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Abstract

The discovery of room-temperature single photon emission from color centers in diamond
has in recent years boosted research interest in this renowned material in photonics and
quantum community and beyond. Following understanding some basic principles of how the
color centers work, new challenges arose: designing and fabricating real devices that leverage
the unrivaled properties that diamond possesses. Due to this material’s extreme physical
hardness and its chemical resistance to etchants, the established semiconductor technologies
cannot straightforwardly answer to the call for scalable and reliable fabrication of micro-
and nano-photonic devices in single crystal diamond. In this thesis, we first demonstrate
an unconventional polishing protocol with ion beam etching, which makes possible wafer-
scale fine finishing of diamond substrates, the starting point for any subsequent processing.
Following this we present the experimental observation of self-organized nanotextures on
diamond induced by ion beam irradiation, a lithography-free approach for nanoengineer-
ing periodic structures. Regarding device fabrication, we obtained free-standing micro- and
nano-photonic structures using angled reactive ion etching, facilitated by a novel and repro-
ducible Faraday cage design. We also propose possible designs to interconnect individual
components in hope of realizing a photonic integrated circuit in the future. Last but not
least, we present spectroscopic characterization of single and ensemble color centers either
grown by microwave plasma chemical vapor deposition, or fabricated by ion implantation
with subsequent high-temperature annealing, which are the fundamental building blocks
for quantum applications. Photoluminescence spectra that, to our knowledge, are not seen
in literature were recorded for ensemble silicon-vacancy centers at cryogenic temperature,
signifying potentially unknown mechanism for tuning the optical transitions, and unexplored
possibilities with this exciting material platform for quantum technologies.

Keywords: diamond, color center, microfabrication, quantum photonics
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Zusammenfassung

Die Entdeckung der Einzelphotonenemission von Farbzentren in Diamant bei Raumtempera-
tur hat in den letzten Jahren das Forschungsinteresse an diesem renommierten Material in der
Photonik- und Quantencommunity und dartiiber hinaus verstirkt. Dem Verstindnis einiger
grundlegender Prinzipien, aus denen sich die Funktionsweise der Farbzentren ergibt, folgten
neue Herausforderungen: die Entwicklung und Herstellung echter Gerite, die die unvergleich-
lichen Eigenschaften des Diamanten nutzen. Aufgrund der extremen physikalischen Hérte
dieses Materials und seiner chemischen Bestindigkeit gegen Atzmittel konnen die etablierten
Halbleitertechnologien nicht ohne weiteres auf die Forderung nach skalierbarer und zuverlassi-
ger Herstellung von mikro- und nanophotonischen Bauelementen in einkristallinem Diamant
antworten. In dieser Arbeit demonstrieren wir zunéchst ein unkonventionelles Polierprotokoll
mit lonenstrahlédtzen, das eine Feinbearbeitung von Diamantsubstraten im WafermaQtab
ermdoglicht, die den Ausgangspunkt fiir jede nachfolgende Bearbeitung darstellt. Im Folgenden
stellen wir die experimentelle Erfassung von selbstorganisierten Nanotexturen auf Diamant
vor, die durch Ionenstrahlbestrahlung induziert wurden: ein lithographiefreier Ansatz fiir das
Herstellen periodischer Strukturen. Bei der Herstellung von Bauelementen haben wir freiste-
hende mikro- und nano-photonische Strukturen durch angewinkeltes reaktives Ionenétzen
hergestellt, erleichtert durch ein neuartiges und reproduzierbares Faraday-Kafig-Design. Des
weiteren, prasentieren wir mégliche Designs, um einzelne Komponenten miteinander zu ver-
binden, in der Hoffnung, in Zukunft einen photonischen integrierten Schaltkreis zu realisieren.
Zu guter Letzt stellen wir die spektroskopische Charakterisierung von Einzel- und Ensemble-
Farbzentren vor, die entweder durch mikrowellenplasmachemische Gasphasenabscheidung
geziichtet oder durch lonenimplantation mit anschliefender Hochtemperatur-Temperung
hergestellt wurden und die die grundlegenden Bausteine fiir Quantenanwendungen darstel-
len. Photolumineszenzspektren, die unseres Wissens nach nicht in der Literatur zu finden
sind, wurden fiir Ensemble-Silizium-Vakanzzentren bei kryogener Temperatur aufgezeichnet,
was auf einen moéglicherweise unbekannten Mechanismus zur Abstimmung der optischen
Uberginge und unerforschte Moglichkeiten mit dieser spannenden Materialplattform fiir
Quantentechnologien hinweist.

Schliisselworter: Diamant, Farbzentrum, Mikrofabrikation, Quantenphotonik
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|§ Introduction

Billions of years prior to human history had diamond come to earth [1]. Its name originated
from ancient Greek addyoc, meaning unbreakable, and up to date it still remains the hardest
known bulk material '. Because of its hardness, long before diamond was marketed as a gem,
human had started using it as a tool — the earliest application of diamond in human activity is
believed to date back to 2500 B.C. in Neolithic China, for polishing corundum till a mirror-like
surface [5].

Literature has noted since early Christian times many properties of diamond that lure men
and women. In Naturalis Historia [6] for instance, Pliny the Elder goes:

There is the Indian octahedral diamond, which is not formed in gold and has a certain affinity
with rock-crystal, which it resembles in its transparency and in its smooth faces meeting at six
corners.

The hardness of the diamond defies description, and similarly that property by which it resists
fire yet never becomes hot.

These short descriptions already covered four important characteristics that diamond has: it
is an optically transparent crystalline material with ultra-high hardness and thermal conduc-
tivity.

In fact, these properties may well have passed what scholars at that time could grasp. Except
for a small window from 2.6 to 6.2 um due to two-, three- and four-phonon absorption,
the transparency of diamond spans from 235 nm to 500 um [7], way beyond the range that
human vision can feel. The thermal conductivity of diamond is the highest of all materials
and it is therefore deemed as the ultimate solution for thermal management in high-power
electronics and microwave photonics. The unrivaled hardness of diamond made possible
room-temperature? superconductivity in carbonaceous sulfur hydride under a pressure of
267 GPa [8], the first and so far the only one of its kind ever known to human.

1Some thin films of nanomaterials were claimed to be harder than diamond [2, 3, 4].
2The critical temperature measured in this sample was 287 K: temperature of a chilly room.



Interestingly, despite its first popularization in the European elite society during 1400s, it was
not until 1772 when French chemist Antoine-Laurent Lavoisier burned diamond in oxygen
with CO; being the only product that people became aware of that this precious jewelry is
composed only of carbon atoms - the fundamental ingredient of coal and pencils.

Taking a leap to the 3rd millennium, the quest for better understanding diamond in our time
has been boosted by another new finding [9] in 2000 in Germany: a color center hosted in dia-
mond can emit single photons even at room-temperature. Very soon its advantage over faint
laser pulses in the field of quantum cryptography was demonstrated [10], and these discoveries
undoubtedly placed diamond as an important, if not irreplaceable, resource in the quantum
age. Not surprisingly, the diamond mine has quickly attracted increasing interest from re-
searchers all over the world, and in two decades we have witnessed its application in a wide
range of cutting-edge technologies such as quantum sensing, computing, communication,
imaging, etc.

With all these possibilities that diamond promises, technologies for the miniaturization and
scaling-up of diamond-based devices became in great demand. However, the fabrication of
diamond devices is not a trivial task and we will need to invent novel technologies to shape
diamond the way we fancy, which is the topic that will be discussed in detail in this thesis.

In the next chapter, an overview of the field of diamond photonics is laid out, following which
we introduce ion beam etching as a versatile tool for the scalable engineering of diamond
surfaces in Chap. 3 and 4. After this, we demonstrate angled reactive ion etching for the
fabrication of free-standing structures, and discuss about the design optimization for on-chip
couplers with this processing technique (Chap. 5). In Chap. 6 we present the optical charac-
terization results of color centers in diamond which are the core for quantum applications.
By the end of this thesis, a brief discussion about integrated diamond photonics platform is
given, where some open questions are addressed and possibilities envisaged.



YA Diamond for Photonics

We begin with introducing the basic properties of diamond and color centers, following which
the applications of diamond photonics are briefly summarized to give an idea about the
context of this thesis work.

2.1 Material Properties of Diamond

Diamond ! is a crystalline material composed of carbon atoms in a pair of intersecting FCC
(face-centered cubic) lattices as shown in Fig. 2.1. Due to the small atomic size of carbon
and tightly bound crystal structure, extreme properties result, which are compared with other
common optical materials in Table. 2.1. In addition to its favorable physical properties,
diamond is also corrosion resistant, making it suitable for applications in harsh environments
(11, 12].

The wide bandgap of ~ 5.5 eV gives diamond not only a large transparency window but also
the possibility to host various color centers [15] — atomic-size defects that form additional
energy levels in the bandgap, which absorb light in the visible wavelength, giving diamond
a colorful appearance. Such defects can be as simple as a GR1 center [16], which is merely a
vacancy in the carbon lattice. We will dive into this topic in the next section, as it is the core
ingredient for diamond gaining its popularity as a quantum photonics platform.

In spite of the advantageous properties this material possesses, only recently has it become
feasible to obtain (relatively) large diamond substrates with well-controlled impurity level
and high crystallinity, thanks to the progress in synthesizing diamond via microwave plasma
chemical vapor deposition (MPCVD) [17]. In contrast, natural diamonds are with properties
that vary from one sample to another (let alone its cost), and HPHT diamond (high pressure
high temperature synthesized diamond) not only has limited dimensional extent restricted by

1Unless specifically noted, we refer to single crystal diamond (SCD) all the time, as polycrystalline diamond
has grain boundaries that introduces additional optical loss and the orientation of color centers formed in such
material is out of control.



Table 2.1 — A comparison of physical properties among common optical materials

Diamond Si Si0,  SigNy  AlbO3 LiNbOs GaN

Refractive index

241 3.86* 1.46 2.04 1.77 2.29 2.38

@633 nm)"
Bandgap (eV) 5.5 1.14 8.9 5.3 8.7 4 3.4
Young’s modulus (GPa) 1050 169 97 230 350 170 338

Thermo-optic coefficient
(K™
Thermal conductivity
W-m~t.Kk™1

1E-6 5.15E-5 1E-5 2.5E-5 5.1E-6 1.7E-6 1.6E-4

2200 130 1.4 30 34.6 38 130

Note: TThe experimentally measured physical quantities are usually within a range and depend highly on the
crystallinity and crystallography. The values quoted here are only indicative [13].
*The refractive index for silicon (single crystal) at 633 nm is complex [14] (3.8636+0.015796i) due to its narrow

bandgap.

the growth apparatus but also suffers from uncontrolled impurity incorporation. 2

2.2 Diamond Quantum Photonics

In this chapter we explain what makes a color center and why they are important for quantum
applications, after which we discuss about the elementary components needed for integrated
quantum photonics, and give a brief overview of demonstrated applications with this material
platform. The field is too vast to be comprehensively covered in this overview section, and
dedicated review articles such as Ref. [19, 20, 21, 22, 23, 24, 25, 26] can be found in literature.

2.2.1 Color Centers

Up to now over 500 kinds of color centers have been discovered in diamond [15, 25], iden-
tifiable by their different spectral responses. While the molecular structures and physical
properties are not studied in depth for all of them, a few well-understood color centers already
can be fabricated under various degrees of control. For example, the abovementioned GR1
center can be created via ion implantation as some of the carbon atoms are displaced by
accelerated ions from its original lattice position, leaving a vacancy. The C centers [27] are the
simplest nitrogenous defects in diamond which are just substitutional nitrogen atoms and
can be incorporated into diamond during growth. The most famous and extensively studied
NV center consists of a nearest neighbor pair of a substitutional nitrogen atom and a lattice

2Since the synthesis of diamond is a complex topic deserving a whole chapter (if not more), yet all diamond
substrates used in this thesis are not grown by ourselves, we refer interested readers to [18] for more information
on diamond substrate technologies. We will only briefly touch the topic of homoepitaxial growth in Chap. 5 in the
context of thin film fabrication.



Figure 2.1 — The conventional unit cell of diamond viewed at different angles: the crystal
structure is composed of two intersecting FCC lattices, offset from one another along a body
diagonal by 1/4 of its length. At room temperature, the cubic side length approximately equals
to 3.567 A, with C-C bond length d ~ 1.54 A. The conventional cell contains equivalently 8
whole C atoms, and with these numbers one can calculate the atomic density to be around
1.76E23 atoms/cm®.

vacancy, and it can be fabricated through various techniques that will be detailed in Chap. 6.
The chemical composition can also be more complicated, involving more than one foreign
elements, such as NE8 center [28] which is composed of one nickel atom surrounded by four
nitrogen atoms. The incorporation of this color center into diamond requires the presence of
nickel and nitrogen during crystal growth.

As mentioned in Sec. 2.1, color centers form additional energy-levels within the bandgap of
diamond. As an example, we show in Fig. 2.2 the energy-level diagrams of negatively and
neutrally charged NV centers [30, 29]. Given the resemblance of their properties (such as
optical transition and spin manipulation) to individually trapped atoms, they are also called
artificial atoms, and their natural embedment within solid-state systems allows large-scale
integration of devices or even circuits that enable sophisticated light-matter interactions on a
chip, with possible applications such as, but not limited to, those in Table 2.2. It is worth noting
that in contrast to real isolated atoms, being hosted in a solid-state matrix makes these artificial
atoms suffer from inhomogeneous local environment such as strain and electrical fields
caused by nearby crystalline defects or impurities, leading to slight difference in energy-levels
among individual color centers, inhibiting coherent interaction between remote nodes. By
engineering, however, it is possible not only to spectrally align their transitions [31, 32, 33], but
also to improve their properties such as increased spin coherence time [34, 35]. Furthermore,
compared to quantum dots [36] in III-V compound semiconductors, another material platform
being actively studied for integrated quantum photonics, diamond color centers allow direct
integration of both single photon sources and long coherence time quantum memories [37,
38] in highly transparent hosting materials [39], facilitating low-loss light routing on a chip.
Consequently, together with the fabrication technologies for integrated diamond photonics
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Figure 2.2 — Electronic structures of NV centers (negatively and neutrally charged). The discrete
energy levels between conduction and valence bands behave like atoms and therefore these
defects are sometimes termed artificial atoms. Harnessing the optical and spin properties
of these defects could enable quantum applications within a solid-state platform. Reprinted
from Ref. [29] with permission of OSA publishing.

which is expected to approach maturity in the near term [19], color centers promise a bright
future towards complex and scaled-up quantum technologies.

2.2.2 Integrated Photonic Components

To enable efficient quantum computing with photons, a minimum set of components includ-
ing single photon sources, beam splitters, phase shifters, and photo detectors [80] are needed.
Up to now all these devices have been demonstrated as integrated components in diamond 3
as shown in Fig. 2.3. However, as will be explained in the following, the integration of all these
components onto a single chip has not been realized due to fabrication challenges.

Single photon sources (SPSs) in diamond can be as simple as a single point defect, such as
NV, SiV, and NE8 centers [40, 41, 42, 78]. For practical uses, nevertheless, individual SPSs
must exhibit high indistinguishability (e.g., > 0.99 for all-optical quantum repeater [78]),
which requires their emission at near-identical center wavelength, and with near-identical
linewidth. Due to the inhomogeneous local environment for individual SPSs embedded in a
solid-state matrix, a tuning mechanism is indispensable for achieving this goal. NV centers
can be tuned by Stark effect [82, 83] with integrated local electrodes, and SiV centers in a
suspended nanobeam can be tuned by stress [35], as they are sensitive to electrical and strain
field respectively. Such developments have, for example, facilitated the establishment of

3Phase shifter has been demonstrated on polycrystalline diamond film only [81].



Table 2.2 - Experimentally demonstrated applications with diamond color centers.

Application Color center Reference
quantum information single photon source NV, SiV, NE8, etc.t (40, 41, 42]
quantum memories NV, Siv [43, 44, 45, 46]
quantum simulation NV 47
quantum computing NV [48]
sensing magnetic field NV [49, 50, 51, 52]
electric field NV [53, 54]
stress NV [55]
pressure NV [56]
temperature NV, SiV, GeV [57, 58, 59, 60, 61]
gyroscope NV (62]
imaging magnetic field NV [63, 64, 65, 66, 67]
stress NV [68, 69]
temperature NV [70]
fluorescence microscopy NV, Siv [71, 72]
miscellaneous navigation NV [73]
radio NV [74]
spectrum analyzer NV [75, 76]
laser spin-cooling NV [77]

Note: T Not all color centers have been verified as single photon emitters. A more complete list can be found in
review articles [20, 21, 78, 79].

entanglement between remote color centers [84], which is the essential resource required for
quantum information processing.

Beam splitters are one of the most fundamental light-routing components and are straight-
forward to fabricate in a thin film [85], but as will be discussed in section 5.1.1, large-area
thin films with satisfactory quality (e.g. uniform thickness, intact crystallinity, strain-free)
are currently unavailable in SCD. An alternative way to carve diamond photonic structures
is via angled [86] or quasi-isotropic [87] etch directly in a bulk substrate. For example, the



suspended nanobeam shown in Fig. 2.3 (a) is fabricated by angled-etch process, with its cross-
section defined by the etch-angle. This feature, nevertheless, restricts the possible resulting
waveguide geometries, and an efficient (low reflection loss) beam splitter is challenging to
design and fabricate. By taking into consideration the fabrication restrictions, Dory [88] et al.
demonstrated a beam splitter (Fig. 2.3 (c)) fabricated with the quasi-isotropic etch method,
but the performance (power-splitting ratio, reflection loss, etc.) was not reported. To facilitate
on-chip integration of complex photonic functionalities, further development either in the
design and fabrication techniques for bulk substrate structuring, or in the manufacturing of
large high-quality SCD thin films, would be required.

