.5.1. The undercut and upward etch have been characterized,
for which results will be presented in the following results Section 2.8.

The combination of parameters listed above has resulted in the 250 °C QIE recipe 3
major advantages:

1. Short full QIE undercut etch duration: In contrast to full undercut of single-
standing SnV center integrated nanophotonic waveguides (Chapter 4) of a total
duration of 18 hours QIE at 65 °C, same design nanophotonic waveguides have been
fully undercut and reached the design thickness for an etch duration of 1 hour and
20 minutes with this QIE recipe variant. Thus, by changing the recipe parameters
from the 65 °C QIE recipe variant to the 250 °C QIE recipe variant, we observed a
13-fold reduction in the QIE undercut duration.

2. Flexibility over Si,N, mask thickness: The established 250 °C QIE recipe has
been first implemented in the 65 °C QIE-based process variant in order to quantify the
etch rates of SiyNy, and AlO, materials. We did not observe a significant quantitative
difference between the etch rates determined with the 65 °C QIE recipe and the newly
established 250 °C QIE recipe. However, the advantage of the considerably shorter
duration of QIE undercut for full undercut and upward etching of nanophotonic
devices offers now the advantage of optimizing the aspect ratio of the resist / Si,N,:
under similar erosion etch rates for SiyN,, compared to the 65°C QIE recipe, in
the lower total undercut etch duration of the 250 °C QIE recipe, a thinner film of
protective Si,N, hard mask material is now required. This is an advantage, as it
allows a higher accuracy transfer pattern of CAD design into the Si,N, hard mask
material, as will be shown in Section 2.7.3.

3. Uniform {100} oriented etched and exposed bottom plane: As will be presented
in Section 2.8, as a result of enhanced chemical etching of the diamond substrate,
the undercut bottom plane of the QIE etched surface exposed fully the {100} crys-
tallographic plane, yielding close to perfectly flat bottom etched diamond plane
underneath the patterned devices layout chiplets. This offers the advantage of post-
QIE additional sequential fabrication of additional electric circuitry, necessary for
e.g. microwave driving or Stark tuning of embedded into nanophotonic structures
SnV centers. The {100} oriented bottom plane at a depth of ~2 pm (dependent on the
duration of the upward etch) offers the advantage of straightforward electrode pat-
terning (uniform resist spin coating and metal deposition) as well as relatively close
<100> distance from the integrated SnV centers into the suspended nanophotonic
devices.

In conclusion, in this Section we presented the development of the newly developed
250°C QIE recipe, as a result of the fine tuning of the recipe parameters between the
previously developed (Section 2.6.2 and Ref. [13]) 65°C QIE recipe and the QIE recipe
variant developed by the authors of Ref. [1].

The recipe developed and presented here has been adopted as standard recipe for the
diamond QIE-based fabrication process in Kavli Nanolab Delft.

Up to date, in addition to the nanophotonic devices presented in this work, this etch
recipe has been successfully employed for the fabrication of diamond nanophotonic can-
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tilevers for large-range tuning and stabilization of the optical transition of diamond SnV
centers by in-situ strain control [10].

2.7.2 PATTERN TRANSFER BIAS

As discussed and shown in previous sections, the optimization on the transfer pattern
(Figure 2.1 fabrication steps (2) to (6)) with high aspect ratio 400 nm CSAR-13 on 200 nm
SixNy, in the 65°C QIE-based variant fabrication process has demonstrated accurate
transfer pattern for higher wavelength operation regime nanophotonic devices, as well as
for relatively simple SnV center ZPL tailored nanophotonic waveguides fabrication (devices
designs discussed in Section 2.4.1 schematically illustrated in Figure 2.2).

On the other hand, the aspect ratio stack 400 nm CSAR-13 on 200 nm has proven to
be highly inaccurate in the case of pattern transfer of more complex design features,
characteristic for hole-based design nanophotonic crystal cavities operating at the SnV
center ZPL emission frequency (device designs discussed in Section 2.4.2 schematically
illustrated in Figure 2.3).

In fact, when implementing the aforementioned set of parameters in the hole-based
PCC design, tailored to the SnV center emission wavelength, the results of the transfer
pattern etch test on Si / Si,N,, test samples (prepared following the Methods described in
Section 2.5.2, process parameters detailed in Appendix A.2 Table A.3), with this high aspect
ratio stack 400 nm CSAR-13 on 200 nm Si,N,, yields a poor accuracy transfer pattern, as
shown in Figure 2.8.

Here, we first start by testing the transfer pattern of the triple structure device layout
(Figure 2.8 (a)), adapted to operating ZPL SnV center frequency (structure design adapted
from the benchmark triple structure design chiplet of 1550 nm PCC, 65°C QIE-based
variant, adapted from Ref. [13]) As in the 1550 nm PCC case, the structure includes (top,
green shaded) a nanophotonic waveguide, (middle) coupling waveguide and (bottom) an
operating ZPL SnV center frequency photonic crystal cavity.

We investigate the chiplet transfer pattern (Figure 2.8 (b)) via SEM inspection (0° tilt
view angle) of the test samples Si / (200 nm) Si,N,, (fabricated following the methods
described in Section 2.5.2), where no e-beam optimization is implemented (as in the case of
65 °C QIE-based variant). The transfer pattern with such high aspect ratio stack shows
high inaccuracy of the patterned devices compared to the design parameters. The poor
accuracy between the obtained results and the design can be attributed to the effect of bias
in the transfer pattern, which can be categorized roughly into types:

1. Systematic bias: this is a systematic constant bias over the dimensions of devices
post transfer pattern phase, regardless of the pattern density or geometry.

In the case of ZPL SnV center operating frequency nanophotonic waveguides, this
systematic bias can be easily compensated in the design phase of the devices: the
systematic bias can be determined empirically from Si / (200 nm) SiyN,, transfer
pattern etch tests, following the discrepancy bias between the obtained dimensions
(waveguide width w.,) and the design one can be compensated with the following
fabrication round on the diamond target substrate. This strategy has proven remark-
ably successful in the case of ZPL SnV center operating frequency nanophotonic
waveguides, as demonstrated in Chapter 4.
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In the case of ZPL SnV center operating frequency PCCs, this systematic bias can
also be compensated in the design phase of the devices by varying the scaling of the
devices (lattice constant ap, hole radius r and nanobeam width wy;,). In principle, the
consistent bias in the geometry of the devices can be compensated by varying the
scaling of the devices (varying values of a,, r and wy, around the nominal values by
+ 10%). Taking into account that the thickness of the devices is challenging to control
and results the same across the entire diamond substrate for minimal variation in
devices parameters, the thickness and the systematic bias are both compensated by
e-beam writing different scalings of the parameters listed above.

2. Geometry dependent bias: The second aspect of the poor accuracy in the transfer
pattern is the additional bias which is dependent on the geometry of the devices
design. In the case of relatively simple geometry ZPL SnV center operating frequency
nanophotonic waveguides, this bias is not empirically measurable. In the case of ZPL
SnV center operating frequency PCCs this effect is strongly affecting the aspect of
the patterned designs: distortions of both circular shape and nanobeam sidewalls of
the devices are present, yielding an overall nanobeam shape quantitatively different
from the designed one. This bias may be caused by e-beam writing effects, such as
proximity effect and charging, which are exacerbated when exposing dense pattern
designs, or other effects due to resist resolution. This type of bias is challenging to
be systematically predicted and compensated in the design phase a priori, therefore
in order to eliminate, an optimization in the fabrication process is necessary.

From a high magnification (underlying) SEM inspection image (Figure 2.8 (b.1), 0° angle
tilt view) of the defect region and the tapered circular holes radius of the coupling mirror,
overlaying (to scale) the design of the device geometry, clear systematic and geometry-
dependent bias can be noticed.

We evaluated both the systematic bias on the nanophotonic (top) waveguide, and
the geometry-dependent transfer pattern bias on the nanophotonic cavity (bottom). The
systematic bias on waveguide-like structures amounts to ~30 nm to 35nm. Next, the
geometry-dependent bias is more challenging to evaluate, for which a zoom-in (underlying)
SEM pictogram of the cavity region (overlying in green the design, to scale) is shown in
Figure 2.8 (b.2). Here, the combination of typical small dimensions circular holes (142 nm
optimal value) with narrow cavity width (275 nm optimal value) yields a highly inaccurate
transfer pattern. First, the shape of the (in design, perfectly circular) holes in fabrication
yields distorted rhomboidal openings, while the peripheral sidewall of the nanobeam (in
design, perfectly linear) in fabrication yields a severely corrugated profile. Second, given
the severe distortion of the nanobeam shape, it is challenging to evaluate the precision of
the hole position.

As a consequence, given the aspect of the patterned Si N, determines the downstream
diamond PCC geometry, the results shown in Figure 2.8 (b) would produce a completely
unpredictable operation wavelength (if any) of the patterned cavity.

Implementing e-beam PEC and multipass to mitigate bias

The first hypothesis on the phenomenon causing both systematic bias and geometry-
dependent bias has been a poor e-beam writing exposure, as in the previous transfer pattern
etch tests no proximity effect correction (PEC) or lateral development (LD) calibration of
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Figure 2.8: High aspect ratio stack (400 nm CSAR / 200 nm PECVD Si,N,) pattern transfer bias | (a)
Schematic of triple structure chiplet design adapted to ZPL SnV center operating frequency, similar and adapted
from 1550 nm triple structure chiplet [13]; | (b) PEC and multipass e-beam exposure do not improve the accuracy
in the design transfer pattern: SEM (0° tilt view) pictograms of pattern transfer on Si / 200 nm Si, N, design
structure in (a), respectively with no e-beam optimization (b.1) (overlayed in dashed-green the design dimensions,
to scale), (b.2) zoom-in of the cavity region of (b.1); (b.3) PEC implemented, (b.4) combination of PEC and
multipass implemented; This aspect ratio stack demonstrates high fidelity transfer pattern of 1550 nm triple
structure chiplet and ZPL SnV center operating frequency nanophotonic waveguides, with minimal deviation in
critical dimensions (systematic bias), for dense patterns characteristic of hole-based design nanophotonic cavities
operating at SnV center ZPL frequency severely suffers of geometry dependent non-systematic bias, challenging
to compensate in design phase.

the e-beam writing was implemented. Given that in the case of nanophotonic cavities, the
pattern density is relatively high, the proximity effect leads to overexposure of the dense
patterns in the circular holes layout region. Hence, a PEC may mitigate the distortions of
the pattern due to unwanted exposure upon electron scattering and surplus exposure due
to generated secondary electrons within the bulk target material. Next, considering that
the exposed substrate is insulating and charging, an e-beam exposure in multipass would
mitigate additional effects such as resist heating and charging effects.
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Thus, as a starting strategy, to reliably compare fabrication results, within the same
fabrication run, on identical Si / SiyN,, test samples, same geometry and layout benchmark
test designs with no calibration implemented, PEC implemented, PEC and multipass
implemented, respectively, have been e-beam exposed.

Namely, first we implement a proximity effect correction (PEC): we simulate the PEC
in the TRACER software with a Monte Carlo simulation over the system materials stack,
combined with the electron beam parameters (beam acceleration energy and beam spot
size). We determine the point spread function (PSF), based on which we then implement
the PEC: this allows us to compensate for local backscatter energy due to e-beam exposure
in the vicinity of the exposed feature, taking into account the pattern density (as well
as shape and dimension). For the sake of rigor, in TRACER and BEAMER software, we
have simulated the PEC for both a diamond substrate and a Si substrate, with minimal
differences in the pattern-calibrated dose distribution.

Next, in addition to implemented PEC, we add a multi-pass exposure, specifically a
two-pass, in order to further reduce the charging effects of the substrate: In a two-pass
exposure, the exposure dose is reduced and the time delay between the two subsequent
e-beam pass allows the accumulated charge in the substrate to dissipate. Although effects
such as charging and resist heating, in principle, behave differently on a diamond substrate
with respect to a Si substrate; here we conduct the above tests as a preliminary guideline
on Si substrates, in order to first observe whether the pattern distortion is attributable to
the aforementioned detrimental effects to start with.

We then proceed with SEM inspection (the same procedure as above) of the same chiplet
layout device as in Figure 2.8 (a), here after a PEC is applied to the e-beam writing and
after a combination of PEC and multipass are applied (Figure 2.8 (b.3) and Figure 2.8 (b.4),
respectively). For the same e-beam parameters such as beam spot size, pattern fracture,
writing order and respectively determined optimal exposure clearing dose, both (b.3) and
(b.4) present a systematic bias of ~20 nm to 25 nm. Although this systematic bias has a
lower value with respect to a lack of PEC and no multipass applied, still the improvement
is not yet substantial. Next, the geometry-dependent bias does not present any substantial
improvement with respect to no optimization applied.

For the sake of rigor, the same methods and tests (implementing the diamond / SixN,,
PEC and adjusting the resist clearing exposure dose) have been carried out on diamond /
SiyNy, substrates, with no difference in outcome. Charging effects are more pronounced on
insulating substrates with respect to the tested semiconducting silicon substrates, thus, if
any difference due to charging effects in between the tests on the two types of substrates
had been present, we would have suspected the diamond substrate case to be more affected.
This has proven not to be the case, as charging effects are compensated on diamond
substrates in the fabrication phase by the combination of e-beam writing parameters with
the applied thin film of conductive polymer.

From these results, we conclude therefore that the overall bias in the transfer pattern
is not largely a result of e-beam undesirable writing effects such as proximity effects or
charging, and thus overall not due to non-optimal e-beam exposure. We shift our focus
towards properties of the Si,N,, hard mask material and the transfer pattern aspect ratio
stack.
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2.7.3 OPTIMIZING TRANSFER PATTERN: LOW ASPECT-RATIO AND ICPCVD
Si,Ny

E-beam exposure tests (Section 2.7.2) have shown that the systematic and geometry-
dependent bias in the transfer pattern of ZPL SnV center operating frequency tailored
hole-based design cavities is not due to poor e-beam writing set of parameters, PEC and/or
charging effects. Therefore, the next hypotheses considered on the origin of the pattern
mismatch into the Si,Ny hard mask material focus on the aspect ratio of the resist / SiyN,,
stack of materials. In order to obtain a higher reliability in the transfer pattern, minimizing
the total bias, intuitively one should reduce the pattering aspect ratio and specifically the
thickness of the e-beam resist. This consideration stems from the fact that the positive
e-beam resist used in our process has a limited resolution (as per datasheet reported
resolution best value of 6 nm). Next, when etching in CHF3/O; highly inductively coupled
plasma, local heating of the resist may occur, with the consequence of local deformation of
the resist sidewalls during the ICP-RIE process itself.

However, considering the moderate selectivity of the e-beam resist to CHF3/O, ICP-RIE
plasma etch, reducing its thickness imposes the strong constraint of a shorter total etch
time. In turn, this requires the Si,N,, film thickness to be reduced, such that for the same
total etch time, the mask is cleared out from the desired openings on the diamond substrate.
Hence, for the requirements of the QIE-based fabrication process (Section 2.3), a lower
SixNy, film thickness necessarily requires a higher etch resistance to the downstream O,
and BCl;3/Cl; anisotropic as well as the QIE O, etch steps.

For the purpose of increasing the SiyN, etch resistance, we had first experimented
with rapid thermal annealing (RTA) treatment of PECVD-deposited SiyN,, (results not
presented here): Literature study shows that treatment with RTA at 1000 °C in LPCVD
SiyNy has proven a densification of the film, indicative of a rearrangement to approach
the film structure of a stoichiometric silicon nitride [37]. In turn, upon such treatment, we
expect the etch resistivity of PECVD Si, N, to increase under plasmas of interest in the
QIE-based fabrication process. From the series of tests conducted on Si/ SiyNy, test samples,
RTA treated at 1000 °C for a duration of 5 min in forming gas (mixture of hydrogen (H;)
and nitrogen (N3)), we measure a reduction in SiyN,, thickness of ~ 11%, indicative of film
densification. However, RTA treated SiyN,, has shown no significant etch rate difference
both to CHF3/0O, ICP-RIE and anisotropic O, ICP-RIE plasma etch. Hence, we concluded
that high temperature thermal treatment was not efficient in increasing the etch resistivity
of PECVD Si,N,,.
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Figure 2.9: Minimizing transfer pattern bias: higher etch resistivity ICPCVD Si,N,, allows for lower aspect
ratio resist / mask stack. This minimizes both systematic and geometry dependent bias: high degree of fidelity
between the intended design and the fabricated structures. | (a) Left to right: fabrication steps foreseen in the
ICPCVD Si / SixN,, etch test; | (b) High aspect-ratio: 400 nm CSAR-13 / 275nm SiyN,; (b.1) and (b.2) SEM
pictogram (85° tilt view angle) show the cross section of narrow width etch line trenches; (b.3) (underlying) SEM
pictogram (0° tilt view angle) of patterned in SiyN,, SnV center ZPL frequency operating nanophotonic structures
design (overlying, in dashed-green, to scale); Systematic and geometry bias present, to a lower degree with
respect to PECVD Si,Ny; | (c) Intermediate aspect-ratio: 300 nm CSAR-13 / 120 nm Si,N), ; (c.1) and (c.2) same
benchmark etch test lines as in (b.1) and (b.2) respectively; (c.3) same as in (b.3): systematic bias ~20 nm, lower
geometry bias pattern transfer; | (d) Low aspect-ratio: 200 nm CSAR-09 / 100 nm Si,N: minimal systematic
bias, no geometry dependent bias.
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Alternatively, we started investigating an alternative Si,N, deposition method and
deposition recipe: we change the material deposition from PECVD to an inductively
coupled plasma chemical vapor deposition (ICPCVD) method. ICPCVD deposition method
is characterized by a plasma of higher density when compared to that of the PECVD
counterpart, which allows for the deposition of high-quality denser dielectric films, with a
lower hydrogen content (when compared to PECVD) at low temperature. Next, we shift
from a 300 °C table temperature deposition to 400 °C: given a certain deposition recipe, a
higher deposition temperature allows for a lower density of defects thin films and a closer
material composition to the stoichiometric SisNy (stoichiometric SisNy can be obtained
with the LPCVD deposition method). The ICPCVD Si,N,, deposition recipe parameters are
detailed in Appendix A.3 Table A 4.

Figure 2.9 shows the etch tests on Si / Si,N,, samples process steps, where we start the
investigation on the performance of ICPCVD deposited SiyN,, with the new deposition
recipe.

Following the etch test fabrication steps (described in Section 2.5.2, shown here in
Figure 2.9 (a)), we start the investigation on the performance of ICPCVD deposited SiyN,,
with the new deposition recipe on Si / SiyN,, test samples.

As baseline, on an non-patterned Si / SiyN,, we determine the etch rate of ICPCVD
SixNy ~90 nm/min, through spectroscopic ellipsometry measurements.

Next, for the same e-beam exposure parameters as in previous Sections (beam spot size
2nm, beam current 256pA, implemented PEC correction), same CSAR-13 resist parameters
(400 nm thickness) and test patterns as in the PECVD deposited case, we evaluate the
transfer pattern in the ICPCVD Si,N,,. The optimal exposure clearing dose is determined
within the same etch test rounds: here the presented results in Figure 2.9 (b), (c) and (d)
illustrate the etch test results with the determined optimal exposure clearing dose for the
respective stack of materials aspect-ratios.

After fabrication step (5), the Si / Si,N, samples are cleaved to allow SEM investigation
(85° angle tilt view) of the vertical transfer pattern on (resist not cleared) benchmark etch
test lines are patterned with variable width to test the highest resolution in the pattern
transfer, while evaluation of transfer pattern bias on patterned nanophotonic structures
(resist cleared out) is allowed with top-down SEM inspection (0° angle tilt view).

We start with a high aspect ratio of the stack materials 400 nm CSAR-13 on 275 nm
SiyN,, (Figure 2.9 (b)), similar thickness parameters to the PECVD stack tested previously.
This bridging test allows us to assess the exposure dose of the e-beam writing and applied
PEC to the newly ICPCVD material. Specifically, the ICPCVD Si,N,, thin film may have
a different stoichiometry and hydrogen content compared to the PECVD counterpart,
therefore the charging of the material may be different.

In a 85° view angle SEM inspection on cross-section etch line trenches on 100 nm
(Figure 2.9 (b.1)) and 50 nm (Figure 2.9 (b.2)), respectively, etched trench structures show a
near to 90° vertical sidewalls, with a systematic lateral bias evaluated up to ~20 nm. From
the cross-sectional evaluation, significant trench width dependent RIE lag can be observed.
Figure 2.9 (b.3) shows the top-down (underlying) SEM inspection of the triple structure
chiplet device (design illustrated in Figure 2.8 (a)) cavity region and coupling waveguide:
the systematic bias is in agreement with the value determined from the cross section etch
trench lines. The geometry dependent bias shows circular holes in good agreement with the
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design dimensions (overlayed, in dash-green), whereas the nanobeam peripheral siwedall
still show a corrugated profile (to a lesser extent) similar to the etch tests in Figure 2.8 (b).

The high aspect-ratio stack with the ICPCVD Si,N,, although to a lesser extent with
respect to the PECVD Si,N,, still presents both systematic and geometry dependent bias.
Nevertheless, the high aspect-ratio test with the new ICPCVD deposition material allows
for a characterization of the Si N, etch rate.

We thus now proceed with the optimization over the resist / ICPCVD Si,N,, aspect ratio
stack of materials, reducing the thickness values of both films, considering the minimum
thickness value of SiyNy, set by the selectivity of the former to all ICP-RIE steps downstream
the QIE-based process steps.

The same analysis as in Figure 2.9 (b) of respectively intermediate and low aspect-ratio
stack of materials is shown in Figure 2.9 (c) and Figure 2.9 (d) for 300 nm CSAR / 120 nm
ICPCVD Si;N,, and (d) for 200 nm CSAR / 100 nm ICPCVD Si;N,,. In all test results, an
overetch of 30 % in the CHF3/O, ICP-RIE was implemented in order to compensate for RIE
lag.

The intermediate aspect-ratio stack yields a systematic bias of ~10 nm to 20 nm (Figure
2.9 (c.1) and (c.2)), lower when compared to the respective (b.1) and (b.2) high aspect-ratio
stack, with linear vertical sidewalls close to 90°. The geometry dependent bias is improved
((c.3), less corrugation with respect to (b.3)) with respect to high aspect-ratio stack stack,
although not perfectly matching the design yet (overlayed to scale in (c.3), green-dashed).

Further decreasing the aspect-ratio to the lowest case limited by the determined resist /
SiyNy to CHF3/O, ICP-RIE selectivity, the SEM inspection is illustrated in Figure 2.9 (d).
(d.1) and (d.2) display the etched trench lines, with a near to 90° vertical sidewalls and
etched-through Si,N,, layer. The evaluated systematic bias values are ~5nm to 20 nm. An
accurate evaluation of the systematic bias from the cross-section trench lines is challenging
here, as the vertical sidewalls do not display a perfectly linear profile: the residual relatively
shallow resist etches faster at resist / Si,N,, interface, leading to locally etching the top
side of the patterned SiyN,, lines. Same SEM inspection as in (b.3) and (c.3) is shown in
(d.3), where a high magnification of the nanophotonic cavity shows that the systematic
bias in pattern transfer is accurate up to ~10 nm, whereas the geometry dependent bias
is fully absent. The underlying patterned cavity in SiyN,, matches closely the overlying
design (to scale, green-dashed). Therefore, the lowest aspect-ratio stack ensures the transfer
pattern of intended design preserving both the designed geometric shape aspect and critical
dimensions of features.

Conclusions

Increasing the density of the hard mask material, hence the etch resistivity to anisotropic
O, ICP-RIE, allows to lower the aspect-ratio of resist / hard mask, leading to minimization
of the systematic bias and eliminating the geometry dependent bias. At the same time,
given the considerably reduced total QIE undercut etch duration for a full suspension of
nanophotonic devices, a lower SiyN,, thickness is allowed by the 250 °C QIE-based variant
etch recipe. Therefore, an increased etch resistivity of the ICPCVD SiyN, here developed
and presented (recipe parameters in Appendix A.3, Table A.4), combined with the newly
established anisotropic O, QIE recipe discussed in Section 2.7.1 (parameters detailed in
Table 2.3 and Appendix A.3, Table A.4) allow us to reduce the aspect ratio of the e-beam
resist to hard mask material patterning stack.
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From the etch tests conducted in this Section, we find that the lowest aspect-ratio of the
resist / hard mask patterning stack renders the highest accuracy in transfer patterning SnV
center ZPL operating frequency nanophotonic devices, with a systematic bias as low as
~5nm to 20 nm and no geometry dependent bias. The systematic bias can be subsequently
compensated in the nanophotonic design phase, or by implementing a LD in the e-beam
exposure phase.

However, given the non-perfectly vertical linear aspect of the SiyN, sidewalls, we
further experiment the optimization of the transfer pattern by choosing a middle scenario
between the aspect-ratio stacks presented in Figure 2.9 (c) and Figure 2.9 (d). Thus the final
aspect-ratio we choose is 220 nm CSAR-09 on 80 nm Si,N,, which should render vertical
linear sidewalls while at the same time compatible with the overall several ICP-RIE steps
foreseen by the 250 °C QIE-based variant fabrication process.

Last but not least, the parameters space here optimized is tested on diamond substrates,
as it will be presented in the following Section 2.8.

2.8 REsULTs: 250 °C QIE-BASED VARIANT | SNV CENTER
INTEGRATED DIAMOND PCCs

In this Section we proceed showing and discussing the main results on the newly developed
and optimized 250 °C QIE-based variant fabrication process performance, for which
the final optimized parameters are detailed in Appendix A.3, Table A.4.

Here we only highlight the main aspects of the process monitoring progress from the
initial fabrication steps (phase I. Transfer pattern) and final fabrication steps (phase III.
Quasi-isotropic undercut etch), as the fabrication steps between the initial and final
phase did not undergo substantial development (calibrated the etch rates only) with respect
to the 65 °C QIE-based variant fabrication process, for which a detailed description can
be found in Section 2.6.2. Again, SEM monitoring is performed at key fabrication stages,
where interleaved imaging does not introduce cross-contamination or compromise the
final result.

In order to evaluate the performance of the newly developed 250 °C QIE-based variant,
we test the fabrication process in its entirety employing several diamond chiplet layout
designs, i.e., the triple structure chiplet layout, double structure chiplet layout and single
standing one-sided PCC chiplet layout, schematically illustrated in Figure 2.8 (a), Figure
2.3 (a), (b) and (c), respectively.

Specifically, the different geometry chiplet layout designs allow us to test the perfor-
mance on the two majorly developed and modified optimized phases of the QIE-based
variant of the process. First, as presented and discussed in Section 2.7.3, the revisited
parameters of the fabrication steps (1) to (6) (see Figure 2.1) have been thoroughly tested on
Si / SixNy. However, in order to fully assert the e-beam exposure effects such as proximity
effect and charging, testing the exposure parameters on the target substrate is strongly
encouraged.

Second, experimenting with different geometry aspect device layouts allows us to
evaluate the QIE undercut progress versus total etch time, and hence determine the device
geometry-dependent total undercut etch rates.
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SnV tailored photonic crystal cavities in diamond

Diamond / Si,N, 1:1 transfer pattern

Figure 2.10: SnV center ZPL emission operating frequency tailored nanophotonic cavities: fabricated
with the 250 °C QIE-based variant fabrication process | Top panel: bias-free transfer pattern on diamond /
SixNy (a) SEM pictogram (0° tilt view) of double structure chiplet design (schematic of layout in Figure 2.4.2 (b));
(a.1) zoom-in of the cavity region and tapered down radius circular holes region of coupling waveguide: accurate
bias-free transfer pattern; (b) SEM pictogram (0° tilt view) of single standing one-sided PCCs chiplet design
(schematic of layout in Figure 2.4.2 (c)) : hereafter inspected through the fabrication process; | Middle panel:
QIE-based process progress monitoring, SEM inspection (65° tilt view); (c) Cavity region after fabrication step (7);
(d) and (e) Same device at 60 min and 80 min of QIE undercut etch; | Bottom panel: ready devices, after step (11);
(f) Same chiplet as in (b); (f.1) Same device as in (c, d, e); (f.2) Zoom-in showing the diamond crystallographic
planes.
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In the following, we present and discuss the results obtained implementing the final
set of parameters 250 °C QIE-based variant fabrication process final set of determined
parameters (detailed in Appendix A.3, Table A.4). The substrates used throughout the
entire fabrication process are 4 mm x 4 mm {100} oriented diamond plates from ElementSix,
SnV centers generated following the protocol described in the Methods Section 3.4.4.

2.8.1 TRANSFER PATTERN
To assess the precision of the transfer pattern from the CAD design to the hard mask mate-
rial, ICPCVD SiyN,,, we perform the fabrication steps (1) to (6) (Figure 2.1), implementing
the process parameters detailed in the Appendix A.3, Table A.4 on 4 mm X 4 mm x 500 pum,
{100} oriented diamond substrate.

A higher magnification SEM inspection of the (top) cavity region and (bottom) coupling
waveguide of the double structure device layout (Figure 2.10 (a.1)), by overlaying the
design of the device (dashed-green, to scale) a systematic bias of ~5 nm and no geometry-
dependent bias is observed, while the accuracy in the position of the circular holes is
matching the design periodicity both in the tapered holes coupling waveguide and in the
cavity region. However, while the cross section evaluation of the vertical transfer pattern of
the etch trench lines of 50 nm width, the low aspect ratio stack (200 nm CSAR-09 on 100 nm
SiyNy, Figure 2.9 (c.2)) shows RIE lag free full break through the mask, here, for higher
resist thickness (here 220 nm CSAR-09 on 80 nm SixN,), the circular holes of dimensions
respectively 50 nm and 55 nm width are not etched through, even though in both cases the
CHF5/0, ICP-RIE overetch of 30% is implemented.

Additional investigation via atomic force microscopy (AFM) on fabricated dummy sam-
ples (same exposure parameters) topographic analysis of the developed resist (results not
shown here) demonstrated that the respective pattern of the smallest holes is underexposed.
As a result of underexposure, the pattern of the smallest holes (<70 nm diameter) results
in a developed resist thickness for an extent of only ~70 nm (radius dependent, out of the
220 nm total thickness) in depth with respect to the non-exposed thickness of 220 nm. This
in turn translates into downstream result of shallowly etched Si;N, smallest holes, not
clearing the Si,N, mask in correspondence of the <70 nm diameter holes.

In the results presented (Figure 2.10) the implemented exposure dose value is 250 uC/cm?.
However, a subsequent additional analysis of the exposure dose in diamond test samples
indicated that the fully optimal clearing exposure dose is 300 uC/cm?, higher than the
250 uC/cm? exposure dose used on the diamond sample shown in Figure 2.10. From this
separate dose test round, we find that the exposure dose 300 uC/cm? generates a systematic
bias of ~25 nm. Hence, after the results presented in the AFM analysis, an exposure dose of
300 uC/cm? combined with a LD~25 nm is implemented: This combination of parameters
yields both reliable compensation of systematic bias and fully open ~25 nm radius smallest
tapered holes.

After fabrication step (7), as demonstrated in Section 2.6.1 for the PECVD deposited
SiyNy, the anisotropic O, ICP-RIE plasma causes enhanced mask erosion at the edges of
the patterned geometric features. ICPCVD Si,N,, demonstrates a relatively higher etch
resistivity to anisotropic O, ICP-RIE. Thus, although to a lesser extent, enhanced mask
erosion at the edges still affects the ICPCVD Si,N,, as well, resulting in a rounded Si,N,,
mask at the diamond interface (blue false color in Figure 2.10 (c)). In order to limit erosion of
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the hard mask material, we limit the extent of the O, anisotropic etch in diamond, etching
a device thickness at this stage x 2.5 to x 2.0 (depending on the accuracy of the deposited
SixNy layer) the final value of the design device thickness.

Next, the surface roughness of the vertical sidewalls of the etched diamond structures,
after the fabrication step (7), can be evaluated in Figure 2.8 (c): the surface roughness of
the etched diamond can be resolved by SEM inspection, qualitatively showing moderate
roughness. The vertical sidewall roughness has not been quantitatively characterized at
this stage; nevertheless, we suspect the roughness at this scale to increase the optical losses
of the nanophotonic devices.

At this stage, even though the suspected values are higher than the typical sub-
nanometer (~0.3 nm) starting root mean square (RMS) roughness of the diamond substrates,
our strategy is to focus on the full evaluation of the fabrication process performance. Sub-
sequently, once the nanodevices are fully suspended, we evaluate the ultimate figures of
merit quantifying the performance of the devices (Q quality factor for PCCs and, eventually,
optical transmission losses for waveguides).

2.8.2 VERTICAL SIDEWALL PASSIVATION

After fabrication step (7), the vertical sidewalls of the top-down etched diamond structures
are passivated via ~25nm AlO, ALD (step (8), same deposition parameters as in 65°C
QIE-based variant, higher thickness of the film here when compared to 65 °C QIE-based
variant), followed by an anisotropic BCl3/Cl; etch to clear the horizontal coverage (step (9),
etching recipe adapted to Oxford PlasmaPro Cobra, parameters in Appendix A.3, Table A.4,
implemented tolerance of 30%), opening access to the diamond substrate to downstream
QIE O, plasma step (10).

2.8.3 QUASI-ISOTROPIC UNDERCUT

To evaluate the geometry-dependent QIE undercut etch rates of the newly developed
250 °C QIE-based etch recipe (parameters detailed in Table 2.3 and Appendix A.3, Table A .4
step (10)) discussed in Section 2.7.1, we proceed with the QIE undercut etch in sequential
iterative steps.

The QIE step can be roughly divided into two main regimes. The first regime is the
undercut phase where the <110> aligned devices are released from the substrate: In this
etching phase, the {111} crystallographic planes recede in the <100> direction downwards,
converging underneath the hard mask protected nanobeams. As a result of further etch
along the {111} planes, these progress in the downwards <100> direction, leaving the
patterned diamond nanobeams suspended. At this stage, the cross section of the suspended
nanobeams is triangular. The second regime is the so-called 'upward-etch’, where the
nanobeams further etch upwards in the <100> direction from the backside exposed to
the QIE plasma: in this regime, with advancement of the QIE etch, the triangular cross-
section of the devices gradually changes, transitioning from triangular to a rectangular
cross-section, flattening the bottom of the devices out.

The undercut process is geometry dependent, that is, the duration of the first and
second phase of the QIE etch is dependent on the width of the patterned devices: for the
same etch step duration , taking into account same <100> recession rate of {111} planes,
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for narrow width devices the {111} planes converge earlier in the etch step session with
respect to broader width devices.

For the sake of simplicity, here we present the QIE release and upward-etch behavior
starting with the case of single standing one-sided PCCs (shown in Figure 2.10 (b)).

In order to systematically monitor the QIE etch release and upward-etch of the devices,
we split the QIE etch steps into sequential etch steps of shorter duration. This allows
interleaved SEM QIE progress monitoring, as well as measurement of the devices thickness.

In the presented example, the initial thickness of the diamond nanobeams (~2.5x the
final device thickness), determined by the O, anisotropic etch (step (7)) is measured ~372 nm
(Figure 2.10 (c)). Next, at fabrication step (10), we start a first QIE step of continuous 60 min
(Figure 2.10 (d)): the interleaved SEM inspection allows to determine the vertical extent
of the AlO, skirt (thanks to the contrast between protected underlying diamond / AlO,
and bare AlO,), which in turn, allows to indirectly determine the thickness of the diamond
nanobeam of ~263 nm. Here, after continuous 60 min QIE, the release of the devices with
partial upward-etch can be observed. Following, a second QIE step of additional 20 min
allows for further upward etch and flattening of the devices’ bottom. The interleaved SEM
inspection allows to estimate the etched extent of the diamond nanobeam (Figure 2.10 (e)),
yielding a diamond beam thickness of ~180 nm. In retrospect, calculating the upward etch
rate of this specific device design layout, assuming the upward etch rate constant, we
hypothesize the release of the devices from the bulk diamond substrate converging {111}
planes underneath taking place after ~40 min QIE.

The estimation of the device thickness at this stage of the fabrication process is close
to the designed device thickness of 200 nm, hence we proceed with fabrication step (11)
(wet etch of mask materials). The typical example of fully suspended PCCs chiplet (Figure
2.10 (f)) is further inspected by SEM.

A direct measurement of the same device thickness after the fabrication step (11) yields
a device thickness of ~177 nm (Figure 2.10 (f.1)), in good agreement with the indirect mea-
surement in step (10). All listed values are summarized in Table 2.4. These are approximate
values, taking into account the SEM measurement error, with the resolution dependent on
the pixel size determined by the magnification.

Furthermore, in contrast to 65 °C QIE etch recipe, here the newly tested 250 °C QIE
etch recipe yields remarkably smooth and uniform horizontal bottom plane of the chiplet
(Figure 2.10 (f.2)), prevalently characterized by exposure of {100} plane. This makes the over-
all post-nanophotonics 250 °C QIE-based variant fabrication compatible with additional
metallic routing patterning in the exposed etched bottom plane.

