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SUMMARY

With their ability to process and transfer quantum information, large-scale entanglement-
based quantum networks could be at the heart of a new age of quantum information,
enabling fundamentally new applications such as distributed quantum computation,
quantum communication, and quantum enhanced sensing. Due to their long spin co-
herence, controllable local qubit registers and optically active spins, color centers in di-
amond are prime candidates for nodes of such a network, and have enabled some of the
most advanced quantum network demonstrations to date. These demonstrations in-
clude the distribution of a 3-node GHZ state across a quantum network, entanglement
swapping, entanglement distillation, and memory-enhanced quantum communication.
To move beyond current proof-of-principle networks, a further increase of entanglement
generation rates is crucial. This thesis presents theoretical and experimental work on en-
hancing the spin-photon interface of color centers in diamond to achieve this goal, mak-
ing use of the Purcell effect. The discussed work follows two main directions: embedding
of color centers in open, tuneable Fabry-Perot micro-cavities, and in all-diamond pho-
tonic crystal cavities.

First, we describe theoretical and experimental progress towards cavity-enhanced
quantum networks based on nitrogen-vacancy (NV) centers in diamond. Due to their
first order sensitivity to electric fields, we choose to embed NV centers in microns-thin
diamond membranes that can be integrated into open fiber-based micro-cavities. We
develop analytical methods to optimize the design of such open cavity systems for max-
imum Purcell enhancement of embedded color centers (Chapter 4). We demonstrate a
method to fabricate optically coherent NV centers in microns-thin diamond membranes
(Chapter 5), and use such structures to demonstrate the resonant excitation and detec-
tion of coherent, Purcell enhanced NV emission (Chapter 6). A theoretical model in ex-
cellent agreement with our results suggests our system can improve entanglement rates
between distant NV centers by two orders of magnitude with near-term improvements
to the setup.

Second, we describe progress towards an efficient spin-photon interface of group-
IV color centers in diamond by coupling them to photonic nanostructures, allowing for
large-scale integration. Due to their first-order insensitivity to electric fields, group-IV
color centers can be brought in close proximity to surfaces (∼ 100 nm), allowing for
sub-wavelength mode volumes and thus very high Purcell factors. We numerically opti-
mize photonic crystal cavity designs to maximize the Purcell enhancement of embedded
emitters, test the robustness of our designs to real-world fabrication imperfections, and
devise a method to efficiently interface nanophotonic structures (Chapter 7). We then
proceed to fabricate all-diamond photonic crystal cavities, making use of a dry etching
technique that is selective to different crystallographic directions, and characterize the
resulting optical quality factors (Chapter 8). Finally, we marry the fabrication methods
developed in Chapters 5 and 8 to fabricate microns-sized diamond platelets that can

ix
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be transferred from a holding frame in a controlled fashion (Chapter 9). This capability
could be crucial for the realization of hybrid photonic circuits that we expect to be at the
heart of future large-scale quantum networks (Chapter 10).



SAMENVATTING

Met hun vermogen om quantuminformatie te verwerken en over te dragen, kunnen
grootschalige op verstrengeling gebaseerde quantumnetwerken de basis vormen van
een nieuw tijdperk van quantuminformatie. Waarin fundamenteel nieuwe toepassin-
gen mogelijk worden, zoals gedistribueerde quantumberekening, quantumcommunica-
tie en quverbeterde sensoren. Vanwege hun lange spincoherentie, de aanwezigheid van
aanstuurbare lokale qubit-registers en optisch actieve spins, zijn kleurcentra in diamant
de belangrijkste kandidaten voor knooppunten van een dergelijk netwerk en kleurcen-
tra hebben enkele van de meest geavanceerde quantumnetwerkdemonstraties tot nu
toe mogelijk gemaakt. Zoals onder andere de distributie van een GHZ-toestand over 3
knooppunten in een quantumnetwerk, het doorgeven van verstrengeling, verstrenge-
lingsdestillatie en verbeterde quantumcommunicatie met behulp van een geheugenqu-
bit. Om verder te gaan dan de huidige proof-of-principle-netwerke is een verdere toe-
name van de snelheid waarmee verstrengeling gegenereerd kan worden cruciaal. Om
dit doel te bereiken presenteert dit proefschrift theoretisch en experimenteel werk om
de spin-foton-interface van kleurcentra in diamant te verbeteren, door middel van het
Purcell-effect. Het besproken werk volgt twee hoofdrichtingen: het gebruik van kleur-
centra in open, afstembare Fabry-Perot microholtes, en kleurcentra in volledig diaman-
ten fotonische kristalholten.