Phase shifting requires controllable modification of the local effective mode index in a waveg-
uide. In silicon or ITI-V compound materials, this can be done by free carrier injection with
integrated electrodes. In contrast, with diamond this approach is not viable given its large
bandgap. Alternative tuning mechanisms are thermal and electromechanical modulation, in
the former case the waveguide is locally affected by Joule heating for changing the refractive
index, which potentially causes thermal crosstalk that may compromise the performance of
nearby SPSs or single photon detectors (SPDs). Consequently, the most suitable solution for
on-chip phase shifting is believed to be electromechanical modulation as shown in Fig. 2.3,
where two waveguides are evanescently coupled, and by electromechanically controlling their
separation, effective mode index change can be achieved. This approach, however, is only
suitable for device fabrication based on thin film diamond, as it is extremely challenging to
realize strong coupling between nearby waveguides via bulk structuring, which we further
explain in Chap. 5.

SPDs directly integrated on photonics circuits have been demonstrated in various material
platforms [89] by depositing thin films of superconducting materials on top of waveguides
and structuring it into nanowires. An example SPD is shown in Fig. 2.3, where the SPD is made
from 4.6 nm of niobium nitride. Below critical temperature and critical current, the absorption
of a single photon is sufficient for breaking the superconductivity, leading to voltage pulse
readable by electronics. In diamond, such devices have been fabricated by both thin film
and bulk structuring [85, 90]. The high sensitivity and accuracy operation of this type of SPD
requires high biased current, therefore it is of vital importance to fabricate devices with high
critical current [91]. Given that the thickness of the superconductive film is on the order of
few nm, successful and reliable fabrication of such devices requires the substrate surface
smoothness reaching sub-nm level. A scalable process fitting this purposed will be discussed
in Chap. 3.

Beyond the linear optics scheme [80], it is also of interest to realize nonlinear interactions
between photons. However, since direct photon-photon interaction is extremely weak [92],
light-matter interaction mediated processes are typically required to fit this purpose. Inte-
grated resonators can strongly confine light in a small mode volume, enhancing light-matter
interaction by magnitudes [93], and are therefore highly of interest for optomechanics and
quantum photonics. This topic has drawn intensive efforts in the community, with photonic



Figure 2.3 — (a) GeV single photon source tunable by strain field. Reprinted from Ref. [32]
with permission of APS (the American Physical Society).(b) Electromechanical phase shifter,
fabricated in polycrystalline diamond film. Reprinted from Ref. [81] with permission of AIP
publishing. (c) Suspended power splitter fabricated by quasi-isotropic etch. Reprinted from
Ref. [88] with permission of Springer-Nature publishing (creative commons license). (d)
Superconducting nanowire single photon detector fabricated on polycrystalline diamond film.
Reprinted from Ref. [85] with permission of Springer-Nature publishing (creative commons
license).

crystal cavities with mode volume ~ 0.5 (1/ n)3, race-track cavities with Q-factor > 100’000
having been fabricated via both thin film and bulk structuring.

In addition, the rapid development of quantum photonics has witnessed a range of devices
which goes beyond the conventional concepts in photonics integrated circuits. For example,
with diamond color centers, the charge state of the point defects can be tuned by surface
termination or current injection, and the spin coherence can be engineered by local strain field.
A comprehensive review of the performance of recently demonstrated integrated photonic
devices in SCD is found in Ref. [19].

2.2.3 Quantum Applications

Despite that further technological advances are required for the on-chip integration of fully
functioning quantum circuits in diamond, some quantum applications in this material plat-
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form are approaching or have reached maturity, such as quantum sensing. The most promi-
nent example is NV-center based quantum magnetometry [94], where the optical signal from
NV centers in diamond respond to their magnetic environment, acting as an atomic sized sen-
sor. Similarly, thermometry, electrometry, etc. have also been shown feasible with NV centers
[57, 53]. In combination with atomic force microscopy, this instrument allows high-resolution
imaging of various physical quantities, and has drawn considerable interest [95] in research
applications. In parallel, both university spin-offs [96] and traditional high-tech companies
[97] are active in pursuing diamond quantum technologies for commercializable sensing and
navigation products.

On the other hand, quantum information processing tasks remain challenging to achieve at
large scale. For quantum computing, preliminary successes have been reported only involving
a small number of quantum bits (qubits) in diamond, such as 7-qubit GHZ state preparation,
10-qubit quantum memory, 2-qubit quantum gate with fidelity > 97%, etc [98]. A quantum
memory capable of bell-state measurement was demonstrated recently with SiV centers
embedded in a diamond nanobeam cavity, which has the potential to be used for building
quantum repeaters for quantum internet, but the experiment employed gas-condensation
technique [43] for cavity-resonance tuning, and it still remains challenging to fabricate devices
with identical performance. Similarly, quantum simulation has been demonstrated feasible in
proof-of-concept experiments, but further material engineering and protocol development
are still required to scale up this technology [99, 100].

Beyond the above-mentioned applications, it has also been suggested to use color centers
for time keeping [101] or laser cryo-refrigeration [102]. With such broad possibilities, it is of
great interest to develop miniaturized and scaled-up diamond-based devices and circuits for
next-generation technologies. In the next section, we will see that the challenge even begins
from polishing — the first step before any subsequent processing.
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8] Scalable Fine Polishing for Photonic
Integration

Diamond tools were briefly mentioned in chapter one, which are made possible thanks to
the ultimate mechanical hardness of this material. This very property, nevertheless, serves
both a blessing and a curse, as when it makes diamond unlikely to degrade in an unwanted
fashion, it also prevents us from easily shaping it in a desired way. We begin this chapter by
reasoning the necessity of polishing diamond to sub-nanometer smoothness, following which
a short overview of in-contact polishing is given. We will see how hardness can be a curse and
why it is of much value to develop a process to achieve smooth surfaces, repeatably while at
areasonable cost, and that is what follows therefrom: the non-contact polishing technique
by ion beam etching (IBP as in ion beam polishing referred to hereafter). The content of this
chapter has been published partially in Diamond and Related Materials [103].

3.1 Nanoscale Roughness in Photonic Integration

Single mode waveguides are basic yet essential building blocks for photonic integrated circuits
(PIC). For a slab waveguide with air-diamond-silica configuration, as shown in Fig. 3.1, the
thickness of the diamond layer has to be thinner than ~ 250 nm to preclude high-order mode
propagation at 637 nm (ZPL of NV~ center). When more than one mode is supported by the
waveguide, interference may take place as the modes have different propagation constants.
Beside that excitation of only one mode is practically not feasible, being mathematically
orthogonal to each other cannot prevent multiple modes from cross-talking if, for example,
there is a particle on the waveguide which causes scattering, or the slab thickness is not
uniform over large area.

For a fundamental TE mode guided by a diamond slab with thickness ¢, Tien theory [104]
predicts the scattering loss to be
812 (0% +03%)cos®0
a= ,
Ale.nH[t+ 1/]91 + 1/]_’)2]

(3.1)
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Figure 3.1 - Left: a slab waveguide of 250 nm thickness is able to guide two propagating modes
at 637 nm in air-diamond-silica configuration, simulated in COMSOL software. As the slab
thickness in the simulation is chosen to be close to threshold for guiding 2""¢ order mode,
the field distribution has a long tail in the silica substrate. Right: contour plot showing the
dependence of scattering loss (attenuation coefficient in cm™!) for fundamental TE mode
on surface roughness and slab thickness, with values on contours indicating the attenuation
coefficient. We can translate a into q-factor via Q = 2zn/(al), and a scattering loss of a =
0.2 cm™! alone already limits the g-factor to be below 1E6, let alone other loss mechanism.

where 01() is the surface roughness ! on the interface between silica (air) and diamond,  is
the beam incidence angle within the guiding material, and both # and wave-number p; ») are
functions of 6,

_ 2 : 2
P12 = k\/”diumSanH ~ Nsiticatairy (3.2)
t= (D1 +Dy)/ (kng;gmcoso), (3.3)

with k=2x/A, and

\/nz sin20 —n?

ran®d diam silica(air) (3.4)
12) = . .
@ NgiamcosO

Assuming 0 = 02, we plot a against slab thickness and surface roughness in Fig. 3.1. Knowing
that Q =2nn/al, one can see immediately that sub-nanometer roughness is indispensable
for the realization of high-quality (q-factor > 1E6) resonators for on-chip integration of narrow-

1Ra and Rq are the frequently used measures for characterizing surface roughness, with Ra being the arithmetic
average of surface height deviation from mean value, and Rq the root mean square average. Throughout this text
we refer to Ra roughness as the measure of surface quality.
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Figure 3.2 - Homoepitaxial single crystal diamond grown at 1020 °C for 19.5 hours. The yellow
color is due to the HPHT (high-pressure high-temperature) seed diamond below the expitaxial
layer. The polycrystalline rim needs to be removed, and the surface area in the middle needs to
be flattened after laser-cutting the growth layer. Reprinted from Ref. [17], with the permission
of AIP Publishing.

band filters, lasers, and frequency comb sources. In addition, with the same surface roughness,
it is preferred to use a thicker (but thinner than threshold thickness for single-mode guidance)
slab if lower loss is desired. This in turn requires the slab of high uniformity, otherwise a
gradually increasing thickness causes fundamental mode to couple to higher-order mode,
introducing unwanted complexity in signal due to interference.

In a real device the waveguide is usually strip- or rib-shaped, and the roughness on both
top/bottom surfaces and sidewalls matters. In the top-down approach for the microfabrication
of optical waveguides, the sidewall roughness is closely related to the etching process (e.g. Fig.
5.7), a topic we further explore in Chap 5. Here in the following we dive into the polishing
techniques that are responsible for top/bottom surface roughness.

3.2 Polishing Induced Damage in Diamond

As-grown diamond substrates commonly feature a polycrystalline rim and non-flat surface, as
shown in Fig. 3.2 for instance. From a raw stone to a substrate shipped for further fabrication,
diamond has to undergo a series of processing: cutting, grinding, lapping, polishing. In fact,
even in the last step there are coarse, fine and ultra-fine polishing sub-steps, resulting in dif-
ferent grades of surface finishing. In Fig. 3.3 we show a commercially available SCD substrate
(general grade) purchased from Element Six, whose surface under an optical microscope
shows abundant black spots, which are micro-sized pits induced by mechanical polishing,
their details better observable under SEM (scanning electron microscopy).

13



Figure 3.3 — Surface of commercially available SCD substrate under optical microscope (left)
and SEM (right). The defected region observed under SEM corresponds to the black dots seen
under optical microscope.

With AFM (atomic force microscopy) we can characterize the polishing damage quantitatively.
The measured surface roughness for a sample looking like Fig. 3.4 is about 0.7 nm in the flat
areas, and not surprisingly if we include the defected region it increases drastically (4.6 nm).
We have measured individual scratches/pits featuring depths of up to 330 nm on as-received
SCD substrates, which prohibits large-scale optoelectronic applications.

The challenge in polishing diamond lies fundamentally in the fact that it is the hardest and
most brittle material. Mechanical polishing causes not only defects on the surface but also
extended subsurface damage up to several microns deep [105, 106]. A gentle polishing carefully
carried out along the <100> directions is able to help counter these problems, but this manual
process is slow and not applicable to very thin or large plates as the pressure imposed onto
the substrate is still high enough to cause bending and fracture. Consequently, a few new
techniques have been developed to provide high-quality surface finishing of SCD substrates
without severe damage, including but not limited to UV-assisted polishing [107], plasma-
assisted polishing [108, 109], iron-based chemical mechanical polishing [110], efc. In spite of
their success, they either require specifically developed equipment or very long processing
time, not to mention the limitations commonly shared by in-contact polishing methods such
as risk of fracture when thin plates are polished, and the low-tolerance in processing multiple
samples with different heights.

To facilitate scalable SCD surface processing, we develop a non-contact polishing protocol
leveraging ion beam etching (IBE), which is commonly used and readily available in semicon-
ductor industry. The proposed method is non-contact, therefore capable of polishing large
and thin substrates, or parallel processing of many plates regardless of their height variation.
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Figure 3.4 — AFM imaging of a commercially available as-received diamond substrate. The
plot on the right corresponds to the depth profile along the dashed blue line in the left panel.
If one looks carefully, some faint polishing lines can also be observed which typically exist
after mechanical polishing. The local roughness of the flat (defect-free) area is below 1 nm
but when the surface damage is included the roughness goes worse to several nanometers.

3.3 Ion Beam Polishing

Ion beam etching (IBE) has been investigated for polishing purposes for decades. For example,
Ref. [111] employed near-grazing-angle IBE to polish a polycrystalline diamond film from 3
pm roughness to 0.5 um, where geometrical shading was at work. In Ref. [112], protrusion-like
roughness was flattened out due to angle-dependent sputtering yield with IBE carried out
at normal incidence. Down to the nanoscale, it was also demonstrated that roughness on
the order of 0.1 nm is achievable given an original surface with roughness on the order of 1
nm [113]. In each case the working mechanism is different and the method is suitable for
certain surface characteristics, with specific processing conditions. For a substrate shown
in Fig. 3.3, however, none of these methods provides a rapid and high-quality finishing, as a
grazing angle condition would rapidly enlarge the surface defect and a small incidence angle
could not remove this kind of damage. In the following we propose and demonstrate a new
protocol using IBE that is able to fine-finish a mechanically polished diamond plates, after
which we also note with two examples the versatility of this technique.

3.3.1 Angle-Dependency of Ion Sputtering Yield

IBE is a well-established process in which inert gas molecules are ionized and subsequently
driven towards the material surface as depicted in Fig. 3.5, with uniform beam profile and
defined acceleration energy. The material removal mechanism is dominated by physical
bombardment, therefore IBE is well suited for processing various materials [115] regardless of
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Figure 3.5 — Left: schematic of IBE process, where the substrate can be inclined and rotated,
with arrows indicating the ion impingement. Multiple samples can be processed simultane-
ously regardless of their height difference. Right: angle-dependency of normalized sputtering
yield/removal rate for Ar* ion with 750 eV acceleration energy, where the inset shows the local
coordinate of a polishing pit. The reference data is taken from Ref. [114] and the sputtering
yield is a fitting of this data based on Eqg. 3.5. The etch-rate is normalized to that at normal
incidence.

their chemistry.

The etch-rate in this process is determined by ion sputtering yield and ion flux. While the
latter can be tuned by the apparatus, the former is physics-related and depends on the nature
of the target material/the ion species, and the acceleration energy of ions. The sputtering yield,
defined as atoms removed by per incident ion, has an incidence-angle dependent behavior
[116] that is ubiquitous for many materials. For example, the sputtering yield for 750 eV Ar*
ion beam impinging onto SCD (100) surface at incidence angle () of 60° is about five times of
that at 8 = 0°. In general, the angle dependency can be modeled by [116]

cos*0a?

exp(— ) (3.5)

Y(E,
(E,0) 7

E
UN@2mA)%>

where A = cos*0a? + sin’0 4%, with a(B) being the energy range straggling along longitudi-
nal(lateral) direction, U the surface binding energy, E the ion acceleration energy, N the atomic
density, and a the projected energy range. Although originally this formula was proposed
to model the sputtering of amorphous and polycrystalline materials, very good agreement
between empirical data for single crystalline materials and the theory was observed [114],
which is consistent with the fact that a thin amorphized surface layer is developed under
ion bombardment for crystalline materials. Besides, molecular dynamics (MD) simulation
also confirmed good over-all agreement with Eq. 3.5 despite of local maxima/minima [117]
which is believed to originate from the crystallographic nature, but has negligible impact to
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Figure 3.6 — Left: selectivity (etch-rate ratio between sidewall and top-surface) dependence
on ion incidence angle, with shallow cut-off depth and small relative etch-rate preferred for
selective removal of the planary top-surface thus a better finishing. Right: normalized etch-
rate on a generatrix of the polishing pit, and its dependency on depth and azimuthal angle,
with y = 0.4 and 6 = 60° used for simulation. The cut-off angle and depth suggest that during
sample rotation, a generatrix is not always exposed to ion beam and the etch-rate not only is
depth-dependent but also vanishes beyond cut-off.

the process described below.

3.3.2 Non-Contact Polishing via IBE: Theory

The essence of polishing is to selectively remove materials above a certain level so that the
remaining substrate exhibits a flat and smooth surface. With this in mind, we list the three
working mechanisms ? that make ion beam polishing possible, supposing the pit in Fig. 3.5 is
the surface defect we would like to remove:

(i) geometrical shading. When the sample is etched by ion beam at any oblique angle, only
parts of the sidewall of the pits are etched, resulting in selective material removal of the
close-to-surface layer.

(ii) dynamic averaging. As the substrate rotates, the top planary surface is constantly etched
by the ion beam, but inside a pit, only part of the sidewall is etched at any given time
(provided that the pit is steep enough). Rotation effectively introduces selective material
removal of the subsurface layer.

(iii) angle dependent etch-rate. As we can see in Fig. 3.5, the etch rate peaks at certain
angle given specific etching conditions. By choosing ion incidence angle appropriately, the
selectivity can be optimized.

2In the next chapter we will see that during IBE there are more things happening such as mass-redistribution
[118] at the atomic scale than just simple geometrical or macroscopic arguments, but we will not be bothered to
develop an all-inclusive theory as long as a simple picture is satisfactory in terms of explaining the observations, as
the great mind George Box many times wrote: all models are wrong, but some are useful.
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Figure 3.7 — Simulation of polishing process for different y, where the pit depth is kept the
same and the base radius is varied. The surface profile is drawn for every 90 seconds spacing.
A pit with smaller y requires shorter time to become flat, while the final finishing quality is
not much different. 6 is set to 60° for all simulations. The timescale is calibrated according to
experimentally measured material removal rate ~ 16 nm/min on the top planary surface.