The reached device thickness is in line with the designed parameter. However, in our
experience, the upward etch rate fluctuates around the mean value of ~4 nm/min. This
makes upward etching a challenging step in the fabrication process, and hence targeting
the exact design thickness of the devices is challenging. For this reason, we proceeed
with the upward-etch in several iterative steps,as well as compensate for this etch rate
fluctuation in the design phase of devices by patterning different scalings of the same PCC
design. This allows us to obtain devices with resonant wavelength within a window of
frequencies, compatible with dynamic cavity resonance tuning, e.g. gas tuning.
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H 0O, aniso-etched H O, QIE etch steps
Etch time [min] 2 min 10 sec 60 min 20 min
Diamond
thickness [nm] ~372 ~263 ~180

Table 2.4: O, etch steps and measured diamond device thickness values measured from SEM (65° tilt angle
view) inspection and corrected for tilt.

2.8.4 ASPECT-RATIO DEPENDENCY

We now evaluate the diamond devices aspect-ratio dependency of the 250 °C QIE recipe by
SEM inspecting the cross-section of double structure device layout, where we vary the gap
distance between the coupling waveguide and the nanophotonic cavity, respectively 100 nm
and 300 nm (Figure 2.11 (a) and (b)), as well as 600 nm (Figure 2.11 (c)), triple structure device
layout). All inspected devices have been fabricated within the same diamond substrate
sample, within the exact same duration of QIE consecutive steps, for a total of 67 min etch.

In the presented example, the lattice constant a,, hole radius r and nanobeam width wyy,
are the same in all the considered cases of device layout design (triple / double and single
standing layout) with the only varied design parameter being inter-nanobeam gap distance.
By varying the inter-nanobeam gap, the effective aspect-ratio of the chiplet layout is dra-
matically changed. From a qualitative SEM inspection combined with simple trigonometry
considerations, it can be promptly noticed that both cross-section and thickness of the
presented chiplet layout devices are different.

Considering first the shorter inter-nanobeam gap of 100 nm (Figure 2.11 (a)), we measure
the extent of vertical sidewall and the angled bottom of the coupling waveguide (~259 nm
and ~243 nm respectively). Next, considering the opened circular holes on the tilted bottom
plane, from simple geometric considerations we extrapolate an approximate angle of the
<110> underlying devices bottom plane of ~48°. Therefore, we suspect the cross-section
of the coupling waveguide / PCC system to be triangular, centered at the mid-gap of the
double structure. This hypothesis is supported by two empirical observations. The first
is the etched shape of the bottom plane diamond pedestal as a result of the peripheral
to the double structure {111} planes convergence. The peripheral {111} planes perfectly
converge underneath the double structure in a A-shape, showing no contribution of the
quasi-isotropic etch from the area corresponding to the inter-device gap.

Second, from a twin diamond device (same design parameters), QIE etched for 13
minutes longer (inset in Figure 2.11 (a.1)), it can be noticed that the etched through circular
holes shape is entirely visible and contained on the determined angled ~48° bottom. Next,
considering the starting vertical sidewall extent of ~372 nm (defined at fabrication step (7),
O, anisotropic etch), here we observe that the extent of the vertical sidewall is ~259 nm,
indicating that the upward etch has started taking place and has advanced upwards for
~113 nm.

Thus, for a short gap of 100 nm, the double structure layout is effectively a single
structure of total width 650 nm (waveguide width + gap width + photonic crystal cavity
width).

Next, considering the intermediate inter-nanobeam gap of 300 nm (Figure 2.11 (b)), we
measure the extent of vertical sidewall and the angled bottom of the coupling waveguide
(~242 nm and ~158 nm respectively). In this case, from same considerations as previously,
the extrapolated approximate angle of the <110> underlying devices bottom plane is of
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~41°. The cross-section of the devices is triangular, this time centered in the middle of the
nanobeams each. As in the previous case, this hypothesis is supported by the empirical
observation of the shape of the bottom plane diamond pedestal as a result of the convergence
of the {111} planes. In this case, the 300 nm gap between the two adjacent nanobeams is
wide enough , so that the etch along {111} planes results in an efficient advancement along
the <100> dimension. In fact, this time the pedestal underneath the suspended double
structure presents an M-shape (pink), indicating convergence of the peripheral {111} planes
with the central (gap) {111} planes.

Finally, considering the wide inter-nanobeam gap of 600 nm (Figure 2.11 (c)), the extent
of vertical sidewall is (bottom, waveguide) ~201 nm, (central, coupling waveguide) ~286 nm
and (top, photonic crystal cavity) ~244 nm respectively. Here the upward etch is completed
in the case of the waveguide, with a measured thickness close to the design value. On the
other hand, the thickness of the (central) coupling waveguide and adjacent (top) photonic
crystal cavity is higher than the design value, once again confirming the aspect-ratio
dependency of the QI etch. From a 65° tilt angle view SEM inspection, the bottom cross-
section of the devices cannot be observed. Therefore, tilting the view angle to the maximum
experimentally feasible (85° tilt angle view, Figure 2.11 (c.1)), we observe the bottom side
of the devices to be near flat, with residual triangular cross-section of the devices at the
substrate pinning points respectively.
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2.8.5 CONCLUSIONS
From the presented results in this Section, the following conclusions can be drawn:

1. Accuracy of pattern transfer: 1:1 accuracy in transfer pattern can be achieved by
implementing the optimized set of parameters optimized on Si / Si,N,, test samples
(Section 2.7.3), reproducible and transferable with minor adjustments on diamond
substrates (Section 2.8), detailed in Table A.4.

2. QIE undercut and upward etch for single-standing devices: the established and
optimized 250 °C QIE recipe yields full undercut and upward etch of nanophotonic
devices in as short as 80 min total etch time (in contrast to 20 h total etch time of the
65 °C QIE recipe). Suspended nanophotonic waveguides and PCCs with target design
thickness and rectangular cross-section can be achieved. However, the upward
etch rate fluctuates around the mean value of ~4 nm/min. This renders the upward
etch a relatively challenging step in the fabrication process. Hence, interleaved
SEM inspection of the upward etch is necessary in order to monitor the progress of
the upward etch. The established method of indirectly measuring the nanobeams
thickness proved reliable and in good agreement with the direct measurement of
devices thickness after the removal of hard mask materials.

3. QIE undercut and upward etch design aspect-ratio dependency: from the
presented results, we conclude and confirm that the QIE undercut is indeed device
aspect ratio dependent. This can be explained by the intrinsic difference in the etch
rates along the {100} and {111} family of lattice planes, with {111} being the slowest
between the two. When comparing the area defined by the inter-nanobeam gap, for
the same etch rate along the {111} planes, the <001> direction advancement of the etch
along the {111} planes is lowest (highest) for the smallest (biggest) inter-device gap.
Therefore, by increasing the inter-device distance, e.g. to ~3 pm, or more, as presented
in Figure 2.10 (middle and bottom panel), we find that a uniform thickness with a
rectangular cross-section of the devices can be obtained. In such case, the aspect-
ratio of the overall chiplet does not influence the undercut of individual nanobeams,
yielding peripheral devices with same resulting thickness as centrally (within the
chiplet) placed ones. Next, comparing different effective diamond devices aspect-
ratio (single-standing to double-structure) we find that for the given prior QIE-based
variant process parameters, the single-standing device layout yielded full undercut
and upward etch, whereas higher effective aspect-ratio device layout e.g. double-
structure, requires both a longer anisotropic O, step and longer QIE consecutive steps
for full upward-etch completion. Therefore, for higher effective diamond devices
layout aspect-ratio, the overall QIE-based fabrication process parameters require
ad-hoc calibration and optimization.

Overall, the developed and optimized 250 °C QIE-based variant fabrication process
presented here, with a tolerance of ~25 % to 30 % over the deposition and etch duration
process parameters, shows systematic and reproducible results across separate fabrication
rounds. Nevertheless, the upward etch rate fluctuation around the mean value of ~4 nm/min
requires calibration over the real-time etch duration and interleaved SEM monitoring in
order to reach the target design device thickness.
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Aspect-ratio dependent QIE undercut etch
Inter device gap distance sweep

(@

67 min iso-etch, 65 tilt

Figure 2.11: 250 °C QIE aspect-ratio undercut dependence SEM inspection (65° tilt view) of respectively
100 nm (a), 300 nm (b) gap distance of the fabricated and undercut double structure and 600 nm (c) gap distance
of the triple structure chiplet layouts after a total 67 min 250 °C QIE; (a.1) same parameters as (a), for a total of 80
min 250 °C QIE; (c.1) same parameters as (c), SEM inspection 85° tilt view; | Full undercut and removal of the
triangular cross-section is strongly dependent on the design aspect-ratio.
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FABRICATION OF TIN-VACANCY
CENTERS IN D1AMOND:
SURFACE-PROTECTED
ANNEALING METHOD AND
GRAPHITIZATION ANALYSIS

Generation and activation of color centers in diamond is of great interest for quantum tech-
nologies. Ion implantation methods offer the advantage in terms of control over implantation
depth, spatial accuracy, and nature of the implanted species. However, this comes at the cost
of crystal damage, which upon high temperature annealing treatment can be alleviated, to
some extent. Conventional high temperature annealing under high vacuum is challenging,
as fluctuations in the oven pressure, as well as presence of residual gases promote surface
graphitization of diamond substrates. The extent of the graphitization phenomenon is greatly
dependent on several parameters of the process, which are often challenging to control and
predict. In this study, we present the effects of this phenomenon with the conventional an-
nealing process on nanophotonic devices. Next, we present an alternative surface-protected
annealing method on bulk diamond substrates. We quantify the extent of the graphitization
phenomenon with complementary topographic and chemical studies. Finally, we assess the
efficacy of the alternative annealing method proposed.

N. Codreanu, et al., "Fabrication of Tin-Vacancy Centers in Diamond: Surface-Protected Annealing Method and
Graphitization Analysis" in preparation
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3.1 INTRODUCTION
In this chapter, we will focus primarily on generation and activation of color centers in
type II, electronic grade diamond substrates.

In Section 3.2 we briefly discuss the main methods aimed at the generation and activation
of color centers in diamond, with a focus on the ion implantation method (briefly discussing
the main ion implantation parameters), as this is of higher interest in the context of this
work. Here, we briefly introduce the most relevant methods and techniques of generation
and activation of color centers, up to the point of understanding the relevance of the
method developed in this chapter. In Section 3.3 we proceed with a brief literature overview
on the generation and activation of nitrogen-vacancy (NV) centers and group-IV color
centers (SiV, SnV, GeV and PbV), while for an in-depth discussion on the various methods
of color center generation methods, we refer the reader to more extensive review studies,
e.g. Refs. [1, 2]. In Section 3.3.1 we discuss the main generation and activation methods
developed for the SnV centers in diamond.

Next, in the context of ion implantation and high temperature annealing color center
generation, in Section 3.3.2 we discuss the relevance of the high temperature low pressure
method, while in Sections 3.3.3 and 3.3.4 we elaborate on the associated graphitization
challenge.

In Section 3.4 we present the methods we developed, aimed at the successful gen-
eration and activation of SnV centers in diamond: After detailing the fabrication steps
and ion implantation parameters aimed at high-control ion implantation, in Section 3.4.3
we detail the conventional high temperature low pressure annealing activation method
fabrication process, while in Section 3.4.4 we present our alternative surface-protected
high temperature low pressure annealing method.

In Section 3.5, we show the results of the conventional annealing treatment, discussing
the challenges associated with the resulting graphitization at the sample surface. In Section
3.6 we present the results and assess the performance of the proposed alternative surface-
protected high temperature low pressure annealing method.

Finally, in Section 3.7, we discuss the performance and advantages of the proposed
alternative activation method for SnV centers in diamond.

We will refer to the negatively charged state of the group-IV and nitrogen-vacancy color
centers, unless stated otherwise, as these are of most interest and have been extensively
studied.

3.2 COLOR CENTERS IN DIAMOND: GENERATION METHODS
Typically, the generation of color centers in diamonds consists of the introduction of
impurities into the carbon crystal lattice, the generation of lattice vacancies, and the
combination of lattice vacancies with the impurities. Color centers in diamonds can be
created primarily via two approaches. The bottom-up approach is doping during in-growth
synthesis, while the top-down approach is post-growth ion implantation.

3.2.1 IN-GROWTH SYNTHESIS
In the case of in-growth synthesis of impurities incorporation, the fabrication methods
foresee the incorporation of the non-native atomic species step, followed by the generation
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of lattice vacancies step and concludes with the migration of the vacancies step (to combine
with the incorporated impurities into vacancy-atom complexes).

In the case of specific color centers in diamonds, e.g. nitrogen vacancies (NV) and
silicon vacancies (SiV), the atomic impurity incorporation step can be omitted, as both
are widely present in chemical vapor deposition (CVD) growth reactor chambers. The
most straightforward example is represented by the NV centers: CVD grown Type II
diamond substrates have a nitrogen impurity concentration less than 5 ppb (typically
between 0.1 and 1 ppb for Type Ila single-crystal electronic grades, used in this work) and
a boron concentration < 1 ppb. Therefore, typically relatively low doping, or none at all, is
required. Doping in-growth synthesis has been successfully realized and demonstrated
for other atomic species, not commonly available in CVD reactor chambers, for which the
incorporation via a source material is foreseen. In addition to the successful generation of
NV centers during CVD synthesis of diamond, e.g. §-doping [3], most recently some of
group-IV color centers have also been successfully demonstrated.

In case of the in-growth incorporation of atomic species method, the diamond crystal
lattice is characterized by a relatively low strain, a high substrate crystal purity, and a
relatively low density of lattice vacancy sites. This implies that the generation of atom-
vacancy complexes requires the generation of additional lattice vacancies in a separate
fabrication step. For this, several methods have been developed and demonstrated (for
example, in the case of NV centers generation), such as electron irradiation [4] and ion
irradiation [5-7]. In order to combine the vacancies with the incorporated non-carbon
atoms, the vacancies require mobilization such that atom-vacancy complexes may be
formed. This can be achieved by a high temperature treatment step, e.g. high temperature
annealing or laser activation.

The advantage of in-growth incorporation of impurities is that, in general, these have
shown better optical and spin properties, compared to their implanted ion counterparts
[2]. However, except for the nitrogen d-doping method, in the growth synthesis of dia-
mond defect centers, control over spatial positioning and density of impurities remains a

challenge.

3.2.2 POST-GROWTH INCORPORATION: ION IMPLANTATION
The top-down approach foresees post-growth insertion of a foreign atomic species into the
diamond crystal lattice, with the only viable up-to-date method being ion implantation.
The advantage of the implantation process is that it allows the insertion of any impurity
into any host material, regardless of the solubility and thermodynamic considerations [8].
Next, ion implantation allows full spatial control over the positioning of foreign atomic
species, allowing precision placement to be as low as sub-50 nm implantation accuracy [9].
Pragmatically, this process relies on accelerating charged ions, with sufficiently high
energy, towards the target substrate. Upon ion implantation, the accelerated ions penetrate
the target substrate and are gradually slowed down. During this process, considering the
atomic mass and kinetic energy of the accelerated ions, the accelerated ions lose energy via
the Coulomb interaction between the charged ions and the electrons of the host material
(electronic energy loss) and the interaction between the ions and the atoms of the host
material (nuclear energy loss). This Coulomb interaction slows the charged ion, causing
both ionization and cascaded displacement of the atoms of the host material, resulting in
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crystal damage, the extent being dependent on the projectile ion energy and ion fluence
[10, 11].

The crystal damage therefore may yield a noisier and more strained environment
around the implanted atoms of interest, resulting in less narrow and spectrally less stable
emitters. Therefore, in order to reduce the radiation damage and anneal the host material,
energy must be supplied to the system to enable diffusion of interstitials and vacancies.
This energy is typically provided by heating the host material.

From Ref. [11], in order to understand the important parameters that ultimately
determine the optimal implantation density of ions in the diamond substrate, here we
briefly describe the relevant implantation parameters.

Generally, the slowing down mechanism of an ion in a solid is divided into two dominant
mechanisms that determine the energy loss of the incident ions:

1. Electronic energy loss: interaction of projectile ion with the electrons of the host
material;

2. Nuclear energy loss: interaction of projectile ion with the atoms (considered as
shielded point charges) of the host material. The ion-nucleus interaction is given
by the Coulomb interaction between two positive charges, resulting in energy loss
and trajectory deviation of the projectile ion. The trajectory deviation results in the
lateral spread and depth distribution of the implanted ions. At the same time, host
atoms may also be dislodged from the original lattice site positions, giving rise to
lattice defects.

The slowing mechanism of projectile ions in a solid is generally described through the
stopping power dE/dx, defined as the energy dE lost by the ion traversing a distance dx:

E:N/Tdo, (3.1)
dx

where do is the collision cross section, T is the lost energy in the course of the collision
event, and N is the density of the scattering centers in the host material.

The total stopping power, due to electronic interaction processes and nuclear interaction
processes, is thus given by:

dE dE dE
() () -vean 2

where &, and &, are the electronic and nuclear stopping cross sections, respectively, and
the stopping cross section £ is given by:
1 dE

6:—7:864—8”. 3.3
N dx (33)

The energy of the projectile ion before (Ey) and after (E) the scattering event is related
as:

E1 = kE(), (34)
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where k is the kinematic factor:

2 M26in0)1/2) 2
k:<M1c039ﬂ:(M2 M; sinf) )’ (3.5)

M+ M,

where M; is the mass of the projectile atom, M, is the mass of the target atom, and 6 is the
scattering angle of the projectile atom in the laboratory frame given by:

1-(1 +M2/M1)(T/2Eo)-

J1-T/E,

with T=E; — E; the energy transferred from the projectile to the target.
Next, the ion range can be calculated as follows:

dE
k= / dE/dx’ G7)

with integration limits from the initial ion energy to zero. At low energies of the
projectile ion, nuclear stopping is dominant due to the ~ 1/E? dependence of the Rutherford
cross section, whereas electron stopping dominates at high energies. The host atoms
are severely dislodged in the energy region where nuclear stopping dominates, whereas
electronic stopping does not create extensive damage to the host crystal in this energy
regime [12].

Generally, slowing processes of an ion moving into a solid is a statistical process;
therefore, the locations at which the projectile ions stop are also statistical. Thus, the ion
range R (Equation 3.7) is related to the mean trajectory length of the ion before coming to
rest, while R, represents the mean penetration depth of the ion relative to the surface of
the host material. The implant density n(x) is given by Equation 3.8:

cosf = (3.6)

(x—Rp)2
€x -

where x is the distance measured along the implanting direction beam, ¢ is the ion fluence
(or ion dose), o, is the standard deviation in the projected R,, with AR, the ion range
straggling, which naively statistically quantifies the deviation of the implant position from
the target implant position.

Equation 3.8 describes the Gaussian approximation of the implantation density n(x),
not taking into account diffusion effects, higher-order effects and ion channeling.

The two most relevant parameters for ion implantation are ion fluence ¢ (as it deter-
mines the density of implanted ions) and ion energy Ej (as it defines the stopping range R,
of the ions inside the crystal lattice , hence determining the implantation depth). In order
to take into account the effects of the ion channeling, a third implantation parameter of
great importance is the ion implantation angle. Other implantation parameters to which
one should pay attention are the dose rate (beam current) and implantation temperature:
the first is to establish an optimal beam current so that the rate at which the ions are
penetrating the host material is slow enough to allow for partial radiation damage recovery.
Concerning the implantation temperature, one should keep in mind that a higher host

n(x) =

(3.8)
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material temperature enables higher diffusion rates of both implanting ions and defects.
Low temperature implantation is desirable to achieve more precise control over R, [11].

As detailed in Section 3.3.0.2 and Methods Section 3.4.2 (Sn implantation), the Stopping
Range of Tons in Matter (SRIM) and Transport of Ions in Matter (TRIM) simulations are
powerful tools for tuning implantation parameters such as ion energy in order to obtain
the designed Ry, bearing in mind that TRIM simulations do not take into account effects
such as ion channeling.

In order to mitigate crystal damage, high temperature annealing methods have typically
been developed with a twofold objective: on the one hand, to allow vacancies migration to
combine into atom-vacancies complexes, for diamond temperatures typically well below
1000 °C; on the other hand, annealing temperatures higher than 1000 °C allow repair of
additional defects (e.g. paramagnetic defects) created during implantation. This approach
has been shown to be successful in activating both implanted NV centers [13, 14] and group-
IV color centers [15-20]. Concerning the straggle of the implanted species, the higher
is the atomic mass, the lower is the straggle, therefore allowing for precision placement
dictated, again by the energy of the beam and the atomic mass.

In the past decades, significant effort has been focused towards the development
of advanced methods for ion implantation, e.g. AFM nano-beam positioning, masked
implantation and most recently focused ion beam implantation, for which we refer the
reader to the excellent literature review [1, 2].

3.3 GROUP-IV COLOR CENTERS IN DIAMOND CREATION AND

ACTIVATION

Group-IV color centers, comprising SiV, SnV, GeV, and PbV, have recently emerged as
promising spin-photon candidates for quantum communications applications due to re-
markable optical properties, long spin coherence times, and spin control.

SYMMETRY CONSIDERATIONS

The group-IV color centers are split vacancy defects, i.e. the group-IV atom is placed in an
interstitial site, between two lattice vacancies, aligned on [111] equivalent crystallographic
axes. This atomic spatial configuration renders unique optical and spin properties of this
class of defects. The symmetry of this complex belongs to the D34 point symmetry group:
this is an extremely concise way to summarize and classify the symmetry properties of the
defect, upon which, assuming perfect symmetry, the group theory further predicts selection
rules on the optical transitions, predicts allowed transitions, and identifies symmetry based
degeneracies (to name a few). Although we refer the reader to the comprehensive Doctoral
thesis work of C. Hepp [21] for a thorough exploration, it is most important to note that
one of the most relevant properties of this symmetry group is that it prohibits the presence
of a permanent electric dipole.

The absence of a permanent electric dipole in the group-IV color centers renders this
class of emitters insensitive to external electric field fluctuations to the first order, while
the response to external electric fields remains only of 2" order [15]. The latter property
represents a welcomed advantage in the context of nanophotonic integration.
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INCORPORATION OF GROUP-IV IN THE DIAMOND CRYSTAL LATTICE
Before exploiting the great properties of these emitters in the context of quantum commu-
nications, the natural question arises: How does such a split vacancy form?

In-growth synthesis incorporation of group-IV color centers has been achieved with
SiV (HPHT synthesis [22]), GeV (CVD [23] and HPHT [24]) and SnV (HPHT synthesis [25]).
Although these have shown remarkably high spectral coherence and transform-limited
optical linewidths, the research community has focused efforts substantially on the ion
implantation counterpart. The main reason for this shift is attributable to control over the
spatial positioning of the color centers, which is of fundamental relevance in the context
of nanophotonic integration.

Ion implantation methods have involved mainly efforts towards masked implantation
and focused ion beam implantation in order to achieve 3-dimensional position accuracy.
Focused ion beam implantation, in principle, holds the potential of highest position accuracy
control.

Several methods of high temperature annealing have been developed, most common
being high temperature high pressure annealing, high temperature low pressure annealing
and high temperature under a gas atmosphere. All group-IV activation has been demon-
strated with high temperature low pressure annealing, representing the method of choice.
Laser writing of color centers within diamond nanophotonic devices has been demonstrated
in diamond nanopillars, where the creation of color centers and the enhancement of NV
centers has been successfully observed [26]. The work of Ref. [26] focuses on the creation
of NV centers, the method presented can be applied to other color centers, e.g. group-IV.
Recently, laser annealing of SnV centers in diamond has been demonstrated [27].

3.3.1 SNV CENTERS GENERATION METHODS
We shift the focus now towards SnV centers, which are of the highest interest in the context
of this thesis.

The in-growth incorporation of Sn ions, this is a question of open research, as the
high Sn atomic mass combined with the high atomic density and rigid cubic structure
of the diamond host crystal renders in-growth incorporation challenging. In-growth
HPHT synthesis of SnV centers has been demonstrated by Palyanov et al. [25], where
the authors reported on a systematic study of high-pressure synthesis and the study of
growth conditions favorable for the incorporation of Sn ions in crystallized diamonds.
Synthesis has been shown to be successful for pressures ranging from 6.3 GPa to7.5 GPa
and temperatures in the range 1420 °C to 1900 °C. This work reports on the successful
incorporation of Sn ions, leading to the formation of optically coherent SnV centers in
single crystals of dimensions ranging from 50 pm to 1 mm. In general, the advantage of
this method is the resulting high crystalline quality of the diamond substrate, with low
imperfections density, thus yielding a virtually strain-free environment. However, in the
context of group-IV defects, a strain free environment is not necessarily advantageous:
strain enables orbital components mixing, thereby enabling efficient microwave spin control
[28, 29]. In addition to HPHT in-growth synthesis, no other in-growth synthesis of Sn ions
has been reported.

As discussed in the previous chapters, to successfully engineer photonic light-matter
interfaces, the environment around the color centers has to be modified with high accuracy
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over the relative position of the color center with respect to the optimal optical mode con-
finement of the emitted photons. Ion implantation represents the most viable solution for
the incorporation of Sn ions and subsequent generation of SnV centers, offering generally
high spatial precision and accuracy. The current available methods for Sn ion implantation
are high-energy ion implantation followed by high-temperature thermal annealing [30]
and low-energy ion implantation followed by CVD overgrowth of a diamond cap layer [31].
Both methods have reported a relatively low percentage of conversion yield from Sn to SnV
center, as high as 4 % in the case of high-energy implantation and HPHT annealing [30].
The authors in Ref. [30] attribute a higher stability of the generated SnV centers, this being
due to the high pressure high temperature thermal treatment. Tchernij et al. [32] report
an estimate of the Sn to SnV center conversion yield of ~5% for high energy implanted
Sn ions at 60 keV and 850 °C high temperature low pressure annealing, although requiring
further empirical studies. Taking into account the relatively low conversion yield, one way
to increase the overall density of created SnV centers would be to increase the ion fluence.
However, the relatively high atomic mass number (higher than that of Si and Ge, both
commonly studied) is suspected to produce a higher degree of crystal damage compared to
the other two group-IV counterparts. Crystal damage in turn contributes to the local strain
environment, therefore, causing each of the generated SnV centers to experience different
environments with the result of having different optical transition frequencies. Moreover,
a high degree of crystal damage contributes to the charge-state instability: a higher degree
of dislodged carbon atoms leaves a higher density of lattice vacancies and surrounding
unsaturated carbon bonds. Together, these may yield a noisier environment surrounding a
potentially activated SnV center; hence, such a charge-rich surrounding environment may
change the charge state of the SnV center from the negatively charged state to the neutral
state, whereas the free spins create a surrounding environment characterized by higher
magnetic noise. Together, these represent challenges for the reliable fabrication of SnV
centers in diamond.

HIGH ENERGY ION IMPLANTATION OF SN IONS
High-energy ion implantation of Sn ions involves typical ion beam acceleration energies
on the order of hundreds of keV. Such values, combined with the relatively high mass
number of Sn, create significant crystal damage. This translates into a locally strained
environment surrounding the implanted ion, to a different degree. As a result, this may
lead to a relatively high inhomogeneous broadening of the generated SnV centers.

The three most important parameters to fix in order to successfully implant Sn ions at
a specific designed depth are the acceleration energy, ion flux, and ion implantation angle:

Ion implantation angle: this parameter is relevant to prevent the effect of ion
channeling. When the ion beam is aligned along a major crystallographic direction
in a perfect crystal, the "channeled" ions will experience significantly less scattering
events, resulting in deeper penetration inside the crystal [11]. This is a detrimental
effect and is typically undesirable as it leads to uncertainty in the depth of implanta-
tion. This effect is mitigated (to some extent) by adopting an ion implantation angle
of 7° for diamond and cubic crystals, for example, Si and Ge [33].

Acceleration energy: the combination of the ZPL emission of the SnV center at
619 nm (the emission line) with optimally engineered coupling to the nanophotonic
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devices gives an indication and trade-off for the required implantation depth of the
Sn ions. The typical thickness of nanophotonic devices is on the order of 200 nm in
depth, or less. The required acceleration energy of the Sn ions is then calculated by
Stopping Range of Tons in Matter (SRIM) simulations. SRIM and Transport of Ions in
Matter (TRIM) simulations do not take into account effects such as ion channeling;
therefore, the implantation angle in order to avoid such an effect should be decided
in the previous step and inserted as input in the TRIM Montecarlo simulations. The
first important aspect to be considered when deciding the acceleration energy is the
implantation damage: the higher the acceleration energy of the ion beam, the higher
is the number of defects created in the crystal. Next, straggle represents a challenge
when considering accuracy in the position of the implanted ions. The straggle
quantifies the broadening of the ion beam in the lateral and longitudinal directions.
This increases with ion energy and decreases with atomic number. This effect has high
relevance when considering typical dimensions of post-implantation nanofabrication
devices such as waveguides, and more stringent for resonant cavities where the
typical required accuracy and precision are up to a few nanometer. Therefore the
acceleration energy should be carefully decided as a trade-off between implantation
depth and spatial accuracy.

Ion fluence: this parameter is decided taking into account the empirical conversion
yield in order to obtain an average density of resolvable SnV centers per unit area.
Taking into account the relatively low conversion yield [32], crystal damage, spatial
positioning accuracy, and density of resulting converted SnVs, the ion fluence should
be decided as an optimal trade-off based on further types of integration in the
nanofabrication phase.

3.3.2 IMPLANTATION DAMAGE AND HIGH TEMPERATURE LOW PRES-

SURE THERMAL ANNEALING
Ion implantation inevitably causes damage to the crystalline structure of the target material.
As such, in the context of the spectral stability of the to-be-activated color centers in
diamond, damage to the crystalline structure surrounding the generated SnV centers is
considered detrimental.

Once Sn ions are implanted, migration of vacancies is required in order to combine
and form the SnV center interstitial complex, as well as mitigate radiation damage as a
consequence of the implantation process itself, as discussed in Section 3.2. High temper-
ature low pressure thermal annealing is one of the most commonly available methods
for activation of color centers in diamond and is considered the preferred choice in the
field. The method requires relatively simple equipment, commonly commercially available.
Alternatively, a vacuum thermal annealing oven assembly requires commonly accessible
tools and equipment such that such a tool could be built in-house. As such, extensive efforts
have been directed towards the development and optimization of annealing protocols, in
particular in the context of generation of NV centers.

The diamond surface begins to oxidize around 600 °C [1, 34] and is attacked by oxygen,
water vapor, and other gases. Therefore, diamond substrates must be annealed in an inert
environment, and hence the quality of the vacuum of the thermal annealing oven is an
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important parameter to monitor.

3.3.3 CHALLENGE: HIGH TEMPERATURE LOW PRESSURE ANNEALING

SURFACE GRAPHITIZATION
Annealing is achieved by heating the diamond substrate at sufficiently high temperatures
in order to allow both vacancies and interstitials to become mobile and recombine. In the
case of diamond, annealing represents a major challenge as the damaged surface (upon
e.g., RIE or radiation damage upon implantation) tends to graphitize [11].

The diamond crystal is constituted of hybridized carbon atoms sp®, where each car-
bon atom is surrounded by four nearest neighbors placed in a tetrahedral configuration.
This represents a metastable bonding configuration. The transformation of diamond into
graphite requires breaking sp* carbon-carbon bonds and form sp? bonds: due to strong
orbital overlap and high dissociation energy per bond, the transformation of diamond into
graphite under normal conditions takes place at very low rates.

However, studies report that this process can be enhanced if ion implantation damage
changes the bond configuration. In fact, in the case of ion implantation at room temperature,
the damage density threshold beyond which graphitization occurs is 10?2 vacancies/cm?,
independent of ion species or implantation energy (Kalish et al, in Ref. [8]). Taking
into account the typical implantation energy of Sn ions of 350 keV, and the ion fluence
of 10! ions/cm?, this creates ~2500 vacancies per implanted ion, a value comfortably
below the graphitization threshold. Therefore, in principle, under typical high temperature
annealing of 1100°C and low pressure, i.e., oxygen-free, graphitization of diamond within
the crystal should not take place.

Surface graphitization, on the other hand, is a common and well-known challenge to
occur upon high temperature annealing, the extent of the graphitization being dependent on
several factors such as temperature, pressure, the chemical nature of the environment and
duration [35] (Evans et al., 1961). The authors of Ref. [35] reported on surface graphitization
of samples at temperatures as low as 900 °C at 1.3 x 10~ mbar for 16 hours of heating. The
authors reported that heating for 5 minutes at atmospheric pressure provided a much
more appreciable black layer of graphite by visual inspection. The formation of graphite at
the surface is attributed to the deposition of carbon on the diamond surface as a result of
surface chemical reactions, concluding that the effect of a purely physical phase change is
not evident. In addition, the authors report that the extent of graphitization is dependent
on the chemical nature of the surrounding oven atmosphere, with the extent of graphite
being the highest in the experiments performed under the air atmosphere, as opposed to
the carbon dioxide case.

The author of Ref. [36] (Seal, 1963) investigated the effects of high temperature low
pressure annealing on diamond graphitization, for pressures around 1.3 x 10~* mbar, for
duration from 10 to 30 minutes and for different ranges of temperature. For this purpose,
the annealing is carried out in graphite crucibles packed with diamond dust: This is
implemented to isolate the diamonds from the residual atmosphere in the chamber. For
diamond samples heated below 1400 °C, the author concludes that the graphite coating
has no orientation effects , while for temperatures higher than 1400 °C there is a clear
indication that {001} diamond faces are the most resistant to thermal graphitization. The
author specifies also that the partial pressure of residual oxygen from the chamber in the
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vicinity of the diamond samples is lower than the measured 1.3 x 10™# mbar in the chamber,
concluding that "Diamond dust acts as a "getter" for oxygen".

Most recently, Naydenov et al. [13] reported on substantial graphitization of diamond
substrates, covered by diamond powder under nitrogen gas atmosphere. The graphitization
phenomenon extended to 70 nm, despite the best efforts to prevent surface damage.

3.3.4 WHY IS SURFACE GRAPHITIZATION A CHALLENGE?

Although surface graphitization is a well-known effect that takes place in high-temperature
low-pressure annealing, it is equally challenging to quantify to what extent this effect is
taking place.

This challenge is relatively easy to mitigate in the case of color centers in diamond
that are located far from the surfaces, where a combination of wet inorganic etch of
graphite and post-micromachining of devices (e.g. solid immersion lenses fabricated via
focused ion beam milling) fully remove any traces of the graphitized surface layers. When
placed far from interfaces, charge-noise effects are not a concern. However, in the case of
relatively shallow implanted color centers, such as group-1V, graphitization represents a
major challenge, hindering the successful incorporation and activation of the color centers
to begin with. The complete removal of the graphitized layer results in a reduced color
center depth with respect to the sample surface. Activated SnV centers closer to surfaces
may experience charge-noise to a larger extent, thus potentially detrimental both to optical
and spin properties.

The reason why graphitization represents such a major challenge relies on the extent of
the graphitization process itself. First, the extent of the graphitized layer is unpredictable
and uncontrollable. This depends on several parameters, briefly listed below:

Annealing oven vacuum quality and stability: the residual concentration of, e.g.,
oxygen atoms in the chamber promotes oxidation of the diamond surface, as well as
etching effects, which results in uncontrolled etching of the diamond cap layer. This
represents a challenge, as the implantation depth of the shallow Sn ions is reduced,
bringing them closer to surfaces, which might compromise their optical and spin
properties. In the extreme case of shallow implanted ions (for sensing applications),
the extent of surface graphitization might reach the doped layer, compromising
the generation of the color centers altogether. The lowest pressure in the chamber
is desirable over the entire duration of the annealing sequence, avoiding pressure
variations especially in the ramp-up steps, where pressure can increase in case of
sudden temperature gradients;

Annealing temperature: it is beneficial to have a high annealing temperature
in order to (at least to some extent) heal the crystal from radiation damage, at the
same time keeping the temperature below the gross graphitization threshold (below
~1600°C [36]);

Duration of the annealing sequence: long duration of high temperature annealing
is suspected to produce graphitization to a higher extent, therefore short annealing
duration is desirable in order to limit the graphitization phenomenon;
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Crystallographic orientation: studies have reported {100} oriented diamond sur-
faces to be most resistant and {110} least resistant to high temperature thermal
graphitization [36] at temperatures ~1700 °C, while the graphitization below 1400 °C
stems from an etching effect [35]. This poses a challenge when considering post
nano-fabrication annealing, as the fabricated devices will not maintain the original
designed dimensions;

The second challenge associated with the graphitization phenomenon relies on the
chemical stability of the "graphitized layer". The nature of the suspected "graphite" layer
might be different from the one of pure graphite, as a result of the poor oven vacuum that
contains other than oxygen residual gases. Such a layer might have high wet etch resistance
to, e.g. tri-acid inorganic clean, posing a challenge for wet etching of the graphitized layer.

Considering typical implantation depths of group-IV color centers of the order of
30 nm to 100 nm, even in the optimistic scenario where the graphitization phenomenon
extends to a few tens of nanometers at the surface, the latter represents a serious concern.
The unpredictability of the graphitized cap layer extent renders the exact SnV center
position with respect to the diamond surface unpredictable. As a result, in the context of
nanophotonic integration, maximization of optical coupling of the SnV center ZPL emission
to the guiding mode (waveguides) or to the resonating mode (photonic crystal cavities)
as nanophotonic device tailoring (compensating for SnV center depth position mismatch)
results challenging a priori.

Ideally, avoiding graphitization on the surface of the diamond is highly desirable.
Thereby, the only solution is to prevent the graphitization of the diamond surface to start
with, in a systematic and reproducible way.