Eerst beschrijven we theoretische en experimentele vooruitgang op het gebied van
holte-versterkte quantumnetwerken op basis van het stikstofholte (NV) centrum in dia-
mant. Vanwege hun gevoeligheid in de eerste orde voor elektrische velden, kiezen we er-
voor om NV-centra in te bedden in micrometerdunne diamantmembranen die kunnen
worden geïntegreerd in open microholtes op basis van glasvezelkabels. We ontwikkelen
analytische methoden om het ontwerp van dergelijke open-cavity-systemen te optima-
liseren voor maximale Purcell-verbetering van ingebedde kleurcentra (hoofdstuk 4). We
demonstreren een methode om optisch coherente NV-centra te fabriceren in micron-
meterdunne diamantmembranen (hoofdstuk 5) en gebruiken dergelijke structuren om
de resonante excitatie en detectie van coherente door Purcell versterkte NV-emissie aan
te tonen (hoofdstuk 6). Een theoretisch model dat uitstekend overeenkomt met onze re-
sultaten suggereert dat ons systeem de verstrengelingspercentages tussen NV-centra op
afstand met twee ordes van grootte kan verbeteren met verbeteringen aan de opstelling
die op korte termijn uitgevoerd kunnen worden.

Ten tweede beschrijven we de voortgang naar een efficiënte spin-foton-interface van
groep-IV-kleurcentra in diamant door ze te koppelen aan fotonische nanostructuren,
waardoor grootschalige integratie mogelijk wordt. Vanwege hun ongevoeligheid in de
eerste orde voor elektrische velden, kunnen kleurcentra van groep IV dicht aan de opper-
vlakte worden aangebracht (∼ 100 nm), waardoor sub-golflengtemodusvolumes en dus
zeer hoge Purcell-factoren mogelijk zijn. Met numerieke methodes optimaliseren we de
ontwerpen van fotonische kristalholtes om de Purcell-verbetering van ingebedde emit-
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ters te maximaliseren, testen we de robuustheid van onze ontwerpen voor fabricage-
imperfecties, en bedenken we een methode om nanofotonische structuren efficiënt te
koppelen (hoofdstuk 7). We gaan dan verder met het fabriceren van volledig diaman-
ten fotonische kristalholtes, gebruikmakend van een droge etstechniek die selectief is
voor verschillende kristallografische richtingen en karakteriseren de resulterende opti-
sche kwaliteitsfactoren (hoofdstuk 8). Ten slotte combineren we de fabricagemethoden
die zijn ontwikkeld in de hoofdstukken 5 en 8 om micrometers grote diamanten plaat-
jes te fabriceren die op een gecontroleerde manier kunnen worden overgebracht van
het frame waarin ze gemaakt worden naar de experimentele chips(hoofdstuk 9). Deze
mogelijkheid is cruciaal voor de realisatie van hybride fotonische circuits waarvan we
verwachten dat ze de basis zullen vormen van grootschalige toekomstige quantumnet-
werken (hoofdstuk 10).



1
INTRODUCTION

“I think that this present century in a sense will see a great upsurge and devel-
opment of this whole information business.” Claude Shannon, 1959 [2]

Often termed the age of information, the 20th century has seen fundamental changes in
society and economy, fueled by radically new means of communication. The rapid rise of
quantum technologies over the past decades, as well as their inherent disruptive potential
for information technology, suggests that we could find ourselves at yet another decisive
point in history. Here, we give a brief introduction to the evolution and state of the art of
quantum technologies, focusing in particular on large-scale entanglement-based quan-
tum networks. With their ability to transfer and process quantum information, such net-
works could enable a suite of fundamentally new applications, from quantum communi-
cations to distributed quantum sensing and quantum computing. Thus, such quantum
networks could be at the heart of a new age of quantum information.

Parts of this chapter have been published in Journal of Applied Physics 130, 070901 (2021) [1]. These sections
are denoted with an asterix in the caption.