Since these three mechanisms work together in an intertwined way, we perform numerical
simulation to get a better, quantitative understanding of the process. The simulation was set
up according to real-world etch rate we measured for diamond being etched by Ar* ion with
acceleration energy 700 eV and current 1.1 mA in a Veeco Nexus IBE350 at EPFL-CMi. To
facilitate the explanation of the working mechanism, we clarify some definitions: the surface
pit is simplified as an inverse cone, as shown in Fig. 3.5, where ¢ and 0 are the azimuthal and
polar angle of the incident ion beam, respectively. We define y = r/h where r is the base radius
of the cone and £ is the height (depth), as a measure of pitting steepness. Due to symmetry we
will only discuss the etching effect on the generatrix of the cone. Since the absolute etch rate
only determines the processing duration and is irrelevant of the polishing quality in the limit
of slow-etch (which is the case here as diamond is etched very slowly with the experimental
conditions we employed), the etch-rate is normalized in the following discussion to that at
normal incidence condition.

During IBE the substrate keeps rotating (varying ¢) at a fixed speed, and the inclination is kept
the same (constant 8). The top planar surface is thus etched at a fixed rate, while the sidewall
of the pit experiences local ion incidence angle variation depending on ¢. Assuming 6 = 60°
and y = 0.4, we plot in Fig. 3.6 the etch-rate on the generatrix against azimuthal rotation and
depth based on Eq. 3.5 (fitting parameters used here are a = 42.15,  =50.37, and a = 103.5),
where the maximum depth is normalized to unity without loss of generality. In slow-etch
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limit, the pit geometry can be assumed to be invariant during one rotation cycle. The cut-off
depth and cut-off angle clearly suggest that while the sample is rotated, a certain region on the
sidewall is etched intermittently (cut-off azimuthal angle), and the etch-rate on the sidewall is
depth dependent and vanishes below cut-off depth, giving rise to selective removal of material
closer to the top surface. Therefore ion beam is able to polish substrates like those shown
in Fig. 3.3. Note that the optimal 8 can be chosen based on simulation as explained in Fig.
3.6. As y changes, which corresponds to non-identical damages (scratches and pits) on a
mechanically polished diamond surface, the finishing quality and speed would be inevitably
different. Nevertheless, as illustrated in Fig. 3.7, with the same ion incidence angle, pits with
various sharpness all show a good surface finishing by the end. This simulated result is further
confirmed by experiments as detailed in the following section.

3.3.3 Non-Contact Polishing via IBE: Experiment

In order to observe the time evolution of the surface characteristics quantitatively, we first
fabricate a 10 x 10 array of square-shaped plateaus on the mechanically polished substrate,
each with 200 nm height and 10 um side-length. The process flow is as follows: after cleaning
of the as-received sample with piranha solution, a thin film of SiO; is sputtered onto diamond
to protect the surface features, which also works as a hard mask for subsequent etching;
standard photo-lithography is used to pattern and develop spin-coated photoresist, and the
patterns are transferred to diamond with 2 steps of plasma etching (first to the oxide layer
via fluorine chemistry, then to the diamond substrate via oxygen chemistry); finally the oxide
is completely removed in BHF and the sample is cleaned with piranha once again. SEM
examination revealed at least two deep scratches on each plateau.

The substrate is then fed to an IBE tool (Veeco Nexus IBE350) operating at 700 eV acceleration
energy and 1.1 mA current, for 28 minutes of etching by Ar™ ions with sample rotation at 10
rpm, inclined at 60°. The time evolution of individual scratches were tracked by SEM before
and after 4, 12, 20 minutes of IBE. An example is shown in Fig. 3.8, and AFM measurement
was carried out to confirm the trench depth reduction from 108 nm to 3 nm for this scratch in
28 minutes. Approximately 500 nm diamond layer was removed during polishing.

As illustrated by Fig. 3.7, the polishing mechanism in our method needs to etch deeper than
the actual depth of the defect to planarize the surface. It is nonetheless still of similar or
much faster polishing speed compared to other fine finishing techniques (for example, Ref.
[108, 122] cost about 1 hour and Ref. [123] 10 hours to finish the process). Besides, the process
can be accelerated linearly by increasing the ion flux. By comparing our experiment conditions
with Ref. [124], the effective pressure exerted onto diamond substrate due to Ar* ions can
be estimated to be on the order of 1 Pa, six magnitudes smaller than that in Ref. [123, 122].
The mildness of our method is of particular interest for avoiding microns deep of subsurface
damage. We note that a thin layer of amorphous carbon [125] will be present on the very
surface after IBE process, which is estimated to be less than 5 nm by TRIM simulation [126]
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Figure 3.8 - SEM observation of the time evolution of a single scratch during polishing (scalebar
100 nm). AFM measurement confirmed the trench depth was reduced from 108 nm to 8 nm
in 20 min and further to 3 nm after another 8 min (not shown here). Nano-dot like structures
appeared after polishing, which can be easily removed with normal incidence IBE [113]. Their
origin will be discussed in the next chapter.

for 700 eV Ar* ions. This ion beam induced amorphized layer can be readily removed by
annealing in oxygen-containing atmosphere [127] though.

Nano-sized roughening can be observed in Fig. 3.8, which is the topic we explore in the next
chapter. Here for the purpose of polishing, we can simply remove the roughness by normal
incidence ion beam etching [113], resulting in a surface with sub-nanometer smoothness. In
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after polishing and etching

Figure 3.9 — Left two pictures show AFM characterization of a diamond surface without fine
polishing before and after plasma etching [119]. The scratches originally present on the surface
are enlarged due to plasma etching. On the right we show SEM pictures of the as-received
substrate and a diamond surface after polishing with the above-mentioned approach and
subsequent oxygen plasma etching. The challenge arising from plasma-etching a damaged
surface is ubiquitous and can be noticed in many reports such as Ref. [120, 121], highlighting
our polishing technique as an important process for scalable fabrication of diamond devices.
(a) and (b) are reprinted from Ref. [119], with the permission of AIP Publishing.
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Figure 3.10 — Time evolution of diamond surface due to initial presence of nanodiamond
abrasives. On the right we show AFM measurement along the dashed line in the left panel.
The height of this bump changed little (from 22 nm to 19 nm) in 20 min, consistent with the
picture we described in the preceding section.

our process only a few hundred of nanometers of diamond needs to be removed, shallower
than the extent of sub-surface damage caused by mechanical polishing. The ion beam polished
surface can be further etched by reactive ions to completely remove the damaged sub-surface
layer, without introducing defects that have been frequently observed in literature as shown
in Fig. 3.9. Thin films fabricated from mechanical polishing (c.f. Fig. 5.1) are usually of the
thickness about 5 - 20 um and our process can also be applied to treat them safely.

—
500 nm

20 pm

Figure 3.11 — Polishing of a diamond substrate initially with abundant nanopillars. Image
courtesy of Dr. Marcell Kiss.
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3.4 Versatility of IBE

The polishing method demonstrated above leverages the fact that the etch-rate for the planar
top surface is higher than that for the side-wall of the pits, if the ion incidence angle is chosen
properly. When we have protrusion-like defects on the surface, this fact remains true and
would lead to enlargement of initial structures. In a region of the diamond substrate shown in
Fig. 3.8, residual nanodiamond abrasives remained after mechanical polishing were identified
and their time evolution was tracked by SEM as well. We show in Fig. 3.10 that they grew
much larger in diameter. AFM measurement confirmed that the height changed little which is
consistent with the model we described in the preceding section. This observation suggests
that IBE can also be employed for fabricating 3D microstructures such as microlens array
[128, 129].

We also present another example of IBE polishing, this time the initial surface has abundant
nanopillars, shown in Fig. 3.11. This kind of surface is frequently found after plasma etching
due to redeposition of mask materials and micro-masking effects [130]. IBE processing with
ion incidence angle ~ 25° for 40 min was able to make the surface smooth again. The angle
was chosen as such so that the side-wall is etched faster and the nanopillars quickly shrink in
diameter.
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Ion Beam Induced Self-Organization
on Diamond Surfaces

The spontaneous formation of regular nanostructures is a fascinating topic that has attracted
wide interest from both fundamental science and engineering communities. The potential
to leverage these phenomena in a controllable way could eventually lead to scalable and
affordable fabrication of devices at nano scale. The unexpected observation of nanodots on
diamond inspired us to further explore their origin, and potential ways of harnessing this
phenomenon for nanofabrication. In fact, the self-organization on material surfaces during
ion beam etching has been observed decades ago. On diamond surfaces, nonetheless, it has
not been extensively studied, and is rarely reported in the literature in the low-energy regime.
In this chapter we present further experimental evidence on this topic, which potentially
can lead to the establishment of a maskless nanofabrication method, and contribute to the
continuing efforts in refining the theoretical understanding of this process [131]. In the
following we first show the time and incidence-angle dependent observation of self-organized
nanostructures, after which a qualitative understanding of the process is addressed with
numerical simulation. The structured surface was then applied for templated solid-state
dewetting, resulting in clear morphological control of dewetted gold nanoparticles, which
not only is interesting for plasmonics studies by itself, but also suggests a potential approach,
with the metal nanostructures serving as the hardmask during diamond etching, for scalable
processing of diamond at the nano scale.

4.1 Self-Organized Diamond Surfaces by IBE

One can notice in both Fig. 3.8 and Fig. 3.10 that nano-sized irregularities exist on diamond
after IBE. A clearer inspection of these features is shown in Fig. 4.1, confirming dynamic
evolution of the nanodots with prolonged IBE treatment. In fact, the nanodots formation is a
special case of self-organized surface patterns when IBE is carried out with sample rotation.
In the case that ion beam reaches the diamond surface from a fixed direction, nanoripples
form. Early observation of this phenomenon on diamond was reported by a few groups
[132, 133, 134, 135] with a relatively high ion acceleration energy (from a few keV to 100 keV),
and more recently it has been discovered also for diamond after ion beam treatment below 1
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Figure 4.1 - Time evolution of nanodots formation under IBE with Ar* ions accelerated at 700
eV, ion incidence angle of 70°, and sample rotation at 10 rpm, recorded after 30s, 120s, and
16min of treatment. On the right is an AFM measurement of diamond surface after 4 min of
treatment, resulting in nanodots with varying height from 1 nm to 4 nm.

keV [113, 136, 137]. With low acceleration energy, nanoripples with periodicity below 20 nm
can appear, but very few data is available in the literature. Experimental observations with
varying ion incidence angle and processing time are presented in this section, along with an
attempt to qualitatively explain the phenomena.

4.1.1 Experimental Observations

In all experiments we used IBE with 700 eV Ar* ion. In Fig. 4.2 we show diamond surface
treated at 70° ion incidence angle for prolonged time. Coarsening of ripples and growth in

Il
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lateral dimension (nm)

Figure 4.2 — Time evolution of nanoripples on diamond surface treated by Ar*™ at 70° and 700
eV. Prolonged treatment is accompanied with pattern coarsening, and in the long-time limit
terraced ripples were observed, similar to that reported in [138].
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Figure 4.3 — We observed ripple formation for ion incidence from 55° to 70°. While below 65°
the ripples look better ordered (only the measurement at 65° is shown as they have the same
visual characteristics, see Fig. 4.4 for a quantitative comparison), they appear less regular and
a tendency towards nanodots becomes clear with the angle approaching 70°. For all samples
the ion dose was 1.28E18 ions/cm?.
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Figure 4.4 - Crossline height profiles for quantitative comparison between nanoripples created
at different ion incidence angle. Both the wavelength of the ripple and their amplitude grows
with the angles. Below 65° long ripples can be observed and a well-defined period can be
measured from the crossline profile, while approaching 70° the long-range order disappears,
therefore the crossline profile looks less regular. The profiles are offset by 10 nm from each
other for visual convenience.
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ripple amplitude were observed, along with terraced ripple formation in the long-time limit.
In Fig. 4.3 and 4.4 we observed ordered ripple formation with angle incidence from 55° to 65°,
but with different ripple wavelength and amplitude. As the angle increases further, the ripples
become less regular, and long ripples as can be observed for lower ion incidence angle no
longer exist.

4.1.2 Modeling with adKS Equation

The first report of self-organized nanoripples on a glass surface after ion beam treatment
dates back to 1962 [139, 140]. With the advancement in microscopy, similar observations were
made on metallic and compound materials through the 1970s and 1980s [141, 142, 143]. Since
then theoretical frameworks for understanding these phenomena have been under active
development for decades, from investigating the atomic scale motions by molecular dynamics
simulation [144] at very short time-scale, to predicting long-term and large-scale results with
continuous models described by partial differential equations (PDEs) [131, 145]. A crater
function approach [146] that combines the advantages of both has also been investigated,
but it has been proven computationally far more expensive than initially thought [147]. As
aresult, the most prevailing theoretical tools for predicting these dynamics at a reasonable
spatiotemporal scale remain to be the continuous models described by PDEs.

In spite of the continuous progress made in this field since the Bradley-Harper theory postu-
lated in 1988 [148], the complex nature of this process makes it extremely challenging to build
an accurate predictive model [131], and among the various approaches developed, each has its
advantages and limitations [145]. Here we employ anisotropic damped Kuramoto-Sivashinsky
(adKS) equations for simulating the process, as it is both (relatively) simple and generalizable
[149], aiming at providing a qualitative understanding of what is happening.

The adKS equation, in its scaled and simplified form, reads
0ih=—(y +0%+ad’,+ A)h+ (0xh)* + B0, h)* +1, (4.1)

where h = h(r = x- &y +y- &), t) represents the surface profile. To understand the meaning of
each term, however, we have to take a look at the first PDE model built by Bradley and Harper
[148].

A qualitative explanation of surface instability (spontaneous amplification of roughness) under
IBE can be understood with Fig. 4.5, where on the left we show the simulated energy loss to
diamond from 700 eV incident Ar* ions, which resembles a Gaussian distribution centered at
~ 1.5 nm (this value is referred to as penetration depth a hereafter and is indicated in Fig. 4.5).
On the right, it can be seen that the distance between surface point A and energy deposition
centers B is shorter than that between A* and B* due to the local curvature, therefore the
carbon atoms at point A is sputtered faster, leading to any initial roughness being amplified.
We further observe that the radius curvature of the ripples as seen in Fig. 4.4 is much larger
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Figure 4.5 — Left: SRIM simulation of 700 eV Ar" ion into diamond where the distribution of
deposited energy resembles a Gaussian centered at penetration depth a. Right: Sigmund
theory for surface instability explains how an initially near-flat surface develops roughness
(see main text for details).

than a. In this limit, i.e., Ry(y) >> a, with Ry(y) indicating radius curvature along x(y) direction,
Bradley and Harper derived the temporal evolution of surface height to be

0cth=-v(p,Ry, Ry)V1+ (Vh)?, (4.2)

where ¢ is the angle between the ion incidence direction and the local surface normal, with
the x-axis chosen to be along the projected direction of the ion beam. The r.h.s of Eq. 4.2 can
be expanded in terms of spatial derivatives of h,

0th=—vo+T0xh+v, 0 h+v,05h, (4.3)

with vy accounting for the etch rate of the global surface, I for the lateral movement of
surface patterns, and v ;) for the surface instability. Further, they incorporated a diffusion
mechanism leading to

0h=—vg+T0xh+v,05h+v,0,h—KA’h, (4.4)
where K is the relaxation rate due to thermally activated surface self-diffusion.

In 2000, the BH model was further developed [150] by taking into consideration the lowest-
order nonlinear terms when expanding the r.h.s. of Eq. 4.2, giving

drh = —vo+T0xh + (vy0% +v, %) h— KAZh+ %(axh)2 + %(ayh)2 1, 4.5)

with the additional noise term 7 accounting for the stochastic arrival of ions. Note that all
coefficients except K in the equation are derived [145] to be functions of variables that can
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Figure 4.6 — Numerical integration of Eq. 4.1. The surface profile and crossline characteristics
resemble the observation in experiments. Quantitative agreement was not found though.
Numerical setup: dt = 0.002, dx = 0.5, grid size 400 x 400.

be extracted from Monte Carlo simulation. Eq. 4.5 is an anisotropic and noisy variant of
Kuramoto-Sivashinsky (KS) equation [151, 152].

Shortly, following the observation of regular hexagonal patterns on gallium antimonide surface
[153], Facsko et al. [154] introduced an ad hoc term with y as a phenomenological parameter,
its value set arbitrarily !, to account for redeposition of materials, leading to

dch=—vo—x(h—h) +Toh+ (v:02 +v,0°) h— KAZh + %(axh)2 + g(ayh)z tn, 46

where 71 is the average height of the overall surface. Mathematically, with y > 0, this term leads
to stabilization of the surface at any point. The meaning and influence of this redeposition-
related contribution to the dynamics were further solidified by the studies carried out by Linz
etal. [155, 156]. Eq. 4.6 can then be scaled in time and spatial coordinates, as demonstrated
in Ref. [149], resulting in Eq. 4.1, the simplified adKS equation we numerically integrate in
the following. The parameters appearing in Eq. 4.1 can be related to the original ones by
y=Ky/v:a= vy!vx, B =¢ylcy. Here the arbitrariness of y leads to that of y (we sety = 0.1
in the following), and the exact value of finite K becomes irrelevant. As above-mentioned, a
and B, which quantify the anisotropy for the linear and nonlinear terms in adKS equation,
can be extracted from SRIM simulation, and with diamond being treated with Ar* ions at 70°
and 700 eV, we have a = —0.3556 and 8 = 0.3024. Result from numerical integration of Eq. 4.1
with finite difference method is shown in Fig. 4.6. The simulated pattern shows formation of
ripples and local defects, similar to that observed in experiments, but the current theoretical
development cannot quantitatively predict the process [131].