3.4 METHODS: HIGH ENERGY SN IMPLANTATION AND HIGH
TEMPERATURE THERMAL ANNEALING

In this section, we elaborate on the methods developed in order to implant and activate SnV
centers in diamond with conventional annealing methods and with a surface-protected
modified annealing process method.

This section is organized as follows: we start with describing the pre-implantation
methods in Section 3.4.1, followed by considerations on the ion implantation parameters in
Section 3.4.2. In Section 3.4.3 we proceed with elaborating on the conventional fabrication
process for high temperature thermal annealing. Finally, in Section 3.4.4, we conclude
by presenting the alternative fabrication process (surface-protected annealing method)
developed to alleviate the challenges associated with the conventional process.

3.4.1 PRE-IMPLANTATION SUBSTRATE PREPARATION
As schematically illustrated in Figure 3.1 (a), before the ion implantation takes place,
diamond substrates undergo a series of pre-implantation fabrication steps. For our experi-
ments, we start with ElementSix 4 mm x 4mm x 500 pm {100} surface-oriented electronic
grade diamond plates.

The first step in the preparation of the substrates is to completely remove the traces of
the polishing grease compound from the surface of the diamond substrate. Upon optical
microscope investigation and qualitative inspection of the traces, we choose to implement



3.4 METHODS: HIGH ENERGY SN IMPLANTATION AND HIGH TEMPERATURE THERMAL ANNEALING 99

Pre-annealing sample preparation and implantation

. b ; )
@ RIE etch Snions (b)  Implanted Sn ions Activated SnV
350 keV

SR

Conventional annealing process flow

(© e annealing

substrate A 1

modified

[' surface
i

Surface-protected annealing process flow
MODIFIED PROCESS

@ ¢
5

mask

- - graphite
£ annealing modified

surface

bstrat [ 4 graphite-free p -
substrate surface

Figure 3.1: Fabrication processes for high temperature annealing | (a) Incorporation of Sn ions into the
diamond substrate: Pre-implantation substrate preparation, including ICP-RIE with Ar/Cl; and O strain relief
etch is followed by inorganic acid Piranha clean; Next, implantation of Sn ions with an ion fluence comprised
between 3 x 10'? ions/cm? to 5x 10'! ions/cm? at an acceleration energy of 350 keV; | (b) Schematic of the ion
implantation process: the trajectory of the Sn ions leaves damage to the crystal, which can be healed by high
temperature thermal annealing; | (c) Conventional fabrication process: the implanted substrate is inorganic
cleaned, followed by high temperature annealing; upon annealing, a thin layer of graphite is suspected to form,
which upon tri-acid inorganic cleaning is wet etched. As a result, the surface of the diamond substrate is modified;
| (d) Surface-protected method for high temperature annealing: in addition to the diamond substrate, a
diamond cover sample is prepared, both undergo inorganic tri-acid clean, followed by the arrangement of the
cover on top of the substrate in near complete surface contact; we then proceed with high temperature annealing,
after which we obtain a surface-protected diamond region, suspected graphite-free non-modified surface and
an exposed to annealing vacuum modified region of the diamond substrate; upon inorganic clean, the exposed
region graphite layer is wet etched, leaving a modified surface of the substrate.
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one of the variants of the following cleaning protocol. In case of a large amount of residual
polishing grease compound on the sample surface, our cleaning protocol foresees the soak
of diamond substrates in PRS-3000 (stripper solution and residue remover). Typical protocol
parameters foresee a soak of 12 hours at room temperature, followed by a 80 °C ramp-up
temperature over 30 minutes, followed by acetone and IPA rinse, N; blow dry. In case of a
low amount of residual polishing grease compound on the sample surface, typically a 80 °C
ramp-up temperature over 30 minutes is sufficient (followed by acetone and IPA rinse, N,
blow-dry).

We then performe an inorganic cleaning protocol, where we start with a 20 minutes
40% HF inorganic cleaning at room temperature, directly followed by a double sequentially
20 minutes each Piranha mixture (ratio 3:1 of H,SO4(95%) : H20,(31%)) at 80°C. The
diamond substrates are then thoroughly rinsed in 3x DI water and blown dry with No.

Next, we proceed with an inductively coupled plasma reactive ion etching (ICP-RIE)
of ~5pum etching in a recipe based on Ar/Cl; plasma chemistry to remove the residual
polishing-induced strain from the substrate surface. Afterward, additional ~5 pm ICP /
RIE O; chemistry-based plasma etch is performed in order to remove residual chlorine
contamination from the previous etching step [4].

We then conclude the pre-implantation protocol with an inorganic cleaning in Piranha
solution for 20 minutes at 80 °C.

The samples are then mounted on a 4’ x 1000 um, {100} silicon carrier wafer and out-
sourced for ion implantation. For this step, the depth localization of the implanted Sn ions
is controlled in the [001] direction by deciding the implantation energy. In-plane spatial
localization is random, which means a blanket implantation is performed.

In order to monitor both topography and chemical purity of the diamond substrates,
we implement both quantitative topography characterization methods (e.g. atomic force
microscopy (AFM) surface roughness analysis) and chemical component characterization
methods (e.g. Raman spectroscopy) and qualitative characterization methods (e.g. scanning
electron microscopy (SEM) inspection) before and after each of the subsequent fabrication
steps on the diamond substrates. This allows us to monitor the quality of the substrates at
each fabrication step and, if necessary, optimize the process parameters of each fabrication
step. The goal of this routine is to maintain oversight on any possible detrimental source of
organic cross-contamination, as well as to minimize the surface roughness of the substrates
due to organic contamination causing micromasking in the RIE etch steps.

3.4.2 JON IMPLANTATION PARAMETERS

While the diamond substrates pre-implantation preparation fabrication methods and post-
implantation treatment methods are developed and performed completely in house at Kavli
Nanolab Delft cleanroom facility, the Sn ion implantation fabrication step is an outsourced
and performed step by an external company.

In order to decide the implantation energy, since the desired optical position of the Sn
ions in our nanophotonic devices is up to ~100 nm depth, we first perform SRIM and TRIM
simulations to determine the implantation energy.

From TRIM simulations, we find that for an implantation energy of 350 keV, the average
implantation depth is 86 nm + 16 nm. TRIM and SRIM simulations do not take into account
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the effect of ion channeling; therefore, based on the values reported in the literature, we
adopt an implantation angle of 7° to avoid this effect [11, 21].

Given that typical implantation yields of SnV center creation reported in the literature
are on the order of 4 % to 5 % [30, 32] and typical yield of 1% to 5 % from previous studies
in our group, we decided to sweep the ion fluence from low dose (3 x 10'° ions/cm?),
intermediate dose (1x 10! ions/cm?) and high dose (5 x 10! ions/cm?).

From TRIM simulations, each Sn implanted at this energy generates on average ~2500
vacancies. In order to activate the SnV center, we enable lattice vacancy migration and,
at least to some extent, repair the crystal lattice damage by employing a long-duration
high-temperature thermal annealing sequence.

3.4.3 CONVENTIONAL ANNEALING PROCESS

As schematically illustrated in Figure 3.1 (c), the conventional high temperature low pres-
sure annealing process is rather straightforward. A complete description of the fabrication
steps of the process, including the parameters of the annealing sequence, can be found in
the Appendix, Table A.1.

Once the diamond substrates are ion-implanted, we implement a pre-annealing cleaning
protocol. This protocol is crucial in order to ensure that no organic contamination is present
on the substrates. The presence of organic contamination could be detrimental in the high
temperature annealing step for mainly two reasons: first, the organic contamination might
degas during the annealing step, increasing the pressure of the vacuum annealing chamber;
second, diffusion of foreign atomic species in the substrate is detrimental, as well as diffusion
on the surface that might promote the probability of localized graphitization. Thus, we
start with a double 20 minutes Piranha inorganic cleaning, followed by a 1 hour tri-acid
mixture (ratio 1:1:1 of HNO3(65%) : HClO4(70%) : HSO4(> 99%)) in a reflux configuration
setup at 120 °C.

Next, we start the high temperature low pressure annealing recipe, parameters described
in Ref. [4, 37] and previously developed in the group. The typical annealing time is on the
order of 10 hours at 1100 °C. Generally, when designing a thermal annealing recipe, the
overarching conclusion is that the temperature gradient over time should be low enough
so that the temperature gradient over time is low (to avoid sudden pressure variations) and
the vacuum pressure is maintained low and constant at all times. Therefore, the gradient
temperature typically is about < 1°C/min with typical vacuum pressures of <1x10~° mbar.
Assuming that the surface of the diamond substrates is free of organic contaminants,
as well as water residues, in an oxygen-free vacuum annealing chamber, it is typically
hypothesized that the amount of graphite formed on the surface depends on the duration
of annealing at temperatures higher than 580 °C (where the diamond surface is expected to
start to oxidize [1]) and the quality of vacuum and pressure fluctuations.

Under such annealing conditions, a wet inorganic tri-acid inorganic clean is required to
wet etch the formed graphite: we proceed with a 1 hour (or higher) tri-acid wet inorganic
clean (ratio 1:1:1 of HNOs5(65%) : HClO4(70%) : H2SO4(> 99%)) in a reflux configuration
setup at 120 °C (schematic illustrated in Appendix, Figure A.1 (b)).
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3.4.4 SURFACE-PROTECTED METHOD FOR HIGH TEMPERATURE AN-

NEALING
Figure 3.1 (d) shows a schematic illustration of the surface-protected annealing method. A
complete description of the process, including the parameters of the annealing sequence,
can be found in Appendix, Table A.2.

In this case, the surface-protected annealing method foresees the addition of a cover
material with the goal of protecting the substrate surface from the residual gases in the
high temperature annealing oven. Most importantly, it is desirable that the cover material
satisfies the following requirements: surface roughness similar to that of the substrate
diamond sample, such that close contact between the two surfaces is ensured. A non-near
surface contact between the cover and the substrate would allow the diffusion of residual
gas molecules in the interstitial residual volume between the cover and the substrate. As a
result, diffusion of these can promote modification of the substrate surface, promoting the
graphitization phenomenon. Next, the cover material must be chemically inert in order to
prevent cross-contamination of the diamond substrate: This ensures that no other atomic
species can diffuse into the diamond substrate during high-temperature annealing. Finally,
the cover material has to have a high temperature melting point and chemical stability
upon high temperature low pressure annealing itself.

The most straightforward optimal candidate for such a cover material is a cover material
made out of diamond itself. By choosing a diamond cover, we ensure that the above criteria
are met by definition. We chose therefore a pristine two-sided polished {100} diamond
cover. We start with the pre-annealing wet inorganic Piranha cleaning, followed by the
tri-acid inorganic cleaning protocol, executed on both the implanted diamond substrate
and the diamond cover, after which we carefully position the cover material in contact
on top of the implanted diamond substrate. The contacted cover + substrate system is
carefully placed inside the annealing chamber crucible, evaluating the spatial positioning
upon visual inspection. The covered implanted diamond substrate is then annealed at
high temperature for 4 hours at 1100 °C, following the annealing sequence described in
Appendix, Table A.2 (annealing recipe sequence adapted from [38]).

Once the annealing sequence is complete, the diamond substrate is inspected. First, a
qualitative optical microscope inspection is carried out: as will be presented in Section 3.6,
typically 100 % full coverage of the substrate surface is challenging to guarantee. This is
because during the pumping down step of the annealing oven chamber, a sudden pressure
drop can result in a small displacement of the cover along the surface of the substrate,
leaving the edge of the substrate uncovered. Typically, the fully exposed edge amounts to
~200 pm to 300 pm length from the sample border. On the basis of the degree of contact
between the cover and the substrate, the transition region from covered to non-covered
region may be spatially net and sharp, or spatially extended and gradual. Both cases offer
the possibility of investigating the nature of the suspected modified diamond surface of
the substrate and comparing the properties with the non-modified covered region of the
sample. At this stage, the substrate properties are investigated via Raman spectroscopy,
SEM, and AFM analysis.

Surface termination of the substrate may have significant impacts on the optical proper-
ties performance of color centers, with oxygen termination being the preferred one. In fact,
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oxygen termination through soft O; plasma treatment has been shown to improve spin-
coherence times of near-surface NV centers [39]. In an X-ray photoelectron spectroscopy
(XPS) investigation analysis of {100} diamond substrates, in various wet and dry treatment
studies, the authors of Ref. [40] report a similar atomic percentage of O 1s between the wet
Piranha treatment (5.19 + 0.36) and the tri-acid treatment (4.84 + 0.31). Oxygen surface
termination might be beneficial for the optimal performance of activated SnV centers,
although it has not yet been investigated in the literature. Although wet inorganic clean
is no longer required for removing the graphitized layer (not identified on the covered
diamond surface), it remains necessary to favor an oxygen surface termination. Thus,
post-anneal surface treatments, such as a tri-acid clean, Piranha clean, or ozone surface
treatment, are recommended.

Taking into account the considerations above, we proceed with a post-anneal wet
inorganic clean, where we first proceed with a double Piranha treatment of 20 minutes each
at 80 °C. Following an optical properties characterization of the SnV centers in cryogenic
conditions, we proceed with a modified tri-acid cleaning protocol, namely di-acid (developed
together with [41]).

In order to achieve efficient wet etching of the suspected graphitized layer on the
exposed edges of the diamond substrates, and to favor an oxygen termination on the
diamond surface, we follow the considerations of Ref. [42]: we proceed with a double
Piranha cleaning at 80 °C, 20 minutes each (to remove organic residues), followed by direct
di-acid mixture inorganic cleaning (ratio 1:1 of HClO4(70%) : H,SO4(> 99%)) at 190 °C for
2 hours.

After post-annealing wet inorganic clean, we proceed with the post-annealing inspec-
tion of the sample, in a sequence analysis detailed in Section 3.4.5, with results presented
in Section 3.6.

3.4.5 ANALYSIS METHODS

ORDER OF ANALYSIS

Pre-anneal, post tri-acid: The analysis starts with a quantitative Raman spectroscopy
analysis within ~ 1 hour after the inorganic cleaning step, so the Raman spectra do not
detect any organic contaminants. Next, we continue with AFM topography and surface
roughness analysis.

Post-anneal, pre-diacid: To ensure that the diamond substrate is free of organic
contaminants, we start with a Piranha cleaning for 20 minutes at 80°C. The analysis
starts with a quantitative Raman spectroscopy analysis within ~ 1 hour after the inorganic
cleaning step. Next, we continue with qualitative SEM analysis. Afterward, we clean the
sample with ethanol, acetone, and IPA, followed by blow-drying N; and conclude with an
analysis of the surface roughness by AFM. The order of analysis performed here is not the
conventional best order, as SEM inspection might introduce carbon contamination: Ideally,
the sequence of analysis should be Raman spectroscopy, followed by AFM, and concluded
with SEM.

Post-anneal, post-diacid: Within ~1 hour from the di-acid cleaning, we proceed with
the same analysis sequence as in the post-anneal, pre-diacid phase.
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RAMAN SPECTROSCOPY
We employ a Renishaw Invia Reflex Raman spectroscopy tool, in combination with a
488 nm laser source and a 3000 gr xmm™" fine grating.

ATOMIC FORCE MICROSCOPY

AFM surface roughness analysis can be considered quantitative and comparable one-to-
one in absolute values when analyzing different regions of the same diamond substrate.
The previous statement is fully valid if the AFM scans are executed within the same
AFM analysis session and using the same Atomic Force Microscopy (AFM) cantilever tip,
without further assumptions on error introduced by the AFM scanning method. The AFM
topographic analysis is executed on a Bruker AFM Dimension Fastscan in non-contact
mode (SCANASYST-AIR-HPI, nominal tip radius 2 nm, maximum tip radius 12 nm).

The typical scan area dimension 500 nmx500 nm: The spatial scan extent is chosen as a
compromise between the duration of each scan combined with a representative scale of the
dimensions of nanophotonic devices (nanophotonic waveguide width ~275 nm, photonic
crystal cavity devices lattice constant ~206 nm).

Data analysis is performed using open source software Gwyddion [43]. The only data
processing operation performed on the raw data, in line with the indications from open
source user manual, is row alignment with the polynomial method: this method fits a
polynomial of given degree and subtracts if from each line and allows one to compensate
for the ubiquitous scan line defects. We apply an align row with a 1%’ degree polynomial,
where 1% implies the removal of linear slopes [43]. For a complete overview of the surface
topography, we first evaluate the following one-dimensional roughness parameters, defined
here: roughness average R,, root mean square roughness R,, maximum roughness valley
depth R,. Next, we evaluate the following moment-based statistical quantities quantifying
the height irregularities: mean roughness S,, mean square roughness (RMS) S;, maximum
pit depth S, maximum peak height S,,.

SCANNING ELECTRON MICROSCOPY

SEM analysis is performed on a Hitachi Regulus system. Qualitative Scanning Flectron
Microscopy (SEM) analysis, the data is acquired from a combination of Secondary Electrons
(SE, topographical surface information) and Low-Angle Backscattered Electrons (LA-BSE,
mixture of compositional and topographical surface information). A contrast difference in
the SEM pictograms might represent a difference in either topographical features between
the two regions, a difference in compositional information, or a difference in the extent
of charging between the two regions, which again might be attributable to presence of
different materials of different chemical composition present on the substrate.

Taking into account that the diamond substrate is an insulating material, charging
of the substrate represents a challenge, and therefore a low acceleration voltage of the
primary electron beam is used. We do not coat the substrate with any conducting layers to
mitigate the charging effect (a common method used to prevent the charging of insulating
specimens) in order to avoid artifacts and ambiguity in the results obtained.

In order to prevent surface contamination from the SEM session, which might be
detected in the Raman spectroscopy chemical analysis, we perform the SEM analysis after
the Raman inspection. This gives the additional advantage of inspecting the properties of
the exact Raman scanning map region. As will be presented in Section 3.6.2, this offers the
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advantage of correlating the qualitative inspection of the SEM with the Raman spectroscopic
analysis one-to-one at nanoscale. At the same time, we use a cold trap to mitigate carbon
deposition as a result of the electron beam raster scan across the sample surface and we
limit the SEM session in time to ~30 minutes.

3.5 REsuLTS: CONVENTIONAL HIGH TEMPERATURE AN-

NEALING METHOD

The extent of the graphitization process during high temperature low pressure annealing
depends on several parameters. Fluctuations in the process parameters are a variable prone
to fluctuations, therefore, the extent of graphitization in different vacuum annealing oven
environments may be extending to more or less graphitization of the surface. Authors
in Ref. [44] report on typical 5nm to 10 nm in similar pressure annealing conditions as
presented in this study.

Typically, this phenomenon is suspected to be greatly dependent on the temporal
extent of the high temperature annealing process: the longer the annealing time, the more
extended is the graphitization phenomenon, with various degrees of spatial extent. Hence,
graphitization represents a limiting factor in terms of annealing time and, therefore, a
hindering factor both in successful activation of implanted color centers and efficient
healing of the damage in the diamond crystal.

To date, to our knowledge, no method has been invented in order to prevent or at
least alleviate the extent of the surface graphitization in diamond in a systematic and
reproducible way that does not foresee etching (dry or wet) of the graphitized diamond cap
layer. The objective of this study is to quantify the amount of graphitization post-annealing
on our samples and propose a method to prevent or at least alleviate the extent of the
surface graphitization in diamond.

For this purpose, we evaluate the effect of the high temperature low pressure thermal
annealing, following the conventional fabrication process schematically illustrated in Figure
3.1(c) and described in Section 3.4.3.

To evaluate the spatial extent of the graphitization phenomenon under 1x10~® mbar
pressure and 1100 °C annealing treatment, we employ the conventional annealing recipe
(described in Section 3.4.3 and detailed in Appendix, Table A.1), developed in Ref. [37]
(extensively and successfully employed in the generation of narrow-linewidth NV centers
in diamond) for a continuous annealing time of 10 hours.

NANOPHOTONIC DIAMOND DEVICES

In order to evaluate the spatial extent of the graphitization phenomenon, we dedicate a
diamond substrate on which diamond photonic crystal cavity and 1D waveguide devices
have been previously fabricated. Specifically, the fabrication of photonic crystal cavity
designs is based on quasi-isotropic undercut etch process [45-47], described in Chapter
2. In this case, the diamond substrate first undergoes the fabrication process to obtain
suspended nanophotonic devices, while activation of SnV centers by high temperature
annealing follows post-nanofabrication with the conventional high temperature annealing
fabrication process described in Section 3.4.3, as detailed in Appendix, Table A.1. Given
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the nature of the quasi-isotropic undercut etch, all devices are aligned parallel to <110>
crystallographic axis, to ensure a uniform longitudinal cross-section of devices.

Typical nanophotonic cavities chiplet devices are shown in Chapter 5, Figure 5.1 (b). We
fabricate asymmetric one-sided photonic crystal cavities (design discussed in Section 2.4.2,
schematically illustrated in Figure 2.3). The design of the equivalent symmetric mirrors
device shows in Finite Element Method (FEM) COMSOL® simulations the cavity resonance
at 620 nm and the quality factor Q~1x 10°. Given that the fabrication process implies
uncertainty over several fabrication steps, we sweep the design parameters of the photonic
crystal cavities to compensate for fabrication imperfections in the design phase, as detailed
in Chapter 5. Therefore, a typical sweep of the device parameters has the objective of
fabricating devices with an expected cavity resonance in the range 600 nm to 650 nm (as
shown in Chapter 5, Section 5.3). Once the device fabrication has been completed, we
characterize the devices in a room-temperature reflection setup (setup schematic in Section
5.6.2, Figure 5.7). Before the annealing step, we systematically find photonic crystal cavities
with resonant wavelengths in the range of 619 nm to 680 nm and quality factors of Q~4500
to Q~18000 (values in-line with statistics presented in Section 5.3).

Resonant photonic crystal cavities are extremely sensitive to fabrication parameters,
namely, assuming a constant refractive index of diamond over the following fabrication
steps, any variation in the geometric parameters of the fabricated devices translates into
a shift in the resonant wavelength, as well as a variation in the quality factor of the pre-
annealed characterized devices. For this reason, photonic crystal cavities are excellent
indicators of the extent of the surface graphitization phenomenon. As shown in Ref. [37],
simulations show that even for extremely small deviations from the optimal design of
devices, the quality factor is greatly affected and decreased.

Therefore, if post-nanofabrication high temperature annealing is characterized by
surface graphitization phenomenon, we expect to measure a variation in the quality factors
as well as a shift in the resonant wavelengths of the fabricated devices. Moreover, given
the broad sweep of cavity parameters in the design phase, we can quantify a resonant
wavelength shift up to ~60 nm in fabricated devices.

After annealing the diamond substrate containing the fabricated devices with the
conventional annealing protocol described in Section 3.4.3, we perform 3 consecutive
inorganic wet tri-acid cleaning steps at 120 °C (temperature limited), each of 1 hour duration
to wet etch the graphitized layer. Post-inorganic clean Raman spectroscopy analysis shows
that when scanning on a flat area of the diamond substrate, no Raman graphite peak is
detected. In contrast, when the laser source is focused on a nanocavity, although not
prominent, a small graphite peak is detected at 1600 cm™, indicating residues of graphite
on the fabricated devices. This indicates serious challenges in wet etching graphite residues
on annealed substrates post-fabrication.

A room-temperature optical characterization of the nanophotonic cavities was per-
formed with the same measurement conditions as in the pre-anneal optical characterization
step. The optical characterization of the cavity devices, after the post-annealing and con-
secutive (3x) inorganic tri-acid clean steps, shows no resonance on any of the fabricated
devices, thus unable to evaluate the quality factors of the devices. This result indicates
two hypothetical scenarios: one is that the resonance of the fabricated devices falls out of
our measurement window (in the range of 590 nm to 695 nm), or, second, the resonance of
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the devices is destroyed altogether due to severe modification of the device geometry and
increased surface roughness. In either of these hypotheses, the outcome of the nanocavity
device optical characterization is a clear indication that the graphitization phenomenon
is not shallow surface limited but rather extended to a range of tens of nanometers, indi-
cating a severe modification of the diamond surface upon high temperature low pressure
annealing.

Figure 3.2: Annealing with conventional process: SEM inspection SEM pictograms of diamond nanophotonic
devices: left - diamond waveguide with a cross holding bar, center - nanophotonic crystal cavity, right — simple
nanophotonic waveguide; | Before annealing (a): rectangular cross section fabricated devices via quasi-isotropic
undercut fabrication process: prior to annealing, the cross section of the devices is rectangular; | After annealing
(b): rounded-top cross section, same devices after the conventional high temperature thermal annealing fabrication
process flow (illustrated in Figure 3.1 (c)), followed by 3 consecutive inorganic tri-acid cleaning steps; the cross
section of the devices is round on top side and visibly modified, indicating the graphitization process is not limited
to the few nanometers surface layer: the edges at the intersection of top side with vertical sidewalls of the devices
are affected eroded more than flat surfaces.

The absence of any resonant cavity signatures prompted us to start a systematic
investigation of the graphitization phenomenon. Therefore, a qualitative SEM investigation
of the fabricated devices has been performed first. Figure 3.2 presents a qualitative SEM
comparison of the fabricated devices before and after the annealing process with the
conventional fabrication process.

Specifically, we inspect the geometry of waveguides and photonic crystal cavities.
Figure 3.2 (a) shows (left) waveguides with V-shaped holding bars, (center) holes region
of photonic crystal cavity, and (right) nanophotonic waveguide before high temperature
annealing is performed. The cross section of the presented devices is rectangular, with
well-defined top-side flat horizontal and vertical surfaces on each device’s sides. Figure
3.2 (b) shows the same devices as above, inspected after high temperature annealing and 3
consecutive inorganic tri-acid cleaning steps. In contrast to Figure 3.2 (a), here the devices
display a rounded cross section on the top side, indicating a severe modification of the
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devices’ aspect. In addition, the vertical and horizontal device surfaces do not exhibit
clear and net edges, e.g. rather blurred and rounded transitions from the top surface to
the inspected vertical sidewalls. This indicates an enhanced graphitization rate at the
intersection of the horizontal surface with the vertical sidewall of the devices.

From a qualitative inspection, the post-anneal surface roughness of the devices is visibly
increased, with the graphitization phenomenon presenting no differences in between the
differently oriented exposed crystallographic planes (when comparing exposed {100}, {110}
and {111} planes exposed after the quasi-isotropic etch on the overall substrate) and shapes
(when comparing V-shaped, straight waveguides and circular holes on nanofabricated
devices presented here).

Taking into account the SEM resolution (pixel size between 1nm to 2nm for the
scale bars here presented respectively examples in Figure 3.2) of 300 nm to 500 nm, a
graphitization phenomenon limited to 1 nm or 2 nm on the surface of the devices, would
be below the SEM detection limit and hence non-observable even in a qualitative SEM
inspection. Thus, given the clearly detectable high surface roughness observed in the SEM
inspection in Figure 3.2, we conclude that this phenomenon is hypothetically extended to
a few tens of nanometers (to the least, potentially higher than reported in Ref. [44] under
similar annealing conditions) and is not limited to the superficial layer of a few nanometers
diamond cap.

The extent of graphitization to tens of nanometers poses a great challenge when con-
sidering the depth of implantation of the SnV centers (typically at ~86 nm depth from
the surface in our diamond substrates), as graphitization in post-annealing and tri-acid
cleaning on the scale of tens of nanometers results in a shallower depth of comparable
order of magnitude with respect to the designed ion implantation depth. Given that the
extent of the graphitization phenomenon is difficult to predict beforehand, this effect is
challenging to compensate for in the design phase of devices by changing the dimensions of
devices parameters. In turn, as shown in Ref. [17], non optimal positioning of color centers
in diamond waveguides decreases the coupling of the ZPL photons to the waveguide mode.
In addition to alteration of the device geometry parameters, a more serious issue associated
with graphitization phenomenon on fabricated devices is the substantial surface roughness
of the devices after inorganic wet etch of the formed graphite. The inorganic tri-acid clean
efficiently wet etches the graphite layer from the devices surfaces, however, as will be
shown in the next sections, the surface roughness of the devices is dramatically increased.
The substantially increased surface roughness at the devices’ surfaces dramatically in-
creases scattering losses of e.g. diamond nanophotonic waveguides and destroys the cavity
resonance in the case of nanophotonic crystal cavities.

Thus, it is highly desirable to avoid the graphitization of the diamond surface to begin
with.

3.6 RESULTS: SURFACE-PROTECTED METHOD FOR HIGH

TEMPERATURE ANNEALING
Surface modification resulting from high-temperature thermal annealing is a highly unde-
sirable effect, as mentioned in the previous section. In order to avoid, or at least alleviate
to some extent, this effect, we propose a modified annealing method, i.e. surface-protected
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annealing method. This consists of fully covering the diamond substrate with a protec-
tive slab of material during high temperature treatment, thereby protecting the surface
of the substrate from residual gases in the annealing oven chamber that promote the
graphitization phenomenon.

In this section, we evaluate the performance of the alternative proposed surface-
protected annealing method described in Section 3.4.4, schematically illustrated in Figure
3.1 (d), on a diamond substrate named Sample A. The surface-protected annealing method
here proposed has two main advantages: first, as it will be presented following, it allows for
obtaining non modified diamond surface upon high temperature annealing, and second, in
case of limited exposed edges of the diamond substrate, it offers the possibility to reliably
and quantitatively investigate the graphitization phenomenon.

This section is organized as follows: we start with a qualitative optical microscope
inspection of the annealed substrate surface here. We then proceed with investigating the
graphitization phenomenon in the transition region from surface-protected to exposed
diamond region. Section 3.6.1 shows the qualitative SEM investigation. Next, Section 3.6.2
shows a quantitative Raman spectroscopy analysis of the aforementioned region. Section
3.6.3 shows the quantitative topographic analysis of the surface roughness and Section 3.6.4
concludes with a quantitative analysis of the graphitization phenomenon on a separate
experiment aimed at providing a quantitative XPS analysis on similar fabricated diamond
substrates. We conclude each section with a discussion of the respective analysis outcome
and the benefits of the proposed surface-protected annealing method.

A preliminary optical microscope inspection of the diamond substrate, prior (Figure
3.3 (a)) and after (Figure 3.3 (b)) annealing with the surface protected method, is illustrated
in Figure 3.3. The upper left corner and lower right corner in (b) have different optical-
microscope contrasts, qualitatively indicating a difference in properties between the two
regions of the substrate surface. Indeed, the top-left corner corresponds to the region of
the diamond substrate which has been fully covered throughout the high temperature
annealing process, while the bottom-right corner has been exposed to the annealing oven
vacuum. We chose to investigate this region of the sample, which is indicative of the
graphitization phenomenon on all the diamond substrates fabricated with this method so
far.

Virtually, this exposed region of the sample has undergone the same graphitization
phenomenon as in the annealing conditions with the conventional annealing fabrication
method described in Section 3.4.3. Therefore, the chosen region of the sample represents
an excellent candidate for investigating the nature of the supposedly graphitized diamond
surface. At the same time, we take into account that the starting surface properties (both
chemical and topographical) are the same on the diamond surface, by the design of the
experiment. Therefore, this substrate offers the advantage of comparing chemical and
topography properties on both the non-graphitized (covered) and graphitized (uncovered)
regions one-to-one. This enables a comparison of the absolute values of both types of
measurement. Prior to the high temperature treatment, the two regions of the substrate
underwent exactly the same fabrication process treatment. Hence, even if any organic
contaminants or unforeseen effects were present on the sample surface, these would be
the same on both covered and uncovered diamond regions and would result in chemical
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(a) (b)

50 pm 50 pm

Figure 3.3: Annealing with surface-protected annealing method: optical microscope inspection | (a)
Overview of the sample before high temperature annealing: the overall top surface of the sample has the same
uniform contrast; | (b) Overview of the same area as in (a), after surface-protected high temperature annealing:
top left corner corresponds to area of the diamond substrate fully covered during the annealing process, bottom
right corner corresponds to the diamond surface edge exposed to the annealing oven vacuum throughout the
high temperature treatment. A condtrast between the two regions is identified, therefore, this edge of the sample
is suspected graphitized.

analysis to the same extent.

The starting substrate surface properties are uniform across the entire surface, with
comparable same order of magnitude surface roughness values. Therefore, an AFM surface
roughness analysis can be considered quantitative and comparable one-to-one in absolute
values when analyzing different regions. With the above considerations, a sample that
presents both covered and exposed areas that have undergone the surface-protected an-
nealing treatment offers the advantage of easier data analysis and interpretation of the
results of both quantitative and qualitative results, enabling a clearer understanding of
the phenomenon, while eliminating potential uncertainties related to substrate sample
preparation.

3.6.1 SCANNING ELECTRON MICROSCOPY INVESTIGATION
In this analysis, we image the sample in a tilt-angle view of the sample stage 0° (a top-
down image of the surface is obtained) such that the SEM contrast identified in the scan
is exclusively attributable to the presence of different chemical composition materials
(identified in the inspected region) or different degrees of surface roughness.

Figure 3.4 illustrates the SEM analysis of the diamond sample region, previously in-
spected under the optical microscope (Figure 3.3), with the substrate analysis after the
annealing step (top panel (a) and (b)) and after the wet inorganic clean (bottom panel (c)

and (d)).

PosT-ANNEAL

Figure 3.4 (a) presents an overview of the edge of the diamond surface analyzed after
annealing treatment. The upper right area (bright gray) corresponds to the area of the
diamond substrate which has been fully covered during the annealing treatment and hence
fully protected from the residual gases in the vacuum chamber of the oven. The bottom
right edge (dark gray) corresponds to the surface of the diamond that has been fully exposed
to the vacuum of the annealing oven during the annealing treatment (sequence described
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After annealing with the new process, 0° tilt SEM pictograms

Figure 3.4: Surface-protected annealing method: SEM inspection. SEM inspection of a diamond substrate
high temperature treated with the surface-protected annealing method: The covered region is not modified by
the high temperature treatment, while the exposed region is irreversibly modified. Top panel: after annealing
| Bottom panel: after annealing and inorganic wet clean and etch of graphitized region; | (a) Overview of the
sample after high temperature annealing: the center sample is graphite-free, the edge is suspected graphitized;
| (b) Zoom-in qualitative inspection: (b.1) covered surface graphite-free area; (b.2) spatially broad extended
transition region graphite-free to graphitized region; (b.3) spatially abrupt and net transition region graphite-free
to graphitized region; (b.4) fully graphitized region; | (c) Overview after inorganic wet Piranha clean + 2 h of
inorganic di-acid clean: center sample is not affected, the graphite on the sample corner is suspected to be fully
wet etched, but the surface is modified: (c.1) spatially broad and extended transition region; (c.2) and (c.3) net
transition region; (c.4) corner edge of the sample: previously suspected graphitized. Scale bars shown respectively.

in detail in Appendix, Table A.2). In Figure 3.4 (b) we zoom in on 4 representative regions
on the analyzed substrate.

Panel (b.1) shows the qualitative surface appearance of the fully covered region, where
the contrast is uniform on the lower left region. The difference in contrast in (b.1) is fully
attributable to a height difference in the analyzed region: we choose a diamond pit resulting
from a localized micromasking (after the strain-relief etch) identified roughly in the center
of the sample. This choice of region analysis is a compromise and purely practical: the
high amount of charging in the micromasking hole during the inspection prevents us from
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acquiring a sharp stable pictogram for fully flat uniform areas.

Panel (b.2) shows a spatially extended transition region from covered to non-covered
diamond substrate: a clear contrast between small dark gray islands and light gray islands
can be noticed in a dense random pattern. Taking into account the latitude coordinates
centered on the inset of the illustrated figure, the gradual transition is spatially extended to
~30 um from the fully covered region to the fully exposed region. This extended transition
region may be the result of non-perfect contact between the cover and substrate, which in
turn allows for diffusion of residual gases between the two, promoting graphitization in
this area but to a limited extent.

Panel (b.3) shows a sharp net transition region, where the density of dark gray islands
on the top right side is less than in (b.1). In this case a sharp transition can be observed from
the fully covered to fully exposed region, spatially extending on a scale of ~300 nm, roughly
an order of magnitude lower than the (b.2) region. This is indicative of a better contact
between the cover and the substrate, preventing more efficiently the diffusion of vacuum
chamber residual gases, hence efficiently preventing the graphitization phenomenon.

Panel (b.4) shows a region of the diamond surface closer to the fully exposed surface
region to the annealing oven chamber conditions, where the dark gray pattern distribution
can be clearly evaluated, at the limit of the SEM resolution (here the pixel size is 0.20 nm).
We chose to inspect the region closest to the fully exposed region of the sample, which is
close to the representative fully exposed region. This is a compromise due to the challenging
SEM imaging conditions at this scale.

Comparing panels (b.1), (b.2), (b.3), and (b.4), it can be seen that there is a clear modifi-
cation of the surface between the covered diamond region and the fully exposed region.

POST-INORGANIC CLEAN

Figure 3.4 (c) presents an overview of the edge of the diamond surface analyzed after the
inorganic cleaning and removal of the suspected graphitized layer in the exposed region.
This is the same spatial region inspected in Figure 3.4 (a). For the same considerations as in
the post-anneal SEM analysis, we perform the post-inorganic clean analysis of the sample
after the chemical Raman spectroscopy. Qualitatively, the same considerations as in Figure
3.4 can be made: the non-covered region clearly shows a different contrast than the covered
sample region. It is important to note that although the suspected grown graphite was fully
wet etched, previously present on the exposed edge of the sample surface, the different
contrast between the covered and uncovered regions still persists. As will be shown in
Section 3.6.2, after the inorganic cleaning step, there is no presence of graphite material,
therefore, the observed contrast can be fully attributed to different surface topography.