1
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2 1. INTRODUCTION

1.1. THE AGE OF (QUANTUM) INFORMATION*
With the Panama-Pacific International Exposition of 1914 fast approaching, AT&T’s lead-
ership grew increasingly alarmed: it was still impossible to hold a coast-to-coast tele-
phone call, despite the company touting it for years. The essential problem “was a
satisfactory telephone repeater,” recalled an AT&T senior manager from conversations
with the company’s chief engineer John J. Carty [2]. Whereas mechanical repeaters ad-
equately boosted voice signals on the metro-scale, they added so much noise that sig-
nals quickly became unintelligible over longer distances. A fundamentally new repeater
technology was needed. Tasked with this urgent mission, Bell Laboratories developed
the “audion” trion vacuum tube, just in time for the 1914 Exposition. Over the ensu-
ing decades, the triode made way to the transistor, copper wires yielded to optical fiber,
and binary digits (”bits") became the universal language of information, transcending
physical modality. Today, the world is at the cusp of the next information revolution,
as quantum bits (”qubits") have become the universal units fueling a new generation
of ‘quantum information technologies’. And once again, an essential challenge is to de-
velop a “satisfactory repeater” – this time, capable of relaying (but not amplifying! [3])
quantum information signals. This thesis focuses on quantum technology using color
centers in diamond to connect quantum information among spins and photons, with
the goal of realizing one such “quantum repeater”.

1.2. A BRIEF INTRODUCTION TO QUANTUM TECHNOLOGY
Around the same time that Bell Laboratories rolled out the “audion” repeater to enable
long-distance telephone communication, quantum theory was developed and formal-
ized by a group of European scientists. This new quantum theory spurred many debates
amongst the theory’s founding fathers on its possible "ridiculous consequences", often
carried out in “Gedankenexperimenten” (at the time, the prevailing language in quantum
research was German). These thought experiments were meant to test the interpreta-
tions of quantum mechanics, and often used in debates about the correct interpreta-
tions of the theory. In fact, the founding fathers themselves thought that it would not
be possible to perform most of these experiments. Schrödinger, for example, famously
wrote in 1952 [4]:

“We never experiment with just one electron or atom or (small) molecule. In
thought-experiments we sometimes assume that we do; this invariably entails
ridiculous consequences.”

Less than a century later we find ourselves in a situation in which many of these
thought experiments can be routinely tested in the lab [5]. One famous example is the
contradiction of the Einstein–Podolsky–Rosen paradox [6] via loophole-free “Bell tests”,
independently reported for the first time by three research groups in 2015 [7–9]. In their
1935 paper, Podolsky, Einstein and Rosen argued that the principles of entanglement vi-
olated the theory of relativity, as it would allow faster-than-light communication. From
this, they concluded that quantum theory in its current form could not be considered
complete, and needed some local “hidden” variables (i. e. variables that are not con-
tained in the formulation of quantum theory) to explain the results. In 1964, John Bell
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devised a quantifiable test of the existence of such hidden variables in the form of an
equality [10], and the results in 2015 demonstrated that such local hidden variables do
not exist.

The past decades have seen a rapid progression from laboratory-scale experiments
aimed at understanding nature, confirming the predictions of quantum mechanics, and
experimentally testing thought experiments, to harnessing the powers of quantum the-
ory for technologies with real-world applications. The technologies that are currently
being developed can be loosely grouped in three main categories:

1. Quantum sensing: A broad class of quantum technologies can be grouped under
the term of quantum sensing. While there exist different flavors of quantum sens-
ing [11], it is most commonly defined as exploiting quantum systems to measure
physical properties, sometimes in combination with quantum entanglement to
increase sensitivity beyond classical limits [12, 13]. Typically measured properties
include magnetic and electric fields, accelerations, forces and displacements [11],
and some of the most sensitive and commonly used sensing devices, such as su-
perconducting quantum interference device (SQUID) magnetometers [14] and op-
tical atomic clocks that can serve as the global time standard [15] are based on
quantum sensing techniques. Recently, it has been demonstrated that color cen-
ters in diamond, such as the nitrogen-vacancy center, can be used to non-invasively
image the action potential of single neurons in live worms [16], and resolve the
spatial composition of a coupled spin system in their surroundings with atomic
scale resolution [17], paving the way towards imaging and inferring the structure
of single molecules [18].