4.2 Nanoparticles Dewetted on Textured Surface

It is a well-known phenomenon that the morphology of surface influences the characteristics
of metal film dewetted thereon, and this fact has led to the development of many interesting

lwe discuss in more detail in Appendix A how x influences the simulation results.
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self-organized structures [157, 158]. Below we show that the nanoripples on diamond may
also work as a template for the morphological control of gold nanoparticles (AuNPs).

4.2.1 AuNPs on Nanodots

Similar to the abovementioned procedure, we use IBE to treat a diamond (100) surface at ion
incidence angle 60° with sample rotation of 10 rpm for 30 minutes. The employed flux and
acceleration energy were 1.1 mA/cm? and 700 eV respectively. A gold film was then sputtered
with varying thickness using Alliance-Concept DP 650, followed by annealing at 500°C for one
hour, resulting in AuNPs with different diameter and spatial distribution. For comparison, we
fabricate AuNPs on reference samples that are polished to sub 1 nm roughness.

In Fig. 4.7 one can readily observe that the distribution in both diameter and spacing for
AuNPs on textured surfaces is much more uniform compared to the reference samples. With
increasing film thickness, however, the uniformity becomes worse due to, as shown in Fig. 4.7,
that small AuNPs merge into bigger ones. Nevertheless, compared to reference samples, the
nano-roughened surface still results in better uniformity of AuNPs.

Statistical analysis on AuNPs diameter is shown in Fig. 4.8 (a) for the case of 1.4 nm deposition
of gold, where the measured data is fitted with Gaussian lineshape. AuNPs on textured
diamond have diameter of 9.11 + 2.17 nm compared to that 0f 9.96 + 2.94 nm on the reference
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Figure 4.7 — A comparison between AuNPs dewetted on smooth and textured diamond surface
(scalebar 50 nm). The deposited gold film was 1.4, 2, 2.6 nm thickness respectively. On surfaces
with nanodots, AuNPs clearly show much better uniform distribution. With increasing film
thickness, the average diameter of AuNPs grows and the distribution becomes less uniform,
which is explained by the schematic in the right panel, i.e. small particles merge into bigger
ones as the film thickness increases. This observation is consistent with the theory developed
in Ref. [159] for solid-state dewetting on curved surface.
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Figure 4.8 — (a) Diameter distribution of the AuNPs for 1.4 nm gold film dewetted on diamond
surface with and without nanodots. (b,c,d) Transmission spectra of AuNPs-decorated diamond
substrates with deposited gold film thickness of 1.4, 2, 2.6 nm respectively. Explanation for
linewidth narrowing and blue/red shifting of center wavelength of extinction are found in the
main text.

sample. Optical measurement of both samples were performed in the wavelength range from
450 nm to 700 nm, as shown in Fig. 4.8 (b). The relative intensity is the transmission through a
AuNPs-decorated sample compared to the spectrum of a bare diamond sample, i.e. with no
AuNPs on it. At wavelengths < 500 nm, the relative intensity of the transmitted light is larger
than one, suggesting the presence of directional scattering [160]. Taking into consideration
the closely packed distribution and smaller average spacing of AuNPs on textured surface, the
red-shift of the center wavelength for extinction is consistent with the plasmon hybridization
model [161], while the sharper diameter-distribution corresponds to narrower Lorentzian
lineshape (120.7 nm linewidth for textured sample compared to 140.1 nm for smooth diamond
surface). Similar observations are found for sample deposited with thicker gold film, with the
difference that the center wavelength of extinction is blue shifted, as shown in Fig. 4.8 (c,d).
This can be attributed to the smaller average diameter of AuNPs as plasmon hybridization no
longer plays an important role with increasing particle spacing.
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Figure 4.9 — Partially aligned AuNPs dewetted on diamond surface with nanoripples. Inset
shows the short-range autocorrelation function calculated over the whole picture.

4.2.2 AuNPs on Nanoripples

Not surprisingly, if nanodots can assist solid-state dewetting into a better uniform distribution,
nanoripples should be able to align the AuNPs along certain directions. This is shown in Fig.
4.9. However, since the ripple patterns are not perfectly ordered in long-range and the ripple
amplitude is not large enough to completely confine the dewetted particles, we only achieve
good alignment in small areas. The overall ACF (auto-correlation function) is shown in the
inset of Fig. 4.9, and clearly only short-range order exists.

In our experiment 700 eV is the maximum acceleration energy achievable by the IBE tool. For
higher energy ions, ripples with larger amplitudes can self-organize and it can be expected that
nanowires can be fabricated directly in a bottom-up way without any lithography processing.
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5] Fabrication of Free-Standing Photonic
Structures in Bulk Diamond

The well-established semiconductor industry built on Silicon and GaAs (or III-V compound in
general) heavily relies on thin film and wafer-bonding technologies, yet for diamond both are
challenging. We briefly explain the reason for this in the next section and summarize several
possible ways to fabricate integrated diamond photonic devices. As scalable production of
high-quality single crystal diamond thin films is currently not feasible, we demonstrate angled
reactive ion etching assisted by Faraday cage for the fabrication of free-standing structures in
bulk diamond, with a novel design for reproducible Faraday cages. The intrinsic limitation of
this approach on scalability due to etch-gradient (c.f. section 5.3) is discussed before closing
this chapter.

5.1 Fabrication of Diamond Photonic Structures

We explain in this section why thin films, which established technologies are good at dealing
with, are difficult to obtain from single crystal diamond (SCD). In fact, even when a SCD
thin film is made successfully, the quality is usually not satisfying due to fabrication non-
idealities. This motivated the community to move to SCD processing technologies that do not
require thin films. We summarize briefly demonstrated fabrication methods starting from
bulk diamond substrates, before diving into angled reactive ion etching which we chose to
fabricate suspended photonic devices.

5.1.1 Diamond Thin Films

To understand the difficulty in obtaining single-crystal diamond thin film, basic knowledge of
diamond growth is indispensable. We have briefly mentioned in Chap. 2 that the availability of
high-quality, reproducible diamond substrate has only become possible recently via MPCVD
growth. More specifically, depending on the substrate type, there are homo- and hetero-
epitaxial growth of diamond, with only the former, at the present day, resulting in diamond
single-crystals with well-controlled impurity level and low dislocation density [162]. The
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Figure 5.1 — Process flow for fabricating diamond-on-insulator via mechanical polishing.
Without using a mold, the mechanically polished substrate usually has a wedge, which cannot
be eliminated in the subsequent etching steps. The anisotropy of polycrystalline diamond
can effectively stop the polishing of single crystal diamond, therefore if the polycrystalline
diamond mold can be made uniform, the resulting single crystal diamond substrate could
have improved quality.

lift-off flipping & bonding

* etching and overgrowth

implanted and annealed

flipping & bonding lift-off

Figure 5.2 — Process flow for fabricating diamond-on-insulator via implantation. Flipping
of a thin membrane is difficult and risky, but bonding is relatively easy as the thin film can
deform elastically to adhere to the substrate. On the other hand, flipping of a bulk substrate is
straightforward, but bonding it onto a carrier wafer can be challenging. In both cases etching
is usually carried out to remove implantation induced damages.

homoepitaxial growth starts from a seed diamond substrate, typically (but not necessarily
[163]) HPHT-grown and fine-polished. After growth the resulting crystal is laser-sliced to
obtain the CVD layer !, which is subsequently polished to a smooth and flat surface. From
here on, two methods have been investigated to fabricate thin films.

The straightforward way is mechanical polishing, which can be employed to reduce the

IWhile laser-slicing is the conventional way to cut diamond, recently a new lift-off approach based on epitaxial
lateral overgrowth has been demonstrated convenient [164].
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Figure 5.3 — sRIM simulation of He™ ions implantation into diamond at 1 MeV acceleration
energy. The distribution of vacancies created by energetic ions and the stopped ions are
plotted against depth. Above a certain damage threshold, the diamond becomes amorphous
carbon and can be etched electrochemically, while a layer of highly damaged crystal diamond
remains in the diamond film and cannot be recovered completely back to pristine diamond
lattice.

thickness of the substrate down to ~ 5 um [165, 166, 167] if the dimension is not too large 2
(less than a few millimeters), following which RIE (reactive ion etch) can be applied to further
thin it down to a few hundred of nanometers [168, 169]. This approach has been demonstrated
successful in fabricating on-chip diamond resonators with record-high optical quality factor
(1E6) 3 [169]. Nevertheless, apart from the limited lateral dimension achievable, the uniformity
of film thickness cannot be guaranteed both in polishing [167, 171] and in etching [172] steps
4. To counter these problems, it has been proposed to use a polycrystalline diamond (PCD)
mold for assisting thin-film polishing which results in less wedging (as explained in Fig. 5.1),
and thickness variation due to non-uniform etching of the mold may be improved by rotating
the sample during processing [173]. Although improvement has been demonstrated [174]
with this method, its scalability is questionable as increasingly large diamond substrates
would always require a larger PCD mold, yet the uniformity and flatness of such molds are
challenging to guarantee.

On the other hand, ion slicing [175] can produce a layer with uniform thickness [176] from

2The thickness achievable from mechanical polishing depends highly on the crystal quality and substrate
dimension. As the risk of fracturing is high, this approach cannot guarantee yield for making ultra-thin membranes
with large dimensions.

3The highest reported optical quality factor from single crystal diamond resonator is 2.4E7 in Ref. [170] but the
cavity is a fine-polished sphere instead of an integrated on-chip device.

4In Ref. [167] the authors demonstrated a method to reduce the wedge: placing the substrate at an inclined
angle during RIE.
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Figure 5.4 — Transmission electron microscopy (TEM) characterization of diamond after
implantation (a) and after subsequent annealing at 1260 °C (b). The light-colored region
corresponds to amorphous carbon and the interface between amorphous carbon and diamond
shrinks after annealing. Reprinted from Ref. [178] with permission from Wiley publishing.

hundreds [177] to thousands [178] of nanometers. In this approach, accelerated ions travel
in the substrate until they lost the kinetic energy due to interaction with the target material
and are stopped at a well-defined depth, which depends on the acceleration energy and ion
species, and this depth can be simulated in SRIM package. When damage accumulated in
the implant layer reaches a threshold (on the order of 1E22 vacancies per cm? [178, 179]),
it becomes amorphous and is etch-able electrochemically [180], facilitating lift-off of the
material there-above, as shown in Fig. 5.2. However, from simulation we can readily observe
(Fig. 5.3) that in the case of implantation with high energy (1 MeV), the released thin film has a
significant part that is not amorphous but nevertheless highly damaged. A high-temperature
(> 1000°C) annealing step is commonly carried out before the lift-off, which helps restore
the crystallinity, and sharpens the diamond-amorphous carbon interface to < 10 nm width,
as shown in Fig. 5.4. Ref. [181] further reported residual damage after annealing (2 hrs at
950 °C) by observing the damage-related Raman peak position, indicating that the whole
layer which ions traveled through is of compromised quality. For comparison, a scanning
transmission electron microscopy characterization was carried out very recently on a 60
keV H" ion implanted diamond sample [177], and the crystallinity of the top layer seemed
preserved, in spite of its thickness being only ~ 250 nm. Overgrowth with a slow rate [182]
can be performed though to eventually achieve a smooth thin film with desired thickness for
device fabrication, and in Ref. [183] the authors reported comparable crystallinity between
regrown and seed diamond, demonstrating overgrowth as an efficient approach for obtaining
high-quality SCD films. Another advantage of this fabrication technique is the resulting ultra-
smooth surface as shown in Ref. [184]: the initial substrate was with roughness about 4 nm,
and after lift-off the interface had roughness about 0.6 nm.

While both above-mentioned routes can lead us to diamond thin films, with the latter more
promising for scalable fabrication, subsequent handling of the resulting freestanding mem-

36



Figure 5.5 — Thin films of single crystal diamond fabricated by implantation and lift-off, the
induced strain in the material causing curling. The dimension is limited and the handling
is difficult. A shattered film is shown in (f). Reprinted from Ref. [185] with permission from
Elsevier.

brane can be troublesome during its transfer to a carrier substrate for further processing. An
SEM picture of a shattered film can be found in Fig. 5.5 for example, where one can see how
delicate it is in manipulating the thin diamond °, and thus this fabrication method is highly
unlikely to scale up. A possible workaround to avoid this hassle is to bond the top layer after
ion implantation on a carrier substrate before electrochemical releasing [186], and with recent
progress in diamond-on-silicon hydrophilic bonding [187, 188, 189] and surface activated
bonding [190, 191, 192], this seems a rather promising way to realize a diamond-on-insulator
(DOI) platform in the future. The uncertainty remains in the feasibility of bonding diamond
onto a low refractive-index material to facilitate wave-guiding: for example, direct bonding
between diamond and fused silica was observed more than two decades ago [193], but system-
atic study of the bonding strength and its resistance to temperature-change remains absent in
literature.

5.1.2 Fabrication in Bulk Substrate

To circumvent the difficulties in diamond thin film fabrication, a few processing techniques
have been developed for structuring free-standing devices directly from bulk substrates. A
brief overview of these method is given below, with angled-etch approach explored in more
detail in the forthcoming section.

SDiamond is hard but not tough: hardness indicates the resistance of a material against localized plastic
deformation induced by, for instance, mechanical indentation, while toughness is the ability of a material to
plastically deform without fracturing.
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Figure 5.6 — Process flow for fabricating suspended structures via masked implantation and
electrochemical undercut. Note that aluminum and titanium can be replaced by any other
materials as long as they serve the purpose of stopping implants and masking diamond in
plasma etching, respectively. (a) define a mask for stopping implants; (b) implantation; (c)
define device pattern; (d) pattern transfer; (e) electrochemical etch of amorphous carbon; (f)
mask stripping.

An early attempt towards free-standing diamond device dates back to 2007 [194], where
selective implantation was carried out to amorphize partially the diamond sub-surface. This
process flow is illustrated in Fig. 5.6. Similar to the ion slicing method for thin film fabrication,
the resulting suspended device would have a bottom layer with compromised crystallinity,
which can deteriorate device performance by, for example, optical absorption. Conceptually,
it is possible to remove this layer by covering the device from top and side via sputtering a
protective film before annealing it in oxygen, but whether the bottom-side surface smoothness
can be preserved remains unknown. The necessity of backside etching also comes from device
geometry. In Fig. 5.3 and 5.4, one can observe that the undercut of amorphous carbon
could leave only 100 — 200 nm space below the device layer, which is not sufficiently wide for
preventing light guided therein from leaking into substrate evanescently.

diamond
oxide

silicon nitride

Figure 5.7 — Process flow for fabricating suspended structure via SCREAM process. The oxide
and silicon nitride can be replaced by other materials as long as they serve the purpose of
masking diamond in the etching steps. (a) define device pattern; (b) pattern transfer; (c)
conformal deposition of masking material to protect the sidewall (ALD or PECVD); (d) vertical
etch of conformal layer to expose part of the diamond; (e) vertical etching of the diamond; (f)
quasi-isotropic etch of the diamond; (g) mask stripping.
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Alternatively, undercut can be realized by a SCREAM (single-crystal reactive etching and
metallization) -like process [195] first demonstrated in single crystal diamond by Barclay
group [87]. As shown in Fig. 5.7, the final etching step removes (uncovered) diamond in all
directions, achieving undercut and suspended structures. Free-standing photonic crystal
cavities have also been demonstrated with this process flow [196, 88]. While this process flow
has the advantage that it requires only standard equipment, an intrinsic limitation is that
the etch-rate depends on the exposed geometry (etching happens quasi-isotropically) and
crystal-plane (etch-rate on different planes differs), therefore restricting the design flexibility
[88].

In contrast to the two approaches mentioned above, angled RIE is a simple and straightforward
process as seen in Fig. 5.8. However, a well-defined etch angles do not come with standard
RIE equipment. To define this angle, either reactive IBE [197] can be resorted to, or a Faraday
cage could be of help. More details about this technique are explained in the next section.

5.2 Angled Reactive Ion Etch

Early demonstrations of Faraday-cage assisted RIE were studied back in 1980 [198]. It was not
extensively used since then as SOI platform renders it unnecessary, at least for most photonic
applications. The first report of this technique being applied to structuring single crystal
diamond was published in 2012, authored by Loncar group at Harvard University [86]. Two
years later the same group reported high-Q nanobeam and racetrack resonators fabricated
with this method [199], solidly proving it a reliable way for device manufacturing. In literature
this Faraday cage [200, 86, 199, 201, 202] was typically molded by hand from aluminum mesh
resulting in a cage geometry that is not well-defined and accurately repeatable. This is not

B Diamond
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Figure 5.8 — Process flow for fabricating suspended structures via angled etch. Titanium can
be replaced by other masking materials. The carrier wafer can be made of materials other than
silicon, and is not drawn for steps b to f. (a) diamond substrates, aligned and touching each
other, with titanium film deposited on top, are glued near the edge of a silicon carrier wafer
for spin-coating of HSQ resist; (b) HSQ is exposed and developed; (c) pattern transferred from
HSQ to titanium via Cl,/BCl3 chemistry RIE; (d) pattern transferred from titanium to diamond

via O, chemistry RIE; (e) angled-etch in a Faraday cage with O, chemistry RIE; (f) hardmask
removal.
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ideal for subsequent etching as we explain shortly. We demonstrate in the following a new
design route for preparing the Faraday-cage, which further facilitates this technique to become
repeatable and standardizable.