Panel (d.1) shows the closest bottom part of the extended covered to non-covered
diamond region, clearly showing a non-uniform surface topography. Similarly as in Figure
3.4 (b.2), the contrast can be attributed to the effects of the surface topography.

Panels (d.2) and (d.3) are pictograms of the net transition region, with (d.3) located
at the nanoscale the same as in (b.3). Both show a spatial extent region up to ~300 nm,
indicative of good contact between the cover and the substrate. In this case, the upper right
side of both subfigures show uniform contrast, indicative of a uniform surface topography.
This indicates that optimal contact between the cover slab and the substrate potentially
yields no graphitization at all on the covered side of the sample, with the transition region
spatially limited to a few hundreds of nanometers.
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Finally, Panel (d.4) shows a fully exposed region of the diamond substrate. Crucially, to
note, is that despite full removal of the graphitized layer, the surface of the fully graphitized
region presents significant surface topography features. This may be indicative of non-
uniform surface graphitization phenomenon, leaving a higher surface roughness diamond
after wet etching the graphitized layer.

Discussion

Panels (c.3) and (d.3) present the SEM analysis of the transition from the covered to the
non-covered region at the nanoscale. It should be noted that before wet inorganic clean (c.3)
of the graphitized exposed layer the image contrast can be attributed to both chemical and
topography effects differences between the two regions, while after wet inorganic clean
(d.3) the difference in contrast is unequivocally attributed to surface topography effects
only. This implies that exposing the diamond substrate surface of interest during annealing
treatment to annealing oven chamber conditions results in an irreversible modification of
the diamond surface properties.

As a final remark, the brown inset in Figure 3.4(a) and cyan inset in Figure 3.4(c)
show in bright gray the grid of laser spots corresponding to the Raman analysis maps,
performed after annealing and following after inorganic cleaning wet etch of graphitized
layer, respectively.

3.6.2 RAMAN SPECTROSCOPY INVESTIGATION

Raman spectroscopy is a powerful non-destructive analysis tool, commonly used to probe
a variety of properties of molecules and materials. Specifically, when applied to both
amorphous and/or crystalline materials, this investigation method provides insights into
properties of interest in semiconductor applications, e.g. crystal symmetry, chemical
composition, stress and strain, disorder and defects, among others. In our case, specifically,
Raman spectroscopy represents the go-to non-invasive diagnostic tool to inspect the quality
of diamond films [48, 49], as well as to investigate the nature of graphite formation in
diamond under different process parameters [50].

Typically, the Raman shift peak of the in electronic grade diamond substrates, in several
distinct samples, is measured and located at 1332.47 cm™! with a FWHM of ~1.31cm™! to
1.46 cm™! (similar to the values reported by the manufacturer). Although the diamond peak
position is identified and located at the measured value above in all fabrication steps (up to
the spectrometer calibration error), the FWHM may vary. Taking into account that there
are no significant changes in the position of the diamond peak, with slight variations in
the FWHM and given that we are interested in the spectral region where the graphite peak
could present, in this study we focus and acquire the spectral region between ~1350 cm™!
to 1950 cm™!. By starting spectral acquisition at 1350 cm™!, we are close enough to the
diamond peak at 1332 cm™!, but we avoid blinding the detector counts at 1332 cm™!. With
the combination of acquiring parameters ( 100% power 488 nm laser source, 3000 gr x mm !
fine grating, 10 second acquisition time per trace) we obtain a good signal-to-noise ratio
(ratio of the peak value of the signal to the root mean square of the noise) between the
graphite peak (~1600 cm™!) and the background noise.
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Figure 3.5: Surface-protected annealing method: Raman spectroscopy investigation. Top panel: after
annealing and Bottom panel: after inorganic clean wet etch of graphite; | (a) Schematic of the scanned map region
of the sample; | (b) Correlated (underlying) SEM pictogram of the analyzed graphite-free to graphitized transition
region (overlying) Raman map (grid of acquisition spots): graphed spectra (from 1450 cm ™! to 1750 cm™! (graphite
vibrational peak around 1580 cm™!) of laser spots grid; | (¢) Full Raman spectra (from 1350 cm™! (vicinity of the
diamond peak at 1332 cm™!) to 1900 cm™?); | (d) Heat-map of the grid of evaluated points, peak height evaluated at
maximum intensity counts at 1600 cm™; | (e) Same as (a); | (f) Same analysis as in (b), here after di-acid inorganic
wet etch clean of graphite; (underlying) correlated SEM maps; | (g) Full Raman spectra (from 1350 cm™! (vicinity
of the diamond peak at 1332 cm™!) to 2000 cm™): no graphite peaks visible in either regions; | (h) Heat-map of
the grid of evaluated points, peak evaluated at maximum intensity counts at 1600 cm™!. Index number (XY) of
Raman laser spots same for (b) and (d), and for (f) and (h).
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Figure 3.5 (a) shows a schematic of the Raman inspection analysis area after annealing (the
correlated SEM inspection shown in the inset of 3.4 (a)). In order to cover a large area that
would map both net and broad transition regions, we scan a map of 8x18 points, with a
spatial resolution of Ax =4 pm and Ay =3 pm.

Figure 3.5 (b) shows (underlying) the SEM nanoscale inspection of the (overlying)
Raman map of acquired intensity spectra, spectra graphed from 1450 cm™! to 1750 cm ™!
(full spectra from 1350 cm™! to 1900 cm™, 100% laser power, 10 second acquisition time
per trace). By underlying the SEM pictogram, showing the array of laser spots, we can
correlate the intensity of the Raman spectra with the analyzed surface location spots in the
area of interest at nanoscale. In fact, inspecting the spectra in the region of 1450 cm™ to
1750 cm™1, it can be noticed that the spectra corresponding to the points in the previously
fully covered region do not show prominent Raman peak within the same spectral window
where the graphite peak is expected, with intensity counts at the noise level. Spectra
corresponding to the laser spots points in the transition region and the fully exposed region
of the diamond surface all present the typical broad Raman peak of disordered graphite
[50].

On the other hand, taking into account the spatial resolution of Ay = 3 um, one can
roughly estimate to the micrometer scale the spatial extension of the broad transition
regions amounting to ~9 ym in the y direction, typical of samples prepared with this
method. For spatially broad transition regions, this estimate is more accurate upon Raman
analysis than upon SEM inspection. From this analysis, we conclude that the Raman analysis
is suitable for measuring the spatial extent of broad transition regions at micrometer scale.
The case of the net transition region (SEM zoom in Figure 3.4 (b.3)), shows an abrupt drop
from the high graphite Raman peak to noise level; therefore, in the case of net abrupt
transition regions, SEM inspection is a more suitable tool to estimate the spatial extension
at nanoscale.

Figure 3.5 (c) shows the full acquired Raman spectra from 1350 cm™! to 1900 cm™! of
the first (top left) acquisition point in the fully covered diamond region and last (bottom
right) acquisition point in the fully uncovered and exposed diamond region. Figure 3.5 (d)
shows the heat-map intensity evaluated in 1600 cm™!, that is, the maximum of the typical
disordered graphite Raman peak. It can be noticed that the intensity of the peak increases
going from the fully covered to fully exposed diamond surface, with different spatial extents,
matching the SEM qualitative analysis, once again confirming a good correlation between
the two complementary diagnostic tools.

POST-INORGANIC CLEAN

Figure 3.5 (e) shows a schematic of the Raman inspection analysis area after inorganic
cleaning (the correlated SEM inspection shown in the inset of 3.4 (d)). Again, in order to
cover a large area that would map both net and broad transition regions from previously
covered to non-covered regions of the diamond surface, we scan a map of 7x20 points,
with a spatial resolution of Ax =3 pym and Ay =3 um. In this case the Raman map partially
overlaps with the map presented in Figure 3.5 (b): the reason for this experiment decision
is to determine whether the bright gray spots left by the Raman map scan before the wet
inorganic clean have caused a modification of the diamond surface, while at the same
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time acquiring a post inorganic cleaning Raman map on a laser-induced modification-free
region of the sample. The overlap area is ~6 umx21 pum, therefore large enough to consider
similar graphitization phenomena occurring on both post-anneal and post-inorganic clean
analyzed adjacent surface areas.

Figure 3.5 (f) shows (underlying) the SEM nanoscale inspection of the (overlying) Raman
map of acquired intensity spectra, graphed from 1450 cm™ to 1750 cm™! (full spectrum
from 1350 cm™! to 2000 cm™!, laser power and acquisition time the same as in (c)). After
the inorganic clean protocol described in Section 3.4.4, the expectation is that no organic
matter is left on the surface of the diamond substrate. No substantial difference can be
noted between the spectra acquired in the overlap region of the Raman grids with respect
to the spatially separated ones (before and after the inorganic clean step), hence indicating
that the laser-induced surface modification of the diamond substrate is not a chemical
nature one.

Figure 3.5 (g) shows the full acquired Raman spectra from 1350 cm™! to 2000 cm™! of
the first (top left) acquisition point in the fully covered diamond region and last (bottom
right) acquisition point in the fully uncovered and exposed diamond region. The two
spectra have a full qualitative overlap. Although the order of magnitude of the intensity
counts is the same, the intensity counts in first (top left! show a higher number of counts
compared to the acquisition point last (bottom right).

When evaluating the intensity counts in 1600 cm™?, in Figure 3.6 (h) heat-map intensity
a continuous transition from the covered to uncovered surface region can be observed with
a non-significant gradient in intensity counts. Again, this shows that the graphite formed
during the annealing treatment was efficiently etched upon wet inorganic treatment.

Discussion

In the above Raman and SEM analysis, we have investigated the chemical nature of the
surface modification upon high temperature annealing treatment, inspecting the degree of
graphitization phenomenon at nanoscale.

Taking into account the Raman spectra in Figure 3.5 (b), after the high temperature
treatment, the uncovered diamond region shows clear peaks located at 1600 cm™, indicative
of graphite formation, while the Raman spectra in the covered region evaluated in the
same spectral region show counts to the noise level, indicating no graphite formation at
all. This result confirms the correlated SEM inspection of the Raman grid of points, where
the contrast between covered and uncovered regions is different, respectively.

Considering the spatially broad transition region (bottom left) of Figure 3.5 (b) (equiva-
lent SEM zoom in Figure 3.4 (b.2) and (b.4)), the non-graphitized to graphitized transition
region shows that the intensity of the disordered graphite peak gradually decreases to
the noise level when moving from fully uncovered to fully covered surface region. This
indicates that even in the case of not perfect contact between the cover and the substrate,
the formation of the graphite presents a gradient proportional to the degree of contact.
This leans in favor of the hypothesis that the graphite formation mechanism is caused by
diffusion of residual gases from the annealing oven, which might promote the graphitiza-
tion phenomenon. Most importantly, analysis of the gradient of graphitization in the broad
extended transition region clearly shows that Raman spectroscopy is extremely sensitive
to the presence of disordered graphite on the diamond surface. From the Raman and SEM
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analysis results presented here, we conclude that we can detect the presence of disordered
graphite at nanoscale.

After wet inorganic clean, that is, wet graphite etching, taking into account the same
Raman spectra in Figure 3.5 (f), it can be seen that the Raman intensity counts are at
the noise level, indicating that there is no presence of graphite in both the covered and
uncovered areas. This indicates that the new inorganic cleaning protocol presented in
Section 3.4.4 is efficient in etching disordered graphite on the exposed surface of the
substrate during high temperature treatment. However, by inspecting the underlying SEM
pictogram, it can be clearly noticed that the diamond surface of the exposed area (right
side) is clearly modified.

Despite fully wet etching the graphite, as shown by the correlated Raman spectra, the
exposed area has a different SEM contrast from the fully covered area. At this fabrication
step, this contrast can only be attributed to a topographic difference between the two
regions, unequivocally demonstrating that the diamond surface exposed to the vacuum of
the annealing oven, upon high temperature annealing treatment is modified irreversibly.

3.6.3 ATOMIC FORCE MICROSCOPY INVESTIGATION

Atomic Force Microscopy (AFM) is a high-resolution scanning probe technique capable
of delivering nanometer-scale topographic insights into substrate properties, offering a
powerful tool for investigating surface characteristics with exceptional precision. We
specifically utilize this tool to investigate the surface roughness of diamond substrates, en-
abling us to track how this evolves throughout the annealing fabrication process, following
the methods described in Section 3.4.5.

For this analysis, we use a new scanning tip at each scanning session in order to avoid
any artifacts in our scans attributable to a worn-down tip, thus guaranteeing virtually
the same tip resolution scans. We evaluated the area surface roughness parameters in the
center (covered diamond region) and at the edge of the diamond substrate. This analysis
is performed after the annealing fabrication step and after the wet inorganic clean step,
scanning the areas representative of the covered and uncovered diamond surface in the
high temperature treatment.

Figure 3.6 shows the typical analysis performed on the diamond sample annealed with
the surface-covered annealing method (described in Section 3.4.4): same substrate investi-
gated in this study, after annealing (left panel) and after wet inorganic clean (right panel).
All topographic maps have a dimension of 500 nmx 500 nm, the scan dimension chosen
according to the considerations detailed in Section 3.4.5. The AFM analysis is performed
in the same region analyzed in Sections 3.6.1 and 3.6.2. However, a nanoscale AFM/SEM
correlation one-to-one cannot be asserted due to the absence of a nano-positioning method,
i.e. the optical microscope line of sight allows us to localize and position the AFM tip

For a complete overview of the surface topography, we first evaluate the following one-
dimensional roughness parameters (roughness average R,, root mean square roughness
R4, maximum roughness valley depth R,), followed by moment based statistical quantities
quantifying height irregularities (mean roughness S;, mean square roughness (RMS) S,
maximum pit depth S,, maximum peak height S,).

In the following section, we will consider the S, values through the discussion of
results.
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Figure 3.6: Surface-protected annealing method: AFM topographic analysis (a) and (d) Schematic illustra-
tions of indicative position of the scanned areas; | Left panel: Post-anneal analysis: (b) surface-protected diamond
area: surface roughness in the covered region of the substrate shows parameters values comparable with the same
in the fabrication steps before annealing. (c) diamond surface area exposed to the annealing oven environment
during high temperature treatment, S, is ~1.68 fold increased, thus not significantly. | Right panel: Post-anneal
and post inorganic clean analysis: (e) surface-protected region close to the center of the plate: surface roughness
is qualitatively similar to (b), Sq ~1.47 fold increased, a value not significant to indicate a surface modification
caused by the high temperature annealing treatment. (f) post inorganic clean (graphite wet etch), same area as in
(c): surface roughness parameters values are significantly increased with respect to the the same evaluated in the
surface-protected area, after the same fabrication step.
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Figure 3.6 (a) shows a schematic illustration of the approximate regions analyzed with the
AFM method. We position the AFM tip in the same region analyzed with SEM in Section
3.6.1, shown in Figure 3.4 (a): vicinity of the upper left corner and bottom right corner of
the surface-protected region (here scan in Figure 3.6 (b)) and exposed region (here scan in
Figure 3.6 (c)), respectively.

Figure 3.6 (b) shows the area inspected by AFM in the surface-protected region of the
sample. The evaluated roughness S, =0.19 nm, a value comparable to typical S, measured
on diamond plates before and after the ion implantation fabrication step (described in
Section 3.4.1 and Section 3.4.2). This indicates that the surface-protected annealing method
does not produce any topographic surface modification upon high temperature annealing
treatment.

Figure 3.6 (c) shows the area inspected by AFM at the edge of the sample of the diamond
substrate, corresponding to the surface area exposed to the vacuum of the annealing oven
during high temperature treatment. The evaluated S; =0.32nm is ~ 1.68 times higher
than the evaluated parameter in the surface-protected region, thus not significantly. To
quantitatively assess the graphitization phenomenon, an AFM scan of the net covered to
uncovered transition region (such as in the zoom-in SEM Figure 3.4 (b.3)) is required: a
z cantilever height difference would be indicative of graphitization. However, the lack
of AFM tip positioning at the nanoscale renders such a measurement an experimental
challenge, which we did not pursue here. Qualitatively, the exposed surface presents
topographic features similar to the texture observed in the SEM analysis in Figure 3.4 (b.4),
with only a slight increase in the density of spots, quantified by the increased RMS surface
roughness.

Table 3.1 summarizes the relevant topography parameters that characterize the surface
topography of the diamond surface, measured on the sample post-anneal. All evaluated
one-dimensional roughness parameters are higher in the exposed area of the diamond
substrate when compared to the same values in the surface protected region. This results
indicates already in the post-anneal stage that the exposed area of the diamond substrate
is modified by the environment of the oven chamber during high temperature annealing.

Parameter | Surface-protected Exposed area Parameter | Surface-protected Exposed area
[nm] [nm] ‘ [nm] [nm]
R, 0.119 0.255 Sa 0.148 0.251
R, 0.150 0321 &, 0.188 0321
R, 0.392 0.786 Sy 0.870 1.270
R, 0.498 0.957 Sp 1.650 2.960

Table 3.1: Post-anneal AFM analysis: evaluated surface roughness parameters on the sample post-anneal.

POST-INORGANIC CLEAN

Figure 3.6 (d) shows a schematic illustration of the approximate regions analyzed with
the AFM method. In this case, we moved the AFM tip at the center of the diamond
plate in the surface-protected region of the sample to evaluate whether the surface far
on the millimeter scale from the transition regions has been subjected to topography
modifications. This allows us to roughly compare the surface-protected area topography of
the pre-inorganic clean and post-inorganic clean. At the same time, we analyze the post wet
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etched graphitized region in the vicinity of the bottom right corner of the surface-protected
region and analyzed with SEM in Section 3.6.1 shown in Figure 3.4 (a). This allows us to
compare one-to-one the surface topography of the graphitized region before wet etching
and after wet etching of the graphite.

Figure 3.6 (e) shows the area inspected by AFM in the surface-protected region of the
sample after the inorganic clean. In this case, we evaluate the roughness parameters close
to the center of the 4 mmx4 mm diamond plate. The evaluated roughness S, =0.28 nm is
comparable to the same roughness parameter evaluated in the surface-protected region of
the diamond surface after the annealing step in Figure 3.6 (b). Qualitatively, the topographic
map of this region presents the same background pattern as in the previous fabrication
step. However, nanoscale spot features can be noticed present. The values of S, before and
after wet inorganic clean in the surface-protected regions are quantitatively comparable:
~ 1.47 times increase after inorganic clean, this could be attributed to organic debris on
the sample surface introduced in the wet cleaning step. In either case, the ~ 1.47-fold
increase is not indicative of a modification of the surface of the diamond substrate that is
attributable to high temperature annealing treatment. The surface roughness in the covered
region remains sub-nanometer level after the wet etching of the disordered graphite in the
exposed area at the edge of the sample, clearly indicating that there is no modification of
the surface in the covered region to start with.

Figure 3.6 (f) shows the same inspected area as in (c), here inspected after the inorganic
wet etch of the graphite. As shown in the Raman spectroscopy analysis, the graphitized
layer is fully and selectively wet-etched, with the spectra showing no sign of graphite
residues. The evaluated root mean square area surface roughness is S; =1.88 nm. When
comparing the post-clean exposed area with the surface-protected region, the value of S, in
the exposed region is 6.71 times higher: this clearly indicates that the diamond surface here
has undergone significant topographic modification. When comparing the same exposed
area before (Figure 3.6 (c)) and after (Figure 3.6 (d)) the wet inorganic etch of graphite, S,
increases 5.87 times. Thus, we can assert that when the formed graphite is fully wet etched,
it leaves a diamond surface characterized by significant disorder and significantly higher
surface roughness.

Table 3.2 summarizes the relevant topography parameters that characterize the surface
topography of the diamond surface in this fabrication step (post-anneal and post-wet
inorganic etching of the graphitized layer identified on the uncovered sample edge). All
evaluated one-dimensional roughness parameters are higher in the exposed area of the
diamond substrate when compared to the same values in the surface protected region,
with exposed area values higher by one or even two orders of magnitude. The values of
maximum roughness valley depth R, =10.34 nm and maximum pit depth S, =13.94 nm are
respectively 19 and 9 times higher than the surface protected values of the same parameters.
The most conservative estimate of the disordered graphite thickness is therefore at least
~14 nm, not making any assumptions on the further etched graphite thickness uniformly
wet etched.

Discussion
AFM analysis unambiguously confirms a substantial modification of the surface properties
of diamond substrates upon high temperature low pressure annealing.
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Parameter Surface- Exposed area | Ratio | Parameter Surface- Exposed area | Ratio
protected [nm] protected [nm]
[nm] [nm]
R, 0.160 1.329 ~8.3 S 0.211 1.429 ~6.8
Ry 0.209 1.736 ~8.3 Sq 0.285 1.875 ~6.6
R, 0.547 10.34 ~18.9 Su 1.530 13.94 ~9.1
R, 0.804 5.211 ~6.5 Sp 3.760 9.39 D,

Table 3.2: Post-anneal and post inorganic clean AFM analysis: surface roughness evaluated parameters
post-anneal and post-wet inorganic etch of graphitized layer (identified on the uncovered area on the sample
edge).

When considering the evaluated surface roughness parameters (summarized in Table
3.1 and Table 3.2 after annealing and after wet inorganic treatment, respectively), all values
corresponding to the exposed to annealing oven vacuum surface area are significantly
higher when compared to the surface-protected region counterparts. The roughness
parameter of the exposed surface region S, after the disordered graphite is fully wet etched,
is ~ 6.71 times higher. While in the covered area, the surface presents sub-nanometer values
of the roughness parameters, the roughness of the previously graphitized surface exposed
area is significantly increased, clearly indicating a surface topography modification caused
by high temperature annealing graphitization and subsequent inorganic wet etch.

These results indicate a dramatic change in the roughness of the exposed and graphitized
region of the diamond surface, leaving no doubt on the severity of the graphitization
phenomenon upon high temperature thermal annealing, under optimal vacuum conditions
commonly reported in the literature.

The graphitization challenge therefore presents two equally critical major challenges
associated with the conventional annealing process.

One is the depth extent of the graphite: for optimally monitored 1x 10~ mbar and limited
to 4 hours of annealing time, the optimistic estimate of the thickness of the graphite, at
least ~ 14 nm, considering the maximum pit depth S, =13.94 nm (Table 3.2) evaluated in the
graphite post-wet etch area. As suspected, this is not limited to a few surface nanometers
but is extended in the diamond substrate to the previous values to the least. This represents
a serious challenge when considering the typical implantation depths of the SnV centers
being ~100 nm, as post-wet etching of the graphite implies shallower color centers. The
estimated graphite thickness extent presented here is obtained within 4 hours of annealing
time. Keeping in mind that this phenomenon depends on the annealing duration time,
namely, increasing with a longer duration annealing time, this results indicates that the
annealing time should be significantly reduced under conventional annealing fabrication
process (no surface protection) at the expense of not efficiently healing the ion implantation-
induced crystal damage. At the same time, a higher vacuum is advisable.

The second is the increased surface roughness upon graphite wet etch: this challenge is
impossible to prevent or alleviate in the conventional annealing fabrication process (no
surface protection), as the surface roughness of the exposed area is irreversibly significantly
increased. In turn, a higher surface roughness of the diamond might result in a higher
density of trapped charges at the interface, thus potentially detrimental to the optical
stability of color centers in the vicinity of such. Next, an increased surface roughness of
the diamond substrate is detrimental to the optical properties of nanophotonic devices.
The quality factor of resonant cavities is directly negatively impacted by increased surface
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roughness, as well as increased optical absorption.

Finally, the results presented confirm the efficacy of the proposed surface-protected
annealing method in fully preventing surface modification of diamond substrates and
circumventing the challenges presented above. This implies first preserving a low surface
roughness, thus minimizing the density of carbon dangling bonds, as well as the amount of
trapped charges at the interface. Second, this method allows one to preserve the original
thickness of the diamond substrate, which implies preserving the designed ion implantation
depth in a systematic and reproducible way. This gives the advantage of reliably coupling
SnV centers to designed and fabricated nanophotonic structures without the necessity of
compensating for ion implantation depth mismatch.

3.6.4 X-RAY PHOTOELECTRON SPECTROSCOPY INVESTIGATION
Although Raman spectroscopy is a powerful diagnostic tool for determining the chemical
nature and disorder of materials, this measurement lacks information on the ratio of
sp> (diamond) to sp? (graphitic) carbon bonds, so other analytical tools such as X-ray
photoelectron spectroscopy (XPS) are beneficial. This analysis tool has been extensively
used in the study of properties of, e.g., diamond films [51], or diamond-like carbon films
[52], among others, proving the efficacy of this method.

In order to reliably compensate for the charging effects in the XPS analysis and to
understand the origin of atomic species within our fabrication process, we design the
experiment as illustrated in Figure 3.7: we prepare 3 diamond samples with the fabrication
process described in Section 3.4.1 (pre-implantation substrate preparation) and Section 3.4.4
(surface-protected annealing method) but we exclude ion implantation from the overall
fabrication process. The objective of this study is to verify whether there is a difference in
the graphitization phenomenon between samples that have undergone ion-implantation
(diamond substrate investigated in the previous sections) and non-implanted diamond
substrates that undergo the same fabrication process but do not undergo ion bombardment.
We compare the non-implanted samples here prepared with implanted samples (results
presented in Sections 3.6.1, 3.6.2 and 3.6.3) employing SEM and Raman spectroscopy,
whereas in the XPS study we analyze non-implanted samples only. Thus, in this XPS study,
Sample 1, Sample 2 and Sample 3 do not undergo the ion implantation fabrication step.

Figure 3.7 (a) shows the fabrication process used for the preparation of the sample in
this study:

Sample 1: pristine diamond substrate, inorganically cleaned with the process de-

scribed in Section 3.4.1;
Sample 2: diamond substrate inorganically cleaned with the process described in

Section 3.4.1, followed by strain-relief etch and concluding with a double Piranha

clean + 1 hour of tri-acid clean;
Sample 3: diamond substrate inorganically cleaned with the process described

in Section 3.4.1, followed by strain-relief etch. Next, a double Piranha clean + 1
hour of tri-acid clean is performed. We conclude with high temperature annealing
(recipe detailed in Appendix, Table A.2) with the surface-protected annealing method
described in Section 3.4.4. Before XPS analysis, we perform an inorganic cleaning of
20 minutes HF 40% at room temperature, followed by (2x) 20 minute Piranha cleaning
at 80°C.
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Figure 3.7: XPS analysis of the atomic species on the analyzed samples: (a) Schematic of sample preparation
of the diamond substrates in this study. | (b) C 1s peak fits and carbon bonds peaks of respectively Sample 1
(b.1), Sample 2 (b.2), Sample 3 surface-protected region (b.3) and exposed region (b.4). C 1s peak fit shapes
of respectively (b.1), (b.2) and (b.3) are qualitatively similar, with high counts of C-C (sp® carbon) indicative of
diamond analyzed surface, while (b.4) shows a C 1s peak fit as a result of prevalently high C=C bonds (sp? carbon)
and relatively lower C-C (sp? carbon) content when compared to (b.1), (b.2) and (b.3). C 1s peak fit of (b.4) thus
strongly resembling that of typical graphite-oxide.
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SEM and Raman investigation of Sample 3 (non-implanted) shows similar results to
the diamond substrate Sample A (ion-implanted) investigated in the previous sections
(SEM (Section 3.6.1), Raman (Section 3.6.2) and AFM (Section 3.6.3)). Thus, we did not
identify significant differences in the graphitization phenomenon between implanted and
non-implanted diamond substrates.

All C 1s peak fittings in this study are rough estimates based on literature values, with an
uncertainty in peak position of 0.5 eV to 1.0 eV: this uncertainty is due to the charging of the
substrate sample, which is difficult to resolve by charge correction. Generally, the charging
effects in the XPS analysis of insulating substrates might be difficult to compensate for. An
interpretation of XPS analysis peak fittings in this study has been carried out following
indications in Ref. [53].

Figure 3.7 (b) shows the XPS analysis of the identified carbon bonds for, respectively,
Sample 1 in (b.1), Sample 2 in (b.2), Sample 3 surface-protected region in (b.3), Sample 3
exposed region in (b.4).

C 1s envelope fitted peak shape of Sample 1 in (b.1), Sample 2 in (b.2), Sample 3 surface-
protected region in (b.3) is typical of diamond and all qualitatively similar. All previous
data show a C-C XPS peak centered around ~285 eV binding energy, strongly indicative of
the analyzed diamond material substrate. Sample 2 (b.2) exhibits a slightly higher peak of
C = C bonds compared to Sample 1 in (b.1) and Sample 3 covered region (b.3). The slight
increase can be attributed to surface damage induced by the strain relief RIE performed on
this sample.

Considering now the C 1s envelope peak shape of the exposed region of Sample 3 in
(b.4), it can be seen that this is significantly different compared to the C 1s envelope peak
shape of the covered region of Sample 3 in (b.3). In fact, in the region of the sample exposed
to the annealing oven chamber conditions during annealing, it can be noticed that here
the C 1s envelope peak shape is typical of a graphite oxide peak shape. Moreover, here
the C=C (sp?) is significantly higher compared to C = C (sp?) in the same sample in the
covered region (b.3).

Table 3.3 summarizes the carbon peak fits of the detected bond configurations, carbon-
carbon and carbon-oxygen bonds. The main difference between Sample 1 and Sample 2
is that Sample 2 has undergone an ICP-RIE strain relief etch with Ar/Cl, followed by O,
plasma. In fact, Sample 2 presents a higher normalized sp? carbon and carbon-oxygen
bonds compared to Sample 1, indicative of plasma treatment that induces surface damage.
When comparing the same parameters in Sample 2 and Sample 3 surface-protected region,
comparable normalized values are identified. This indicates that the annealing process
does not produce additional surface damage in the surface protected region.

Taking into account now the Sample 3 exposed region, C=C, C-O-C and O-C=0 (and
C-C) normalized peak fits %, all values are significantly higher (lower) compared to the
surface-protected region. Taking into account all normalized peak fits of Sample 1, Sample
2 and Sample 3 surface-protected region, all measured values are comparable, indicating
that no graphitization phenomenon occurs in the surface-protected region of Sample 3
upon high temperature annealing. At the same time, comparing all previous values with the
Sample 3, exposed region ones, the data indicate significantly higher C=C bonds, indicative
of considerable diamond surface modification in the sample region not protected in the
annealing fabrication step.
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Sample / C-bonds | ccC[w] | c=C[%] | Cc-0C[%] | C=0[%] | 0-C=0[%]
Sample 1 90 3 6 2 0
Sample 2 76 14 6 3 0
Sample 3 surface-protected 89 3 7 1 1
Sample 3 surface-exposed 42 36 13 2 7

Table 3.3: XPS analysis of the carbon bonds peak fits: summary of normalized carbon bond peaks % on each
sample (and region) inspected in this study.

Table 3.4 summarizes the atomic species identified in the prepared samples. Sample
1 has a normalized C 1s peak of 97 %, with an O 1s peak of 2.82 %. The % concentration
of other atomic species is below 1 %. This oxygen concentration can be attributed to the
surface oxidation of the diamond substrate upon Piranha cleaning.

Sample 2 presents a lower concentration of C 1s, with minimal residues of CI detected,
most likely due to Ar/Cl, plasma etching. At the same time, a higher concentration of O 1s
is detected, most likely due to the final O, plasma etch.

Next, considering Sample 3, which has undergone high temperature annealing with
the surface-protected method, similar values of C 1s and O 1s are detected, indicating
that, after high-temperature annealing treatment, the diamond surface has not undergone
significant modification. On the other hand, in the exposed surface region, the value of O
1s is increased almost twice. When comparing the N 1s value in surface-protected values
with the exposed region value, a significant increased normalized value is detected in the
exposed region.

Sample / Species [ C 1s [%] [ Cl [%] [ F 1s [%] [ N 1s [%] [ 0O 1s [%] [ S 2p [%] [ Si 2p [%]
Sample 1 97.0 < < 0.08 2.82 < <
Sample 2 92.1 0.08 0.09 0.21 7.41 < <
Sample 3 surface-protected 94.2 < < 0.39 5.35 < <
Sample 3 surface-exposed 83.5 < < 2.82 13.6 0.06 0.05

Table 3.4: XPS analysis of the atomic species on the analyzed samples: summary of normalized atomic % on
each sample (and region) inspected in this study. (<) Content measured, value below detection limit.

Discussion

In summary, from the XPS surface analysis, we conclude that the covered region of the
annealed Sample 3 in this study, for which, prior to the annealing step with the surface-
protected method, the fabrication process steps are identical to, respectively, Sample 2,
shows a C 1s envelope fitted peak shape similar to Sample 1 and Sample 2. Therefore, we
conclude that high-temperature annealing does not cause any surface modification that is
measurable by XPS analysis in the covered region of the diamond substrate.

In contrast, the region of the diamond exposed to the annealing oven environment
during the high temperature treatment is dramatically modified, showing a C 1s envelope
fitted peak shape as a result of a combination between diamond and graphite oxide.

The identified top-most layer in this analysis is graphite oxide; however, we do not
conclude that it is the case of pure graphite oxide: when considering C-O-C, C=0 and
0-C=0 peaks, in the case of pure graphite oxide such peaks should present a relative higher
number of counts, as well as a slight shift towards higher binding energies, which is not
the case when examining these in Figure 3.7 (b.4). The observed C-O-C, C=0 and O-C=0
peaks in Figure 3.7 (b.4) in Sample 3 in the exposed area could be attributed to oxidation of
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the top-most graphite layer upon the final double Piranha clean before the XPS analysis is
carried out, as well as exposure of the substrate to ambient conditions.

In fact, considering the typical inelastic mean free path of electrons in XPS surface
analysis corresponding to ~3 nm, the surface analysis performed is strongly sensitive to
the structure of the top-most surface depth extent of the same magnitude as the inelastic
mean free path. Thus, the apparent incongruence between the non-pure graphite oxide
identified here and the pure graphite identified in the Raman analysis may be attributed
to surface oxidation of the underlying graphite formed in the exposed area on the bulk
diamond substrate.

Taking into account the normalized values of C-C and C=C in Table 3.3, we obtain a
comparative value of C-C and C=C between non-annealed and annealed (covered) samples,
while the C=C normalized bond peaks % is significantly higher in the case of annealed
(uncovered) region. Thus, we can conclude with high confidence that the Sample 3 surface-
protected region of the annealed diamond substrate that no graphite or graphite oxide is
identified from the XPS surface analysis we conclude that the center of the Sample 3 in the
covered region does not present any traces of graphite or graphite oxide formation after
high temperature annealing.

3.7 CONCLUSIONS AND OUTLOOK

In this Chapter we have investigated the graphitization phenomenon occurring during
high temperature annealing of diamond substrates: this high temperature treatment is of
great importance, allowing for successful activation of implanted color centers in diamond
while at the same time repairing the host material crystal lattice from implantation induced
radiation damage.

We have presented conventional methods (Section 3.4.3) and challenges associated
to high energy Sn implantation and high temperature low pressure thermal annealing
activation of SnV centers in diamond (Section 3.3.4).

In this context, we investigated and presented the results of the conventional annealing
method and qualitatively investigated the effects of the graphitization phenomenon on
nanophotonic devices, such as waveguides and photonic crystal cavities, fabricated with
the quasi-isotropic undercut etch based fabrication process (Section 3.5). Here, we identify
quasi-isotropic undercut etch process to render diamond substrates containing exposed
family of {100}, {110}, and {111} planes, as well as non crystallographic oriented shapes,
such as circular holes when patterning nanophotonic structures. Such a platform allows one
to systematically and quantitatively investigate the graphitization phenomenon, comparing
the rate of surface graphitization for several exposed diamond crystallographic orientations
on the same diamond substrate, as well as arbitrarily shaped features. Future investigations
are required in order to quantitatively assess the graphitization phenomenon upon different
crystallographic orientations of diamond, under the conventional high temperature low
pressure annealing fabrication process.

In Section 3.5 we showed that the conventional annealing process causes dramatic
graphitization at the diamond surface, with irreversible effects on the geometry of fabricated
devices, yielding photonic crystal cavities fully inoperable after annealing and wet-etch
removing the graphitized layer.



3.7 CONCLUSIONS AND OUTLOOK 127

Next, we presented the methods of the proposed surface-protected method for high tem-
perature annealing (Section 3.4.4) that we developed to prevent graphitization of diamond
surfaces upon high temperature annealing. In order to qualitatively and quantitatively
assess both the efficacy of the developed method in preventing surface graphitization, as
well as systematically quantifying the extent of graphitization at the diamond surface, we
present the methods and the thorough analysis using complementary analysis methods,
such as qualitative SEM analysis (Section 3.6.1), quantitative Raman analysis (Section 3.6.2),
quantitative AFM analysis (Section 3.6.3) and quantitative XPS surface analysis (Section
3.6.4).

From the SEM-Raman analysis, we have shown that the proposed method prevents
the graphitization of the diamond surface to occur in the surface protected region of the
diamond sample and accurately and systematically map the spatial extent of graphitization
at the edge of the covered region of the sample in Section 3.6.2. Despite fully wet etching the
graphite, as shown by the correlated Raman spectra, the exposed area has a different SEM
contrast from the fully covered area. This contrast can only be attributed to a topographic
difference between the two regions, unequivocally demonstrating that the diamond surface
exposed to the vacuum of the annealing oven, upon high temperature annealing treatment
is modified irreversibly.