2. Quantum computing: Around the year 1980, scientists started to realize that the
exponentially-growing state space of quantum mechanical systems would pose a
fundamental limitation on their ability to simulate quantum mechanical systems
with classical computers [19]. As Feynman famously noted in 1981 [20]:

“Nature isn’t classical, dammit, and if you want to make a simulation
of Nature, you’d better make it quantum mechanical, and by golly it’s a
wonderful problem because it doesn’t look so easy.”

In the 1990’s, around 90 years after the refinement of the “audion”, it was again at
AT&T’s Bell labs that two of the most influential quantum algorithms that offer a
speed-up over their classical counterparts were developed: Grover’s algorithm [21]
to search a large unstructured database with a quadratic speedup1, and Shor’s al-
gorithm [22] to factor large numbers into their prime factors in polynomial time,
in contrast to an exponential runtime on classical computers. While Shor’s al-
gorithm led to tremendous interest in quantum research due to its practical im-
plications for information security2, building a universal quantum machine was

1Although applicable to a wide range of problems in computer science that use exhaustive search, the problem
was not by coincidence formulated in terms of finding someone’s phone number in a large phone directory.

2Current communication protocols are based on RSA encryption [23], which exploits the computational hard-
ness of factoring prime numbers on classical computers
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thought to be impossible due to quantum decoherence [24]. It was not until an-
other invention by Shor, a quantum error correction code that could overcome the
fragile nature of quantum states [25], that the consensus view changed. Indeed,
shortly after, it was demonstrated (yet again by Shor!) that building a fault-tolerant
quantum computer, i. e. a quantum computer resilient to both decoherence and
faulty quantum gates themselves, could be feasible [26]. These developments led
to a large influx of resources — both financial and human — aimed at experimen-
tally demonstrating these protocols, recently culminating in hallmark experiments
showing the first demonstrations of quantum algorithms that can not be simu-
lated with the best available supercomputers [27–29], developing what currently
is an industry with yearly investments of billions of dollars [30]. While reaching
this “quantum supremacy” threshold signals an important milestone on the path
towards real-world quantum computation, these experiments are performed for
carefully chosen algorithms that are hard to simulate on classical machines, and
are of no explicit practical use. We expect the next years to see rapid developments
on several fronts, including quantum computing hardware [31, 32], quantum al-
gorithms [33], as well as the further development of end user platforms that allow
accessing different quantum hardware in the cloud [34–36]. We also note that the
last years have seen tremendous progress in the field of analog quantum simula-
tors on various platforms [37–41]. In contrast to the universal quantum comput-
ers described above, these systems can simulate a subset of problems that can be
mapped to the system’s specific Hamiltonian. Here, the problems studied are typ-
ically restricted to ones that are robust to disturbance from noisy operations [19].
Thus, while analog quantum simulations are currently a powerful tool, they might
be replaced in the future by universal, fault-tolerant quantum computers.

3. Quantum communication: Around the year 1970, Stephen Wiesner designed a
protocol that — despite being practically infeasible — can be seen as the begin-
nings of the field of quantum cryptography [42]. His idea was to exploit Heisen-
berg’s uncertainty principle to design unforgeable bank notes, by storing photons
with a certain polarization in each bank note. Using two conjugate bases of po-
larization encoding (chosen randomly with 50% probability), a person without
knowledge of this encoding would inevitably induce an error in a quarter of cases
when trying to obtain information about the photons polarization. Thus, if the
bank has a register in which all serial notes of bank notes together with the cor-
responding photon polarizations are stored, they can at any time verify the au-
thenticity of bank notes, while any attempt of copying the money can be detected.
Initially, this was of little practical interest, and Wiesner’s work remained unpub-
lished until 1983 [43]. As Charles Bennett later noted [42]:

“Initially, quantum cryptography was thought of by everyone (including
ourselves) mostly as a work of science-fiction, because the technology re-
quired to implement it was out of reach (for instance, quantum bank
notes [43] require the ability to store a single polarized photon or spin
half particle for days without significant absorption or loss of polariza-
tion). [...] The main breakthrough came when we realized that photons
were never meant to store information, but rather to transmit it [...].”
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Indeed, in 1984, Charles Bennett and Gilles Brassard published the BB84 proto-
col, which used the idea of two conjugate bases to encode information. By send-
ing photons from an information encoder (sender) to a decoder that measures the
photons randomly in the two bases (reciever), and using an authenticated classical
communication channel to compare bases and measurement results, the amount
of information an evesdropper could have gained about the information sent can
be inferred [44], and a secure key can be shared. Importantly, as it is not possible
to create a perfect copy of a quantum state (known as the no cloning theorem [3]),
this key is thus secured by the laws of nature. It was not long after, in 1989, that
the experimental feasibility of this protocol was demonstrated [42, 45]. Soon af-
ter, another important class of quantum key distribution protocol that exploits the
monogamy of entanglement to secure communication was formulated [46], and
many more protocols based on these principles have followed since [47]. The last
years have seen the first demonstrations of trusted repeater networks3, and today
there are several companies that offer quantum key distribution as a commercial
service [48, 49]. Current research is focused on extending the functionality and
security of these networks beyond trusted repeater networks focused on quantum
key distribution, to networks in which entangled states are distributed between
the parties at high rates. As discussed in the following section, the realization of a
large-scale entanglement-based quantum network shows promise to combine all
three quantum technologies in one physical platform [50].

1.3. A BRIEF INTRODUCTION TO QUANTUM NETWORKS*
In a future quantum network (see Fig. 1.1), remote parties are connected by sharing long-
lived entangled states [50, 51]. Arguably, the most promising way of linking distant nodes
is to employ fiber- or free-space photonic communication channels to establish entan-
glement. While all photon-based schemes are associated with losses that scale with
distance [52], motivating the need for quantum repeaters [53], heralding entanglement
generation on successful photon transmission events maps these losses into reduced
entanglement generation rates without lowering entanglement fidelities [54–56].

Optically-mediated remote entanglement of individually controllable qubits has been
generated for different materials platforms, including quantum dots [57, 58], trapped
ions [59–61], neutral atoms [62–65], and nitrogen-vacancy centers in diamond [7, 66].
Other promising systems, including so-called group-IV defects in diamond [67–70], de-
fects in SiC [71–75], and rare-earth ions in solid-state hosts [76–78], show great poten-
tial for quantum network applications, although remote entanglement has not yet been
generated. Another less explored approach is to link distant superconducting quantum
processors using coherent conversion of microwave photons to telecom frequencies [79–
83].

Apart from fundamental tests of physics [7], small-scale quantum networks have
been used to demonstrate key network protocols such as non-local quantum gates [64],
entanglement distillation [84], and very recently entanglement swapping [85]. These

3In this scenario, the two commuting parties have to trust middle stations in between them. These stations are
required to achieve sufficient communication rates due to exponential photon losses in fiber with transmis-
sion distance (see below).
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Figure 1.1: Schematic overview of a future large-scale quantum network, consisting of nodes containing op-
tically interfaced qubits (purple) with long coherence times. Photons routed via optical fibers or free-space
channels serve as mediators to create entanglement (blue wiggled lines). Local area and trunk backbone quan-
tum repeaters (dark and light red circles, respectively) are used to enable a high entanglement generation rate
over large distances, overcoming photon transmission loss. The entanglement generation is heralded, mean-
ing that detection of certain photon statistics signals the successful generation of an entangled state that is
available to a network user for further processing and applications such as networked quantum computation,
quantum secured communication, quantum enhanced sensing, and potential not yet discovered tasks.

networks are currently limited to a few nodes [85], distances of up to one kilometer [7],
and entanglement generation rates in the Hz to kHz regime [7, 57–63, 66]. A major chal-
lenge for the coming decade is to transition from the current proof-of-principle exper-
iments to large-scale quantum networks for use in fields such as distributed quantum
computation [86, 87], quantum enhanced sensing [12, 13], and quantum secure com-
munication [47].