N

Figure 5.9 — Patterned aluminum foil and accessories for making Faraday cages. For the cone-
like cage: first a pattern is written on an aluminum foil (a) via laser ablation, after which a pair
of clamps (b) is used to hold the rim, so that one can use a mold (c) to extrude the foil into a 3D
cage. Before sent into the plasma etcher, a diamond substrate is placed on another aluminum
foil serving as the conducting base and the extruded cage is electrically connected to the base
either with aluminum conductive tape or with screws if a tail (d) is available for fixing the cage
onto the foil base at a distance from the cage center (otherwise the the screw may modify
the electric field distribution and therefore introduce asymmetry for the etching). While the
aspect ratio can be changed easily by varying the design parameters, a fundamental limit is set
by the geometrical limitations as explained in Appendix B. Here all materials (pure aluminum
and stainless steel) are compatible with ICP-RIE etcher without introducing contamination.
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5.2.1 Reproducible and Symmetric Faraday Cage

From literature, e.g. Ref. [200], one can readily observe that a cage molded from planary mesh
is highly asymmetric in terms of the distribution of openings. This is not only because of that
it was hand-made, but more fundamentally restricted by topology. Consequently the etching
is not azimuthally isotropic and it requires frequent rotation of the sample during angled RIE
to produce a symmetric design. Another disadvantage of molded cage is the opening at top
which leads to unwanted (and unnecessary) vertical etching of the hard mask. It was also
observed that a stop on top of the cage [202] helps achieve a more acute etch-angle. Moreover,
as the starting material is industrial aluminum mesh with standard specifications, the design
flexibility (pitch, wire-thickness, efc.) is limited. These motivated us to come up with a new
way to fabricate the Faraday cages.

We made two types of Faraday cages: triangle-shaped and cone-like. As shown in Fig. 5.9, both
kinds are fabricated via laser ablation of a planary aluminum foil. The resulting mesh is then
transformed into 3D. In this way we can choose the foil thickness and change the pitch and
duty-cycle of the openings. By varying the design on the 2D foil, repeatable and standardizable
Faraday cages can be made easily with a high degree of flexibility, and the resulting cage is
highly symmetric, therefore no sample rotation was necessary in the subsequent etching
steps.

5.2.2 Fabrication Results

The process flow is depicted schematically in Fig. 5.8. We use HSQ (XR-1541-006) for ebeam
lithography and transfer the pattern into 200 nm of titanium which serves as the hardmask,
via Clp/BCl3 chemistry in an ICP-RIE (inductively coupled plasma reactive ion etching) etcher.
The choice of titanium is due to its high etch selectivity against diamond and that it does not
produce redeposition. The titanium pattern is then transferred into the diamond substrate via
O, plasma etching. At this stage we mount the diamond at the center of a Faraday cage and
continue using O, plasma etching to undercut the structure. Eventually the titanium mask
and possibly residual HSQ resist are removed in dilute HF solution.

While the process flow seems straightforward, there are a few cautions to be aware of, in order
to successfully fabricate suspended structures:

(I) as diamond substrates are rather small (3mm by 3mm in our case), after spin-coating of
photoresist or HSQ, the uniformity of the coated film is usually not satisfactory due to the
formation of edge-bead. This is the reason in step (a) of Fig. 5.8, we mounted two (or more)
substrates, aligned and touching each other, near the edge of the carrier wafer: in this way
the edge-bead forms only on the outer-most chip and the HSQ thickness is uniform for the
chips towards the center. An extreme case of non-uniform coating is shown in Fig. 5.10 (a),
where half of the HSQ was completely removed, while the remaining part shows thicknesses
ranging from near-zero to a few hundred nano-meters.

(I1) in fabricating nanobeam photonic crystals, the holes have critical dimension < 100 nm,
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and they are developed slower than larger openings. With HSQ insufficiently developed, the
pattern transfer from HSQ to the titanium hard mask would be incomplete. Consequently,
small features (critical dimension < 100 nm) as shown in Fig. 5.10 (b) were not transferred
to diamond successfully.

(ITI1) shown in Fig. 5.10 (c) is a single-clamped racetrack cavity undercut partially, with
the released part showing strain-related bending. The fabrication of this sample started
directly from a mechanically polished substrate, and the resulted stressed subsurface layer
is believed to be the cause of the bending. In another attempt in fabricating the same
structures, the substrate was first polished by IBE and then deep-etched by > 5 um via
cycled O, and Cl, RIE. The resulted surface remains smooth and the device fabricated was
free from bending.

(IV) accurate timing of the undercutting process is important for obtaining suspended
structures. A negative example is shown in Fig. 5.10 (d) where one of the resonators was
over-etched and charged during SEM observation, and consequently it was flipped and

300 nm

Figure 5.10 — (a) An extreme case of non-uniform coating of HSQ, leading to partial survival of
the hardmask. (b) HSQ not developed enough and small holes are not etched into diamond.
(c) Mechanical polishing induced stress remains in the top layer of diamond substrate (a few
microns thick) and without removing this layer the resulted structure bends. (d) A racetrack
cavity is over-etched (detached from the substrate) and flipped by electrostatic force during
SEM observation.
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Figure 5.11 — Undercut of a nanobeam, halfway-etched (left) and fully-suspended (right).
Material stack: HSQ, titanium, diamond. Scalebar 1 micron.

displaced by electrostatic force.

In Fig. 5.11 we show the undercut of a diamond nanobeam using triangular shape Faraday
cage. The vertical etch for pattern transfer takes about 10 — 15 min and the undercut takes
about 15 — 20 min to finish for a nanobeam that is a few hundred nanometers wide. In Fig.
5.12 we show the fabrication results of various structures.

Smoothening of sidewall after undercutting the diamond structure is possible by ICP-RIE
with Ar/Cl, chemistry at a relatively high (30 mtorr) chamber pressure, as shown Fig. 5.13.
This choice of processing condition is due to the known effect of high chamber pressure in
producing inverted tapering profile [203]. The titanium layer is stripped in this step and the
sidewall roughness can be improved. As Ar/Cl, chemistry etches diamond isotropically [204],
including this processing step requires dimension compensation during layout drawing in
order to faithfully produce the design.

5.2.3 Optical Characterization

The cavity shown in Fig. 5.12 (b) was probed by dimpled fiber tapers ® as shown in Fig. 5.14. A
tunable laser was used for frequency sweeping over 30 nm and the transmission spectrum
is recorded. A FSR (free spectral range) of 4 nm was measured consistent with the cavity
geometry, with quality factor about 2’700, as shown in Fig. 5.15. The limited g-factor can
be due to surface roughness, scattering at mechanical support, material absorption, and
over-coupling (the fiber was in touch with the cavity during measurement).

6The fabrication of dimpled fiber is detailed in Appendix C.
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Figure 5.12 — (a) Nanobeam cavity with design wavelength at 637 nm. (b) Racetrack cavity
with tapered support region shown in the inset. (c) Ring resonator with a tail. (d) Asymmetric
ring with a single support. Severe roughness was observed on the angled sidewall, which is
suspected to originate from titanium mask erosion. (e) Bottom view of a flipped ring, with
titanium mask still on diamond surface. On the sidewall, roughness can be observed close to
titanium mask, and it is clear that some diamond immediately under the Ti mask was etched
away, possibly due to reflected oxygen ions during RIE. (f) Smooth sidewalls can be observed
in most runs.

5.3 Limitations

While Faraday cages can be used for assisting angled-etch in prototyping, its scalability is
intrinsically limited, not only by its finite volume, but also due to etch-gradient originating
from non-uniformity of electrical field distribution even in the case of a highly symmetric
cage. This phenomenon has been studied in Ref. [200] via FEM simulation, and here we show
in Fig. 5.16 an experimental observation. For the case of triangular Faraday cages, only a row
of structures lying in the middle of the diamond substrate have symmetric undercutting. The
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non-uniform etching for a cone-like Faraday cage is more severe as (azimuthally) symmetric
etching only takes place in the very center of the cage, as reported in Ref. [205].

Nevertheless, we note that it is not angled-etch that is not scalable. Recall that we used broad
beam of Ar" ions to polish the substrate in Chap. 3, which is a wafer-scale process thanks
to the uniformity of the ion beam. If the ion source can be replaced by oxygen, angled-etch

of diamond can be carried out on a large scale without using Faraday cages, such as that
demonstrated in Ref. [197].

Figure 5.13 — ICP-RIE with Ar/Cl, chemistry at 30 mtorr chamber pressure was able to
smoothen the sidewall of diamond structures. Note that the titanium layer was also removed
and the final structure dimensions are less controlled. Scalebar 1 micron.

Figure 5.14 — Left: sample under microscope and cavities thereon evanescently coupled to
tapered fiber, which is positioned with a piezo-actuator. Right: dimpled fiber taper used for
probing individual cavities.
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Figure 5.15 — Transmission spectrum for a racetrack cavity. Free spectral range of 4 nm was
consistent with the cavity geometry and the best quality-factor measured was about 2’700.

Figure 5.16 — Asymmetric undercut of nanobeams. The left and right images correspond to
structures close to substrate edges, and the center image corresponds to a beam in the middle
of the substrate. Scalebar 300 nm.

5.4 Design of Directional Couplers

While angled-etch has been proven versatile in demonstrating high-brightness single photon
sources [206], quantum nonlinear optics [207], quantum memories [43, 46], efc., it is difficult
to interface individual photonic structures due to their triangular cross-sections. In this
section we show that in principle a directional coupler is possible to be realized for facilitating
integrated circuits.

As shown in Fig. 5.17, a typical directional coupler consists of two waveguides close to each
other. Lightwaves guided in one waveguide can evanescently couple to the other. When only
one port is excited, depending on the coupling strength and propagation distance, the light
can transfer to another waveguide partially or completely, in the former case the coupler
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Figure 5.17 — Left: a directional coupler composed of two waveguides close to each other where
light can transfer from one waveguide to another. In the case of two suspended waveguides
with triangular cross-sections, the coupling would be negligible. Right: when an auxiliary
structure is in-between as shown above, the coupling between triangular waveguides can be
enhanced.

works as a power splitter, an essential component in photonic circuits. In the following we
consider suspended waveguides fabricated by angled etch. Supposing two stripes of hardmask
are patterned, as shown in Fig. 5.18, on diamond surface close to each other with gap g and
thickness ¢, if angled-etch from all directions takes place (with a cone-like Faraday cage, or
with reactive RIE with sample rotation), there would be no material sandwiched between the
resulting two waveguides. In contrast, if angled-etch happens only from the sides as illustrated
in Fig. 5.18, provided that the etching is timed accurately, one could expect to obtain structures
shown in Fig. 5.17 (right), where the diamond material in-between the waveguides could
modify the mode field distribution, leading to enhanced evanescent coupling.

thickness

! L A J

gap—» -—

Figure 5.18 — Fabrication scheme of directional couplers and COMSOL simulation of mode
distribution and mode beating along the propagation. The suspended waveguides need to be
far away from the bulk substrate to avoid mode leaking into the bulk. In the right panel the
propagation direction has a different scale than the cross-section plane as the beating length
is much longer than the waveguide width. The unit of dimensions is omitted here as both the
angled-etch process and Maxwell’s equations scale linearly.
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Figure 5.19 — Simulated half-beating length (unit: um) depending on hardmask thickness
and gap width for 1500 nm operating wavelength. The white dashed line corresponds to 100
nm inclined tunnel width in fabricated structures, beneath which the coupler is considered
infeasible to fabricate.

We simulate in cOMSOL the possible modes supported by the cross-section geometry shown
in Fig. 5.18, and the anti-symmetric mode distribution is showcased. In our simulation
where the etch-angle ¢ is fixed to 30 degrees with respect to substrate normal, the field
distribution is well isolated from the substrate and we can safely assume the simulation
results with a finite substrate size reliable (in our simulation the substrate width is taken as
the same with the waveguides). Like conventional rectangular cross-section waveguides, the
anti-symmetric mode shown above has a sibling symmetric mode with no phase difference
across the symmetry plane, and a superposition of the two modes at 0 or 7 phase difference
results in power flow (or mode excitation) in only one of the waveguides. As these two modes
have different mode indices, the relative phase between them changes with propagation.
Consequently, if only one waveguide port is excited, the field distribution transfers from one
waveguide to another during propagation, and vice versa. The distance of propagation that
it takes for the light to completely couple to the other waveguide and then to couple back is
referred to as the beating length, and in Fig. 5.18 we show the simulated field distribution over
the beating length when one of the ports is excited.

In Fig. 5.19 we plot the half-beating length against hardmask thickness and gap width, based
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on simulations in cOMSOL for 1500 nm operating wavelength . A thicker hardmask results in
shorter beating length as the inclined tunnel shown in Fig. 5.18 reduces, leading to stronger
coupling. Denoting the tunnel width by w, we have w = gcosg — tsing. This width cannot
be infinitely small as the etch-rate is aspect-ratio dependent during fabrication. As can be
seen from Chap. 5 and from Ref. [200, 199], 100 nm gap is possible to etch through, and we
draw this line in Fig. 5.19 to indicate the manufacturability 8. It is clear that even at this scale,
hundreds of microns propagation is required for the power flow to completely transfer to
another waveguide (NV.B., coupler with a quarter of the beating length works as a 50-50 power
splitter). For comparison, we note that in Ref. [166] a directional coupler fabricated on DOI
platform with rectangular cross-section and 420 nm gap has a (full) beating length about 350
pm when working at 1550 nm, which further accents the advantages of DOI platform.

7For simplicity we assume the hardmask has high selectivity against diamond, and its width and thickness do
not change during fabrication. In reality this approximation can be compensated by layout design.

8An attempt to fabricate these devices with < 80 nm inclined gap was not successful, and we did not try to
fabricate devices with a larger gap.
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Fabrication and Characterization of
Color Centers

The core ingredient that makes diamond a quantum photonics material is the color cen-
ters hosted therein. For synthetic substrates, they can be either incorporated in situ, i.e.
during growth, or fabricated afterwards with laser, ion, or electron irradiation, with each of
these methods having its pros and cons. In this chapter we first summarize the commonly
employed methods to deliberately introduce color centers into diamond, following which
the characterization results of implanted and CVD-grown color centers are presented. At
cryogenic temperature, we observed photoluminescence spectra from ensemble SiVs in bulk
substrate that, to our knowledge, have not been reported in literature, and we discuss about
the difficulties in explaining the observations with established models.

6.1 A Survey on Color Center Fabrication

While a color center can be as simple as a vacancy in the carbon lattice (GR1 center [16]), most
of them contain at least one atom other than carbon. Naturally, this requires doping either
during growth or by implantation !. Below, an overview of common techniques for fabricating
color centers is given, while it is to be noted that for different applications with various
color centers, specific treatment, for instance isotopic engineering [210], can be expected for
optimizing device performance. This is a vast topic and will not be covered in this chapter,
and excellent review articles [211, 212] can be found in literature.

6.1.1 In-situ Growth

MPCVD growth of diamond typically involves at least gas phase CH4 and H», while N, additive
is also commonly employed as it has been found to improve the crystal quality and deposition
rate [204, 213, 214, 215]. Usually the resulting diamond layer is not purely composed of
carbon, and both Hydrogen [216] and Nitrogen [213] related defects can be present. Similarly,

IDiamond has a very densely packed lattice structure and doping by diffusion is extremely difficult, possible
though [208, 209] for elements with small atomic size. However this is insufficient for producing varies color
centers.
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other materials in the CVD chamber can also be etched by the plasma and subsequently
incorporated into the diamond layer. For example with the presence of nickel, NE8 centers
have been observed in as-grown diamond [28, 217]. This is also true for the fabrication of
group-IV related defects such as SiV, SnV and GeV centers [218, 219, 42]. By deliberately tuning
the reaction chemistry and conditions [220], the concentration of resulting color centers can
be controlled.

Color centers created by CVD growth show several advantages: a) they can be preferentially
oriented [221], which is important for various applications such as quantum metrology [222];
b) high-quality color centers can be obtained, an example being record-long inhomogeneous
spin-dephasing time (T} = 1.5 ms) and Hahn-echo spin-coherence time (T = 2.4 ms) very
recently found for NV~ center in a phosphorus-doped CVD diamond [223], leading to better
sensitivity in magnetic sensing; c) in the particular approach of delta doping, foreign atoms can
be introduced into the diamond at a defined depth [224], and in combination with electron
irradiation which we discuss later, positional control in 3D has been demonstrated [225] (Fig.
6.1).

In general, nevertheless, the impurities incorporated during CVD growth present random and
relatively inhomogeneous distribution. Consequently, it can be more favorable to resort to ion
implantation, laser- or electron- irradiation for device fabrication.

Similar to CVD doping, HPHT growth of diamond also incorporate impurities in situ. The
foreign elements usually come from the environment (e.g. nitrogen) or from the solvent-
catalyst (e.g. nickel) used to dissolve carbon, and at least at the present day;, it is not feasible to
have this process under precise control. Like the case in CVD growth, preferentially aligned
NV centers have also been observed in HPHT grown diamond [226]. However quantitative
engineering of color centers using this method has not been demonstrated to date.