The above statement is confirmed by topographic quantitative AFM analysis in Section
3.6.3: comparative quantitative analysis of surface roughness demonstrates a significantly
increased surface roughness as a result of wet etch of graphitized layer in the region exposed
to annealing oven reactor chamber, while quantitative analysis of surface roughness in
the covered region shows no difference when compared to non annealed corresponding
area. Thus, AFM quantitative analysis of surface roughness of the diamond substrate with
the proposed surface-protected method for high temperature annealing demonstrates two
important outcomes: one is the efficacy in preventing graphitization to take place in the
covered region of the diamond sample, and two is that exposure of the diamond surface to
annealing oven environment causes graphitization, which even upon successful full wet
etch, yields an irreversibly higher surface roughness diamond surface.

Finally, we show quantitative XPS surface analysis of a diamond substrate annealed
with the proposed surface-protected method for high temperature annealing (Section 3.6.4):
this analysis demonstrates that high-temperature annealing does not cause any measurable
surface modification in the covered region of the diamond substrate, with no quantifiable
formation of graphite or graphite oxide.

In conclusion, the proposed method has proven to be efficient in fully preventing
diamond graphitization upon high temperature annealing, within the tested parameters
regime, while at the same time offering a powerful systematic investigation method of the
graphitization phenomenon.
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NONLINEAR QUANTUM
PHOTONICS WITH A TIN-VACANCY
CENTER COUPLED TO A
ONE-DIMENSIONAL DIAMOND
WAVEGUIDE

Color-centers integrated with nanophotonic devices have emerged as a compelling platform
for quantum science and technology. Here we integrate tin-vacancy centers in a diamond
waveguide and investigate the interaction with light at the single-photon level both in reflection
and transmission. We observe single-emitter induced extinction of the transmitted light up to
25% and measure the nonlinear effect on the photon statistics. Furthermore, we demonstrate
fully tunable interference between the reflected single-photon field and laser light back-
scattered at the fiber end and show the corresponding controlled change between bunched and
anti-bunched photon statistics in the reflected field.

This chapter has been published as

M. Pasini, N. Codreanu, T. Turan, et al.,'Nonlinear quantum photonics with a tin-vacancy center coupled to a
one-dimensional diamond waveguide", Physical Review Letters, 133, 023603, (2024)
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4.1 INTRODUCTION

Nonlinear interactions between single photons and solid-state color centers are at the heart
of many applications in quantum science [1, 2] such as the realization of a quantum internet
[3, 4]. In particular, color centers in diamond have enabled advanced demonstrations in
this direction showing multinode quantum network operation [5, 6], memory-enhanced
communication [7] and scalable on-chip hybrid integration [8]. Among the diamond color
centers, the tin-vacancy center (SnV) has recently emerged as a promising qubit platform
as it combines the inversion symmetry of group-IV color centers [9, 10], allowing for
integration in nanophotonic structures, with good optical properties [11-14] and above-
millisecond spin coherence at temperatures above 1 K [15, 16]. Devices combining photonic
integration with spin and optical control could serve as a future scalable building block for
realizing spin-photon gates [17]. On the path towards such scalable on-chip integration,
incorporation of emitters into nanophotonic waveguides [12, 18] enables exploration
of the coherent emitter-photon interaction typical of waveguide-coupled systems [19,
20]. Compared to nanophotonic cavities [21], waveguides have the advantages of being
broadband, eliminating the challenge of cavity tuning, and of having significantly higher
error tolerance in fabrication.
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Figure 4.1: Device and optical transition properties. (a) Schematic of the device and the fiber coupling. (b) SEM
image of one entire diamond device chip. (c) Energy level scheme of the SnV. At 5K the SnV spectrum shows two
ZPL transitions between the Lower Branch (LB) of the Excited State (ES) to the Lower (Upper) branches (LB, UB)
of the Ground State (GS). Here we focus on the ZPL transition between LB of ES and LB of GS at 619 nm, and we
filter the other ZPL out. Phonon assisted decay from the excited state gives rise to a phonon sideband (PSB) with
a broad optical spectrum above 630 nm. (d) Consecutive photoluminescence excitation (PLE) scans conditioned
on the SnV being in the right charge and frequency state. The scanning speed of each PLE is ~ 300 MHz/s.

In this work, we present a device consisting of a SnV center coupled to a nanophotonic
diamond waveguide with tapered-fiber access, depicted in Fig.4.1(a). Thanks to efficient
coupling, double-sided access, and real-time charge-resonance checks, we are able to
perform a comprehensive investigation of the nonlinear interaction of the color center
with the waveguide mode both in transmission and reflection. We observe the extinction
of transmitted light which arises from interference between the photons interacting with
the emitter and the single optical mode of the waveguide [22, 23], from which we quantify
the coupling strength of the SnV to the waveguide. In the reflected signal we observe
interference between single photons scattered by the emitter and a classical reflection of
the probe laser. The tunability of our device enables us to map out the various regimes of



4.2 DEVICE AND EXPERIMENT 135

interference and their corresponding photon statistics.

4.2 DEVICE AND EXPERIMENT

Our device is fabricated in two main phases. First, SnV centers are generated by implanta-
tion on an electronic-grade diamond of 12°Sn ions at a target depth of ~ 88 nm, followed
by an annealing step to create SnV centers. On the sample, we then fabricate suspended
waveguides that support a single TE mode for SnV emission. The fabrication is based on
the crystal-dependent quasi-isotropic-etch undercut method [8, 13, 24-27]. We first pattern
a hard mask material Si3Ny, followed by the transfer pattern into the diamond substrate
and vertical coverage with Al,O3 of the structures sidewalls. Next, the quasi-isotropic
etch undercuts the devices, followed by an upward etch to thin the devices down to a
thickness of = 250 nm. The fabrication concludes with an inorganic removal of the hard
mask materials. The details of the fabrication can be found in Methods Section 4.8.

Our fabrication differs from earlier work [8, 13, 24-26] in one main aspect: we demon-
strate successful quasi-isotropic undercut of the waveguides at a considerably lower tem-
perature of the reactor wafer table of only 65 °C. We show that the quasi-isotropic crystal-
dependent reactive-ion etch in this temperature regime is successfully undercutting the
waveguide structures without the need of an optional O, anisotropic etch step following
the vertical sidewalls coverage with Al,Os. This has the key benefit of preserving the hard
mask aspect ratio, without further edge mask rounding stemming from the O, etch.

The fabricated devices consist of arrays of double-sided tapered waveguides, anchored
to the surrounding bulk substrate by a square support structure, as seen in Fig.4.1(b). To
couple light in and out of the waveguide we use optical fibers that are etched into conical
tapers in hydrofluoric acid [28]. We position the fibers in front of the waveguide and
exploit the lensing effect of the taper, as illustrated in Fig. 4.1(a). We choose this method
as it allows easy variation of the distance between fiber and waveguide. This will later
be used to tune the phase of the reflected signal. All experiments are performed at 5K in
a closed-cycle cryostat, with no external magnetic field. Within the SnV level structure
(Fig. 4.1(c)), we focus on the optical zero-phonon line (ZPL) transition between the lower
branches of the ground and excited states, of wavelength around 619 nm. Spontaneous
emission from the excited state can also happen with a phonon assisted process, giving
rise to a phonon sideband (PSB).

4.3 OPTICAL TRANSITION STABILITY

We investigate the optical stability of one emitter (red arrow in Fig.4.1(d)) by performing
consecutive photoluminescence excitation (PLE) scans. The scans are pre-conditioned on a
successful charge-resonance check [14]: Before each scan we turn on the probe laser at
a set frequency and count how many PSB photons are detected. A threshold number of
counts is chosen to make sure that the SnV is in the desired charge state and on resonance
with the emitter (see see Section 4.8). This heralding technique mitigates the effects of
emitter ionization and of spectral diffusion [14].

Summing data from 1.8 hours of continuous measurement (Fig.4.1(e)), we observe an
integrated linewidth of (38.0 + 0.3) MHz, very close to the average linewidth of the single
scans of (32.1+0.1) MHz, indicating that there is very little effective spectral diffusion in our
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measurements. This can in principle be further improved by increasing the conditioning
threshold at the expense of experiment speed. All the measurements reported below are
conditioned on a charge-resonant check with similar threshold. By measuring second-order
photon correlations using different resonant laser powers (see Section 4.8), we extract the
excited state lifetime of the emitter to be (5.91 4 0.08) ns, corresponding to a transform-
limited transition linewidth of (26.7 + 0.3) MHz. This value is close to the average single
scan linewidth, indicating that there is little residual broadening of the transition.

4.4 SPECTROSCOPY OF THE WAVEGUIDE-SNV SYSTEM

To probe the coupling of the SnV center to the waveguide, we scan the probe laser across
the transition frequency, while simultaneously collecting both the transmitted and reflected
signals. We spectrally filter the signals and record both ZPL and PSB (separately) in the
reflected output port, and the ZPL in the transmission output port (see SI for details).
This simultaneous measurement allows us to monitor the SnV behavior through the PSB
emission while observing its coherent interaction with the input probe through the ZPL
signal (Fig. 4.2(a)).

We observe a significant extinction of the transmission signal on resonance, indicating
a coherent light-matter interaction in our waveguide-QED system [23]: destructive inter-
ference between scattered photons and the transmitted field causes the emitter-induced
reflection of single photons. The magnitude of the transmission dip contrast on resonance
is determined by the emitter-waveguide coupling factor = y,s/yior, Where yyg (Yior) is
the decay rate into the waveguide (the total decay rate of the excited state). In particular, in
the absence of dephasing of the optical transition, the transmission behavior is described

by [19]
2

IR A
1+ 5D+ 2)

Ytot

T(w)=1 (4.1)

where o is the detuning of the probe laser from the emitter, (n) is the average photon
number per lifetime in the input state and n, = 4’% is the critical photon number, which
indicates saturation of the photon-emitter interaction. In the limit of low excitation ((n) <«
n¢), the transmission contrast on resonance AT = 1— T(w = 0) is thus related to the
coupling factor f as AT = f(2— ). Note that in this analysis, we ignore the small additional
broadening of the optical transition due to dephasing, making our estimates for f a strict
lower bound.

Experimentally, the value of the coupling factor 8 can be reliably extracted by measuring
the transmission contrast as a function of input laser power, given that (n)/n. = P/P,
with P, the input power that saturates the interaction. To ensure that we are optimally
coupling the probe field with the linear dipole of the optical transition, we sweep the
polarization of the input field to find the maximal transmission contrast (Fig. 4.2(b)). Fitting
Eq. (4.1) to the measured transmission contrast as a function of input power (Fig. 4.2(c))
we obtain f# = 0.143 £ 0.005. This value is in good agreement with numerical simulations
for our waveguide geometry (see Ref. [29]) taking into account the emitter depth resulting
from the implantation, a small lateral offset (= 50 nm) from the waveguide center, and
the total efficiency of the transition of interest of 0.37 [30], obtained combining quantum
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efficiency (0.8) [31], Debye-Waller factor (0.57) [32] and branching ratio between the two
ZPL transitions (0.8) [13].

The critical laser power at the fiber input, P,, corresponds to the critical photon number
n. at the SnV center: P, = 57! hvn.y , where 7 is the fiber-waveguide coupling efficiency,
v is the probe laser frequency and y is the decay rate related to the excited state lifetime.
From the fit value P, = (0.3240.02) nW and knowing n. ~ 12 photons from the value of f3,
we determine the fiber-waveguide coupling efficiency to be = 0.33 £0.02.

The reflection signal contains the single photons coherently reflected by the SnV center,
interfering with classical reflection of the probe laser at the tapered fiber end. In a simplified
picture, considering a Lorentzian response of the SnV, the reflection signal can be modelled

as [18, 33]
2

1 A
R(w)=[1+{———¢"| | (4.2)
é: 1—-2iw / }/tot
where & is the ratio between the reflected single photons and the coherent state ampli-
tude, which gives the average number of photons per lifetime in the input field, and ¢ is
the phase difference between the coherent and single photon components.
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Figure 4.2: Spectroscopy of the waveguide-SnV system. (a) Simultaneous measurement of transmitted ZPL light
through the system (top), reflected ZPL light (center) and PSB emission (bottom) while scanning the probe laser.
The inset shows a schematic of the system, the colors represent the different channels measured. We highlight
the transmission contrast AT and the peak height of the PSB emission scan hpgp. (b) Contrast of the transmission
extinction when varying the input fiber polarization using a half wave plate (HWP). (c) Transmission contrast
and PSB peak height as a function of the power in the input fiber showing saturation of the SnV response when
the average photon number increases. In the low power range, we observe a maximum transmission extinction
0f 0.25+0.01.
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Figure 4.4: Reflection measurements. (b) Reflection spectra at different fiber distance d, corresponding to different
relative phase between the single photon and coherent state components. The solid line is a fit with the simplified
model of Equation 4.2, from this we extract the phase ¢ which is indicated by the colorbar. (b) Schematic of
the measurement setting. (c) Second-order correlation of reflected photons in the constructive (top), dispersive
(center) and destructive (bottom) interference regimes. The inset shows the reflection spectrum. We fit the
reflection spectrum using Eq. (4.2) to extract ¢ and &, which we use as an input to the theoretical model. The red
lines, both in the inset and the main figure, are the results of the theoretical model with the supplied parameters.
The x axis in the inset is frequency, ranging from -80 MHz to 80 MHz.
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4.5 PHOTON STATISTICS OF TRANSMITTED FIELD

The emitter-induced single-photon nonlinear reflection alters the photon statistics of
the transmitted and reflected fields, as we expose below by measuring the second-order
correlation for different combination of signals.

We start by correlating the transmitted signal with itself. The emitter can only reflect
one photon per its optical lifetime. When two indistinguishable photons coherently scatter
on the emitter within the timescale of its optical lifetime, the nonlinear interaction results
in a strongly correlated two-photon bound-state that is perfectly transmitted [34]. In the
case of f — 1 the wavefunction of the scattered light is dominated by this bound-state
component, resulting in strong bunching of the transmitted light [22]. In our case, however,
the bound-state contribution is suppressed compared to the uncorrelated scattering of
the two photons involving other channels. In other words, the probability that one of
the two photons is incoherently scattered is higher than the probability of emitting the
two-photon bound state in the waveguide. In this regime, upon detection of a photon in the
transmission signal the conditional probability of a second ZPL photon detection within
the lifetime is suppressed compared to the steady state value. In full agreement with the
predictions in Ref. [22], we find that this results in anti-bunching in the photon statistics
for the transmission g(Tz% (Fig. 4.3(a)).

Since we have access to one of the incoherent decay channels, namely the photons
emitted in the PSB, we can verify that the effect on the photon statistics is induced by the
coherent interaction of light with the emitter. We measure the probability of detecting a
transmitted (Fig. 4.3(b)) or reflected photon (Fig. 4.3(c)) conditioned on the emission of
a PSB photon. Detecting a PSB photon heralds an incoherent interaction which results
in a higher probability of detecting a ZPL photon in the transmission port and a lower
probability of detecting a ZPL photon in the reflected port, leading to the observed bunching
and anti-bunching, respectively.

We compare the results in Fig. 4.3 with numerical simulations (the red lines in the
figures), where the system is modeled as a lossy cavity coupled to an emitter (see Supple-
mentary [29] for details). Using values for the model parameters extracted from fits to the
corresponding transmission and reflection spectra (similar to Fig. 4.2), we find that the
simulations accurately reproduce the behavior of the g(z) measurements.

4.6 REFLECTED SIGNAL AND PHOTON STATISTICS

Finally, we investigate the interference between the coherently scattered single photons
and the reflected laser light in more detail. By adjusting the fiber position relative to the
waveguide, we can change the difference between the paths that the classical light and
single photon components travel, and thereby controllably tune their relative phase ¢.
Figure 4.4(a) shows the variation in the reflection interference spectrum as we sweep the
fiber distance, realized by applying a voltage on the piezo positioner.

The photon statistics of the reflected signal depend on the relative phase ¢ (Fig. 4.4(b)).
We consider the three limit cases of constructive (¢ = 6.28 ~ 27r), dispersive (¢ = 1.57 ~ 7/2)
and destructive (¢ = 3.41 ~ 7) interference. In the constructive interference case, single
photons are added to the coherent state, resulting in sub-poissonian photon statistics as

evidenced by the measured anti-bunching in gl(f}g in Fig. 4.4(c, top). In the dispersive and
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destructive interference cases, the presence of a non-zero phase makes the behavior of the
photon statistics non-trivial as the relative phase is different for the one- and multi-photon
components of the coherent state. Depending on the exact phase and the relative amplitudes
of the single photons and the reflected coherent state, the relative weight of the one and two-
photon components vary, resulting in either bunching or anti-bunching. In our regime we
observe bunching for the dispersive interference Fig.4.4(c, middle) and weak antibunching
for destructive interference Fig.4.4(c, bottom). Numerical simulations (red lines) using our
theoretical model show excellent agreement with the data (see Supplementary [29] for
details).

4.7 CONCLUSIONS

In summary, we have presented a detailed investigation of a diamond SnV center coupled
to a waveguide, showing significant transmission extinction, tunable interference between
single photons and the reflected laser field, as well as providing insights into the nature of
the emitter-induced changes in transmitted and reflected fields through photon correlation
measurements. These results highlight diamond SnV centers integrated in waveguides as a
promising platform for realizing efficient integrated spin-photon interfaces.

Whereas nanophotonic cavities can provide overall much stronger interaction, the use
of waveguides can alleviate significant fabrication overhead and by their broadband nature
provide a more flexible platform, since they do not need to be tuned to the emitter frequency
and readily allow for more centers to be used in the same device. We investigated four
waveguides in this device and all contained suitably coupled SnV centers, with measured
AT ranging between 15 —34%.

While our work shows couplings that are in line with the state of the art for color
center-waveguide systems [8, 18, 35], further improvement can be obtained by optimizing
the emitter overlap with the optical mode: the waveguide thickness and the implantation
depth can be matched to get the SnV closer to the center, while localized ion implantation
could improve the lateral position. Already at the established coupling, these devices,
when combined with coherent spin control [15, 16], may allow for remote entanglement
significantly surpassing the generation rates obtained the diamond NV center [36, 37],
opening up new avenues for scaling quantum networks.

4.8 METHODS

4.8.1 SAMPLE AND DEVICE FABRICATION

The sample fabrication process starts with pre-implantation surface treatment of a <100>
surface oriented electronic grade diamond substrate (Element 6). The sample substrate is
first cleaned in a wet Piranha (ratio 3:1 of HySO4 (95 %) : H203 (31 %)) inorganic solution for
20 min at 80 °C, followed by the superficial ~ 5 um etching via inductively-coupled-plasma
reactive-ion-etching (ICP-RIE) Ar/Cl, plasma chemistry based recipe in order to remove the
residual polishing induced strain from the surface of the substrate. An additional ~ 5pm
ICP-RIE O; chemistry based plasma etch is performed in order to remove residual chlorine
contamination from the previous etching step [27]. Following, the sample is inorganically
cleaned in a Piranha solution (20 min at 80 °C) and implanted with Sn ions (dose lell
ions/cm? with an energy of 350 keV). Prior to the activation of the SnV centers by vacuum
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annealing (1200 °C), a triacid cleaning (ratio 1:1:1 of HClO4(70%) : HNO3(70%) : H,SO4(>
99%)) is performed for 1.5 hours in order to remove any residual organic contamination,
followed by the the same wet inorganic cleaning procedure after the annealing step in
order to remove any superficial graphite thin film layer formed during the annealing step
of the diamond substrate. In order to assess the successful activation of the SnV centers,
the sample is characterized prior to the nanofabrication of the suspended structures.

The nanofabrication of waveguiding structures follows the process based on the crystal-
dependent quasi-isotropic-etch undercut method developed in references [8, 13, 24-26]
and [27]. A schematic of this is illustrated in Chapter 2 Fig. 2.1.

Specifically, we start with a pre-fabrication process extensive inorganic clean for 20 min
in HF (40%) at room temperature (Fig. 2.1, step 1), followed by deposition and patterning of a
hard mask material thin film layer of ~ 221 nm Si3Nj via plasma-enhanced-chemical-vapour-
deposition (PECVD) (Fig. 2.1, step 2). The waveguide structures design is longitudinally
aligned with the <110> diamond crystallographic orientation and exposed via e-beam
lithography of ~ 450 nm of AR-P-6200.13 positive tone resist (Fig. 2.1, step 3). In order to
avoid charging effects of the diamond substrate during the e-beam exposure, the surface of
the e-beam resist is coated with ~40 nm Electra 92 (AR-PC 5090) conductive polymer. Next,
this is developed by immersing the sample in 60 s gentle stirring in H,O and N, blow-dry
(to dissolve Electra 92), followed by 60 s DI water, 60 s pentyl acetate, 5 s ortho-xylene, 60
s isopropyl alcohol (IPA) (Fig. 2.1, step 4). The process proceeds with the transfer pattern
into the SisNy hard mask material by means of ICP-RIE etch in a CHF3/O; based plasma
chemistry (Fig. 2.1, step 5) and complete removal of residual e-beam resist in a two-fold wet
step: we first proceed with a resist removal in a PRS 3000 positive resist stripper solution,
followed by extensive Piranha clean inorganic treatment for complete removal of organic
material residues (Fig. 2.1, step 6). Such considerable inorganic cleaning is employed in
order to prevent micro-masking within next dry etch steps that can potentially be caused
by organic residues on the sample.

The transfer pattern from the SisNy hard mask material is transferred by etching top-
down in a dry ICP-RIE O, plasma chemistry etch in the diamond substrate for an extent of
~2.4x the designed thickness of the devices (Fig. 2.1, step 7). It is crucial to note that the
O, dry etch heavily affects the aspect ratio of the patterned SisN4 hard mask: we observe
the etch rate of SisNy to be higher at the edges of the patterned structures compared to the
determined etch rate of SisNy4 on flat area test samples, leading to enhanced erosion of the
SisNy at the edges of the nanostructures. This yields rounded vertical sidewalls with few
nanometers of hard mask material at the diamond to Si;Ny interface [27]. This leads to
weak points across the top surface of the hard mask that can compromise the integrity of
the hard mask through the following fabrication steps. We circumvent this challenge by
carefully tuning the trade-off between sufficient anisotropic diamond etch and Si;N4 mask
integrity such that the last withstands the following O, based dry etch steps foreseen by
the overall fabrication process.

Next, conformal atomic layer deposition (ALD) of ~ 26 nm of Al,O3 for hard mask
coverage of devices vertical sidewalls(Fig. 2.1, step 8) and the horizontal coverage of Al,O3
is fully removed by ICP-RIE etch in a BCl3/Cl; plasma chemistry etch (Fig. 2.1, step 9).
This opens access to the diamond substrate: we directly follow with a two-step quasi-
isotropic etch. For this, we employ the recipe developed in reference [27]. In contrast to
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Ref. [8, 13, 24-26], here the quasi-isotropic etch plasma reactor wafer table temperature
is only 65 °C, therefore completing the full undercut and upward etch of the devices to
the target thickness in 2 steps of 9 hours etch each (Fig. 2.1, step 10). The full release
and upward quasi-isotropic total etch time is considerably long when compared to high
temperature plasma regimes. On the other hand, here we demonstrate that this method
successfully undercuts diamond waveguides in a low temperature regime. Finally, the hard
mask materials are removed in an extensive inorganic treatment for 20 min in HF (40%) at
room temperature (Fig. 2.1, step 11).

The overall qualitative characterization of the fabrication steps presented in this work
has been executed on a scanning electron microscope Hitachi SEM Regulus system. The
etch rates concerning the fabrication steps 5, 7 and 9 (Fig. 2.1) have been pre-characterized
on additional test samples, in parallel to the fabrication of the diamond sample employed
in this work following similar methodology. Such etch tests have been conducted employ-
ing silicon substrate samples, with the thin films of interest deposited in parallel to the
diamond substrate. Optical parameters and thickness of the employed materials have been
determined via spectroscopic ellipsometry method on a Woollam M-2000 (XI-210) tool. The
quasi-isotropic etch rate has been characterized employing supplementary diamond test
samples (fabrication parallel to the sample in this work) and analyzed via SEM inspection.

4.8.2 INHOMOGENEOUS DISTRIBUTION IN THE WAVEGUIDE DEVICES
To measure the inhomogeneous distribution of the spectral lines of different SnVs in our
sample, we combine 82 photoluminescence spectra taken in different waveguides and fit the
averaged spectrum using a Voigt curve. From the fit, we estimate that the 619 nm transition
has an inhomogeneous full-width at half-maximum of (144 + 2) GHz. The average ground
state splitting in the sample is (822 + 2) GHz.

4.8.3 EXPERIMENTAL SETUP

Figure 4.5 shows a schematic of our experimental setup. The sample is cooled to 5K in a
closed cycle cryostat (Montana Instruments s50), together with two XYZ piezopositioner
stacks (Attocube Systems ANPx51, ANPz51) which allow to control the position of the
optical fibers. We image the sample through an optical window in the cryostat using a long
working distance objective (Mitutoyo 50X Plan Apochromat, NA: 0.55, WD: 13 mm), which
combined with an LED at ~470 nm provides enough resolution to image the waveguides
and the fiber tip. Through the same objective we deliver the repump laser pulses (Cobolt
MLD-06 515 nm). The resonant excitation and the photon collection is all via fiber. A
tunable 1240 nm laser (Toptica DL Pro - TA) pumps a second harmonic generation fiber-
coupled crystal (AdvR) to generate tunable laser light around 620 nm. Part of the red output
is sent to a wavemeter (High Finesse WS8) for frequency stabilization through a PID loop
running in background and feeding back on the DL Pro controller to tune the IR frequency.
The light used for resonant excitation goes through a manual Variable Optical Attenuator
(VOA) and an Acousto Optical Modulator (AOM) used to generate the pulses. A short
fiber-freespace-fiber module (Thorlabs FiberBench) with polarization control is used to
bridge between polarization maintaining fiber of the laser control and the single mode
fiber used in the rest of the experiment. A 99:1 beam splitter is used to send 1% of the
laser light to the input fiber, where we use motorized polarization paddles to control the
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Figure 4.5: Experimental Setup. See text for explanation and abbreviations.

input polarization. The remaining 99% is used for calibration and monitoring. The reflected
light goes through the beam splitter and is collected in the 99% return port. We have two
free-space setups for filtering and detection of the light. In the first, usually connected to
the reflection port, a dichroic filter (Semrock FF625, short pass ~ 620 nm) separates the PSB
and ZPL light. The PSB is further filtered by a Band Pass filter (620 £ 5 nm) and a tunable
narrow etalon filter (LightMachinery, ~ 45 GHz FWHM) to get rid of the second ZPL
transition. In the PSB path we further filter the excitation laser with two Long Pass tunable
filters set approximately at 630 nm. The second free-space stage only has the 620 nm band
pass and the etalon to filter around the ZPL. The collected photons are fiber coupled and
sent to avalanche photodiode (APD) single photon detectors (Lasercomponents COUNT)
or to a Hanbury-Brown-Twiss (HBT) setup realized with a 50:50 fiber beam splitter and
two APDs for correlation measurements. We run the experiment using custom software
based on the QMI [38] package (version 0.41.0).

Our experiments use a lensed-fiber-like approach for coupling the waveguide to the
tapered fiber. By optimizing the position, we consistently measure a fiber-waveguide-fiber
transmission efficiency up to ~ 4%, which translates to ~ 20% efficiency per side. Taking
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into account the potential losses at the crossing between the waveguide and the square
support structure, this is in good agreement with our estimation of the excitation efficiency
of the emitter of ~ 33% (see main text) and hints to the fact that the emitter is located

between the fiber taper and the support structure.
Phase dependence on the fiber Position
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Figure 4.6: Interference phase ¢ between the single photon and coherent state components, extracted by fitting
the reflection spectrum, as a function of the fiber displacement d, measured by a position sensor in the piezo
positioner. The black dashed line is a guide to the eye indicating a 27 phase change in the distance of half a

wavelength.

We control the interference phase of the measurements in Fig. 4 of the main text
by moving the fiber compared to the waveguide. The phase dependence on the fiber
displacement, which we extract from the piezo positioner sensor, is approximately linear
and a full period is obtained in around half wavelength distance.

4.8.4 MEASUREMENT SEQUENCES
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Figure 4.7: Measurement sequences. See text for details.
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Figure 4.7 shows the measurement sequence for the experiments we realised. The
control of the AOM pulses, laser frequency sweeps, APD counting, triggering of the time
tagging hardware and logic operations are done by a Adwin Pro II microprocessor.

The broad photoluminescence excitation (PLE) measurement in Fig. 1(d) of the main
text is done with the sequence in 4.7(a). We step the laser frequency and for each point we
repeat a sequence consisting of a repump and a resonant pulse, during which we count the
emitted photons.

To ensure that the SnV is in the correct charge and frequency state, we condition the
measurements on a successful Charge-Resonance Check (CR-Check, Fig. 4.7(b). A resonant
laser probe pulse excites the SnV at a set frequency and the number of photon counts
during the pulse (Ncrs) is recorded. This value is compared to two thresholds, Nrerry
and Nrgpyump chosen such that Nrgrry > Nrepump- If Nets < Nrepump an off-resonant
pulse is sent to probabilistically initialize the charge state before probing again with the
resonant pulse. If Nrepuyp < Nets < Nrgrry the probe pulse is repeated. If Nors > NreTry
the CR-check is considered successful and the experiment begins. More details on the
procedure can be found in Ref [14].

We use CR-conditioned repeated narrow PLE scans (Fig. 4.7(c)) to measure the PSB,
transmission and reflection spectra in order to extract AT and the reflection parameters
& and ¢. We apply an analog voltage to scan the laser frequency around a set point in a
step-wise way. In each step we integrate the counts of the APDs for 20 ms. The single scan
speed is ~ 300 MHz/s.

We perform the g® measurements with the sequence in Fig 4.7(d), by repeatedly
sending 10 ms resonant pulses, preceded by a trigger TTL pulse that serves as a sync signal
for the timetagger. The pulses are conditioned on a CR Check to ensure that the SnV is
resonant with the probe.

4.8.5 PLE AND CR-CHECKED LINESCANS

A photoluminescence excitation spectrum (PLE) (Fig. 4.8(a)) reveals several SnV centers
in the waveguide, which are spectrally resolvable owing to local variations of the strain
environment.

We compare the PLE conditioned on Charge-Resonance (CR) check [14] (sequence in
Fig. 4.7(c), result on the right in Fig. 4.8) with a PLE done with a less strict "brightness check”
condition (left in Fig. 4.8). In the latter, after each scan we check the maximum intensity of
the PLE peak and compare it to the average countrate in the trace. If a threshold in the
countrate is surpassed, indicating that there is a peak, we consider the emitter "bright" and
we continue with the next scan. If the threshold is not met, we apply an off-resonant charge
repump pulse (515 nm) before the next scan. In the trace on the left in Fig. 4.8 one can notice
some frequency jumps and empty scans. The "brightness check" only probabilistically
brings the emitter in the right charge state, but that can also be at a different frequency since
the off-resonant pulse can modify the charge environment around the SnV. As long as the
emitter is bright, in this case, it does not show significant spectral diffusion. Note that the
condition only acts on the following scan. The CR-Check, instead, is a pre-condition. The
scan only starts once we know that the emitter is in the right charge and resonance state.
Therefore, each trace shows a peak at the target frequency. Conditioning the experiments
with this technique prevents the recording of data when the emitter is detuned due to a
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Figure 4.8: (a) Broad PLE scan in the waveguide. (b) PLE measurement comparison. On the left, PLE scan where
the presence or absence of a peak (at any frequency) in each scan conditions an off-resonant repump on the next
scan. On the right, PLE scans that are pre-conditioned on a successful charge-resonance check.

frequency jump or absent due to ionization. For the Non-CR-Checked linescans we did
not lock the laser frequency after every scan. In contrast to the CR-Check linescans, the
frequency of the probe Laser drifts over time. This is visible as a drift of the center frequency
of the scan-range. The frequency reported in the scan is measured at the wavemeter, that
we constantly monitor, showing that the emitter frequency is stable.
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TiN-VAcANCY EMBEDDED
ALL-DiAMOND PHOTONIC
CrysTAL CAVITIES

Quantum networks will require entanglement distribution to processing qubits on its end
nodes via optical channels. Optically active spin qubits, such as tin-vacancy (SnV) centers in
diamond, have emerged as one of the leading candidates to implement quantum networking
hardware due to their favorable optical and spin properties. Their first order insensitivity to
charge noise renders SnV centers excellent for integration into nanophotonic devices. Here we
show our results on fabricated free-hanging SnV-embedded photonic crystal cavity devices in
diamond. We present an empirical analysis and evaluation of the geometry of the obtained
fabricated devices, followed by extensive optical characterization at room temperature, showing
the dependence of the optical performance of the cavity on fabrication tolerances. Finally,
we describe and show in situ cavity resonance tuning, as well as preliminary spectroscopy
on device-embedded SnV centers. Coherent coupling of quantum emitters to photonic crystal
cavities represents a key step towards realization of multinode quantum networks.

Sections of this chapter are part of N. Codreanu®, T. Turan®, D. Bedialauneta Rodriguez®, et al., "Above-Unity
Coherent Cooperativity of Tin-Vacancy Centers in Diamond Photonic Crystal Cavities" in preparation
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5.1 INTRODUCTION

The entanglement generation rate represents a major challenge in the demonstrations
of modern quantum networks [1-4]. Due to their small mode volumes, photonic crystal
cavities can significantly enhance the interaction with solid-state spins. Engineering and
fabricating such light-matter interfaces is of great interest due to their high potential in
addressing such a challenge.

In this chapter, we present successful integration and coupling of SnV centers in
diamond photonic crystal cavities.

We start by introducing our cavity design and fabrication process in Section 5.2. We
evaluate the performance of the 250 °C QIE-based variant fabrication process (extensively
discussed in Chapter 2) by characterizing the devices geometry via Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM) measurements.

In Section 5.3, we then characterize the optical properties of the devices at room
temperature, presenting the cavity resonance and quality factor statistics of the fabricated
PCC devices. We then conclude in Section 5.4 with showing in situ cavity resonance tuning,
as well as preliminary spectroscopy on device-embedded SnV centers.

5.2 NANOPHOTONIC CAVITY DEVICES

The realization of SnV center integrated devices is described in two main steps: first, SnV
centers are fabricated and activated via ion implantation and annealing; second, photonic
crystal cavity devices are fabricated via 250 °C QIE-base variant fabrication process.

Fabrication of SnV centers in bulk diamond substrates follows the methods described in
Chapter 3, with process parameters detailed in Table 5.3. Specifically, we incorporate 2°Sn
ions in the diamond crystal via high energy ion implantation (350 keV, 7° implantation
angle) and activate the SnV centers via high temperature low pressure annealing treatment
(1100 °C over a duration of 4 hours via the surface-protected annealing method presented
in Chapter 3).

Fabrication of suspended cavity devices with resonant wavelength compatible with
tuning strategies to optical SnV center zero-phonon line (ZPL) emission follows the methods
described in Chapter 2, with device design parameters detailed in Table 5.1 and schematic
illustrated in Figure 5.1 (a). The nano-fabrication process of the devices is based on
the crystal-dependent quasi-isotropic-etch undercut method [5-10]. Specifically, device
fabrication begins with patterning the Si,N,, hard mask material, followed by the transfer
pattern into the diamond substrate and vertical coverage with AlO, of the structures
sidewalls. Next, the quasi-isotropic etch (QIE) undercuts the devices, followed by an
upward etch to thin the devices to a thickness of ~200 nm (Figure 5.1 (d)). Fabrication
concludes with an inorganic removal of the hard mask materials. This allows for a thorough
investigation of the geometry of the fabricated devices, as shown in Figure 5.1 (e) and Figure
5.2. The details of the fabrication of SnV centers and subsequent nanophotonic devices
can be found in Section 5.6, with extensive development of the 250 °C QIE-based variant
fabrication process methods described in Section 2.8 (parameters detailed in Appendix,
Table A.4).
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5.2.1 CAVITY DESIGN AND LAYOUT

The devices are single-sided photonic crystal cavities (schematically illustrated in Figure
5.1 (a)), consisting of a strong mirror (over M mirror unit cells, blue-shaded), central cavity
region (over 2N unit cells, red-shaded, defect introduced with a functional introduced by
Ref. [11]) and a weak mirror (over M,, variable mirror holes, blue shaded). The design of the
devices is inspired by Ref. [12], where we maintain a constant value of the lattice constant
a,, equal for both the strong and weak mirror. Effectively, in the presented design the two
mirrors have the same stop-band, with the weak mirror characterized by a reflectance
dependent on the number of mirror unit cells M,,. The directionality in the out-coupling

from the cavity to the waveguide is realized by reducing the number of mirror unit cells.

Next to the weak in-coupling mirror, the latter is adiabatically tapered to the waveguide
region (green shaded, width w,,, same as the cavity width) by appending additional L
mirror unit cells (yellow shaded), linearly decreasing the circular hole radius from optimal
I tO Fmin,wg (~50 nm feasible with the QIE-based fabrication process parameters), while the
lattice constant a, is kept constant. Next, the width of the waveguide is reduced from w,,g
to end-taper width wy, over the taper length L, (cyan).