1.4. REQUIREMENTS FOR A QUANTUM NETWORK NODE*
To make a material platform suitable for a node in a quantum network in which entan-
glement is mediated by photons, it has to fulfill three main requirements [50]. First, the
capability to interface at least one qubit efficiently with optical photons (at telecommu-
nication wavelengths for fiber-based systems), to establish remote entanglement at high
rates. Second, the ability to store quantum states during entanglement generation; in
particular, this requires qubit coherence times under full network activity to be longer
than the time it takes to generate entanglement between nodes. Third, the capability
to store several entangled states per node with a capability for high-fidelity operations
between them, to enable multi-qubit protocols such as error correction.

Color centers in diamond satisfy most of these requirements, and have enabled some
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(a) (b)
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Figure 1.2: Overview of a quantum network node based on color centers in diamond and simplified optical
level scheme. (a) Schematic of a quantum network node in diamond, consisting of an optically-active (com-
munication) qubit (purple) embedded between two highly reflective mirrors (an optical cavity) to enhance
the interaction strength of photons with the qubit. The state of the color center qubit can be swapped onto
long-lived nuclear spin (memory) qubits in the surroundings (orange) using high fidelity gates that employ
microwave or RF pulses delivered via dedicated lines (gray). Tuning of network nodes to an optimal frequency
operation point is e.g. enabled by applying a static electric field via electrodes (yellow). Frequency-conversion
(black box) can be used to down-convert photons entangled with the state of the communication qubit to
telecommunication wavelengths, for which photon transmission losses are low. The color center features spin-
resolved optical transitions between an optical ground (GS) and excited state (ES), enabling optically-mediated
remote entanglement generation (b).

of the most advanced experimental demonstrations of quantum network protocols to
date. We here give a concise, high level overview of the achieved and projected key ca-
pabilities of color centers in diamond [see Fig. 1.2(a)], motivating a detailed treatment
(and also including the relevant literature) in the remainder of this thesis:

1. The color center contains an individually controllable, optically active spin (com-
munication qubit), with access to several long-lived nuclear spins (memory qubits)
in its surrounding. These memory qubits can be manipulated with high fidelity to
free up the communication qubit and enable multi-qubit protocols. They have
a long coherence time enabling robust state storage during subsequent network
activity.

2. The internal level structure is suited to generate remote entanglement. In particu-
lar, color centers feature spin-state-selective optical transitions that can entangle
the color center’s spin state with a photonic state, e.g. in the number / polarization
/ time basis [see Fig. 1.2(b)].

3. Optical emission of color centers is bright and can be collected with high effi-
ciency, enabling high entanglement generation rates. This emission is in the visi-
ble to near-IR spectrum, and thus at wavelengths that are associated with higher
fiber transmission losses than for photons in the telecom band. However, it is pos-
sible to efficiently convert this emission to the telecom band while maintaining
quantum correlations.

4. Diamond is a solid-state material, potentially enabling nanophotonic device fab-
rication at a large scale. Such devices can also be integrated with photonic cir-
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cuits, and efficient interfacing of color centers embedded in such systems has been
demonstrated.

1.5. THESIS OVERVIEW
This thesis presents theoretical and experimental progress on enhancing the spin-photon
interface of color centers in diamond for a quantum network, and is organized as follows:

• Chapter 2 gives a brief introduction to properties of NV centers at cryogenic tem-
peratures, focusing in particular on their spin-photon interface. We discuss differ-
ent schemes that have been used to generate remote entanglement between NV
centers, and give an overview to the state of the art of NV-based quantum net-
works. Current limits to entanglement rates and possibilities for improvement are
introduced.

• Chapter 3 describes the theory behind one such improvement method, namely
enhancing the spin-photon interface efficiency by embedding NV centers in an
optical cavity, making use of the Purcell effect.

• In chapter 4, we develop analytical methods to optimize the design of fiber-based
open micro-cavities. These methods are then used to find experimentally feasible
parameter values that maximize Purcell enhancement in such cavities.

• Chapter 5 develops a method to fabricate microns-thin diamond membranes that
contain NV centers with bulk-like optical coherence.

• Similar devices are used in chapter 6 to demonstrate resonant excitation and de-
tection of coherently emitted photons, Purcell enhanced by an optical cavity. A
theoretical model shows excellent agreement with the results and suggests that
our system can improve entanglement generation rates between distant NV cen-
ters by two orders of magnitude using near-term improvements to the setup.