6.1.2 IonImplantation

Ion implantation is widely used in semiconductor manufacturing for introducing foreign
atoms into host materials [227]. As described in Sec 5.1.1, depending on the kinetic energy, the
accelerated ions gradually slow down and stop in the diamond at a depth that can be estimated
by Monte Carlo simulation [126]. The energy transferred from energetic ions to target materials
can distort the pristine sp3 carbon crystal lattice structure, resulting in vacancies and carbon
self-interstitials. On the other hand, the stopped ions either replace native carbon in the lattice
forming substitutional impurities, or reside in an interstitial position. Right after implantation,
the crystalline structure is usually heavily damaged, with GR1 signal generally observable
indicating the creation of vacancies. To restore the crystallinity, post-implantation annealing
[228] at high temperature (typically ranging from 800 to 1200 degrees Celsius) is commonly
carried out, which also serves another purpose — to mobilize vacancies. The latter is especially
important in forming impurity-vacancy complexes such as NV and SiV centers. It has also
been found that HPHT annealing is able to narrow the emission linewidth of NV~ ensembles
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Figure 6.1 — By controlling gas supply during CVD growth, vertical positioning of impurities
in grown diamond layer can be achieved by 6—doping. On the other hand, focused electron
irradiation can be used for creating vacancies at defined horizontal position. The combination
of the two techniques enables 3D positioning of NV centers. Reprinted from Ref. [225] with
permission from ACS (the American Chemical Society).

[229] fabricated by implantation, which can be important for improving device performance.

The prominent advantage of ion implantation for creating color centers is the positional
control. The incident position of impinging ions on the diamond surface can be controlled
at nanometer precision, achieved by using focused ion beam [230], masks with nano-holes
[231], or pierced AFM tips [232]. As already seen in Fig. 5.3, the depth distribution of the
stopped ions is a function of their initial kinetic energy: higher implantation energies result in
wider distribution thus less accurate positioning. This also holds true for lateral straggling.
For example, nitrogen implanted with 2.5 keV acceleration energy can lead to 10 nm accuracy
in three dimensions, while for 10 keV it is about 30 nm [233] (Fig. 6.2). As a result, direct
high-energy ion implantation for precise positioning of color centers deep into the substrate
is not possible. This can nevertheless be circumvented by low-energy implantation followed
by overgrowth [233, 234, 235]. Quantitative control of defect density can also be achieved by
tuning the implantation dose, while careful calibration is typically required to precisely control
the outcome, as the conversion yield varies with experimental conditions [230, 236]. Electron
and laser irradiation have been proved useful complementary techniques for improving the
conversion yield, as will be discussed in the next subsections.

A caveat regarding ion implantation in single crystal materials is the channeling effects, which
occur when ions travel along specific directions with respect to the crystal orientation, and has
been shown to result in much extended stopped depths compared to Monte Carlo simulations
[237]. While this can be easily avoided by aligning the crystal at a different angle, some
disadvantages of ion implantation intrinsically limit its use for color center engineering. For
example, a recent study [238] implanting °N into diamond with in situ nitrogen impurities
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Figure 6.2 — The straggling range of implanted ions depends on their kinetic energy. SRIM
simulation shows, that >N ions with 2.5 keV energy can be positioned into diamond substrates
with 10 nm accuracy, while for 10 keV energy ions it becomes about 30 nm. Consequently,
accurate positioning of deep color centers by ion implantation has to be accompanied by
subsequent overgrowth. Reprinted from Ref. [233] with permission of AIP publications.

demonstrated that implantation-made NV~ centers have drastically compromised optical
coherence compared to their native counterpart, possibly owing to local lattice damage
caused by implantation. SiV™ centers on the other hand, have decent optical coherence
when fabricated by implantation and annealing, both in bulk and in nanostructured diamond
[239, 240]. This difference is due to the intrinsic atomic structures of various color centers and
therefore depending on the final application, different technologies should be employed in
order to achieve optimal device performance. Also to be noted is that ion implantation has so
far remained elusive for creating certain defects, such as NE8 centers [241, 242], probably due
to their more complex structures.

Implantation could also create impurity-vacancy complex in the absence of post-annealing:
creation of NV~ centers for instance, has been observed after swift heavy ion implantation
[243]. It was suggested that electronic excitation and thermal spike were the responsible
mechanisms, but further investigations are required to better understand this process.

6.1.3 Electron and Laser Irradiation

For a substrate with native impurities from growth, electron irradiation can be employed as an
alternative method to create vacancies [121, 244], as it causes less lattice damage and is more
accessible 2. This approach has been demonstrated to increase the yield of SiV~ [230] and
NV~ [244] centers following ion implantation, indicating that the conversion from implanted
impurity to impurity-vacancy complex is bottlenecked by the amount of vacancies available.
Similar to ion implantation, focused electron irradiation can be leveraged for fabricating color
centers at designated positions [225]. Furthermore, electrons with MeV energy can travel

2The threshold for accelerated electrons displacing a carbon atom in the diamond lattice is about 150 — 170 keV
[230, 245], which can be achieved in transmission electron microscopy facilities.
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through diamonds of millimeter thickness and are therefore suitable for material modification
of bulk substrates. In literature it has also been reported that electron irradiation with energy
below the threshold for vacancy creation can promote the formation of NV~ centers in a
nitrogen-implanted sample [245], possibly due to electronic excitation related process.

Like electron irradiation and ion implantation, a pulsed laser can deliver the energy needed
for color center formation as well. Rapid progress in this field has been made in recent years,
showing great promise in terms of flexibility, quality and conversion yield [246, 247, 248, 249,
250]. Irradiating diamond substrates with intense laser pulse can create vacancies, evidenced
by characteristic photoluminescence attributed to GR1 centers [248]. If native impurities
such as nitrogen are present, NV~ centers could form after annealing, and good optical
coherence was observed [248]. It was also found that thermal annealing can be replaced by
laser irradiation itself [249], in which case a first intense pulse is applied to create vacancies
and a pulse train with lower energy follows to anneal diamond at the focus spot. A distinct
advantage of this method is that one can observe the photoluminescence signal from the
focus spot in real time, and only stop the laser annealing when the onset of NV~ formation is
observed. An impressive yield of 96% for creating single NV~ centers was reported [249] with
this approach. Furthermore, this method can be adopted easily to fabricate 3D arrays of color
centers [250], showing much greater flexibility over other techniques.

Interestingly, a laser pulse is also capable of introducing foreign atoms into diamond subsur-
face. In 2013, Liu et al [247] demonstrated that femtosecond laser pulses are able to ionize
molecules in air, resulting in free electrons which can be subsequently accelerated by following
pulses towards the diamond surface. Vacancies can be created by these electrons and photolu-
minescence from NV~ centers were observed after annealing. However, the starting material
in this study was type Ib diamond which contains abundant nitrogen, and it was not clear if
any nitrogen from air was implanted into the diamond. The same group reported later in 2019
the formation of SiV™ centers with a similar method [246], with silicon nanoballs coated on a
high-purity diamond substrate. This result unambiguously demonstrated that Si ions were
accelerated by the laser pulse and incorporated into diamond. Despite the simplicity of this
method, the laser pulses also damage the diamond surface via ablation, therefore its use for
device fabrication is limited.

6.1.4 Charge State Control

Control over the charge state of color centers is of vital importance for any applications as
physical properties thereof vary with not only chemical composition but also the charges. For
example, NV centers exhibit ODMR (optically detected magnetic resonance) [251] only when
negatively charged [222] and have been therefore extensively studied for magnetic sensing.
In the case of SiV centers, spin coherence time of neutrally charged SiV° largely exceeds
that of negatively charged SiV™ [252], due to that total spin of 1/2 makes the latter prone to
phonon-mediated, dynamic Jahn-Teller-like orbital relaxation [253]. Usually for the same

55



chemical composition such as NV and SiV complexes, defects with different charge states can
co-exist, with a certain ratio between their concentration. This ratio can be modified by, for
example, doping, in which case the Fermi level of diamond is altered, leading to preferential
formation of a certain charge state. In 2016, Doi et al showed that in phosphorus-doped
CVD diamond, steady state population of NV~ above 99% can be achieved under 593 nm
illumination, leading to enhanced luminescence and improved magnetic sensing [254]. In
boron-doped CVD diamond, more than 80% SiVs have neutral charge as the Fermi level was
pinned to make SiV? have the lowest formation energy [252]. Doping by implantation instead
of CVD growth manifests similar effects [255].

Without resorting to doping, annealing in dark was reported to convert SiV from neutral to
negative charge state [256]. HPHT annealing at 8 GPa and 2000 °C was reported to increase
the NV~/NV? ratio by a factor of 5, but this is accompanied with an overall decrease in the NV
count [229]. Further understanding on the interplay between color centers and donors/ac-
ceptors during annealing is required to have this process under control. For color centers
distributed close to the surface (typically within hundreds of nanometers), the chemical ter-
mination of diamond surface may as well affect the charge state [255, 257, 258]. Beside these
abovementioned passive engineering methods, active control of the charge state has been
demonstrated by optical [259, 260] and electrical means [261].

6.2 SiV Centers Fabricated by lon Implantation

To fabricate color centers, we acquired a high-purity CVD diamond substrate from Lake-
Diamond SA. The as-received sample showed a sharp Raman peak at 1332 cm™! and no
photoluminescence (PL), indicating good crystalline quality and low impurity level.

The substrate was sent to Helmholtz-Zentrum Dresden Rossendorf (HZDR) for the implan-
tation of Si* ions with a total dose of 4E13 cm™2. To create a uniform SiV layer of about 200
nm thick immediately beneath the surface, 1.79E13 cm™2,1.29E13 cm™2 and 0.92E13 cm 2
of ions were implanted at 400, 289 and 200 keV acceleration energy, respectively, based on
SRIM simulations (Fig. 6.3). The choice of implantation parameters is guided by the long-term
plan for device fabrication with a layer of active medium whose thickness is comparable to
the waveguide.

Another substrate, also acquired from LakeDiamond SA, that is HPHT grown and with very
weak PL signal from NV~ was sent to Surrey University for a low-dose (nominally 1E9 cm™2)
implantation of Si ions, in order to create single color centers that can be optically addressed
separately. This condition gives in average 10 silicon atoms in one square-micron, and taking
into consideration the conversion yield well below 0.05 [230], we expect to have single SiV
centers in an imaging voxel (about 1.5 um deep and 400 nm wide) using a confocal microscope
(Renishaw).

Both samples were annealed in high-vacuum at 1200 °C after implantation to mobilize vacan-
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Figure 6.3 - Three successive implantations with 400 keV energy at dose of 1.79E13 cm 2 , with
290 keV at 1.29E13 cm ™2, and with 200 keV at 0.92E13 cm™~2 . This recipe gives a reasonable
overlapping (> 50%) between mode distribution and gain medium, with only three times of
implanting.

cies, which are then trapped by silicon atoms, forming SiV color centers. This high-temperature
treatment also allows the less damaged layer to recover its crystallinity. In Fig. 6.4 we show the
PL spectrum of the sample with ensemble SiVs. While no PL was found prior to implantation,
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Figure 6.4 — Photoluminescence spectrum of ensemble SiVs created via ion implantation and
high-temperature (1200°C) annealing. Pumping laser at 488 nm. Broad bands at 534 nm and
565 nm are of unclear origin.
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we observe several nitrogen-related PL lines at 505 nm (H3 center), 520 nm (NVH complex
[262, 263]), and 575 nm (NV°) after implantation and annealing, indicating that native nitro-
gen impurities were present but they did not form NV complex before implantation. A weak
band can be found around 534 nm whose position coincides with the Raman peak of nitro-
gen interstitial defects in diamond (1772 cm~1)[264], but the Raman signal should be much
sharper and we cannot attribute this peak decisively. Another broad band around 565 nm is
of unknown origin as well. No clear signal on the ZPL of NV~ is found. The most prominent
signal peaking at 738.6 nm is due to SiV™ centers, with phonon sidebands extending above
800 nm.

6.3 Optical Characterization at Room Temperature

Apart from the abovementioned two samples, we also acquired a substrate from LakeDiamond
SA that is CVD grown, with high brightness of PL signal from SiV™ centers. Etching of quartz
components in the growth chamber is believed to be the origin of their abundance. In this
section we present data acquired from characterizing these samples and try to extract the
emission and absorption cross-sections of SiV~.

PL measurement was carried out with Renishaw confocal ramanscope using continuous-wave
pump laser at 532 nm. The spectra were taken at increasing pump power and the acquired

data was fitted to p

I=—1
P+Pgy

with I, indicating the saturation count and P, the saturation power. This measurement

(6.1

was not possible for single defects due to insufficient collection efficiency of the setup (only
at high pump power could we observe the PL, yet with low-power excitation, long-time
acquisition was not feasible due to stage drifting). For the same reason, we could not perform
HBT (Hanbury Brown-Twiss) measurement for verifying single photon emission. Instead,

Table 6.1 — Photoluminescence characterizations of SiV center at room temperature.

PLpeak (nm) linewidth (nm) saturation (1/s) lifetime (ns)

CVD, ensemble 738.2 45 6E5 1.13
implantation, ensemble 738.6 5.5 5E4 0.35
implantation, single 738 3.88 \f \f

Note: T The measurements were carried out using shared facilities whose collection efficiency was limited and we
could not modify the setup. For saturation measurement, as only at maximum pump laser power can the PL signal
from single SiV be observed, we could not calculate the saturation intensity. For measuring the excited state decay,

the collection efficiency of the setup was not sufficient for locating the single defects.
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Figure 6.5 — Absorption spectrum of the diamond sample with ensemble SiVs grown by CVD,
taken at 300K. The spectrum was fitted with a Lorentzian (for ZPL) and a Gaussian (for side-
band), plus a linear background.

we measured multiple isolated SiV~ sites and most of them show similar intensity (with few
having doubled intensity), which is consistent with the fact that the substrate is (100) oriented
and SiV™ aligns with <111> directions, i.e. signal collected from all single SiV™ centers should
be of similar intensity.

In Table. 6.1 we list the PL characterization results, from which we can calculate the emission
cross-section according to
pnA?

=" 6.2
8Nt £ AV (6-2)

where S is the ZPL branching ratio, 7 quantum efficiency, A wavelength, n refractive index,
7 ) fluorescence decay time, and Av linewidth. The quantum efficiency cannot be obtained
from PL spectra and we take a conservative estimation by assuming n = 0.05. The calculated
emission cross-section for implanted (CVD-grown) SiV ensemble is 1.35E-15 (5.1E-16) cm?.

The short excited state lifetime of the SiVs in the implanted sample agrees with its broadened
PLlinewidth. The fast decay can be attributed to more non-radiative decay paths in a damaged
crystal, or ionization of SiV~ into SiV®. It was reported that NV~ centers decay at a much faster
rate [265] if electrons tunnel to adjacent acceptors. In the case of a highly damaged crystal,
some defects may also trap electrons, such as a neutral vacancy [266] which is abundant after
implantation.

To quantify the emitter density, a commonly used method is to compare the PL intensity from
an ensemble with that from a single emitter. However, since we were not able to measure the
decay time of a single SiV™ center, this approach is not applicable here, as I « N/t and we do
not have 7 for single SiV™.
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Figure 6.6 — Class. I: (left) PL spectrum from ensemble SiV™ that is similar to the PL from single
color centers, except the broadened lines; (right) frequency shifting of transitions, but with no
additional splitting.

Alternatively, one can estimate the SiV™ density from absorption spectrum taken at liquid
nitrogen temperature [256]. We used a shared facility (Cary 500) which works only at room-
temperature to measure the absorption spectrum of the CVD grown diamond, result shown
in Fig. 6.5. To account for the difference between data acquired at 300K and at 77K, we
assume a factor of 2.2 (Abs77x = 2.2 x Abszgox) is reasonable based on the observation for
temperature-dependent absorption in Ref. [267]. With this assumption, the density of SiV"~
centers is estimated to be ~ 6E15 cm™3. From a = N - 04, where N is the density of Siv™
centers and a the attenuation coefficient at 738 nm, we immediately have o 4}, ~ 8E-17 cm?
at ZPL under room-temperature.

6.4 Photoluminescence at Cryogenic Temperature

The CVD grown sample with abundant ensemble SiV™ was further investigated at liquid
Helium temperature. This setup is not confocal and the 100X objective focuses the 532 nm
pump laser onto a ~ 1 um spot. The PL signal is collected through a fiber into a spectrometer
(Andor Shamrock 750). Beside the typical four-line splitting of ZPL due to spin-orbital coupling,
several types of PL spectra that, to our knowledge, were not reported in literature were recorded.
In the following we present the data and contrast our observations to the theory of strain-
induced electronic structure modification.

6.4.1 Anomalous Photoluminescence Spectra

The PL spectra from SiV-containing nanodiamond particles and diamond nanostructures
are known to be sensitive to the defects’ strain environment [268, 269], leading to highly
inhomogeneous distribution of ZPL lines. In bulk substrates, this inhomogeneity manifests
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Figure 6.7 — Class. II: Clear line splitting for the two bright transitions (left) and for all four
transitions (right).
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Figure 6.8 — Class. III: Complicated line splitting for the transitions A and B (left) or C and D
(right) with at least five peaks identifiable.

itself as broadened transitions. However, in our sample, we observe not only broadening, but
also frequency splitting of broadened lines. Typical observations recorded at different sites
can be categorized into three classes and are presented in Fig. 6.6 — 6.8. The spectrum shown
in Fig. 6.6 (left) is taken as a reference for visual guidance. All PL measurements were carried
out at 4K on the same sample at randomly chosen sites.