In order to guarantee structural stability, a careful trade-off between the overall length
of free-hanging structure is considered, sweeping the coupling taper length. Optionally,
for L;>15 pm, a support holding bar of width wy, =200 nm is implemented, to guarantee
structural stability of the overall free-hanging device. Finally, in order to allow for efficient
both in-contact and lensed-fiber configuration coupling to the devices, the taper-end to
diamond substrate distance d;; is fixed. The parameter values are detailed in Table 5.1. On
the overall diamond substrate, we sweep the cavity design by varying the scaling factor
on the lattice constant a,, waveguide width wy,, and circular hole radius » incrementally
by A=1%, with respect to the nominal values (scaling factor 100%) determined via finite
element method optical simulations in COMSOL®. Thus we vary the scaling factor from
95% to 110% with respect to nominal 100% device parameters. This strategy is adopted
in order to preventively compensate cavity resonance shifts from introduced fabrication
process variability and yield cavity devices with resonances <619 nm (SnV center emission),
thus allowing for dynamic in situ cavity resonance tuning to the embedded SnV centers
emission lines.

The chiplet device consists of an array of single-sided cavity devices with variying
M,,=1 to 6, inter-device gap distance g, (center-to-center: 3 um) is decided as a trade-off
between substrate space optimization as well as compatibility with the QIE undercut and
upward etch, guaranteeing uniform device thickness across the chiplet. The devices are
fixed to the diamond substrate via the end waveguide region distanced from the strong
mirror ~850 nm and are fully free-hanging (finalized fabricated devices shown in Figure
5.1 (b) and (c)), with chiplet design optionally implementing the holding bars (holding bar
width wp; =200 nm).

High magnification SEM inspection (Figure 5.1 (d), 65° angle tilt view)) allows to
quantify the device thickness and device geometry bias (a,, Wy and r respectively, Figure
5.1 (e), top-down (0° angle tilt view)), whereas atomic force microscopy (AFM) topographic
analysis allows to estimate device transversal cross-section (Figure 5.2 (a)) and bottom
surface roughness (Figure 5.2 (b)). The combination of the two inspection methods allows
to fully determine the geometry of fabricated devices (Figure 5.2 (c)), for which design
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compensation is implemented a priori and allows to calibrate the scaling factor range, as
well as the device thickness within the QIE upward etch fabrication step.

|| Rectangular hole-based PCC || Design parameters
Parameter a, Wag r tn M N M,, L L; w; dys 8n
7 um
Value 206 275 142 200 13 7 1to 7 to 50 60pm | 3um
nm nm nm nm 6 nm
16 pm

Table 5.1: SnV center integrated photonic crystal cavities | Left: Unit cell parameter values used, defect
introduced with functional form from Refs. [10, 11]; green-shaded: device parameters swept by varying the
scaling factor | Right: integral structure device parameters (schematic illustrated in Figure 5.1 (a)).

5.2.2 FABRICATED DEVICES GEOMETRY EVALUATION

The optimal cavity design parameters listed in Table 5.1, implemented for a symmetric
cavity (where M,, = M) [10], in Finite Element Method (FEM) COMSOL® simulations
yield a cavity resonance ~619 nm and quality factor Q as high as ~ 1x10°. As shown in
Ref. [10], any deviations from the simulated design, for example, lattice constant a,, hole
radius r, device width w,, o and device cross section, can change the cavity resonance as
well as lower the quality factor Q.

QIE-based fabrication process unavoidably introduces inaccuracy in the geometry of
the fabricated devices, deviating from the simulated rectangular unit cell. These prevalently
affect the hole radius r, the width of the device w,,z (as shown in Figure 5.1) and the cross
section of the device (as shown in Figure 5.2), reducing the quality factor and changing
the resonance of the cavity relative to the design one. In the following, we present the
quantitative analysis of typical consistent geometry bias and transverse cross section, by
combining high-magnification SEM inspection and AFM topography analysis. Here we
present the device geometry analysis, performed on two twin diamond samples (SEM
geometry analysis on Sample 1, AFM topography analysis on Sample 2), fabricated within
the same fabrication run and same 250 °C QIE-based fabrication process parameters as
the optically characterized sample in Section 5.3 (Sample 3).

The transfer pattern accuracy (a,, r and w,,) yields differences on the order of a few
nanometers (not quantifiable by SEM analysis), while the device thickness variability is
~10 nm between the analyzed samples (Sample 1 and Sample 2 have a device thickness
~10 nm lower than Sample 3). The transversal device cross section estimated in the follow-
ing section (namely vertical sidewall angle deviation and bottom facet topography) is the
same between the three fabricated diamond substrates.

Geometry estimation: SEM analysis

High magnification SEM analysis of Sample 1 (0° tilt angle view, pixel size ~0.52 nm)
enables inspection of fabricated devices top facet, allowing for accurate estimation of lattice
constant a,, hole radius r and device width w,,,. In the presented example, we show
the analysis carried out on a PCC device with scaling 95 % (a,=0.95%206 nm=195.7 nm,
r=0.95x71 nm=67.45 nm, w,,g=x275nm=261.25 nm), that is the smallest device dimensions
we pattern in our typical parameters scaling factor sweep.
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SnV integrated diamond PCCs
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Figure 5.1: SnV center integrated diamond photonic crystal cavities: | (a) Schematic illustration of free-
hanging single-sided photonic crystal cavity design (inspired from Ref. [12]), in an array chiplet configuration; |
(b) SEM pictogram (65° view tilt angle): typical diamond chiplet array (two chiplet per scaling factor, arranged
in three columns each, replicated in four sample quadrant areas); (¢) Zoom-in SEM pictogram (65° view tilt
angle) of a single chiplet: array of cavity devices with design in (a); (d) Zoom-in SEM pictogram (45° view tilt
angle) of the cavity region of a single PCC, scaling factor 95%: tilted view enables evaluation of device thickness;
(e) High magnification (underlying) SEM pictogram (0° view tilt angle) of the cavity region, with (overlayed,
dashed yellow) evaluation of bottom facet circular hole and device sidewall, (overlayed, dashed orange) top facet
aperture circular hole and device sidewall; (overlayed, to scale, dashed green) device design; | inset: evaluating
the mismatch extent between top facet and bottom facet allows quantification of device sidewall angle.
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Overlaying the CAD design (Figure 5.1 (e), dashed green) to the underlying correspond-
ing scaling factor 95% fabricated device SEM pictogram (pixel size 0.53 nm), no significant
deviation from the optimal a, can be observed, confirming a high accuracy of a, in 250 °C
QIE-based process transfer pattern. When comparing the circular hole diameter and
device width on the top facet (dashed orange) with the design parameters (r and w,,), an
r systematic bias of ~4 nm (radius larger than design) and a w,, systematic bias ~20 nm
(width smaller than design) can be identified . The parameter values evaluated from the
top-down SEM inspection of diamond devices are in-line with the previously estimated
systematic bias after transfer pattern into the SiyN,, (in Chapter 2, Section 2.7.2).

At the same time, high magnification top-down SEM inspection allows for an accurate
estimation of the vertical sidewall angle. That is, in the case of design sidewall angle of 90°,
the top facet contour (Figure 5.1 (e), dashed orange) of the etched devices should perfectly
align with the bottom facet contour (dashed yellow). Measurement of the horizontal extent
between the top facet contours and the bottom fact contour allows to identify on average
an extent of ~10 nm, indicating that the sidewall angle is £90°. When measuring the same
quantity on a PCC device scaling 100% (a,=206 nm, r=71nm, w,,g=275nm) PCC device,
we find similar values within the SEM pixel size resolution error, thus independent of the
absolute parameter values, given a certain device scaling factor. A measurement of (same
scaling 95%) device thickness from SEM inspection (45° tilt angle view, pixel size 1.98 nm,
Figure 5.1 (d)), yields a vertical extent from top facet to bottom facet of ~188 nm. Assuming
the bottom facet of the device characterized by a flat planar surface, the estimated sidewall
angle deviation from the designed ~90° is of ~3 nm.

While this sidewall angle estimation does not take into account the cross-section bottom
facet topography of the device (for which an AFM topography analysis is required), it does
nevertheless offer a rough estimation of the sidewall angle within assumption of roughly
planar bottom surface facet. The estimation obtained from SEM analysis results in good
agreement with the AFM topography analysis taking into account the full bottom facet
topography of the device, with a discrepancy of =0.3°, as will be detailed in the next section.

Nevertheless, high magnification SEM analysis enables an accurate estimation of the
devices sidewall tapering angle by identifying the distance mismatch between device top
facet contours and bottom facet contours.

Geometry estimation: AFM topography analysis

Before proceeding with the atomic force microscopy (AFM) topography analysis, below
we briefly list the relevant fabrication parameters differences between Sample 1 (SEM
analyzed above) and Sample 2 (analyzed below with AFM).

In the Sample 2 case, instead of 67% over-etch, we implemented a over-etch of 79% in the
CHF3/O, ICP-RIE step the transfer pattern into of Si, N, mask step to ensure full clearance
of the hard mask in correspondence of the dense patterns (i.e. circular holes). While
ensuring full opening of circular holes in the intended design (as well as accurate transfer
pattern with systematic geometry bias similar to Sample 1 and Sample 3, within ~5 nm),
the 67% overshoot in the pattern transfer step led to mask breaking in the correspondence
of circular holes in the downstream QIE undercut steps, where the plasma has locally
etched and broken the suspended nanophotonic cavities, as shown in the inset of Figure
5.2 (a). The observed effect exhibited random variability throughout the sample. Although
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mask breaking generally is an undesired effect as it compromises the process outcome, at
the same time, it offered the possibility of identifying (post-fabrication) and locating locally
etched (and cut-through) devices, repositioned to expose the device bottom facet.

This enabled SEM qualitative analysis (used to identify and correlate PCC device
parameters) combined with AFM topography analysis of the bottom facet of PCC devices.
In this analysis, we first qualitatively SEM inspect the sample in order to identify PCC
devices detached from the bulk support and identify the device design parameters. Among
the identified detached devices from the bulk diamond substrate, we identify the PCC
devices rotated 180° along the longitudinal axis, facing the bottom facet up and compatible
with the AFM topography scan. Typical SEM qualitative analysis is shown in Figure 5.2. In
typical chiplet layout (schematic in Figure 5.1 (a)), free-hanging devices (Figure 5.2 (a)) are
attached to the bulk diamond substrate from the end side of the strong mirror region of
the device. On the same diamond substrate sample, devices for which the breaking effect
randomly takes place (as detailed above), by qualitatively SEM inspecting the broken PCC
structure, we are able to identify the parent chiplet. For devices repositioned to expose
bottom facet, qualitative SEM inspection of the cavity region and waveguide region (Figure
5.2 (a.1) and (a.2) respectively, on three separate broken devices from different parent
chiplets across the sample) allows to SEM resolve a triangular cross section and rectangular
cross section in the taper-end region (Figure 5.2 (a.3)). At the same time, SEM resolved
surface roughness can be identified, thus taking into account the pixel size ((a.1) 3.17 nm,
(a.2) 1.44 nm and (a.3) 1.44 nm pixel size respectively) in the shown pictograms, we suspect
the surface roughness of the bottom facet to be of the same order of magnitude, to the least.

First, an AFM topography scan of a PCC device (scaling factor 98%) exposing the topside
facet enables a quantitative evaluation of the diameter of the circular hole and the width of
the waveguide. This allows us to quantify the discrepancy between top-facet and design
parameter values from topographic measurements.

Next, a consecutive AFM topography scan of a PCC device (scaling 97%), exposing the
bottom facet, enables both a quantitative evaluation of bottom topography cross-section
and surface roughness evaluation, as shown in Figure 5.2 (b).

By comparing the values evaluated for the top- and bottom-side facet of hole radius  and
waveguide width w,,;, the AFM analysis confirms the accuracy of the high magnification
SEM analysis presented above, here measuring a lower device facet w,,, extent ~20 nm
higher and a r extent ~10 nm lower compared to the same parameters measured on the
device top facet. Next, the topography maps of the cavity region and waveguide region
show a triangular V-shaped bottom facet, with a height of ~16 nm, whereas the topography
map of the taper-end displays a rectangular cross section.

Combining the evaluated experimentally measured device parameters allows us to
infer the PCC device cavity and waveguide regions cross section, where we estimate the
vertical sidewall angle ~3° and the bottom facet V-shaped with an angle ~6°, schematically
illustrated in Figure 5.2 (c). The total thickness difference between the cavity and waveguide
regions is ~10 nm in the specific evaluated 97% device scaling factor here presented. The
observed device geometry reflects the nature of the QIE aspect ratio undercut dependency,
for which the complete upward etch flattening of narrow devices (i.e. design taper-end
width of w;=50 nm) takes place earlier in the etch process, when compared to wider devices
(i.e., design cavity and waveguide region width of w;=275nm).
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Backside surface roughness

(b) AFM topography analysis
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Figure 5.2: SnV center integrated diamond photonic crystal cavities: AFM topography analysis and device
cross-section estimation | (Top panel) SEM, (Bottom panel) AFM analysis, respectively | (a) SEM pictogram (0°
view tilt angle): free-hanging one-sided PCC; inset: breaking mechanism of PCC devices; | Broken and rotated
by 90° and 180° around longitudinal axis devices allow for qualitative SEM inspection of the bottom surface of
devices: qualitative SEM inspection (45° tilt view angle) of (a.1) rotated 90° PCC: bottom facet surface of cavity
region, (a.2) rotated 180° PCC: bottom facet surface of waveguide region and (a.3) rotated 180° PCC: bottom facet
surface of taper-end region; (overlayed, cyan) qualitative cross-section; | (b) AFM topography analysis of device
bottom facet: cross-section and surface roughness R (evaluated over a, = 196 nm) of (b.1) cavity region, V-shaped
triangular cross-section and Ry = 2.97 nm, (b.2) waveguide region, V-shaped triangular cross-section and R, =
2.14nm, (b.3) taper-end region, rectangular cross-section and R, = 3.96 nm; | (c) Estimated full cross-section
of the device in cavity region from a combination of AFM topography and top-down high magnification SEM
(Figure 5.1).

5.3 CAVITY OPTICAL PERFORMANCE: DEVICES STATISTICS
In order to evaluate the optical properties of the fabricated devices, we first proceed with a
room-temperature optical characterization.

The optical properties of the devices are first characterized at room temperature (meth-
ods and setup described in Section 5.6.2) by positioning the fiber in contact with the device
taper (of length L; and taper end width w;) and adiabatically transferring the incoupling
probing light source. The in and out light coupling of the devices is delivered via optical
fibers, etched into conical tapers in 40 % hydrofluoric acid (HF) [13]. The typical array of
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devices (Figure 5.1 (c)) is aligned in the plane (XY direction) positioning the device to taper
underneath the Z-controlled hovering tapered optical fiber. The coupling is maximized
by optimizing first the optical fiber position in the XY direction on top of device taper,
varying the longitudinal overlap between the optical fiber tip-end and the device coupling
waveguide taper to ensure adiabatic mode transfer. Second, the white light probing source
polarization is varied to match the polarization of the cavity device.

Here we present the cavity resonance and quality factor statistics of fabricated PCC
devices on Sample 3, for which the final optimized 250 °C QIE-based fabrication process
parameters are detailed in Table A.4. Additionally to process parameters detailed in Table
A4, on this sample substrate, we specifically experiment with a sweep of e-beam exposure
dose, i.e. 265 uC/cm? (quadrants Q1 and Q3) and 275 uC/cm? (quadrants Q2 and Q4) (on
Sample 2 the e-beam exposure dose is 250 uC/cm?), whereas the transfer pattern CHF3/O,
ICP-RIE over-etch is limited to 67% (Sample 2: 79%) in order to preserve Si,N, mask
robustness over the entire QIE-based process.

Single spectrum probing in reflection
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Figure 5.3: Room-temperature optical characterization of PCC devices: | (a) Example of single spectrum
cavity Lorentzian dip of a device probed in reflection by positioning the coupling optical fiber on top of the
device taper, in contact mode; all devices are probed with the same method, where the cavity dip is fit within a fit
window centered on the identified cavity dip minimum, of width +0.75 nm; (b) Zoom-in the fit window: raw data
is fit with a Lorentzian functional form with a bootstrap approach (allowing estimation of the fit error, hence
propagated fit error on the estimated quality factor); The analysis is performed on a measured device subset:
~169 devices measured, analysis performed here on 146 devices, discarding entries with error on fit higher than
25%, 864 total fabricated devices with scaling from 95% to 100% of interest; estimated quality factor statistics in (c)
and cavity resonant wavelength statistics in (d).
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An SEM overview of the layout of the sample is shown in Figures 5.1 (b) and (c). We
pattern PCC devices with a variable number of mirror unit cells in the in-coupling weak
mirror region (M,, = 1 to 6) within the chiplet layout. Next, we sweep the devices scaling
factor from 95% to 110% and replicate the same designs three times per each of the four
quadrants across the diamond substrate as detailed in Table 5.2.

Total sample device statistics

Typical cavity spectra are acquired on a fine grating spectrometer, for which an example
is shown in Figure 5.3 (a). When probed in reflection, the cavity spectrum displays a
dip centered around the cavity resonant wavelength. We use non-linear least squares
fitting with Lorentzian function with a linear background (standard curve_fit from the
scipy.optimize package) to estimate the dip parameters and implement a bootstrapping
approach to estimate the uncertainty of the fit parameters. The fit is performed in the
spectral window centered on the determined cavity dip wavelength, of width +0.75 nm
(Figure 5.3 (b)), from which the quality factor Q is estimated, together with the propagated
fit error.

The analysis is performed on a subset of the total number of fabricated devices: ~169
devices are measured, the analysis here is performed on 146 devices, discarding entries
with fit error greater than 25%, and 864 total fabricated devices with scaling from 95% to
100% of interest. The quality factor statistics are shown in Figure 5.3 (c) and the cavity
resonant wavelength statistics is shown in Figure 5.3 (d). The total number of measured
devices, with scaling from 95% to 100%, show a cavity resonant wavelength in the range
from ~600 nm to 625 nm and quality factors ~10000 on average, with values as high as
Q~21000. The dataset comprises devices mainly with M,, = 1 to 4, as patterned devices with
M,, =5 to 6 are challenging to measure in reflection and analyze due to the poor contrast
of the cavity resonance dip, often resulting in a fit error > 25%, and thus are discarded.

Device statistics vs. device position on sample

The devices statistics in Figure 5.3 displays the total devices statistics for all different
geometry devices with a scaling factor of 95% to 100% across the overall Sample 3 area.
Extensive characterization of devices with scaling factors from 101% to 110% patterned on
the substrate has not been performed, as the preliminary characterization of devices within
this scaling factor range exhibited cavity resonance above the spectral range of interest.

In order to gain insight on the device cavity resonance spectral distribution, we first
evaluate the cavity optical parameters in relation to the device spatial location on the
sample. The diamond substrate area is divided into four regions of equal area (quadrants
Q1, Q2, Q3, and Q4, respectively). Each quadrant has an effective area of ~800 pm=800 pm,
on each of which we vary, respectively, the Sn implantation dose, e-beam exposure dose,
and chiplet layout, as detailed in Table 5.2. Therefore, devices with the same scaling factor
and weak mirror unit cells M,,, within the same quadrant, are spatially distant ~30 pm
(same column, column index 1), ~260 um and ~530 pm (adjacent columns, column indices
2 and 3 respectively). Same column indices located in adjacent quadrants: devices with
same scaling factor and and weak mirror unit cells M,, are distanced ~872 um (x direction)
and ~900 um (y direction).
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Quadrant Q1 Q2
Sn Implantation Dose [ions/cm?] 1x10'T 3x1010
E-beam exposure dose [1C/cm?] 265 275
Chiplet layout no holding bar frame no holding bar frame
Quadrant Q3 Q4
Sn Implantation Dose [ions/cm?] 1x10'T 3x10™
E-beam exposure dose [1C/cm?] 265 275
Chiplet layout holding bar frame holding bar frame

Table 5.2: Sample 3 chip layout: implantation dose, e-beam exposure dose and chiplet support frame layout.
Green colored: devices hole size and device width vary upon e-beam exposure dose sweep
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Figure 5.4: Cavity devices statistics vs. scaling factor sweep and spatial location on substrate: cavity
resonance and quality factor distribution per quadrant on effective sample area; (a) All measured devices cavity
resonance and (b) quality factor with scaling factor comprised between 95% and 100%; (c) Distribution of cavity
resonance per scaling factor comprised between 95% and 100% (same data as in (a)); (d) Average cavity resonance
(calculated from data in (c)) and (inset) average quality factor per scaling factor per quadrant.

When graphing the total statistics of the analyzed data versus the quadrant position
(Figure 5.4), the distribution of cavity resonance (resonances between ~600 nm to 625 nm,
Figure 5.4 (a)) and quality factor (quality factors between Q~5000 and Q~21000, Figure 5.4
(b)) is roughly uniform over the four quadrant areas on the substrate, showing no clear
dependence between measured cavity optical parameters and the spatial location of the
fabricated cavities on the diamond substrate.

Next, graphing the same data points, sorted by the device scaling factor (Figure 5.4 (c)),
we see a discrete increase in cavity resonance with an increase in A = 1% steps (1% step
increase variation over the lattice constant a,, waveguide width wy, and hole radius r),
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while at the same time the cavity resonance variability within the same scaling factor is
relatively high.

We then compute the average cavity resonance per device scaling factor, per quadrant
(Figure 5.4 (d)). The standard distribution of cavity resonance per quadrant per scaling
factor is comprised 1.02 nm to 2.88 nm: this indicates a relatively low spread in the cavity
resonant wavelength when both number of weak mirror unit cells (M,, = 1 to 4) and inter-
device distance are varied (devices are spatially distanced ~30 um (same column, column
index 1), ~260 pm and ~530 um (adjacent columns, column indices 2 and 3 respectively)).
Next, within same quadrant, when sweeping the device scaling factor, a linear increase of
the average cavity resonant wavelength A, =4.5nm for a As,=1% step increase. Therefore,
taking into account the standard distribution of cavity resonances within the same scaling
factor, by increasing the scaling factor of A;.,=1%, devices with cavity resonance between
~600 nm to 625 nm are achieved for scaling factors 95% to 100% in fabrication.

When comparing quadrants containing devices with the same e-beam exposure dose
(comparing Q1 with Q3, or comparing Q2 with Q4), on average no significant cavity reso-
nance mismatch can be identified, indicating that devices distanced ~900 pm (y direction)
exhibit the same optical cavity performance. This clearly indicates that no significant
variability in the device geometry is present across large diamond substrate areas, up to
standard distribution variability of cavity resonance within the same quadrant. Finally,
when comparing same e-beam exposure dose but different chiplet layout (Q1 no holding
bar with Q3 holding bar of width W; =200 nm), no significant differences in the average
cavity resonance can be identified, indicating that small modifications to the chiplet layout
design do not introduce any cavity geometry distortion as a potential result of proximity
effects upon e-beam exposure.

Thus, devices in distant quadrants (edge of the diamond substrate and center of the
substrate) and slightly different chiplet layout (no holding bar vs. holding bar) show the
same patterned cavity geometry (no variability in the geometry systematic bias) and the
same devices thickness (QIE undercut and upward etch is uniform across the sample and
across the two chiplet layout variants).

Comparing now devices in quadrants where the e-beam exposure dose is varied, namely
comparing Q1 and Q3 (both e-beam exposed with 265 uC/cm?) with Q2 and Q4 (both e-
beam exposed with 275uC/cm?): evaluating the accuracy of the transfer pattern into
the Si, N, hard mask (250 °C QIE-based variant fabrication process, step (5) detailed in
Appendix, Table A.4), a systematic bias of ~5nm for both 265 uC/cm? and 275 pC/cm?
e-beam exposure doses, respectively, can be estimated from SEM inspection (results not
shown here). No systematic difference in the design transfer pattern geometry bias can be
quantified from SEM inspection at this fabrication process stage.

However, optical characterization of the finalized diamond devices shows a significant
difference in the average cavity resonance per quadrant. Comparing respectively scaling
factors 98% and 99% here presented, same chiplet layout, different e-beam exposure doses
(no holding bar frame chiplet layout: Q1 with Q2, holding bar frame chiplet layout: Q3
with Q4), the same cavity designs show a difference in the average cavity resonance of
~5nm, with a standard distribution ~1.02 nm to 2.88 nm in both cases.

Thus, devices exposed with a higher e-beam exposure dose (Q2 and Q4, 275 uC/cm?)
show on average a ~5 nm lower cavity resonance than the devices exposed with a lower
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e-beam exposure dose (Q1 and Q3, 265 pC/cm?), all other QIE-based fabrication process
equal. This proves a high sensitivity of the cavity resonance upon fabrication process
parameters, indicating that an extremely high degree of control over the entire process
parameters during the fabrication is necessary to ensure high accuracy over the target
cavity resonance. Next, systematic geometry bias in the design transfer pattern, with
values below ~5 nm is challenging to systematically quantify with SEM inspection, which,
nevertheless, directly affects the cavity resonance.

On the other hand, on average no significant dependency of cavity quality factors can
be identified across the entire diamond substrate (inset of Figure5.4 (d)), indicating that
there is no significant correlation between cavity quality factors and the scaling factor,
nor device position on the diamond substrate (edge or center of the substrate). Thus, we
attribute the variability in the determined cavity quality factors to local random fabrication
imperfections in both transfer pattern and bottom surface roughness as a result of the QIE
upward etch.

Devices statistics vs. nr. mirror unit cells M,,

In modern 1D nanophotonic cavities, typically the cavity is composed of three distinct
regions, namely cavity defect region, mirror regions and mirror-waveguide regions. Most
cavity designs foresee a mirror to cavity region transition that is smoothly introduced (by
deforming the mirror region to create a defect [14] or by adiabatically changing the lattice
constant [7, 10, 11]) in order to minimize scattering losses and increase quality factor. Next,
in order to further decrease scattering losses, the mirror to waveguide transition is again
introduced smoothly, by tapering the mirror region into fully dielectric region.

In order to enable directional coupling, such that overcoupling (or undercoupling) is
achieved, the number of mirror unit cells is reduced (increased), thus a single-sided cavity
is obtained as a result. This is the design approach taken in this work, where we sweep
the number of in-coupling mirror unit cells (M,,=1 to 6), thereby changing the coupling to
the cavity, while the number of mirror unit cells on the opposite side of the cavity is kept
constant (M;=13). Notably, in our case, the lattice constant of the mirror unit cells is the
same for both strong mirror and weak mirror, both mirrors thus characterized by the same
strength, whereas directional coupling is achieved by leaking input light through the less
reflective input mirror. The design of the nanophotonic cavity is inspired from Ref. [12].

We sweep the number of mirror unit cells in the weak mirror region from M,,=1to 6
and append the mirror region to waveguide region over 7 additional unit cells with hole
radius linearly tapered down from optimal r = 71 nm to 25 nm (smallest size compatible
with our fabrication process).

In the optical characterization at room temperature presented in this Section, when
probing the devices in reflection, we typically experience a clear resonance dip in corre-
spondence to the cavity resonance, with a decreasing contrast dip for an increase in mirror
unit cells for M,,= 1 to 6.

By varying M,, mirror unit cells, no significant shift in cavity resonance is observed
(Figure 5.5 (a) and (b)), as well as no significant impact on the quality factor Q (Figure 5.5
(c) and (d)). Graphing the total distribution of cavity resonance in the sample, categorized
by device scaling factor, a linear trend increase in the average resonant wavelength of the
cavity per scaling increase Ascqjing = 1% in the device geometry parameters is observed,
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while there is no clear correlation between cavity resonance on the number of mirror unit
cells M,,.

Cavity parameters versus geometry scaling and weak mirror-
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Figure 5.5: Cavity devices statistics vs. M,, and scaling factor variation | (a) Cavity resonant wavelength
distribution dependency over variable scaling factor; dashed-orange line indicates 619 nm, close to SnV center
ZPL emission, for which the devices with M,, <5 a cavity resonance dip is measured; (b) Average cavity resonance
per device scaling factor, per number of mirror unit cells M,,: average cavity resonance increases Ay, =4.5nm
for a Agcqling= 1% scaling increase in device geometry parameters, whereas no clear trend can be identified for
increasing M,, =1 to 5; | (c) Total distribution of cavity quality factors per device scaling factor; (d) Average cavity
quality factor per device scaling factor, per number of mirror unit cells M,,: no obvious correlation between M,,
and Q can be identified.

Graphing the total distribution of cavity quality factor across the sample, categorized
by device scaling factor, no dependency between devices parameters and measured quality
factors can be identified either. Thus, on average, by decreasing the number of mirror
unit cells M,, so that both in-coupling and outcoupling is increased, no clear effect on the
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cavity quality factor emerges. At the same time, the tapering from weak mirror M,, to the
waveguide region over L unit cells, effectively adds additional ~ 3 mirror unit cells where
the tapered radius is close to optimal r, thus we suspect that the fabricated devices to be in
the undercoupled regime, although no further speculations on the coupling efficiency to
the device can be made here.

Nevertheless, an increase of quality factor with increasing number of mirror unit cells
M,, is expected. However, this is not captured in the global statistics of fabricated devices
here presented, as the variability of quality factor of the measured devices (within the same
scaling factor device distribution) is relatively high.

5.4 TOWARDS CAVITY-SNV CENTERS COUPLING

Once the cavity devices room-temperature characterization is completed, we proceed with
SnV center spectroscopy characterization and experiments, performed at 5K in a closed-
cycle cryostat (methods and setup described in Section 5.6.4). Within the SnV center level
structure, we focus on the optical ZPL transition between the lower branches of the ground
and excited states, of wavelength around 619 nm. Spontaneous emission from the excited
state can also occur with a phonon-assisted process, giving rise to a phonon sideband (PSB).

Here, the optical fiber tip-end is positioned in front of the device end-taper at a few
micrometer distance, where the lensing effect of the optical fiber end-tip is leveraged
in a lensed fiber configuration coupling mode. This method is chosen as it allows easy
variation of the distance between fiber tip-end and device end-taper. Although this coupling
method is less efficient than the adiabatic optical mode transfer with the fiber contact
mode (extensively used in the room-temperature devices characterization), the lensed
configuration is chosen to prevent any thermal contact between the fiber and the devices.

In the previous Section 5.3 we have shown that by varying a subset of cavity parameters
in the design stage, i.e. varying the scaling factor (lattice constant a,, circular hole radius
r and beam width w,,¢) we achieve nanocavities with resonant wavelength within the
spectral region of interest, that is close to the SnV center emission. While this approach
allowed us to obtain devices with resonant wavelength close to ~619 nm, around the SnV
center ZPL emission, the precise matching of the cavity resonance with the exact SnV
center emission line is quite challenging.

Even in the optimistic case of cavities with a resonant wavelength close to ~619 nm, the
added challenge here relies in the typical inhomogeneous distribution of SnV center emis-
sion frequencies: typically, for SnV centers generated with conventional ion implantation
and annealing methods, similar to presented in Chapter 3, the inhomogeneous distribution
is relatively broad, with a FWHM C-transition of ~144 GHz [15]. This distribution in the
SnV center frequency is due to surrounding local crystal strain environment, thus each
of the activated SnV centers in the fabricated diamond nanostructures will experience a
slightly different strain, resulting in a different transition frequency. Thus, the SnV center
emission is precise, up to the frequency shift caused by local surrounding crystal strain.

Taking into account the above, the cavity resonance should be close to the typical
coarse range ~619 nm of SnV center emission, with a margin of error at most equal to the
inhomogeneous distribution FWHM. This imposes a stringent constraint on the precision of
the cavity resonance spectral position, and although the probability to obtain nanocavities
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with a resonance close to the target wavelength is not zero, the success is of probabilistic
nature due to fabrication imperfections and non-predictable a priori.

Therefore, a dynamic in situ cavity resonance tuning is highly desirable. One relatively
straightforward cavity resonance tuning method is gas tuning: deliberate introduction of a
controlled amount of an inert gas into the cryostat chamber allows the gas to condense on
the sample. The thin layer of solidified and deposited gas consequently changes the effective
refractive index of the overall device [16], thus red-shifting device cavity resonances covered
by the solidified gas. This dynamic in situ cavity frequency tuning has proven successful
for group-IV color centers in diamond, e.g., SiV centers [17, 18], as well as SnV centers [9,
19], typically employing N, as tuning gas source. Next, by locally heating single device
areas, for example, delivering intense localized laser light in the cavity region, controlled
in situ reverse tuning can be achieved by sublimating the deposited N3. The entire sample
can be fully reversed tuned, thus restoring the initial post-fabrication cavity resonances by
heating up the cryostat chamber.

Before proceeding with cavity resonance tuning, in order to asses the cavity resonance
and evaluate the quality factor at low temperature, we typically probe single devices in two
configurations (Setup schematically illustrated in Figure 5.8, Methods Section 5.6.4) with a
white light supercontinuum source: devices are probed in reflection by in-coupling and
collecting the reflected light from the lensed configuration optical fiber, or in transmission
by sending the probing light free space through the optical microscope objective and
collecting the cavity transmitted signal through the optical fiber.

We perform a non-exhaustive characterization of a subset of the same devices collection
previously characterized at room temperature. The probed cavity devices (both in reflection
and transmission) generally show cavity resonant wavelengths and quality factors in line
with the determined values at room temperature. Occasionally, however, depending on
the vacuum quality of the cryostat chamber, condensation of residual gas in the cryostat
chamber introduces non reproducible cavity resonance red-shift.

Next, we probe the spectral properties of the activated SnV center within the fabricated
nanostructures, by sending through the optical microscope objective free-space a green laser
light source and / or a resonant tunable red laser light source in transmission configuration.
In transmission configuration the in-coupling is free-space from top whereas collection of
the signal through the lensed configuration fiber. Off-resonant photoluminescence (PL)
spectroscopy, combined with off-resonant (detuned from the SnV center emission) cavity
is performed (same setup as in Ref. [20] and Chapter 4). Typically, photoluminescence (PL,
off-resonant excitation at 515 nm) spectra are acquired by illuminating the device from top,
probing all SnV centers within the projected spot size on the cavity region of the device,
and resolving the C and D transitions of the probed SnV centers ensemble. This allows
us to determine target cavity resonance position for the coarse forward cavity resonance
tuning, as well as fine reverse tuning, to match candidate SnV centers positioned within
the device cavity region.

Next, off-resonant cavity (detuned from SnV center emission) photoluminescence
excitation (PLE), in principle, should allow the optical transition stability of the identified
SnV centers to be assessed. Preliminary pre-conditioned on charge-resonance (CR) check
[21] heralding method (mitigating emitter ionization or spectral diffusion effects) PLE scans
show a linewidth of ~337.9 MHz, higher than typical SnV center PLE scans in the (same)
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bulk diamond device (~30 MHz, non CR-checked bulk diamond SnV center). Although
this experiment in principle is possible, phonon-sideband (PSB) collection via lensed fiber
configuration coupled to detuned from SnV center emission cavity results challenging.

CAVITY RESONANCE TUNING
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Figure 5.6: Cavity devices resonance N gas tuning | (a) Forward coarse N, gas tuning cavity resonance;
(b) Correlated to (a), fit quality factor; (c) Correlated reverse fine cavity resonance tuning with SnV center
photoluminescence sequential spectra.

The non-exhaustive device characterization at cryogenic temperatures shows that the
cavity resonance does not significantly shift when lowering the sample temperature from
room temperature to 9K.

In order to tune the cavity frequency, before releasing the inert gas in the vacuum
chamber, we first probe the cavity resonance, to evaluate the resonant wavelength and
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quality factor and compare with the characterized values at room temperature. For the
specific example shown in Figure 5.6 (a), at room temperature we determine a cavity
resonance A, =609 nm and Q=10852+1270, while at cryogenic temperatures we measure
Ac =612nm and Q=11700+642. We attribute the observed cavity resonance red-shift to
residual chamber gas condensed on the sample substrate. Generally, this cavity resonance
red-shift depends on the vacuum of the cryostat chamber, where, in highest quality vacuum
quality, we observe no cavity resonance red-shift when decreasing the sample temperature
from room temperature to 9K. Thus, room-temperature characterization provides us with
a look-up table overview of blue-detuned cavity resonance devices compatible with the
dynamic in situ gas tuning method. Specifically, all fabricated nanophotonic cavities with
a scaling factor comprised between 95% and 98% post-fabrication resulted with a cavity
resonance blue-detuned with respect to the SnV center ZPL emission, thus compatible with
the gas tuning method.

In the following, we employ a gas source N, that we controllably release in the vacuum
cryostat chamber through a gas inlet (regulating the inlet valve) and we monitor the
cavity resonance dynamics by probing the device in transmission (probing the device with
supercontinuum white light free space from top), collecting the signal through the lensed
configuration mode tapered optical fiber. The collected signal is routed to and analyzed
with the spectrometer. We then fit the cavity peak, determining the cavity resonance
spectral position and quality factor throughout the entire cavity forward tuning process.