6.4.2 Strain-field Modified Electronic Structure

Strain-fields are known to be able to modify the electronic structures of point defects [35, 270],
leading to enlarged energy-level splitting. For SiV™ centers, a schematic of this effect is shown
in Fig. 6.9. With |ex(y)) and || (1)) denoting the orbital and spin eigenstates respectively, a

61



excited A, /IA —
Y = es e —
states 220 GHZ —_—
i Eg strain O Afg strain
A A —_— _
A e IA T —
e ——— gs —_—
406 THz B
(737 nm) C
D - @ 90 ;
: Qs |
A 4 N - z :
; : !
ground | A, 109 @
states | | |55GHZ YOo—x

Figure 6.9 - Electronic structure of the SiV™ center and its dependency on strain field. The Eg
(A1g) symmetry related strain is defined in the main text. A, B, C, D transitions correspond to
the four bright lines in reference spectrum in Fig. 6.6 — 6.8. Adapted from Ref. [35] with the
permission of APS (the American Physical Society).

group-theoretic analysis reveals [35] that the strain Hamiltonian in {ley |),lex 1), |ey b, |ey [}
basis can be expressed as

€A1 ~ €Eg, 0 EEgy—i/lso/Z 0
H= 0 €A1y ~€Egy 0 eEgy+z)LSO/2 ,
€Egy+l/150/2 0 €A1g+€ng 0
0 €Egy - 1/150/2 0 €A1g +€ng

where Agg is the spin-orbital coupling strength within GS or ES manifold (from the reference
spectrum in Fig. 6.6, we use A50,gs = 55 GHz and Asps = 220 GHz for further analysis),
and €4, ¢ (Bgr,Egy) refers to the strain associated with A;4(Egy, Egy) symmetry, defined as €4, =
i (€xxt€yy) + €2z, €E,, = d(€xx—€yy)+ fezx, €E,, = —2dexy+ fey,, with 1, (), d, f being strain-
susceptibility parameters and ¢;; being strain components in the local Cartesian coordinate
(c.f. Fig. 6.9), respectively. The Hamiltonian can be diagonalized to derive

QzpL= Q%pL + (f),es — tll,gs)ezz + (LL,es — t1,gs)(€xx +€yy), (6.3)
Ags= \/A?S‘O,gs +4[dgs(€xx—€yy) + fgseyz]2 +4(-2dgs€xy + fgsezx)zy (6.4)
Aes = \/A??O,es +4[des(exx —€yy) + feseyz]2 +4(—2desexy + fes€zx)?, (6.5)
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0
where Qyp;

frequencies of four transition lines separately as

denotes the base ZPL transition frequency. Consequently, we can express the

Qa= Qzpr+Qes+Ags)/2, Qp= Qzpp+(Aes—Ags)/2,
Qc= Qzpr—(Aes— Ags)/z, Qp= Qzpp—(Aes+ Ags)/2~

If the SiVs all align along the same direction, the spectra of Class. I can be easily explained
by a strain-field modified electronic structure, since we have 6 variables (¢;;) and only 3
independent equations 6.3 — 6.5. However, the crystal we characterized was grown on (100)
plane and no preferential alignment should exist [271]. In fact, no polarization preference was
found during PL. measurement, consistent with the theoretical prediction. In principle, as the
SiVs should align with any one of the four <111> directions with same probability, a random
strain field should always induce complicated splitting features due to lack of symmetry. In
fact, according to the structure of diamond lattice, only when the strain field is along one of
the <100> directions should one observe no additional splitting. Such a field with amplitude
0.001 in the unit cell (Fig. 2.1) and SiV local (Fig. 6.9) coordinates can be expressed as

0.001 0 0 0.1670 —0.1670 0.4716
Sor=| 0 0 0],S%=[-0.1670 0.1670 —0.4716|-0.001,
0 00 04716 —0.4716 1.3322

respectively, with S{9¢4 = RT | (35.3°) - R (45°) - Spo1 - R100(45°) - Ro11(35.3°) where R matrices

cos(45°) —sin(45°)
R100(45°) = | sin(45°) cos(45°) ,

1 1-c0s(35.3°) sin(35.3°)
Ro11(35.3°) = | 1-c0s(35.3%) 1 -sin(35.39 1,
—sin(35.3°%) sin(35.3°%) c0s(35.3°)

represent rotations in 3D. With strain susceptibilities determined in Ref. [35] being dgs = 1.3,
des = 1.8, fgs = -1.7, fos = -3.4, l],es — U] gs = -1.7, L1 es — L1 g5 = 0.078 ( dimension — PHZ per
strain), we can calculate AQzp; = -1.0834 GHz, Ags =1.6095 GHz and A5 =3.3147 GHz. In Fig.
6.6 the GS splitting almost doubled, and if strain field were the cause for enlarged splitting,
the above calculation suggests that a strong red shifting of ZPL should have been observed.
Such inconsistency implies that there should be other mechanisms that are affecting the
electronic structures of ensemble SiVs. Besides, if we assume the strain field is random, then
statistically we should observe more often complicated splitting features resembling those
in Class. III spectra. Again this is opposite to our observations where Class. I spectra were
more frequently encountered. Further spectroscopic techniques such as photoluminescence
excitation spectroscopy and pump-probe detection might be of help in better clarifying the
origin of these anomalous spectra.
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Figure 6.10 — Left: symmetric FP cavity with mirror reflectivity R and gain coefficient g. With
exp(gLgain) R > 1, intracavity circulating light would be amplified in each round-trip. Right:
at room-temperature, the spin-orbit splitting of ES (excited state) and GS (ground state)
manifolds of SiVs is narrower than their homogeneous broadening, resulting in one ES and
one GS level. Under optical pump, the electrons are excited to an energy level above ES and
relax to ES via non-radiative channels, followed by radiative decay (emission of a photon at
ZPL) to GS.

6.5 Possibility on Lasing

Heterogeneous integration [272, 273] of active media is currently the prevailing technology for
integrating source components on a silicon photonics circuit, not only because the indirect
bandgap of silicon results in low emission efficiency, but also due to the hetero-integration
approach provides more diverse choices on wavelength. The various color centers held
in diamond could potentially provide similar possibilities, and early works [274, 275, 276,
277, 278, 279] have demonstrated diamond lasers with H3 centers being the active media
feasible. If they can be realized, integrated color center lasers would further enable fully
functional diamond PIC for sensing and quantum information applications. Nevertheless,
recent attempts towards a diamond laser [29, 280] with NV~ centers have not been successful?,
with photo-ionization being a possible obstacle [280]. For SiV™ centers, photo-ionization has
also been observed [282], but it has been shown [283] that a 532 nm pump laser can help
circumvent this problem. In the following we discuss about the possibilities in realizing a SiV™
laser based on the data we obtained from the aforementioned sample.

6.5.1 Threshold Conditions for Three-level Lasing

The working principle of lasers is explained in numerous textbooks [284, 285, 286]. In the
following we follow Ref. [285] to model the lasing condition.

3A preprint claiming NV~ lasing was published on arxiv in March 2021 [281].
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The essential components for lasing are a cavity which provides coherent feedback and a gain
medium which enables amplification of the light *. As shown in Fig. 6.10, photons circulate
inside the cavity, where loss mechanisms such as non-unity reflection efficiency attenuate
the intensity, and gain medium, i.e. diamond with SiV™ centers in our case, provides coherent
amplification due to stimulated emission along the propagation of the light. SiV™ centers have
energy levels residing in the bandgap of diamond [289, 290]. Under equilibrium, the electrons
mainly possess the ground state following Boltzmann distribution, and resonant photons
(frequency matching the transition between ground and excited states) passing through such
SiV™ centers would manifest net absorption. A pump source such as a non-resonant laser
has to be employed to prepare the electrons into the excited state via the dynamics shown in
Fig. 6.10, resulting in population inversion of electrons. Resonant light passing through such
a medium would experience net gain via stimulated emission, with its amplitude growing
coherently.

In theory, as long as the gain can be made larger than the loss within a cavity round-trip, lasing
is possible. In experiment, nonetheless, several conditions needs to be taken into considera-
tion. With a given gain medium, the maximum gain coefficient theoretically achievable is set
by the density of the emitters as gpqx = N¢ - O em, Where ¢y, is the emission cross-section, and
N; the total density of emitters. This maximum value, however, is never reached in practice as
only the emitters with electrons pumped up to the excited state can emit photons. The actual
gain coefficient is determined by the pumping condition and can be derived following rate
equations [285] as °
pP-T

8= ﬁgmaxr (6.6)
where P is the pumping rate from the ground to the excited state, and I" = 1/7 the decay rate of
the reverse process. On lasing threshold, the gain coefficient is equal to the unit-length overall
loss

8= g/(ngain) (6.7)

with & = —-Y ; InR; where R; represents individual loss mechanisms such as transmission,
reflection, scattering and absorption loss etc., and Lg,;, the length of the gain medium as
indicated in Fig. 6.10, g a pumping scheme dependent factor, accounting for single- or double-
pass pumping (g = 1 or 2, respectively). For 3-level lasers, the threshold power density for
lasing is given by P;j, = hwPT' N;/(P+T') [285] with hw being the photon energy of the pumping
source (assuming a monochromatic laser is used for optical pumping). In combination with

Eq. 6.6 we have then
hwT <
P, = [N; + ], (6.8)
2 qOemLgain

where all physical quantities except £ in Eq. 6.8 can be measured or estimated from our
previous characterizations, and £ depends on the cavity design which we discuss in the next

4Cavityless lasers have also been demonstrated where coherent feedback is provided other than by a cavity
(287, 288]. These mechanisms are, nevertheless, not suitable for our current case.

5In Ref. [285] the equation is derived assuming same degeneracy of the excited and ground states, which
coincides with the case of SiV™ centers, as shown in Fig. 6.9.
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Figure 6.11 — Fabry—Pérot cavity with bulk optics. The input coupler is partially reflective to
allow build-up of both pump laser and SiV~ emission. In the right panel we show an example
setup we built with a cavity length slightly less than 50 mm.

sub-section. Note that this expression is the power density required to be absorbed by the
SiV™ centers, which is different from the actual power of the source by a factor of absorption
efficiency, and we have assumed that a pumping photon has unit probability in relaxing
nonradiatively to the excited state.

6.5.2 Fabry-Pérot Cavity with Bulk Optics

In section 6.3 we estimated the ZPL emission and absorption cross-section for SiVs in the
CVD sample to be 5.1E-16 cm? and 8E-17 cm? respectively, and the density of SiVs to be
~ 6E15 cm™3. From Fig. 6.5 we also have the absorption coefficient of 532 nm pump for
our 1 mm thick CVD sample about 0.8 cm™!. If we assume that no other mechanisms (e.g.
ionization [282], photobleaching/blinking [291], laser-induced etching of diamond [292], etc.)
are prohibiting lasing transition, we can estimate the laser threshold with a given cavity and
pumping scheme. In the following, we consider a Fabry-Pérot (FP) cavity with the diamond
plate place at the mode waist with Brewster angle configuration, as sketched in Fig. 6.11. The
choice of this arrangement is due to that after polishing of the CVD sample, a wedge about 10
arc min was estimated from the distance between laser beams reflected from the two polished
surfaces, with which a normal-incidence pumping scheme would accompany significant loss
(>35% solely due to Fresnel reflection) in a single round-trip in the cavity.

To facilitate lasing, the cavity design should allow tight focus of the pumping laser. For the
fundamental cavity Gaussian mode (TEMyy), the mode waist and the beam radius on the
coupler in a symmetric FP cavity are expressed as [285]

Wwaiss = ALRMYA[(1+g)/01-g)Y4, (6.9)
Weoupler = (AL/TC)I/Z[I—gZ]_lM; (6.10)
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Figure 6.12 - TEMyy mode waist and beam radius on the mirror depend on the cavity length.
The cavity consists of two concave mirrors with radius curvature 25 mm. For a diamond
(n=2.4) plate placed at Brewster angle, the effective cavity length for orthogonal transverse
directions has a difference dv'1 + n2(1/n? — 1/n*) where d is the plate thickness [293]. In our
case this is 0.37 mm as indicated on the left panel, leading to a minimum achievable spot size
on one transverse direction to be about 20 um. On the right, one can see that when the cavity
length approaches the limit, the beam radius on the mirror becomes comparable to the optics
aperture.

where g = 1 - L/R, with L and R being the cavity length and the radius curvature ® of mirrors,
respectively. For the laser cavity to be stable, i.e. the intracavity light is not scattered out
within a few round-trips, | g| < lisrequired [285]. While in theory the mode waist can be made
infinitely small if the cavity length is tuned infinitely accurate towards g — —1 (L — 2R), in
practice this is infeasible both due to that the limited positioning accuracy and that the beam
radius on the coupler would become comparable or even larger than the aperture (commonly
used optics have a diameter from 12 mm to 50.8 mm) as shown in Fig. 6.12. Furthermore, with
the diamond plate placed at Brewster angle, the effective cavity-length difference caused by
astigmatism gives rise to ellipticity of the cavity mode profile, limiting the achievable spot size
(Fig. 6.12). Consequently, a doubly-resonant cavity design would be favored for easing the
requirement on pump power, where build-up of both the pump laser and the SiV~ emission
are permitted.

On resonance, i.e. for wavelength A with m-A = 2L, where m could be any non-zero
integer and L) is wavelength-dependent due to dispersion of light in the gain medium
and at optical surfaces, the build-up factor in the abovementioned scheme is expressed

2
as X = |t1/(1 —rnrat? )| with (tgain) being the amplitude transmissivity of the input-

gain
coupler (gain medium), and r;¢») the amplitude reflectivity of the input-coupler (the second
mirror). If we assume no scattering loss, the build-up factor would be a function of three

6L is the length of optical path with non-unity refractive index taken into consideration wherever applicable,
and R is positive (negative) for concave (convex) mirror.
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Table 6.2 - Summary of parameters for calculating the lasing threshold

Parameter Value Source

N; 6E15 cm™3 Sec 6.3

Tem 5.1E-16 cm? Sec 6.3
gmax = NtOem 3.06 cm™! Table 6.2

p 1.67T' = 1.478 GHz Table 6.1, Eq. 6.7
g=8max(P-D)/(P+T) 0.7679 cm™! Table 6.2
hw 3.7338e-19] photon energy at 532 nm
P = hoT (Nt + g0 em)/2 1.24MW/cm™  Egq. 6.7, Eq. 6.8, Table 6.2
a (738nm) 0.585 cm™! Fig. 6.5
a (532nm) 0.8cm™! Fig. 6.5
R (738 nm)T 0.95 Sec. 6.5.2
R; (532 nm)t 0.82 Sec. 6.5.2
R, (532 nm and 738 nm)’ 0.995 Sec. 6.5.2

Note: T We assume the mirrors are lossless, i.e. R+ T = 1. In experiment this is never true, but in the calculation of
the threshold, this contribution is counted by assuming a large ©.

variables (r1,r2,0) with © indicating the offset of the diamond plate relative to the ideal
Brewster angle (which is never possible for two wavelengths because of dispersion), and the
optimal combination can be found with numerical optimization. In practice, however, the
availability of optics has to be taken into consideration. In our case, a custom input-coupler
was ordered from Laseroptik GmbH with highly (partially) reflective coating for 738 nm (532
nm) with reflectivity 95% (82%), and a standard Thorlabs concave mirror with high-reflection
dielectric coating (~ 99.5% for both wavelengths) was used as the second mirror. In the fol-
lowing we assume misalignment ® = 4° which is unlikely to happen but can be seen as a
lumped lossy channel accounting for loss mechanisms that have been so far neglected, such

as scattering and non-perfect mirrors. The round trip loss £ is then —In(R1R, T? . ) where

gain

R; = rl.2 represents the reflection of the mirrors, and Tgqin = the transmission through

tgzgai n
the sample.

For SiV™ emission wavelength, we consider the loss and gain in the gain medium separately,
i.e., the transmissivity through gain medium is determined by reflection loss and absorption,
without taking into consideration the re-emission. In Table. 6.2 we recall the parameters esti-
mated in previous sections which are needed in the following estimation. In calculating £, we
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Figure 6.13 — Required pump focus in the case of ©® = 6° (left), i.e. corresponding to more loss
in the cavity, and of © = 4° (right). The reflectivity at 532 nm for the input coupler was chosen
to be ~ 0.82 because in the higher loss scenario this choice gives a less stringent requirement
on focus tightness (sample thickness 1 mm), while with lower cavity loss, the difference on the
focus spot between 0.82 and 0.92 reflectivity is only about 1 um.

have tgqin = tp1 tpoexp(—az3gLgainl / (P +1)/2) where tp; is the transmission coefficient of the
i'h interface (function of ©, calculated from Fresnel equation [294]), and with gqLgain = &£
we can solve for P ~ 1.67 I' when © = 4°. Note that here the attenuation coefficient due to
absorption is aI'/(P +T')/2, where electron population inversion is taken into consideration,
and the factor of 1/2 accounts for the square-root relation between the power and the field
amplitude. Then P, is estimated by Eq. 6.8 to be ~ 1.24 MW/cm™3. With this cavity configu-
ration and a 1 mm thick diamond plate, about 5.6% power can be absorbed by SiV™ centers in
around-trip , therefore 22 MW/cm ™3 intracavity power density is required.

A 5W continuous-wave 532 nm laser is available to us for pumping, and the abovementioned
cavity gives a build-up factor ~ 8.5 for the pump wavelength. If perfect mode-matching can
be achieved, i.e. if all power can be coupled to the cavity mode, we would need to focus the
pump laser to ~ 25 um waist (since the diamond thickness is smaller than the Rayleigh length
of the TEMy cavity mode, we can consider the laser-pumped volume as a cylinder of ~ 1 mm
length) to achieve the threshold power density, with a mm-size spot on the end mirrors, much
smaller than the aperture. In Fig. 6.13 we plot also the required pump focus spot to achieve
the estimated power density threshold as a function of sample thickness and input-coupler
reflectivity at 532 nm. It can be seen that the choice of 0.82 reflectivity at pump wavelength
allows larger focus in a more lossy cavity, and further thinning down the sample does not bring
significant advantage. To conclude, at least in theory, if all assumptions we have made so far
hold true, it should be possible to make diamond lase with SiV centers.