Typically, we coarsely forward tune the cavity resonance by opening the leak valve in
discrete steps, controllably increasing the N, gas flow rate, while at the same time monitor-
ing the cavity resonance red shift. We correlate the position setting of the valve (closed
valve zero leak-rate, open valve typical leak-rate 10 ~® mbar*L/s) with cavity resonance A,
(Figure 5.6 (a)) and with the quality factor of the cavity (Figure 5.6 (b)). In the specific device
example presented in Figure 5.6 (a) we coarse forward tune the cavity resonance from
initial A, = A.; =612nm to A, =619 nm. When the coarse target wavelength is reached,
we close the leak valve, stopping the N, gas delivery in the vacuum chamber. After the
leak valve is fully closed, the N, gas in the chamber is fully deposited on the substrate
surfaces within a few minutes of latency, further shifting the resonance of the cavity to
Ac g =619.16 nm. The quality factor measured after cavity resonance tuning (Figure 5.6)
Qf = 9000) is lower than the value measured after fabrication, indicating that the device
geometry is indeed modified by the solidified deposited N;, deviating from the optimal
fabricated cavity geometry parameters.

Fine-tuning of the cavity resonance with the identified SnV centers emission located
within the suspended device, we reverse tune the cavity by locally heating the device with
a green laser source (~2 pW at device, 20 s exposure time per pulse).

In order to determine whether the nanophotonic cavity contains embedded SnV centers,
prior to the cavity resonance tuning, a PL spectrum is acquired determining the potential
SnV center candidates (positioned within the projection of the free-space excitation beam
spot size on the cavity region of the device) emission lines. In the specific example shown
in Figure 5.6, PL spectrum reveals an SnV center C transition at ~618.87 nm.

Once the cavity is coarsely forward tuned, we reverse fine-tune the cavity resonance to
the identified SnV centers emission lines. The experiment consists of consecutive sequential
PL measurement sequence interleaved with the white light supercontinuum laser source:
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this enables simultaneous probing of SnV centers and cavity resonance shift. At the same
time, the green excitation laser source at 515 nm serves as both SnV center off-resonant
excitation and as laser heating source, aimed at sublimating the deposited N, thus reverse
tuning the cavity resonance.

The specific example presented in Figure 5.6 (c) shows an example of the interleaved
sequential 60 PL spectra (underlying colored map) with cavity resonance white-light super-
continuum laser source probing. The cavity resonance is reverse fine-tuned from 619.65 nm
to 618.28 nm, where we precisely monitor the cavity resonance red-shift (overlaying, in
dashed-gray). When the cavity resonance reaches the previously determined SnV center
emission line, an increase in emission intensity is observed at ~618.875 nm, indicating
that the identified SnV center is presumably located in the cavity region. The increase
in emission intensity points towards cavity-SnV center interaction and indicates that the
identified SnV center is located within the cavity region of the photonic crystal cavity.

5.5 CONCLUSIONS

In this Chapter, we have shown SnV center embedded diamond cavity devices, fabricated
with 250 °C QIE-based fabrication process (development and methods described in Chapter
2). Specifically, by combining high magnification SEM and AFM topography analysis, we
evaluated the effective device geometry. Next, we have optically characterized a subset
of fabricated devices at room temperature, followed by cryogenic experiments at 9K in a
closed cycle cryostat.

5.5.1 FABRICATED DEVICES AND GEOMETRY

Top-down (0° tilt angle view) high magnification SEM analysis allowed evaluation of
the device parameters such as the lattice constant a,, the circular hole radius r, and the
device width w,,,. Quantifying these parameters from a device top-facet measurement, we
identified a hole radius systematic geometry bias ~4 nm (higher than design) and a device
width w,,¢ systematic geometry bias ~10 nm (lower than design) when compared to the
optimal target design parameters, obtained from FEM simulations in COMSOL®, while no
deviations from the design lattice constant a, have been observed. At the same time, when
comparing the parameters evaluated on the device top-facet with the same evaluated on
device bottom facet, assuming a flat horizontal device bottom topography (plane parallel
to top facet), the device sidewall angle is roughly estimated =3°.

Complementary AFM analysis of the bottom facet of the device enables evaluation of
topography and surface roughness. AFM analysis of both device top-facet and bottom-facet
confirms the sidewall angle ~3°, previously estimated from the high magnification SEM
analysis. Topography analysis on the device bottom facet on the device cavity region
and waveguide region, respectively, shows that these are characterized by a triangular
V-shaped topography with an angle 6°. The topography map of the device taper-end
shows a rectangular cross section. The observed device geometry reflects the nature of
aspect-ratio QIE undercut dependency, for which the complete upward etch flattening of
narrow devices (i.e. design taper-end width of w;=50 nm) takes place earlier in the etch
process, when compared to wider devices (i.e., design cavity and waveguide region width
of w;=275nm).
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We suspect that the geometry difference between the simulated design and the fab-
ricated devices affects both the cavity resonance and the quality factor of the former.
Moreover, from AFM topographic maps we evaluated the root mean square roughness R,
over a linear extent equal to a, for each of the analyzed device regions, showing values
R, ~3nm on average. An increased bottom facet surface roughness is suspected to lower
the quality factor of the fabricated devices as well.

Nevertheless, high magnification SEM top-down analysis, combined with quantita-
tive AFM topography analysis, allows us to infer the post-fabrication devices geometry
and bottom facet devices surface roughness, shedding light on typical device geometry
characteristics achievable with 250 °C QIE-based fabrication process variant.

On the other hand, within 250 °C QIE-based fabrication process, control over device
thickness precision less than ~10 nm remains an outstanding challenge.

5.5.2 CAVITY OPTICAL PERFORMANCE

The room temperature optical characterization of the nanophotonic crystal cavities fabri-
cated with the 250 °C QIE-based variant fabrication process (process parameters detailed
in Table A.4) provides valuable insights into their performance while allowing us to exam-
ine how individual cavity resonance and quality factor correlate to fabrication parameter
factors variability.

The quantitative analysis on optical device performance is performed on a subset of
146 devices with device scaling factors between 95% and 100% (out of 864 total fabricated
devices in the range of scaling factors 95% and 100% on this diamond substrate), where
devices are characterized by weak mirror unit cell M,, = 1 to 5 (M,, = 6 devices that are
typically challenging to measure in reflection). Scaling factor devices comprised between
101% and 110% typically show a cavity resonance higher than the spectral region of interest,
thus not optically characterized here. The sweep of the scaling factor allows us to obtain
devices with cavity resonance between ~600 nm and 625 nm, characterized by quality
factors ~10000 on average.

Analyzing the devices optical properties upon devices location on the diamond substrate,
we find that devices in distant quadrants (edge of the diamond substrate and center of the
substrate, respectively) and slightly different chiplet layout (no holding bar vs. holding
bar) show the same patterned cavity geometry (no variability in the geometry systematic
bias) and the same devices thickness (QIE undercut and upward etch is uniform across the
sample and across the two chiplet layout variants).

We sweep as well the e-beam exposure dose (265 uC/cm? with respect to optimal
275 uC/cm?). We find on average that devices exposed with the optimal e-beam exposure
dose (275 uC/cm?) show on average a ~5 nm lower cavity resonance than devices exposed
with a lower e-beam exposure dose (265 uC/cm?), all other QIE-based fabrication process
parameters equal. This proves the sensitivity of the cavity resonance upon fabrication
process parameters, indicating that an extremely high degree of control over the entire
process parameters during the fabrication is critical. On the other hand, no significant
difference in the cavities quality factors across the entire diamond substrate is identified,
indicating that there is no correlation between the cavity quality factors and the position
of the devices on the sample. Thus, we attribute the variability in the determined cavity
quality factors to fabrication imperfections.
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Finally, from the analyzed subset of measured devices, no clear correlation emerges
between the number of weak mirror unit cells M,,, cavity resonance and cavity quality
factor.

5.5.3 TOWARDS CAVITY-SNV CENTERS COUPLING

Cryogenic optical cavity characterization shows no significant cavity performance differ-
ence with respect to room-temperature operation. Occasionally, non reproducible cavity
resonance red-shift occurs when sample temperature is lowered from room temperature
to 9K, while no significant difference in cavity quality factor is observed. The observed
cavity resonance red-shift is attributed to residual cryostat chamber gas deposition on
cavity devices.

Next, we showed a systematic accurate cavity resonance forward tuning employing a
N, gas source, where the cavity resonance and quality factor are monitored by probing the
device with a supercontinuum white light laser source.

Fine cavity resonance reverse tuning is achieved, simultaneously probing the cavity
resonance by interleaving PL measurement and supercontinuum white light laser source
device resonance monitoring. The employed 520 nm laser source in the PL spectroscopy of
embedded SnV centers (identified before tuning) in the cavity region serves as a heating
source, thereby sublimating the deposited N, gas and precisely reverse tune the cavity
resonance. Finally, we observe an increase in emission intensity when cavity resonance
intercepts the identified SnV center emission line at ~618.875 nm, indicating a potential
SnV-cavity interaction. Further experiments, such as resonant excitation of SnV centers,
are required to fully confirm and characterize the SnV-cavity interaction.

The presented results and methods prove systematic in situ cavity resonance tuning,
whereas photoluminescence (PL) spectroscopy shows successful integration of SnV centers
in free-hanging single-sided cavity devices.

5.6 METHODS

5.6.1 FABRICATION
The devices presented in this chapter are fabricated in two main phases, following the
methods developed and presented in Chapter 3 and Chapter 2.

H Pre-anneal substrate preparation H Sn implantation H SnV activation
Step Clean Str:.am Clean Clean Anneal Clean
relief
HF 40% + Ar/Cl,, . Dose Implant .. Vacuum Piranha+
Parameter (2x) Piranha . 2 Tri-acid L
. 0O, [ions/cm?] angle anneal Di-acid
Piranha

. 30 min

Value 2(()2;;11;10+ 5um + 30 min 3%10%°, 7 4 hour 4 h(;urs @80°C
min 6 pm 1x 101 @ 120°C 1100°C + 4 hours

@ 190°C

Table 5.3: Pre-nanofabrication SnV center integration fabrication main steps and parameters | Left:
Pre-anneal substrate preparation, methods described in Chapter 3, Section 3.4.1; | Center: Sn implantation,
methods described in Section 3.4.2; Right: SnV center activation high temperature annealing performed with
surface-protected method, described in Section 3.4.4.

SnV centers are generated by ion implantation and high temperature annealing, for
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which the main parameters are summarized in Table 5.3. The sample fabrication pro-
cess starts with pre-implantation surface treatment of a {001} surface oriented electronic
grade diamond substrate (ElementSix) (methods presented in Section 3.4.1). The sample
substrate is first cleaned in a wet HF 40% inorganic solution at room temperature for 20
minutes, followed by Piranha (ratio 3:1 of H;SO4(95 %) : H;03 (31 %)) inorganic solution
for 20 min at 80 °C. Next, the superficial ~ 5 um etching via inductively-coupled-plasma
reactive-ion-etching (ICP-RIE) Ar/Cl, plasma chemistry based recipe in order to remove
the residual polishing induced strain from the surface of the substrate follows. An addi-
tional ~ 6 um ICP-RIE O, chemistry based plasma etch is performed to remove residual
chlorine contamination from the previous etching step [10]. The sample is then inor-
ganically cleaned in a Piranha solution (20 min at 80 °C) and implanted with '?°Sn ions
(implantation dose 3x10'° and 1x 10! ions/cm? with an implantation energy of 350 keV,
7° implantation angle). Prior to the activation of the SnV centers by vacuum annealing
(1100 °C, surface-protected annealing method, described in Section 3.4.4), a tri-acid clean-
ing (ratio 1:1:1 of HClO4(70%) : HNO3(70%) : H2SO4(> 99%), at 120 °C) is performed for
4 hours to remove any residual organic contamination, whereas post-annealing sample
undergoes a 30 minutes Piranha cleaning at 80 °C and 4 hour di-acid cleaning (ratio 1:1
of HClO4(70%) : HSO4(> 99%), at 190 °C) to remove any superficial graphite thin film
layer formed during the annealing step on the exposed edges of the substrate, as well as to
oxygen terminate the graphite-free overall substrate surface. To evaluate the successful
activation of the SnV centers, the sample is characterized (prior to the nanofabrication of
the suspended structures) at 5K in a closed-cycle cryostat to identify the activated SnV
centers (using PL and PLE measurement sequences).

The nanofabrication of PCC structures follows the 250 °C QIE-based variant fabrica-
tion process, based on the crystal-dependent quasi-isotropic-etch (QIE) undercut method
developed in references [5-9] and [10]. A schematic of this process is shown in Figure 2.1,
while detailed parameters of the process can be found in Appendix, Table A.4.

Specifically, we start with an extensive inorganic clean for 20 min in HF (40%) at room
temperature (Figure 2.1, step 1), followed by double Piranha (ratio 3:1 of H2SO4(95%) :
H,0, (31 %)) inorganic solution for 20 min at 80 °C each.

Next, deposition and patterning of a thin film layer of hard mask material of ~ 81 nm
SixN,, via inductively-coupled-plasma-chemical-vapour-deposition (ICPCVD) (Figure 2.1,
step 2). The design of PCC structures is longitudinally aligned with the <110> diamond
crystallographic orientation and exposed via e-beam lithography of ~ 220 nm of AR-P-
6200.09 positive tone resist (Figure 2.1, steps 3). In order to avoid the charging effects of
the diamond substrate during e-beam exposure, the surface of the e-beam resist is coated
with ~40 nm Electra 92 (AR-PC 5090) conductive polymer. Next, this is developed by
immersing the sample in a 60 s gentle stirring in H,O and N, blow-dry (to dissolve Electra
92 and fully dry the residual H,0), followed by resist development in 60 s pentyl acetate,
5 s ortho-xylene, 60 s isopropyl alcohol (IPA) (Figure 2.1, steps 4). The process proceeds
with the transfer pattern into the Si,N,, hard mask material by means of ICP-RIE etch in a
CHF5/0; based plasma chemistry (Figure 2.1, step 5): in this case we proceed with a 67%
over-etch (higher than typical 30% over-etch tolerance) in order to ensure full clearing
of SiyN,, as the exposure dose of 265 pC/cm? and 275 uC/cm? yields under-dosed resist
in correspondence of smaller exposed circular holes. Next, complete removal of residual
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e-beam resist in a two-fold wet step follows: we first proceed with a resist coarse removal
in a PRS 3000 positive resist stripper solution, followed by fine removal of resist residues in
extensive double Piranha inorganic clean (Figure 2.1, steps 6). Such considerable inorganic
cleaning is employed in order to prevent micro-masking within next dry etch steps that
can potentially be caused by organic residues on the sample.

The pattern from the Si,N,, hard mask material is transferred in the diamond substrate
by etching top-down in a dry ICP-RIE O, anisotropic etch for an extent of ~2.5x the
designed thickness of the devices (Figure 2.1, step 7). It is crucial to note that the O,
dry etch heavily affects the aspect ratio of the patterned SiyN,, hard mask: we observe
the etch rate of SiyN,, to be higher at the edges of the patterned structures compared to
the determined etch rate of Si;Ny, on flat area test samples, leading to enhanced erosion
of the SiyN,, at the edges of the nanostructures. This yields rounded vertical sidewalls
with few nanometers of hard mask material at the diamond to Si,N, interface [10], as
extensively detailed in Chapter 2. This leads to weak points across the top surface of
the hard mask that can compromise the integrity of the hard mask in the downstream
QIE-based process fabrication steps. We circumvent this challenge by carefully tuning
the trade-off between sufficient anisotropic diamond etch and Si,N,, mask integrity, such
that the latter withstands the following ICP-RIE dry etch steps foreseen by the overall
QIE-based fabrication process.

Next, conformal atomic layer deposition (ALD) of ~ 25 nm of AlO, for hard mask
coverage of devices vertical sidewalls (Figure 2.1, step 8) and the horizontal coverage of
AlOy is fully removed by ICP-RIE etch in a BCls/Cl; plasma chemistry etch (Figure 2.1,
step 9). This opens access to the diamond substrate: we directly follow with sequential QIE
undercut and upward etch steps, interleaved by SEM monitoring. For this, we employ the
recipe developed in Section 2.7.1, Table 2.3 (Figure 2.1, steps 10). The full release and upward
quasi-isotropic total etch time is considerably shorter (85 minutes) when compared to the
65 °C QIE undercut recipe, demonstrated suitable for complete undercut of nanophotonic
waveguides [20]. Finally, the hard mask materials are removed in extensive inorganic
treatment for 20 min in HF (40%) at room temperature (Figure 2.1, step 11).

The overall qualitative characterization of the fabrication steps presented in this work
has been executed on a scanning electron microscope Hitachi SEM Regulus system. The etch
rates concerning the fabrication steps 6, 7 and 9 (Figure 2.1) have been pre-characterized
on additional test samples, in parallel to the fabrication of the diamond sample employed in
this work following same fabrication methods and parameters. Such etch tests have been
conducted employing silicon substrate samples, with the thin films of interest deposited in
parallel to the diamond substrate (methods and parameters detailed in Chapter 2, Section
2.7.3). Optical parameters and thickness of the employed materials have been determined
via spectroscopic ellipsometry method on a Woollam M-2000 (XI-210) tool. The QIE
rate has been characterized employing supplementary diamond test samples (fabrication
parallel to the sample in this work, methods described in Section 2.8) and analyzed via
SEM inspection. Cross-section of obtained diamond devices has been determined from
a combination between high magnification SEM (Hitachi SEM Regulus) inspection and
atomic force microscopy (Bruker FastScan AFM) topographic analysis.
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Room-temperature characterization setup
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Figure 5.7: Room temperature characterization setup: See text for details.

5.6.2 ROOM-TEMPERATURE CHARACTERIZATION SETUP
A schematic of the room temperature single-sided cavity devices characterization setup is
shown in Figure 5.7.

The diamond sample is mounted (via carbon tape) on the sample stage, positioned on
top of the XY piezo positioner stack (Smaract MCS2-S), allowing sample position control
in the XY direction. The tapered optical fiber is mounted on a variable angle (manually set)
stage, mounted on a slip-stick Z piezo positioner (Smaract MCS2-S) which allows one to
control the vertical position of fiber.

The sample is imaged by illuminating it with a LED at ~470 nm using a microscope
objective (100X, numerical aperture (NA) 0.8), coupled to a digital camera (CS165CU/M,
Thorlabs). This provides enough resolution to optically resolve both the optical fiber tip
and the free-hanging cavity devices coupling tapered waveguide.

The input broad-band laser light source (SuperK Compact, NKT Photonics supercontin-
uum white light source) is delivered adiabatically via the contact coupled tapered optical
fiber. This is filtered by cascading a Long Pass and a Short Pass filters, such that the
input probing light is comprised between 595 nm and 700 nm, within the cavity resonance
spectral region of interest. A 90:10 beam splitter is used to send 10% of the laser light to the
input fiber, where we use a Fiber Polarization Controller (FPC030 by Thorlabs) to vary the
polarization and match it to the device polarization (set by geometry). The light couples to
the single-sided cavity device via the weak mirror region and is reflected back to the same
fiber port. The reflected signal (90%) is then sent to the spectrometer detection (SpectraPro
HRS-500).
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5.6.3 MEASUREMENT SEQUENCES

PL and CR-checked PLE measurement sequences are the same as in Chapter 4 [20]. For
cavity resonance monitoring during forward coarse resonance tuning, the PL sequence
is interleaved with a broad-band laser light source (SuperK Compact, NKT Photonics
supercontinuum white light source).

5.6.4 EXPERIMENTAL SETUP

Low-temperature experimental setup
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Figure 5.8: Experimental setup See text for details.

A schematic of the experimental setup is shown in Figure 5.8. The diamond sample, the
XYZ piezo positioner stack (Attocube Systems ANPx51, ANPz51) which allows to control
the position of the optical fibers and the N; gas tuning line are cooled to 9K in a closed
cycle cryostat (Montana Instruments s50).

The sample is illuminated with an LED at ~470 nm and imaged through an optical
window in the cryostat using a long working distance objective (Mitutoyo 50X Plan
Apochromat, NA: 0.55, WD: 13 mm). This provides enough resolution to optically resolve
both the optical fiber tip and the suspended PCC devices.

The white light laser source is delivered via optical fiber, in a lensed fiber configuration
into the one-sided photonic crystal cavities, by leaking the laser light through the weak
coupling mirror. For off-resonant cavity devices, off-resonant light is reflected by the weak
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mirror, inhibiting excitation via fiber. Thus, we probe the off-resonant cavity devices and
SnV centers (PL and PLE) in a confocal setup configuration.

In a confocal setup configuration, the same microscope objective is used to deliver the
repump laser pulses (Cobolt MLD-06 515 nm, serving as heating source for N, sublimation,
hence reverse cavity resonance tuning), resonant excitation tunable laser light at 620 nm
(Toptica DLCpro) and white light source supercontinuum laser light (SuperK Compact,
NKT Photonics, for cavity characterization at 9 K).

A 80:20 beam splitter is used to send 20% of the laser light to the input fiber, where we
use motorized polarization paddles to control the input polarization. The remaining 80% is
used for calibration and monitoring. The reflected light passes through the beam splitter
and is collected in the 80% return port.

The free space setup for filtering and detection of the light is connected to the reflection
port, where a dichroic filter (Semrock FF625, short pass ~ 620 nm) separates the PSB and
ZPL light. The PSB is further filtered by a Band Pass filter (620 + 5 nm). In the PSB path,
we further filter the excitation laser with two Long Pass tunable filters set approximately
at 630 nm. The collected photons are fiber coupled and sent to an avalanche photodiode
(APD) single photon detectors (Lasercomponents COUNT) (detection path 1) or to the
spectrometer path (SpectraPro HRS-500) (detection path 2). The experiment is run using
custom software based on the QMI [22] package.

The N; gas is delivered via a customized stainless steel tube (inner diameter 1.58 mm,
Quantum Design), located in the immediate vicinity of the sample substrate. The gas
tube shape is custom-shaped to allow optimal positioning inside the vacuum chamber and
prevent thermal contact with the sample stage. The gas inlet is connected to a digitally
controllable vacuum leak-valve (Nenion UHV-Leakvalve ND-3), allowing to operate at
leak-rates as low as 10 ~2 mbar*L/s.
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CONCLUSIONS AND OUTLOOK

In this thesis, we reported the experimental results on generation of tin-vacancy (SnV) centers
in diamond and further nanophotonic integration in diamond nanophotonic waveguides
and photonic crystal cavities. The efforts presented are directed towards realization of SnV
center based spin-photon interface for remote entanglement experiments, ultimately as a
building block for next-generation quantum networks. Here, we summarize the results and
elaborate on open challenges in the systematic generation of SnV centers and the integration in
nanophotonic devices. We further elaborate on current challenges and opportunities associated
with nanofabrication of such devices and discuss opportunities of integration with conventional
nanophotonic platforms.
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6.1 SUMMARY

This thesis extensively discussed the generation and nanophotonic integration of SnV
centers in diamond as a building block end-node for next-generation quantum networks.
The main results can be summarized as follows.

« Chapter 2 presented the quasi-isotropic-etch (QIE) based nanofabrication process
along with its requirements to ensure stable and reproducible outcomes. We then
introduced the nanofabrication methods we developed to reliably control the critical
process parameters. This was followed by a detailed presentation of the process
parameters, nanophotonic device designs, and the performance of the two QIE-based
process variants we developed, optimized and implemented throughout this work.
Finally, we demonstrated the successful fabrication of all-diamond photonic crystal
cavity devices operating in the telecom regime and photonic crystal cavities operating
at the SnV center emission wavelength.

« Chapter 3 presented a brief overview of the state-of-the-art generation and activation
of color centers in diamond. We then investigated the challenges associated with
the activation of implanted SnV centers upon high temperature vacuum annealing,
identifying graphitization of the diamond surface exposed to vacuum annealing
chamber conditions as a significant factor in modifying the nanofabricated diamond
devices geometry, leading to the complete destruction of cavity resonance. To address
the graphitization phenomenon at diamond interfaces challenge, we proposed and
discussed in detail an alternative surface-protected high-temperature annealing
method. A thorough analysis of the method performance, along with graphitization
phenomenon occurring in deliberately exposed diamond surface regions to the
vacuum chamber environment, was subsequently carried out via complementary
inspection techniques. The analysis confirmed the effectiveness of the proposed
method in fully preventing the graphitization phenomenon at the surface-protected
diamond interface. This advancement enabled successful activation of implanted
Sn ions and generation of SnV centers without modifying the diamond surface and
preventing undesirable SnV centers depth modification in a systematic and reliable
way.

« Chapter 4 presented successful integration of SnV centers in nanophotonic waveg-
uides. We then investigated further the interaction between a single SnV center
in a fabricated waveguide and a coherent input field. We measured the effect of
this interaction on the photon statistics of the transmitted and reflected fields. In
the latter, we observed tunable interference between coherently scattered single
photons and classical reflections of the driving field, which result in different photon
statistics for different interference conditions. We measured an emitter-waveguide
coupling factor in agreement with numerical simulations, taking into account the
emitter depth resulting from implantation, the lateral offset from the waveguide
center and the optical properties of the SnV center zero-phonon line. These results
highlight SnV centers integrated in diamond waveguides as a promising platform
for the realization of efficient spin-photon interfaces, with significantly reduced
fabrication overhead.
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« Chapter 5 presented the results of fabricated SnV-embedded photonic crystal cavity
devices. The SnV centers have been fabricated employing the surface-protected high
temperature vacuum annealing (development and methods in Chapter 3), whereas
the fabrication of photonic crystal cavities employed the 250 °C QIE-based variant
fabrication process (development and methods presented in Chapter 2). Here we have
analyzed and presented the geometry of typical fabricated SnV-embedded nanopho-
tonic devices, empirically determining the cross-section of the latter via SEM and
AFM measurements, along with typical bottom facet surface roughness. We then
optically characterized a subset of fabricated devices in a reflection measurement
setup at room temperature, determining parameters such as cavity resonance and
quality factor. We presented the room temperature characterized device statistics.
Finally, we have presented our cavity resonance tuning method at cryogenic temper-
atures shown successful cavity resonance tuning. These experiments open the path
towards further SnV-cavity interaction experiments.

The methods and results presented in this thesis enable further development of SnV
center based spin-photon interfaces toward the next generation of quantum network nodes.

In the following sections, we discuss possible improvements and challenges on the
path towards successful realization of next generation spin-photon interfaces based on
SnV centers in diamond for large scale entanglement-based quantum networks.

6.2 SNV CENTERS AS SPIN-PHOTON INTERFACES

As presented in the Introduction (Section 1.2), SnV centers in diamond offer promising
features to realize a scalable and efficient spin-photon interface. The features rendering
SnV centers appealing can be mainly articulated from two different converging directions:
optical and spin properties and insensitivity to electric field fluctuations. In the following,
we briefly discuss the advantages, open challenges, and future prospects.

6.2.1 OPTICAL AND SPIN PROPERTIES

The generation and activation of narrow, close to transform-limited linewidth and stable
optical emission SnV centers in diamond represents the first and most important require-
ment for an optical interface. As discussed in Introduction, a major advantage of the SnV
center over other color centers in diamond counterparts is represented by the intrinsic
optical properties, i.e. overall efficiency of the optical transition: a high Debye-Waller
factor (fy = 0.57) [1] and quantum efficiency (r = 0.8) [2] render the SnV center an overall
emission rate into the zero-phonon line of =0.45, significantly higher than, e.g. =0.07 and
=0.24 of SiV and GeV centers, respectively [3]. Taking into account the branching ratio of
the SnV center C transition « = 0.8 [4], this yields a total optical efficiency of the ZPL C
transition of 1 fy - @ = 0.36. Such high optical efficiency could potentially enable higher
spin-photon entanglement generation rates, regardless of the electromagnetic environment
surrounding the color center (i.e. the devices the SnV centers are integrated in). At the
same time, this higher figure of merit (when compared to other group-1V) significantly
relaxes the nanofabrication requirements (in the context of nanophotonic integration), as
will be elaborated in Section 6.2.2.
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The second substantial advantage of the SnV center is the higher strain-free ground
state splitting (measured Ags =850 GHz [1]), when compared to e.g. the SiV center (mea-
sured Ags =50 GHz): The ground state splitting determines the phonon-limited coherence.
As described in Section 1.2, for the SnV center, the measured ground state splitting enables
operation temperatures in the millisecond range at T=1.7 K, higher than other group-IV
color centers. This advantage significantly reduces the experimental overhead, characteris-
tic of dilution refrigerators operating in the millikelvin regime required for other group-IV
color centers.

6.2.2 NANOPHOTONIC INTEGRATION
First and foremost, the property rendering in general all group-IV color centers extremely
appealing candidates as quantum network nodes resides in the insensitivity to electric
field fluctuations to the first order. The insensitivity to electric fields fluctuations en-
ables spatial positioning of this type of color centers in the close vicinity to interfaces
without compromising the optical stability when integrated in nanophotonic structures.
Successful integration of SnV centers in nanophotonic structures has been demonstrated
in, e.g., nanopillars [5], nanophotonic one-dimensional waveguides [6-8], one-dimensional
photonic crystal cavities [4, 9] and nano-electromechanically actuated devices [9-11].
For the objective of realizing an efficient optical interface, nanophotonic integration
offers superior advantages when compared to alternative bulk-like diamond platforms.
Advantages associated with nanophotonic integration impact potentially both spin-photon
entanglement generation rates (potentially increasing as a result of e.g. improved the
spin-photon interface efficiency), and spin-spin entanglement rates (potentially increasing
as a result of e.g. improved frequency matching and low-loss routing photonic channels).
Here we briefly discuss the high-end advantages and benefits of nanophotonic integra-
tion of color centers in diamond: first, we present the main optical properties advantages
of SnV-embedded nanophotonic devices, proceeding with additional capabilities deriving
from this approach.

SnV centers in nanophotonic waveguides

Concerning improving the efficiency of the optical interface, in Chapter 4 we have presented
the successful integration of SnV centers in nanophotonic waveguides, where a high
emitter-to-waveguide coupling has been measured. In such circumstances, the emission
into a well-defined mode, combined with optimized off-device photon routing, drastically
improves the collection efficiency of the emitted photons. The nanophotonic waveguide
taper design, combined with a tapered optical fiber (in lensed mode coupling configuration),
drastically improves the collection efficiency of the emitted photons, while at the same time
preventing thermal contact between the device and the surrounding environment. The
advantage of embedding SnV centers in one-dimensional broadband photonic waveguides
resides in the reduced nanofabrication overhead, with device performance characterized
by higher tolerances and robustness towards fabrication imperfections. At the same time,
two-port devices combined with optical tapered-fiber coupling enable exploration of the
emitter-photon interaction, probing the emitter in both transmission and reflection. In
addition, the coupling efficiencies at the device taper to the optical tapered-fiber interface, by
means of adiabatic evanescent field transfer, have been reported to be as high as up to ~90 %
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[12, 13], demonstrating highly improved collection efficiencies. Thus, the combination of
nanophotonic integration into broad-band devices with efficient off-device photon routing
via optical tapered-fiber adiabatic mode transfer will circumvent the challenge of poor
collection efficiency, typical of diamond bulk-like devices (e.g. solid-immersion lenses).

SnV centers in photonic crystal cavities

Other advantages of nanophotonic integration include the potential of zero-phonon line
emission enhancement: By structuring the electromagnetic environment around the emitter,
the light-matter interaction can be dramatically increased. Particularly interesting is
the case of nanophotonic crystal cavities, typically characterized by small mode volume
(V ~ (A/n)®). High quality factors are desirable in order to enter the high cooperativity
regime. In turn, this allows for the realization of efficient single-photon sources [14],
demonstrating the potential of such platforms for entanglement-based quantum networks
[15], as demonstrated for SiV centers.

In Chapter 5 we demonstrate the successful fabrication of one-dimensional high-quality
factor photonic crystal cavity devices (in which SnV centers have been embedded and
activated) employing a QIE-based fabrication process. The superior optical properties
of the SnV center allow room for higher tolerances over the fabrication imperfections
(higher scattering losses can, in principle, be tolerated). However, the lower emission
wavelength at ~619 nm of the ZPL C transition emission line increases fabrication difficulty
and reduces tolerance to imperfections of typical photonic crystal cavity designs. The design
of such devices, when calibrated to the SnV center ZPL emission line, are characterized
by dimensions much lower when compared with e.g. same designs operating at higher
wavelength (e.g. of SiV centers). In turn, photonic crystal cavity designs refractive index
modulation features size can be ~57nm [4] (hole radius, hole based design), ~40 nm
[16] (central vein structure, sawfish design). Such small typical feature size often results
challenging to transfer pattern into the diamond substrate. Moreover, resonant cavity
devices are extremely sensitive to fabrication imperfections, often requiring additional
experimental methods for cavity resonance tuning to the SnV center emission line, for
example gas tuning [4, 17], demonstrated in Chapter 5 of this work. The developed and
established fabrication process (presented in Chapter 2) systematically and reproducibly
yields devices with typical quality factors of Q ~ 12000. In principle, such high quality
factors, combined with extremely low mode volume yield a cooperativity (simulated)
C >> 1 for all possible SnV center dipole orientations. These results provide a cornerstone
for upcoming experiments for further investigation of SnV-embedded photonic crystal
cavities as a high-efficiency quantum network end node.

SnV center dynamic in-situ frequency tuning

Last but of no less significance, nanophotonic integration provides the opportunity to realize
dynamic in-situ frequency tuning [11]. This capability ultimately offers the potential of
improving spin-spin entanglement rates.

In situ dynamic strain tuning can be engineered by design and fabrication of micro-
electro-mechanically mediated strain control in photonic integrated waveguide devices.
In such devices, frequency tuning can be achieved by applying a bias voltage between
patterned electrodes that for a capacitive electromechanical actuator. In Ref. [11], we have
demonstrated successful fabrication of cantilever-like suspended nanophotonic waveguides
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in diamond, using the QIE-based fabrication process (developed and established in Chapter
2 of this thesis work). The fabricated devices show a tunability range >40 GHz, covering a
significant range of typical inhomogeneous distribution of the SnV centers in the diamond
substrate. In this work, we also demonstrated that the optical stability of the SnV center
emission line is guaranteed and 12-fold improved by implementing a strain control feedback
loop. The nanophotonic integration of SnV centers in micro-electro-mechanically actuated
waveguide strain controlled devices, combined with the stabilized emission frequency
control, sets a solid groundwork for future next-generation frequency control nanophotonic
integrated devices, which will guarantee overlap between spectrally separate on-chip and
spatially remote SnV centers.

Large-scale hybrid integration of SnV center based qubits

Nanophotonic integration also represents a foundational element in the advancement of
large-scale heterogeneous hybrid integration with conventional photonic platforms. By
combining the advantages of the color centers in diamond as quantum network end-nodes
with the on-chip signal processing capabilities guaranteed by conventional photonic inte-
grated circuits (PIC), hybrid integration opens the path towards high-throughput quantum
information multiplexing, modularity, and routing. These alleviate current critical barriers
to large-scale quantum information processing, such as on-chip quantum information
processing, potentially enabled by the integration of multiple processing units [7]. Besides,
hybrid integration circumvents the device yield challenge associated with all-diamond
architectures, enabling integration of multiple diamond color center based qubits on the
same chip [18], for example employing pick-and-place [7] or transfer printing [9] methods.
This hybrid approach foresees integration of diamond quantum micro-chiplets (hosting
color centers in diamond as spin-photon interfaces) with PIC platforms (constituted by
both photonic circuitry for signal routing and electro-mechanical actuators for color center
frequency shifting). Such integration will offer the advantage and compatibility of on-chip
integration of qubit units (diamond micro-chiplets hosting the spin-photon interfaces) with
components such as on-chip electro-optical modulators and superconducting nanowire
single-photon (SNSPDs) detectors, required for on-chip photon switching and photon
detection, respectively. This hybrid architecture offers the potential of on-chip photon
quantum interference, heralded entanglement, frequency tuning and quantum frequency
conversion, all constituting paramount capabilities towards the realization of scalable and
robust large scale quantum networks [18].

6.2.3 CURRENT CHALLENGES

The same properties that render the SnV center a promising candidate as a quantum
node, at the same time come with a specific set of challenges. Here, we elaborate on two
interdependent open challenges of SnV centers on the path towards using them as quantum
network end-nodes.

Photon indistinguishability

The SnV center insusceptibility to electric field fluctuations materializes in challenging
emission frequency tuning. When efficient generation of spin-spin entanglement is consid-
ered, one of the fundamental requirements is the photon indistinguishability. Therefore,
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considering the typical optical inhomogeneous distribution of SnV centers, the frequency
mismatch in SnV centers emission represents a challenge to the indistinguishability re-
quirement.

Dynamical frequency tuning strategies become an enabling tool in order to mitigate
for SnV center emission frequency mismatch within higher inhomogeneous distribution.
Second-order electric field tuning strategies have been demonstrated employing SnV centers
[19-21]. However, the frequency tuning range is limited up to a few GHz range, relatively
small when compared to typical inhomogeneous distribution.

One way to mitigate for the above challenge is to address the inhomogeneous distribu-
tion by employing an alternative SnV centers creation fabrication method. Ion implantation
and subsequent high pressure high temperature annealing (HPHT) have demonstrated
an inhomogeneous distribution of SnV centers emission frequencies among the narrow-
est, as low as =3 GHz [22]. Narrow inhomogeneous distribution has been be achieved
by efficiently healing the crystal damage (as a result of high energy ion implantation)
employing HPHT annealing, combined with a high ion implantation depth. The latter
suppresses the effect of strain and charged defects at the surface [22]. While this strategy
yields low inhomogeneous distribution of SnV centers emission frequencies, compatible
with e.g. frequency Stark tuning, at the same time it comes at the expense of low lattice
strain. As discussed in Introduction, Section 1.2, lattice strain is beneficial and required to
enable qubit spin control, thus, low lattice strain might not be advantageous. Additionally,
potential diamond graphitization at the surface (extensively discussed in Chapter 3), mi-
crometer range implantation depth [22] and potentially larger implantation straggle [21]
are incompatible with nanophotonic integration (requirements are extensively discussed
in Chapter 2).

As discussed previously in Section 6.2.2, dynamical frequency tuning strategy by means
of strain tuning [9-11] efficiently controls the emission frequency, with demonstrated
frequency range as high as >40 GHz for micro- electro-mechanically mediated strain control
in photonic integrated waveguide devices [11]. This method covers a significant range
of typical inhomogeneous distribution of SnV centers, offering a promising route toward
efficient frequency mismatch minimization.

Other frequency tuning strategies are, e.g., quantum frequency conversion (successfully
demonstrated for NV centers [23, 24], as well as group IV color centers, e.g., SiV [15]) and
shifting the emitted photon frequency by electro-optic modulators [25].

Spin control

Spin control is an essential capability for quantum networks end-node addressability and
manipulation of the quantum states. As already stated in Introduction, experimental
demonstrations of the SnV center spin control have been shown via all-optical control [26]
and via coherent microwave (MW) driving (SnV centers integrated in diamond nanopillars
[27], strained diamond membrane [28, 29]) and nuclear spin control (SnV centers in bulk
diamond [30]). Specifically, MW driving is a versatile and scalable mechanism for spin
control, enabling different decoherence-protected control methods such as dynamically
decoupled (DD) and dynamically decoupled radio frequency (DDRF) control [30]. Such
methods are paramount for the preservation and extension of both electron spin and
nuclear spin coherence, with the goal of establishing coherent quantum gates.
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A potential limiting factor in the SnV center MW spin control is the drive-induced
heating effects. Conventional materials for the nanofabrication of the MW driving lines,
e.g. gold (Au), have proven inadequate for MW driving of electron spin. In fact, applied
MW pulses cause excessive heating of the diamond substrate, which in turn decohere
the SnV centers [31]. One way to address this challenge is to thermally decouple the
MW driving circuitry from the diamond substrate hosting the color centers. A relatively
straightforward way is to employ a MW suspended driving bondwire line, in the top side
vicinity of diamond substrate [27, 30], avoiding spatial contact between the two. However,
spatial alignment of the MW bondwire may result technically challenging, with accuracy
limited by the optical microscope inspection tool. Other methods of thermal isolation may
be enabled, for example, by hybrid integration.

A parallel route to thermal load management may lead the field to research alternative
candidate materials for the MW line delivery fabrication. Superconducting materials have
the potential to significantly prevent and mitigate the drive-induced heating directly on-
chip, as demonstrated in Ref. [29]. Besides, direct on-chip MW circuitry patterning offers
the advantage of high accuracy spatial alignment. This approach advances the efforts
and goals of nanophotonic integration, resulting in a straightforward implementation of
common superconducting material fabrication methods.

Finally, MW driving susceptibility and operation temperature [32] are enhanced by
the high crystal strain environment surrounding the SnV centers. Strain can be induced
statically [29, 32] by leveraging thermal expansion coefficient contrast between the diamond
and the underlying substrate material, or dynamically employing micro- or nano-electro-
mechanical systems (MEMS or NEMS) [9-11]. While the latter method is intrinsically
compatible with nanophotonic integration, the former strain-inducing method requires
elaborate engineering of nanophotonic devices to prevent strain relaxation in the fabricated
devices.

6.3 FUTURE PROSPECTS

The exciting challenge lies in combining all the individual features of the SnV center into
a single unit that ideally harnesses its full range of advantages. At the same time, it is
essential to design, engineer, and fabricate a device that effectively mitigates its weaknesses.
The goal is to create an optimized spin-photon interface that can reliably function and
satisfy the requirements for a suitable a spin-photon interface in order to operate as a
quantum end-node [18].

Future quantum networks require high-rate, long-distance entanglement distribution,
where scalability of individual end-nodes is a fundamental requirement. From the point
of view of individual end-node requirements, SnV centers in diamond are well-placed as
suitable candidates in order to realize spin-photon interfaces, whereas nanophotonic inte-
gration addresses scalability and current challenges concurrently via tailored engineering
solutions, in a resulting device design as best trade-off.

At the heart of this pathway lies diamond fabrication. This is a young and rapidly
advancing field marked by a range of emerging nanoscale processing techniques. In this
work, we have systematically studied, developed, and optimized methods for both the
generation of SnV centers in diamond and their integration into nanophotonic structures.
This work builds upon and extends the current state-of-the-art in diamond nanofabrication.
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Generally, to date, the yield of SnV center integrated devices remains a significant
challenge. From a fabrication standpoint, it can be primarily attributed to two key factors:
the first major contributor is high-yield reliable fabrication of nanophotonic devices, while
the second relates to the controlled optimal placement and generation of SnV centers.

In the following, we discuss the current approaches to addressing each of the above
challenges, highlighting their respective advantages, limitations, and future prospects.

6.3.1 SNV CENTER GENERATION

As extensively discussed in Chapter 3, generation and activation of color centers in diamond
represents the initial prerequisite for successful fabrication of SnV center based devices. In
this work we have studied the ion implantation incorporation method, followed by high
temperature annealing. This method offers the advantage of control over implantation
depth, spatial accuracy, and nature of the implanted species. However, this comes at the
cost of crystal damage and generation of implantation-related defects, which upon high
temperature annealing treatment can be alleviated, to some extent. Further study of the
effects of crystal damage healing, surface charge dynamics and termination on the SnV
center optical properties would greatly benefit the field, with the goal of further improving
the SnV center spectral stability and linewidth.

Specifically, throughout this work we have employed a substrate-wide uniform implan-
tation process. This method is relatively straightforward, requiring minimal fabrication
overhead in preparation for the Sn implantation process and subsequently high temperature
annealing for SnV centers activation. However, this process is accompanied by a number
of challenges that influence the properties of the resulting SnV centers.

First, ion implantation and high temperature low pressure annealing is typically charac-
terized by high inhomogeneous broadening. Recently, narrow inhomogeneous broadening
(comparable to values obtained by HPHT annealing [22]) has been demonstrated by ion
implantation along the diamond crystal channel [21]. The resulting narrow inhomogeneous
broadening has been attributed to potentially low density of implantation-related defects
and crystal damage. Although this efficiently mitigates the spectral SnV centers frequency
mismatch challenge, it comes at the cost of a low-strain crystal environment and may thus
require alternative strategies for strain engineering. While a recent simulation study on the
linewidth broadening and the effects of charge traps in the vicinity of of the SnV center has
been presented [33], a detailed experimental study on the effect of the implantation crystal
damage and created defects is required, with a primary focus on achieving an optimal
balance between optical stability, narrow inhomogeneous distribution, and sufficiently
high static strain.

Second, the inherent stochastic nature of the implantation process, combined with
the moderate Sn-to-SnV conversion yield [2, 34], significantly reduces the likelihood
of finding an SnV center that will be optimally coupled to the subsequently fabricated
nanophotonic devices. As demonstrated in Chapter 4 this does not pose a significant
challenge for optimal coupling of SnV center to broadband devices such as nanophotonic
waveguides. Nevertheless, it becomes less suitable when considering SnV center integration
in resonant devices such as photonic crystal cavities, requiring device frequency tuning (as
demonstrated in Chapter 5). Additionally, high-precision spatial positioning becomes a
critical requirement in order to ensure maximum emitter-cavity coupling. Methods such
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as focused ion beam (FIB) implantation [35] and masked implantation [36] have been
successfully used for the generation of color centers in diamond. Such methods would
enable high accuracy three-dimensional placement of Sn ions, which upon successful
Sn-to-SnV activation, would maximize emitter-cavity coupling. Yet, the current moderate
Sn-to-SnV conversion yield remains a challenge for which heralded SnV center generation
approaching near-unit yield is strongly desirable.

6.3.2 NANO-DEVICES FABRICATION

The diamond quasi-isotropic etch (QIE)-based fabrication process offers the advantage of
large-scale fabrication of nanophotonic devices: The method supports the fabrication of
a large number of devices per substrate, with throughput primarily constrained by the
substrate size, currently reaching dimensions on the order of few millimeters. This high
device throughput per sample partially overcomes the challenge of limited device yield.
The developed methods (presented in Chapter 2) prioritize robustness, with scalability and
fabrication fault tolerance as primary objectives. These criteria become especially critical
in elaborate multi-step nanofabrication workflows such as QIE-based, where the process
design must incorporate sufficient margins to tolerate variations and ensure reliable high
yield outcomes.

When viewed within the broader landscape of photonic integration, an essential require-
ment for the eventual integration of diamond-based components into scalable quantum
and classical photonic systems is interconnectivity. Therefore, the ability of arbitrary
diamond device designs hosting the SnV center based qubit, combined with ultra-low
surface roughness, become necessary requirements to ensure implementation of low-loss
on-chip experiment architecture.

Fabrication processes that structure diamond in bulk diamond, such as angled plasma
etch [37] and QIE-based [38] have successfully enabled fabrication of one-dimensional
nanophotonic devices [39, 40], two-dimensional microdisk resonator devices [41] and pho-
tonic crystal cavities [42]. Nevertheless, the device design and layout remain limited in both
cases, mainly due to the limiting resulting device cross-section (in case of angled reactive
ion etch method) and the crystallographic dependency of the reactive ion etch undercut (in
case of QIE-based). For these fabrication methods, typically arbitrary design layouts remain
an outstanding challenge, often requiring full process design parameters re-calibration and
optimization. Considering QIE-based method, while the crystallographic dependent etch
rate enables uniform undercut of devices aligned with crystallographic directions, at the
same time this limits the device designs aligned with specific crystallographic directions.
Thus, fabrication of device designs characterized by a radius of curvature, e.g. curved
waveguides or directional couplers, to date, remains an outstanding challenge.

Emerging diamond fabrication processes, such as "smart-cut" [43], open the path to
fabrication of arbitrary device design layout. In this case fabrication of micro- or nano-
devices is intrinsically design and aspect-ratio independent, as this method offers the
advantage of uniform cross section and high-accuracy tunable thickness across the entire
diamond device layer. Moreover, this method offers the advantage of ultra-low surface
roughness of the diamond device layer[43]. In fact, to date, the highest optical quality
factor of one- and two-dimensional photonic crystal waveguides and cavities [44, 45] has
been achieved using this platform.
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Diamond membrane transfer and bonding has been successfully demonstrated on a
variety of different substrates, including silicon, fused silica, sapphire, thermal oxide, and
lithium niobate [32]. This feature comes with the immediate advantage of a different
thermal expansion coefficient substrate: MW control of a SnV center spin in a strain-tuned
diamond membrane heterostructure [28] has been successfully demonstrated. Beyond
the above specific applications, the "smart-cut" method holds significant potential for
enabling a broad range of functionalities that extend beyond nanophotonics with color
centers in diamond, such as sensing, microfluidics, electronics, and biophysics, potentially
demonstrating the unprecedented versatility of this platform.

Nevertheless, while diamond-on-insulator platform offers the potential of scalability
and silicon foundry integration, to date this remains in its infancy, warranting continued
exploration of alternative diamond fabrication methods.

6.4 EPILOGUE

Color centers in diamond are excellent candidates for long-distance entanglement distribu-
tion based quantum networks. Scalability of these systems will potentially be guaranteed
by nanophotonic integration. While diamond nanofabrication has historically presented
significant challenges, rapid advances in fabrication techniques are opening the path to
new opportunities for reliable high-yield device integration. As the field matures, it is
time to shift focus toward novel fabrication methods of color centers and multifunctional
device designs that will support seamless conventional photonic platforms integration
and high-performance operation in the quest to build next-generation high-rate quantum
networks.

6.5 DATA AVAILABILITY

The underlying data of this thesis can be found in the repository hosted by 4TU.ResearchData
(Data underlying the doctoral dissertation "Diamond Nanophotonic Devices for Quantum
Networks Experiments", doi: 10.4121/93d884f9-f862-4ade-8ed4-e32464471507).
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A.1 ANNEALING FABRICATION STEPS AND TRI-ACID CLEAN

Annealing fabrication steps

Step name

Parameters

Remarks

1. Inorganic clean

Double: 20 min Piranha mixture (ratio 3:1 of H,SO4(>99%) :

H,0; (30%) ) at temperature 80 °C

1 hour Tri-acid inorganic clean: (ratio 1:1:1 of HNOs3(65%) :

HCIO4(70%) : HySO4(> 99%)) at 120°C;
Rinse in de-ionized (DI) water (3x), N, blow-dry;

Inorganic cleaning to ensure
removal of organic material
contaminants;

2. High temperature
annealing

Annealing sequence:

Ramp up from 20 °C to 400 °C: 4 hours;
Constant temperature at 400 °C: 8 hours;
Ramp up from 400 °C to 800 °C: 12 hours;
Constant temperature at 800 °C: 8 hours;
Ramp up from 800 °C to 1100 °C: 12 hours;
Constant temperature at 1100 °C: 10 hours;
Cooldown: ~8 hours;

High temperature low pres-
sure annealing sequence,
starting when the base pres-
sure of the annealing oven is
~1 x 10~® mbar, maintained
through the entire sequence.

2. Inorganic clean

1 hour tri-acid inorganic clean: (ratio 1:1:1 of HNO3(65%) :

HClO4(70%) : H,SO4(> 99%));
Rinse in de-ionized (DI) water (3x), N, blow-dry;

Inorganic cleaning to ensure
wet etch of graphite from the
surface of the diamond sub-
strate

Table A.1: Conventional annealing fabrication steps (illustrated in Figure 3.1 (c), Chapter 3)): detailed process

parameters.

Step name

Parameters

l

Remarks

1. Inorganic clean

Double: Piranha mixture at temperature 80 °C, 20 minutes
each;

Tri-acid inorganic clean:
HCIO4(70%) : HySO4(> 99%)) at 120 °C, 1 hour;
Rinse in de-ionized (DI) water (3x), N, blow-dry;

(ratio 1:1:1 of HNO;3(65%) :

Inorganic cleaning to ensure
removal of organic material
contaminants;

2. High temperature
annealing

Annealing sequence:

Ramp up from 20 °C to 100 °C: 20 minutes;
Constant temperature at 100 °C: 4 hours;
Ramp up from 100 °C to 400 °C: 6 hours;
Constant temperature at 400 °C: 8 hours;
Ramp up from 400 °C to 850 °C: 6 hours;
Constant temperature at 850 °C: 8 hours;
Ramp up from 850 °C to 1100 °C: 6 hours;
Constant temperature at 1100 °C: 4 hours;
Cooldown: ~8 hours;

High temperature low pres-
sure annealing sequence start-
ing when the base pressure
of the annealing oven is ~1x
10° mbar.

The annealing sequence is
modified with respect to the
conventional one in Table A.1
with ramp up times shorter
as a trade-off between shorter
overall duration of the recipe,
while at the same time keeping
low temperature gradient.

2. Inorganic clean

Double: Piranha mixture at temperature 80 °C, 20 minutes
each;

Di-acid inorganic clean: (ratio 1:1 of HC1O4(70%) : H,SO4(>
99%)) at 190 °C, 2 hours;

Rinse in de-ionized (DI) water (3x), N, blow-dry;

Inorganic cleaning to ensure
removal of organic matter and
graphite from the surface of
the diamond substrate:

1. Piranha clean is performed
to ensure removal of organic
material contaminants;

2. Di-acid inorganic clean is
performed following the pro-
tocol described in Ref. [1].

Table A.2: Surface-protected annealing fabrication steps (schematically illustrated in Figure 3.1 (d), Chapter 3):

detailed process parameters. Annealing recipe sequence adapted from [2].

Tri-acid cleaning

The overall post-annealing inorganic cleaning of the substrate is modified with respect
to the conventional post-annealing surface treatment. We first proceed with a double
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Piranha mixture treatment of 20 minutes each at 80 °C, followed by a di-acid mixture at
190°C for 2 hours.

Specifically, in the reflux configuration adopted through this study, we find the conven-
tional 1:1:1 of HNO3(65%) : HCIO4(70%) : HoSO4(> 99%) mixture limited in temperature
to ~120°C: the choice of the reflux configuration setup (Figure A.1 (b), Dimroth type
condenser) is imposed by the safety regulations, as the risk of explosion is high because of
the potential formation of perchlorate salts during the heating of the tri-acid mixture [1].
The recommended tri-acid setup configuration in Ref. [1] (Figure A.1 (a)) is a distilling one,
where the HNOj part evaporated from the mixture and is separated from the remaining
HClO4(70 %) : HoSO4(> 99%), whereas in our reflux configuration the evaporated HNOj is
refluxed back into the mixture flask, hence limiting the overall temperature to empirically
measured ~120 °C. This represents a challenge for efficient wet etching of the suspected
graphitized layer on top of diamond substrates, as effective perchloric acid oxidation can
only be achieved at temperatures of at least 150 °C, as reported by the authors of Ref. [1].

Therefore, in order to achieve efficient wet etching of the suspected graphitized layer on
the exposed edges of the diamond substrates, we followed the considerations of Ref. [1], but
separated the wet inorganic cleaning of organic traces on our substrates from the graphite
wet etch. The separation is as follows: we first remove organic residues by employing
a double Piranha cleaning at 80 °C, 20 minutes each, followed by direct di-acid mixture
inorganic cleaning (ratio 1:1 of HClO4(70%) : HoSO4(> 99%)) at 190 °C for 2 hours. Authors
of Ref. [1] recommend to keep the temperature of the tri-acid mixture at 190 °C up until the
vigorous bubbling of the mixture (indicative of the presence of organic residues) subsides,
followed by an increase the temperature at 205 °C to 210 °C for minimum 10 minutes. We
choose to keep the di-acid temperature at 190 °C for the longest duration within the limits
of the safety rules (~20 min), reaching however ~200 °C highest temperature.

Tri-acid setup schematics

(a) (b)

I
1
I
1
Ceramic [
thermometer :
1 In / Out
In/ Out ! - cooling
cooling : Ceramic
1 thermometer
I
1
[ |
1
\_/ |
Hotplate |
1
I
1
]
| Hotplate
DI wash-out ! DI wash-out

Figure A.1: Tri-acid setup configuration | (a) Distillation configuration setup; | (b) Reflux configuration tri-acid
wet inorganic clean setup adopted in this work.




200

APPENDIX

A.2 65°C QIE-BASED FABRICATION PROCESS PARAMETERS

Step name

Parameters

Remarks

(1) Inorganic wet
clean

Hydrofluoric acid (HF) 40% at room temper-
ature, 20 min

Rinse in de-ionized (DI) water (3x)

Double: Piranha mixture at 80°C, 20 min
each

Rinse in de-ionized (DI) water (3x)

N, blow-dry

To obtain an organic free substrate,
such that to ensure good adhesion
and uniformity of thin film deposi-
tion of hard mask material.
Piranha mixture: ratio 3:1 of
H,S04(95%) : Hy02(31%).

(2) SN, PECVD
deposition

Thickness: (~ 221 nm)

Plasma chemistry SiHy (20 sccm ), NH; (20
sccm), N3 (980 scem)

Alternating cycles of LF power (8 s) 20 W, RF
(12 s) power 20 W

Pressure 650 mTorr, temperature 300 °C

8 h pre-deposition chamber clean,
5 min chamber conditioning,
Deposition tool: Oxford Plasmalab
80 Plus.

Mounting the dia-
mond to a Si car-
rier chip

Pipette drop of PMMA-495-A4 on a Si carrier
chip, spin coating at spinning speed 1000 rpm
to distribute evenly, sliding diamond sample
and silicon coupon samples from side with
tweezers, baking time: 2 min at temperature
120°C

Necessary step for practical han-
dling of the sample. Si coupon sam-
ples aligned with diamond sample
edges (OM inspection) to prevent
resist edge-beating.

(3) E-beam resist
spin coating

E-beam positive tone resist AR-P-6200.13
Spinning speed 3500 rpm ( ~ 450 nm)
Baking time 3 min at 150 °C

Spinning speed is chosen as opti-
mal trade-off between required re-
sist thickness versus minimization
of edge-beating effect.

(3) Conductive
polymer spin
coating

AR-PC-5090, 4000 rpm ( ~40 nm)
Baking time 2 min at 90 °C

Top layer protective coating neces-
sary to avoid charging of insulating
substrate.

(3) E-beam pat-
tern exposure

Exposure dose:
350 uC/cm?
aperture 200 um, beam spot size ~3 nm,
acceleration voltage 100 keV

variable, optimal dose

Proximity effect correction (PEC)
simulated and implemented accord-
ingly to the parameters of the stack
of materials,

exposure tool: Raith EPBG-5200.

(4) Development

60 s DI water, N, blow dry step, 60 s pentyl
acetate, 5 s ortho-xylene, 60 s isopropyl alco-
hol (IPA),

N, blow-dry

DI water is necessary to dissolve re-
move the conductive polymer coat-
ing, followed by N, blow-dry.

(5) SixN,, ICPRIE
etch

Etch rates: SiyN, ~ 86 nm/min, AR-P-
6200.13 ~ 81 nm / min,

Plasma chemistry: CHF3; (60 sccm): Oy (6
sccm),

ICP power 500 W, RF power 50 W,

Pressure 1x 1077 bar,

Table temperature 20 °C

Etch tool: Adixen AMS 100 I-

speeder.

(6) Resist removal

Positive resist stripper PRS 3000: 12 h soak
at room temperature,

Ramp-up at 80 °C for 30 min,

acetone and IPA rinse for 1 min each at room
temperature,

N; blow-dry

Long soak at room temperature, fol-
lowed by ramp-up to high tempera-
ture for efficient resist removal.
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Continued from previous page

Step name Parameters Remarks
(6) Inorganic | Double: Piranha mixture at temperature | Double inorganic clean necessary
clean 80 °C for 20 min each, for efficient organic residues re-

Rinse in de-ionized (DI) water (3x),
N, blow-dry

moval,
Piranha mixture: ratio 3:1 of
H,S04(95%) : H,05 (31%)) at 80°C.

(7) Anisotropic
0, etch

Etch rates ~ 10 (~ 300) nm / min for Si,N,,
(diamond),

Plasma chemistry O3 (50 sccm),

RF power 90 W, ICP power 1100 W,

Table temperature 20 °C, chamber tempera-
ture 60 °C,

Pressure 10 pbar

Etch depth ~2.5 final device thickness

Pre-etch chamber clean for 10 min
SF¢/O2 plasma chemistry, followed
by 30 min O, plasma chemistry, 5
min chamber conditioning,

Etch tool: Oxford Plasmalab 100.

(8) AlO, atomic
layer deposition
(ALD)

Interleaved trimethylaluminium (TMA) (15
ms pulse time, 11 s purge time)

H,O (15 ms pulse time, 11 ms purge time),
70 sccm Na,

Table temperature 105 °C,

AlO, thickness ~25 nm

Conformal deposition of AlO, for
vertical sidewalls coverage of nanos-
tructures,

Deposition tool: Oxford Flexal.

(9) AlO, ICP-RIE
etch

Etch rates ~ 36 (10) nm / min for AlO,
(SixNy),

Plasma chemistry: BCls (45 scem):Cly (5
sccm),

RF power 10 W, ICP power 600 W,

Table: 20 °C, Chamber: 60 °C C,

Pressure 3 pubar

Pre-etch chamber clean for 10 min
SF¢/O3 plasma chemistry, followed
by 30 min O, plasma chemistry, 5
min chamber conditioning,

Etch tool: Oxford Plasmalab 100.

(10) Quasi-
isotropic ICP-RIE
etch

Etchrates: ~1.8 nm / min (variable) for SiyN,,
(diamond),

Plasma chemistry O3 (50 sccm),

RF power 0 W, ICP power 2500 W,

Pressure 15 pbar,

Table temperature 65 °C, chamber tempera-
ture 60°C

Etch tool: Oxford Plasmalab 100

(11)  Inorganic
wet clean

Double: HF 40% at room temperature, 20 min
each,

DI water rinse (3x),

slow air dry or 80 °C hotplate dry for 30 s

Complete wet etch of hard mask ma-
terials.

Table A.3: Complete fabrication process of diamond nanophotonic structures: process parameters for
quasi-isotropic etch at 65°C. Schematic illustration in Figure 2.1, Chapter 2. Fabrication process flow
adapted from [3-8]. This table contains the optimized process parameters for quasi-isotropic undercut ICP-RIE
etch with table temperature limited at 65 °C. These process parameters allow for successful fabrication of 1550 nm
photonic crystal cavity devices and 620 nm nanophotonic waveguide structures.
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APPENDIX

Step name

Parameters

Remarks

(1) Inorganic wet
clean

Hydrofluoric acid (HF) 40% at room temper-
ature, 20 min

Rinse in de-ionized (DI) water (3x)

Double: Piranha mixture at 80°C, 20 min
each

DI water rinse (3x), N, blow-dry

To obtain an organic free substrate,
such that to ensure good adhesion
and uniformity of thin film deposi-
tion of hard mask material.
Piranha mixture: ratio 3:1 of
HzSO4 (95 %) : H202 (31 %)).

(2) SixNy,
ICPCVD de-
position

Thickness: (~ 80 nm to 100 nm)

Plasma chemistry SiHy (26 sccm), Ny (25
sccm)

ICP power 500 W

Pressure 10 mTorr, table temperature 400 °C

10 min chamber conditioning,
Deposition tool: Oxford PlasmaPro
100

Mounting the dia-
mond to a Si car-
rier chip

Pipette drop of PMMA-495-A4 on a Si carrier
chip, spin coating at spinning speed 1000 rpm
to distribute evenly, sliding diamond sample
and silicon coupon samples from side with
tweezers, baking time: 2 min at temperature
120°C

Necessary step for practical han-
dling of the sample. Si coupon sam-
ples aligned with diamond sample
edges (OM inspection) to prevent
resist edge-beating.

(3) E-beam resist
spin coating

E-beam positive tone resist AR-P-6200.09
Spinning speed 3500 rpm ( ~ 220 nm)
Baking time 3 min at 150 °C

Spinning speed is chosen as opti-
mal trade-off between required re-
sist thickness versus minimization
of edge-beating effect.

(3) Conductive
polymer spin
coating

AR-PC-5090, 4000 rpm ( ~40 nm)
Baking time 2 min at 90 °C

Top layer protective coating neces-
sary to avoid charging of insulating
substrate,

(3) E-beam pat-
tern exposure

Exposure dose:
300 uC/cm?
aperture 200 um, beam spot size ~3 nm,
acceleration voltage 100 keV

variable, optimal dose

Proximity effect correction (PEC)
simulated and implemented accord-
ingly to the parameters of the stack
of materials,

exposure tool: Raith EPBG-5200.

(4) Development

60 s DI water, N, blow dry, 60 s pentyl ac-
etate, 5 s ortho-xylene, 60 s isopropyl alcohol
(1P,

N, blow-dry

DI water is necessary to dissolve re-
move the conductive polymer coat-
ing, followed by N, blow-dry. Opti-
cal microscope (OM) inspection is
strongly advised to confirm absence
of H,O residual droplets. Stir gently
for the initial ~ 6 sec in pentyl ac-
etate, 5 sec in ortho-xylene and 6 sec
in IPA respectively. OM inspection
is strongly advised to assert the suc-
cessful development and absence of
residues.

(5) SixNy, ICP-RIE
etch

Etch rates: SiyNy ~ 86 nm/min, AR-P-
6200.09 ~ 50 nm / min,

Plasma chemistry: CHF; (60 sccm): O3 (6
sccm),

ICP power 500 W, RF power 50 W,

Pressure 1x 1077 bar,

Table temperature 20 °C

Diamond sample is mounted on
the Si coupon carrier, glueing with
Wakefield thermal paste to the Si
carrier wafer. OM inspection is
strongly advised to ensure no ther-
mal paste is subsequently exposed
to the etching plasma (introduces
micromasking). Etch tool: Adixen
AMS 100 I-speeder. Over-etch of
~67% to ensure full opening of
dense patterns.
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Continued from previous page

Step name

Parameters

Remarks

(6) Resist removal

Positive resist stripper PRS 3000: 12 h soak
at room temperature,

Ramp-up at 80 °C for 30 min,

acetone and IPA rinse for 1 min each at room
temperature,

N, blow-dry

Long soak at room temperature, fol-
lowed by ramp-up to high tempera-
ture for efficient resist removal.

6) Inorganic
clean

Double: Piranha mixture at 80 °C for 20 min
each,

Rinse in de-ionized (DI) water (3x),

N, blow-dry

Double inorganic clean necessary
for efficient organic residues re-
moval,

Piranha mixture: ratio 3:1 of
H2504 (95 %) : HzOg (31 %)..

(7) Anisotropic
0, etch

Etch rates ~ 10 (~ 219) nm / min for Si,N,,
(diamond),

Plasma chemistry O3 (50 sccm),

RF power 90 W, ICP power 1100 W,

Table temperature 20 °C, chamber tempera-
ture 60 °C,

Pressure 10 pbar

Etch depth ~ x2 to ~ x2.5 final device thick-
ness

Pre-etch chamber clean for 10 min
SF¢/O; plasma chemistry, followed
by 30 min O plasma chemistry, 5
min chamber conditioning,

Etch tool: Oxford PlasmaPro 100
Cobra.

(8) AlO, atomic
layer deposition
(ALD)

Interleaved trimethylaluminium (TMA) (15
ms pulse time, 11 s purge time)

H,O (15 ms pulse time, 11 ms purge time),
70 sccm No,

Table temperature 105 °C,

AlO, thickness ~25 nm

Conformal deposition of AlO, for
vertical sidewalls coverage of nanos-
tructures,

Deposition tool: Oxford Flexal.

(9) AlO, ICP-RIE
etch

Etch rates ~ 24 nm / min for AlO,,

Plasma chemistry: BCls (45 sccm): Cly (5
sccm),

RF power 10 W, ICP power 400 W,

Table: 20 °C, Chamber: 60 °C,

Pressure 3 pubar

Pre-etch chamber clean for 10 min
SFe/O; plasma chemistry, followed
by 30 min O, plasma chemistry, 5
min chamber conditioning,
Over-etch by 30 % to ensure full
clearing of the top layer. Etch tool:
Oxford PlasmaPro 100 Cobra.

(10) OIE ICP-RIE

Etch rates: < 1.8 nm / min (variable) for
Si,N,, (diamond),

Plasma chemistry O3 (50 sccm),

RF power 0 W, ICP power 3000 W,

Pressure 20 pbar,

Table temperature 250 °C, chamber tempera-
ture 60°C

Etch tool: Oxford PlasmaPro 100
Cobra.

(11)  Inorganic
wet clean

Double: HF 40% at room temperature, 20 min
each,

Rinse in de-ionized (DI) water (3x),

Slow air dry or 80 °C hotplate dry for 30 s

Complete wet etch of hard mask ma-
terials.

Table A.4: Complete fabrication process of diamond nanophotonic structures: process parameters
for quasi-isotropic etch at 250 °C. Schematic illustration in Figure 2.1, Chapter 2. Fabrication process
flow adapted from [3-8]. This table contains the optimized process parameters for quasi-isotropic undercut
ICP-RIE etch with table temperature at 250 °C. These process parameters allow for successful fabrication of
620 nm photonic crystal cavity devices and nanophotonic waveguide structures.
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A.4 ALOyx MASK FOR QIE-INSPIRED FABRICATION PROCESS

AlO, hard mask for QIE-based fabrication process: Si / AlO, etch tests (Figure A.2)
demonstrate high selectivity to anisotropic and quasi-isotropic O, ICP-RIE, combined with
high accuracy in pattern transfer.

AlO./Si transfer pattern etch test

(@)

(2) Hard mask:
ALD deposition (4) E-beam: t
(3) Resist and conductive-lay&r spinning  Exposure and dqy,ekipment BCls/Clz ICP-RIE etqh'

""""""""" (5) Hard mask transfer part_e'Fn: (6) Resist removal: *
Stripping

0000000

Figure A.2: Exploring higher selectivity hard mask materials: AlO,/Si hard mask etch test. High selectivity
hard mask materials ensure both robustness through the full fabrication process, while at the same time allowing
for very low aspect ratio: this has the advantage of improving the patterning fidelity. (a) Left to right: fabrication
steps foreseen in the AlO,/Si/Si etch tests with parameters 200 nm CSAR / 50 nm ALD deposited Si,Ny; After
step (5), the AlO,/Si samples are cleaved in order to allow investigation on vertical transfer pattern: benchmark
etch test lines are patterned with a variable width to test the highest resolution in the pattern transfer; (b.1) SEM
pictogram of the vertical cross section of the smallest patterned benchmark etch line; The trench structure shows
a non vertical etched profile, with a two-regime inclination: lower regime inclination angle close to 80° sidewalls,
proceeding with a 45° profile angle to the top side at the AlO,/CSAR interface; (b.2) Top view SEM pictogram
showing 620 nm patterned nanophotonic triple structure and (b.3) zoom in of the Bragg mirror terminated
coupling waveguide (bottom) and photonic crystal cavity (top): maximum lateral transfer pattern bias is up to
~10 nm, ensuring accurate patterning of the intended design features.

AlO, hard mask for QIE-based fabrication process: diamond / AlO, overall
QIE-based, optimized fabrication variant (Figure A.3 (a)) lead to following considerations.

1. Transfer pattern accuracy: one-to-one transfer pattern is obtained for low aspect-
ratio 200 nm CSAR-09 / 70 nm AlO, (Figure A.3 (b.1), (b.2) and (b.3), design dimen-
sions overlayed in dashed green). The thickness of AlO, is chosen considering
selectivity of diamond / AlO, to anisotropic O, ICP-RIE is 1:85, and from previous
QIE-based variants developed in this work, no etching of AlO, takes place in Oz QIE
steps. Thus in order to guarantee robustness of the mask, taking into account the
tolerance of 30% over-etch in the process, a ~30 nm film thickness is required. We
decide to adopt the highest AlO, film thickness, allowing for both accurate transfer
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pattern and erosion of the film at the edges (Figure A.2 (b.1)) that would guarantee
mask robustness over the entire fabrication process.

. Severe micromasking: even with a BCl3/Cl, ICP-RIE over-etch of 30% that allows
for a full clearance of the protective film from the horizontal underlying diamond
plane, such that downstream QIE plasma access is guaranteed, after fabrication step
(6) (fabrication process steps shown in Figure A.3 (a)) the anisotropic O, ICP-RIE in
combination with high selectivity AlOy yields severe dense micromasking. First, any
pristine diamond surface imperfections, e.g. diamond pits, act as nucleation points
where the AlO, film thickness may be higher, thus these centers are not efficiently
cleared out from the protective film. Given the high selectivity to anisotropic O,
ICP-RIE, renders the residues of AlO, film micromasking sources (Figure A.3 (c.1)).
Moreover, anisotropic O, ICP-RIE leads to enhanced mask erosion at the edges of
the devices, whereas the vertical profile of the etched devices shows severe sidewall
surface roughness (Figure A.3 (c.2)). At the same time, re-deposition of O; etch of
AlO, ICP-RIE non-volatile by-products, as well as small AlO, particles from the
mask itself, that subsequently sputter back on the diamond surface [9], may be the
source of extremely dense micromasking around the patterned diamond devices
(Figure A.3 (c.3)).

. Mask breaking: even though AlO, material has a very high selectivity to both
anisotropic and QIE O, ICP-RIE, severe micromasking and vertical sidewall surface
roughness lead to erosion of the protective mask through the QIE undercut step,
resulting in complete breaking and delamination of the protective mask (Figure A.3
(d.1), (d.2) and (d.3)). Thus, fabrication of diamond devices with this high selectivity
protective material has been unsuccessful.
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AlO,hard mask quasi-iso undercut process flow

(a)

(2) Hard mask:
ALD deposition
(3) Resist and conductive layer spinning

(4) E-beam: (5) Hard mask transfer pattern:
Exposure and development BCls/Cl2 ICP-RIE etch

(1) Substrate preparation:
Inorganic cleaning

(6) Resist removal: (8) Vertical walls protection: (10) Devices undercut: (11) Devices ready:

Stripping ALD deposition .
(7) Substrate pattern transfer: (9) Vertical walls protection: Isotropic O ICP-RIE etch Wet etch of hard mask

Anisotropic Oz ICP-RIE etch BCIs/Cl2 ICP-RIE etch

Figure A.3: AlO, hard mask based quasi-isotropic undercut fabrication process: high selectivity hard mask
materials present an extremely low tolerance to fabrication process variations, with micromasking and mask
breaking due to angled vertical etched profiles constituting major challenges, compromising successful fabrication
of suspended diamond devices. | Top panel: (a) Quasi-isotropic fabrication process steps: design and adaptation
of the fabrication process to the AlO, hard mask; Bottom panel: SEM pictograms showing the monitoring of the
fabrication process: (b): Accurate and precise to ~5 nm design feature transfer pattern, after fabrication step (6);
(c): detrimental diamond micrometer sized pillars and dense nanoscale pillar as a result o heavy micromasking,
after fabrication step (7); (d): complete AlO, mask breaking mechanism and full etch of diamond structures, after
fabrication step (10);
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