"The absorption efficiency through the sample alone is =1 - exp(—as32Lgqinl'/ (P +1)) but by taking into
consideration the finite transmission at the diamond-air interface and the reflection loss at the mirror, for a
round-trip in a FP cavity the total absorption efficiency is tlzﬂn(l +(1-n) t;z r22) where 17 is the reflection coefficient
for 532 nm at the second mirror.

69



LB1761-A BB1-EO2P

LA1027-A LA 1131-A AL1225-A sample

customized input coupler

Figure 6.14 — Ray-tracing of the cavity performed in Winlens Basic. The optics LA1027-A, LA
1131-A, AL1225-A, LB1761-A, BB1-E02P are from Thorlabs, and the customized input coupler
is with a planar surface and a concave surface of curvature radius 25 mm (UV Fused silica).
Spherical optics and planar surfaces introduce aberration into the system and therefore reduce
coupling efficiency.

To assess the mode-matching quality, we tried to align the pump laser and the cavity without
placing the diamond plate inside, in which case the theoretical build-up factor is calculated
to be ~19. Given the cavity length about 5 cm, we can calculate the resonance linewidth to
be ~ 100 MHz, and spectrally aligning the pump laser (Verdi, 50 MHz linewidth according
to specification) to the cavity resonance would require nm resolution positioning 8. In our
attempt to align the pump laser to the cavity, however, bright laser spot on the second mirror
was easily observed, due to that spherical aberration was introduced to the system by the
optics we employed (spherical lens, plano-concave input coupler), resulting in mode matching
between the pump laser and high-order cavity modes. This phenomenon has been discussed
in detail in Ref. [295], where mode-matching to high-order cavity modes caused severe
resonance broadening. For the purpose of lasing, it is more important to know about the
actual build-up factor, which, however, was not measured with this configuration as the
second mirror we used is not back-side polished. To measure this quantity, the second mirror
was replaced by a convex lens and a back-side polished plano mirror (~ 99.5% reflection
for both wavelengths) °. The transmission from the output-coupler can then be monitored
and compared to the pump intensity, and the best build-up we measured was around 10,
as mode-matching optics are arranged to give best coupling only into the TEMyy mode (Fig.
6.14). To approach the theoretical prediction, a few options can be chosen for optimizing
mode-matching: employing aspheric optics to reduce aberration, using deformable mirrors
or spatial light modulators to pre-correct the wavefront of the pump laser, replacing plano-
concave mirror with a special anaclastic design as demonstrated in Ref. [295], or simply use a
pump laser with higher power.

If near-ideal mode matching can be achieved, as we have briefly mentioned above, the spectral

8Here we only consider mode matching between a pump laser with Gaussian profile and the TEMyg mode of
the cavity with 25 mm radius curvature concave mirrors.

9The standard plano-concave mirror from Thorlabs which is highly reflective for our interested wavelength is
not back-side polished, and limited by the budget a customized output-coupler was not ordered. This replacement
does not affect the mode-waist calculation, as mathematically they are nearly equivalent expect for the scattering
and additional spherical aberration at the convex lens surface, which are negligible to the system in the current
case. FSR also changes with cavity length.
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alignment between pump laser and cavity resonance would become critical for maximum
delivery of the pump power, yet this is extremely challenging to realize via mechanical position-
ing as nm accuracy would be required. An alternative way to achieve this is by thermo-optic
tuning, since diamond has low dn/dT coefficient about 1E-5, and a commercial Peltier module
with tuning accuracy ~ 0.05 K is sufficient to tune the cavity resonance with 50 MHz accuracy.

6.5.3 Integrated Nanobeam Cavities

The abovementioned substrate was cut and polished into smaller pieces and one of them
was sent to Loncar group at Harvard University, for the fabrication of high-Q nanobeam
cavities 1%, with a design resonance at 737 nm. The fabricated cavities are shown in Fig. 6.15.
When the pump laser is aligned with the cavity center, we could observe scattered light from
the notches on the waveguide ends. The PL spectra were investigated at temperature from
4K to 80K, however we could not confirm any cavity resonance due to two reasons: (a) the
inhomogeneous frequency splitting described in section 6.4.1 prevented us from assigning
any additional peak to a cavity resonance, unless a resonance is observed far away from the
four-line transitions, which we did not observe; (b) the setup we used is not confocal and the
collected PL signal is from both the cavity and the substrate down to a certain depth, resulting
in compromised SNR (signal-to-noise ratio) !!.

This nanobeam cavity is designed to have a ~ 0.5(1/ n)® mode volume [43] and ~ 10,000
g-factor (corresponding to ~ 20 cm™! loss which is much higher than the gain coefficient
of our sample at 300K). As we could not characterize the emission and absorption cross-
sections at cryogenic temperature, we observe the temperature-dependent behaviors of SiV™
absorption and emission reported in Ref. [297, 267], and assume a six(three)-fold increase
in emission(absorption) at ZPL. With these assumptions, the estimated threshold power for
lasing should be about ~ 3 mW if 10-fold enhancement of absorption and emission due to
Purcell effect is present (055, = 10 x 6 x 0500%, 048 =10 x 3 x 0390K), with the cavity geometry
estimated to have a cross-section area 1.1E-9 cm?, and cavity length 3E-4 cm. We note that
in Ref. [296] a similar nanobeam cavity design with ~ 1.8(A/ n)3 mode volume already gives
a Purcell factor better than 26, and the absence of lasing transition in our sample up to 15
mW pump power is not identifiable without more sophisticated characterization apparatus. It
is also possible that the cavity resonance is not on emitter transitions, and a confocal setup
with the capability to tune the cavity resonance via, for example, gas condensation, would be
helpful in determining the possible reasons concretely.

Overall, diamond laser with SiV centers is, if assumptions made above hold true, possible in
theory, and both bulk cavity and integrated cavity are potential technological routes towards
its realization. Further study in this direction would strongly benefit from more comprehen-

10gpecial acknowledgment to Cleaven Chia for taking care of the fabrication during the difficult times of COVID-
19.

11n fact, as can be seen in Ref. [296], if the cavity resonance is not on the emitter transition frequency, even
confocal setup does not give very high SNR.
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Figure 6.15 — Left: SEM observation of the fabricated nanobeam cavities, with two arrows
pointing to small notches that scatter light. Right: optical image when 532 nm pump laser is
focused onto the cavity center, with light scattered by notches visible as bright spots.

sive material characterizations at room and cryogenic temperatures, and from experimental
techniques allowing near-ideal spatial and spectral alignment between pump laser and cavity
resonance.
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rd Conclusion and Outlook

In this thesis we first demonstrated using broad inert ion beam for smoothening single crystal
diamond whose surface is damaged due to mechanical polishing, with resultant sub-nm
roughness which is indispensable for large-scale integration of photonics devices such as
waveguides and superconductive nanowire detectors. The process developed, unlike conven-
tional polishing schemes, does not exert high mechanical pressure onto the surface and is
therefore suitable for polishing large or thin substrates. Since the damage during this process
only happens on the very surface of diamond and is easily removed by annealing or O, plasma
treatment, it is expected to be widely applicable to quantum photonics device fabrication
where mechanically induced sub-surface damage leads to adverse effects on color centers.

Following this, we explored the possibility to leverage ion-beam induced self-organization for
the maskless nanostructuring of diamond surfaces. Aligned ripples with periodicity below 20
nm were observed on the ion beam treated surface and the amplitudes and the wavelengths
are tunable depending on the incidence angle and acceleration energy of impinging ions.
Templated dewetting of gold films with thickness below the ripple amplitude height was
observed to lead to the formation of aligned nanoparticles, and further experiments in this
direction have the potential to eventually enable a lithography-free approach for structuring
diamond at the nanometer scale.

On device level, free-standing optical resonators were fabricated directly from a SCD bulk
substrate, with the help of highly symmetric miniaturized Faraday cages. The design and
fabrication method of such Faraday cages provide improved flexibility in angled-etch approach
compared to early demonstrations, and allows this process technique to become repeatable.
In addition, smoothing of inversely tapered side-walls was shown feasible with adequate
processing conditions, which further improves device quality fabricated using this method.

Eventually, we characterized color centers incorporated in situ during CVD growth and fab-
ricated by ion implantation and annealing. The collected data suggest that a SiV laser, in
principle, should be possible, as long as a cavity with sufficient build-up can be realized or
a strong optical pumping is available. In addition, at cryogenic temperature, we observed
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anomalous photoluminescence from ensemble SiVs that was, to our knowledge, not reported
in literature. This implies possibly unknown mechanism that may be explored for quantum
applications involving color centers.

At the time this thesis being written, all components that are required for linear optics quantum
information processing [80] and Boson sampling [298] (i.e. single photon source, waveguide,
power splitter, modulator!, and single photon detector), have been demonstrated as stand-
alone working devices in diamond (c.f. section 2.2.2 for details). While this is promising
already, it still requires considerable efforts in material engineering and device performance
optimization before an all-integrated diamond quantum photonics circuit may come into
reality. In addition, despite the delightful progresses that have been achieved employing
angled-etch, it is, as shown in section 5.4, very challenging to realize efficient waveguide
coupling based on this technique given the intrinsic geometrical restrictions. It should be
noted, nevertheless, that all devices demonstrated with angled-etch can be readily fabricated
on a DOI platform, if needed. We further note that this thesis is part of the project funded by
SNSF Grant No. 183717 and 157566, which aims at establishing a scalable diamond photonics
platform for optoelectronics device integration. Along with the theses of Dr. Teodoro Graziosi
and of Dr. Marcell Kiss, we have explored the possibilities in DOI, angled-etch, and SCREAM
processes, and the lessons we learned lead us to the conclusion, that a DOI platform, if it can
be realized, would be the most promising candidate for the scalable integration of diamond
photonic devices.

We expect a few key technologies to be developed before a fully functional quantum photonics
circuit in diamond can be realized: a) scalable high-quality substrate growth with different
crystal orientations, controlled doping and isotopic engineering; b) diamond-insulator bond-
ing compatible for subsequent processing; c) color center incorporation with well-controlled
position and orientation; d) on-demand generation of single photons with low noise and their
synchronization; e) efficient phase and intensity modulation on-chip; f) integrated single
photon detection with sufficiently high efficiency.

Bearing in mind that all above-mentioned technologies pose a great challenge to overcome,
heterogeneous integration (i.e. to integrate diamond components into photonic circuits
built on another material) can be a much easier technical route to explore: it is true that
large-scale screening (quality-check) and pick-and-place of diamond micro-chiplets [299]
into carrier circuits may not be efficient, but this way the stringent requirements on material
engineering would be largely relieved, and interfacing efficiency as an additional bottleneck
can be relatively easy to tackle with through design optimization [300, 301].

Taking one step back, lest we forget that diamond is not necessarily the best candidate for
quantum photonics: recent discoveries on room-temperature single photon emitters in silicon
[302, 303, 304] and AIN (aluminum nitride) [305, 306] platforms have declared their similar

IModulator has only been demonstrated for polycrystalline diamond-on-insulator platform [81] but the pro-
cessing technique can be adopted for single crystal DOI platform straightforwardly.
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(or perhaps even greater) potentials to become a prevailing material platform for quantum
photonics.

Similar to color centers in diamond, implantation and subsequent annealing make it pos-
sible to incorporate point defects into silicon and AIN wafers with positional control. In
addition, the processing of both materials is way more industry-friendly [307, 308] than that
of diamond, and high-quality silicon-on-insulator and AIN-on-sapphire wafers are readily
available commercially. For AlN, its transparency and high third order nonlinear susceptibility
(comparable to silicon nitride [309]) facilitate low-loss resonator [310] and frequency comb
generation [311] over a large bandwidth. The piezoelectric property of AIN further provides
the possibility to realize dynamic tuning of the cavity resonance [312, 313] and potentially
acoustic control of quantum spins via strain field. For silicon photonics platforms, beside
the demonstrated and matured manufacturability, functionality and scalability, the G-center
has shown promising properties such as electroluminescence [314] and ODMR [315], which
closely resemble what made diamond color centers exceptionally attractive. If further study
may demonstrate favorable properties of point defects (e.g. optically or electrically initializable
spin states, long coherence time of spin qubit, efficient light-spin interface) in these materials,
it can be expected that the well-established foundry-PDK (process design kit) ecosystem will
not take too long to bring fully functional quantum photonics circuits into real life.
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.\ Integration of adKS Equation by Fi-
nite Difference

The adKS equation has been employed in many works in the context of ion beam induced self-
organization. By adjusting the parameters it can be readily reduced to undamped anisotropic
(by setting vy = 0) or isotropic (by setting @ = 0, 8 = 0) KS equation, in which cases all following
content still apply. With h = h(r = x-é, + y- &y, t) representing the surface profile, the equation
in its continuous form, after rescaling, reads

0rh=—(y+05+ad’,+ A h+(0xh)* + B0, h)* +7 (A.1)

where 1 = () is time-dependent Gaussian noise. Two real numbers a and  quantify the
anisotropy for the linear and non-linear terms, respectively.

To integrate this PDE, we first discretize the 2d space into a grid of points spaced by dx. The
derivatives can then be expressed in terms of matrix,

_(T72.72V_
2 ~ 16(U+L)1 zgx;m 301 (A.2)
& ~ @1, a.3)

where U;; = 6i+1,j, Lij = 6;,j+1 with 6 being the Kronecker delta, and I is identity matrix.
Similarly, the nonlinear terms can be expressed as

—h2+(Uh-h)(h-L —Lh)?
0. 1)> (Uh—h)?+( hg(}:i);;az W)+ (h=L)? (A4)
L—h)2+(hL—h)(h— —hU)? A
(ayh)z (hL-h)*+(h 3}€)d()13)2hm+(h huy? (A.5)

From this point the equation can be straightforwardly integrated in MATLAB with matrix
multiplication.

We have mentioned in the main text that the parameter y is set arbitrarily as it cannot be
calculated from first-principle derivation. To see how the choice of y influences the time
evolution of adKS equation, we expand # in the frequency domain h(r,t) =3 ; fli(t) with
fz,- = A;(t)cos(k;r) + B;(t)sin(k;r). Supposing A;(t) and B;(¢) are first-order differentiable,
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Figure A.1 — The growth rate in k-space with y = 0 (left) and y = 2 (right). In both cases we used
a = 0.8, which leads to the anisotropy of growth rate in k-space.

which is the case in continuous ion beam treatment neglecting noise, we have
0/h=)_Ajcos(k;r)+ B sin(k;r)
i
=2 -y + ki +aky, — k") by
1

_ 2 (A.6)
+ Z kix(Aisin(k;r) — B;cos(k;r))

2
+p {Z kiy(A;sin(k;r) — Bicos(kir))} +1.

As we integrate the equation from a flat-surface initial condition, before the amplitudes A;, B;
reach certain level, only the linear term plays an important role. In this linear regime the
amplitude grows exponentially as e 7 +ix* 9% ok

The expression —y + kl? T akl? e k;* is often called growth rate in literature, and in the figure
below we plot the growth rate in the frequency space, assuming a = 0.8. When there is no
damping, i.e. y = 0, growth happens over a larger frequency space. In contrast, if we sety =2,
only in a very small frequency range can the ripples grow. In a numerical simulation, if y is
set too high, the resulting image would have very well defined parallel ripples with a sinusoid
height profile. For this reason we have set y = 1 in the main text to reproduce a less regular
surface feature.
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Faraday Cage from 2D to 3D

We have seen that a 2D pattern can be extruded into 3D in Chap. 5. Here we explain the design
and the limitations on aspect ratio. As shown in the figure below, white spaces inside the
layout are to be removed, leaving a metal (in our case, aluminum) foil on the rim and in the
center, and metal wires between them.

After writing the pattern, the structured foil is clamped by the two round parts shown in the
figure below, following which we use the cone-shaped part to extrude the foil into a volume.
As pure-aluminum is soft, the wires colored black will be straightened, while the wires colored
red only levels up vertically. Consequently, the angle of the sidewall is defined by the length
of the black wires and the spacing between red wires. If we denote the spacing by s and the
length of black wire by b, the maximum achievable angle of the sidewall (relative to plane of
the rim/top) is then 6 = arccos(s/b). As the length of black wires is fundamentally limited by
its finite thickness and the finite spacing, the cage cannot be arbitrarily vertical, and given
fixed wire thickness, the less the spacing is, the lower the limit is on the aspect ratio.
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Figure B.1 - 2D layout of a Faraday cage (left) and auxiliary tools for extruding it into 3D (right).
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8] Fabrication of Dimpled Fiber Tapers

Dimpled tapered fibers are convenient for probing photonic cavities integrated on-chip. To
fabricate them reproducibly with well-defined curvature, the setup can grow in complexity
as demonstrated in [316]. Here we provide a method for fabricating dimpled fiber with a
standard heating-and-pulling setup, as explained in Fig. C.2. This method does not guarantee
yield but can be readily implemented with existing tools. The procedure is:

(a) Pulling the fiber while heating, a tapered region results;

(b) Squeezing the tapered region with the heat turned off;

(c) A curl is formed from step b and heating makes it a dimple;

(d) Pulling the fiber again, this time with the heat off, to tension the dimpled taper.

To achieve a very thin taper (< 1 pm) the fiber may easily break during fabrication. In this

20 pm

Figure C.1 — SEM picture of dimpled tapered-fiber.
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Figure C.2 — The protocol for dimpled tapered-fiber fabrication. Arrows indicate the movement
direction of clamps. Grey-scale colored fire corresponds to off-state.

case BHF can be used to further thin the dimpled fiber. The etch-rate of this process is about
70 nm/min for a standard single-mode telecom fiber, and we have successfully fabricated
dimpled fibers with diameter < 700 nm.
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