• Chapter 7 motivates the development of all-diamond photonic crystal cavities as a
tool for realizing efficient spin-photon interfaces for group-IV color centers in dia-
mond. We discuss the differences between group-IV color centers in diamond and
NV centers, and describe the theory, design, and optimization of photonic crys-
tal cavities for highest Purcell enhancement. We evaluate the robustness of our
design to real-world fabrication imperfections, and devise a method to efficiently
interface these structures using tapered optical fibers.

• Chapter 8 presents a process flow to fabricate such cavities. We characterize the
resulting photonic crystal cavities, and outline a path for further improvements of
these systems.

• Chapter 9 focuses on the fabrication of diamond “platelets” as next-generation di-
amond devices for open cavities. These small, thin diamond rectangles are at-
tached to a diamond frame, fabricated by marrying the methods developed in
chapters 5 and 8, and can be positioned and bonded on a mirror with microns-
scale accuracy using a micromanipulator.
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• Finally, chapter 10 summarizes the results obtained in this thesis and discusses
future avenues and challenges on the path towards a large-scale entanglement-
based quantum network using color centers in diamond.



1

10 REFERENCES

REFERENCES
[1] M. Ruf, N. H. Wan, H. Choi, D. Englund and R. Hanson, Quantum networks based

on color centers in diamond, Journal of Applied Physics 130, 070901 (2021).

[2] J. Gertner, The Idea Factory (Penguin, New York, 2012).

[3] J. L. Park, The concept of transition in quantum mechanics, Foundations of Physics
1, 23 (1970).

[4] E. Schrödinger, Are there quantum jumps? The British Journal for the Philosophy of
Science 3, 233 (1952).

[5] I. Georgescu, Nobel Prize 2012: Haroche and Wineland, Nature Physics 8, 777
(2012).

[6] A. Einstein, B. Podolsky and N. Rosen, Can Quantum-Mechanical Description of
Physical Reality Be Considered Complete? Physical Review 47, 777 (1935).

[7] B. Hensen et al., Loophole-free Bell inequality violation using electron spins sepa-
rated by 1.3 kilometres, Nature 526, 682 (2015).

[8] M. Giustina et al., Significant-Loophole-Free Test of Bell’s Theorem with Entangled
Photons, Physical Review Letters 115, 250401 (2015).

[9] L. K. Shalm et al., Strong Loophole-Free Test of Local Realism, Physical Review Letters
115, 250402 (2015).

[10] J. S. Bell, The Einstein Podolsky Rosen Paradox and Local Hidden—Variables Theo-
ries, Physics 1, 195 (1964).

[11] C. L. Degen, F. Reinhard and P. Cappellaro, Quantum sensing, Reviews of Modern
Physics 89, 035002 (2017).

[12] D. Gottesman, T. Jennewein and S. Croke, Longer-baseline telescopes using quantum
repeaters, Physical Review Letters 109, 1 (2012).

[13] P. Kómár, E. M. Kessler, M. Bishof, L. Jiang, A. S. Sørensen, J. Ye and M. D. Lukin, A
quantum network of clocks, Nature Physics 10, 582 (2014).

[14] R. C. Jaklevic, J. Lambe, J. E. Mercereau and A. H. Silver, Macroscopic Quantum In-
terference in Superconductors, Physical Review 140, A1628 (1965).

[15] K. Beloy et al., Frequency ratio measurements at 18-digit accuracy using an optical
clock network, Nature 591, 564 (2021).

[16] F. Barry et al., Optical magnetic detection of single-neuron action potentials using
quantum defects in diamond, Proceedings of the National Academy of Sciences 114,
E6730 (2017).

http://dx.doi.org/10.1063/5.0056534
https://www.penguinrandomhouse.com/books/303275/the-idea-factory-by-jon-gertner/
http://dx.doi.org/10.1007/BF00708652
http://dx.doi.org/10.1007/BF00708652
http://dx.doi.org/10.1093/bjps/III.11.233
http://dx.doi.org/10.1093/bjps/III.11.233
http://dx.doi.org/10.1038/nphys2472
http://dx.doi.org/10.1038/nphys2472
http://dx.doi.org/10.1103/PhysRev.47.777
http://dx.doi.org/10.1038/nature15759
http://dx.doi.org/ 10.1103/PhysRevLett.115.250401
http://dx.doi.org/10.1103/PhysRevLett.115.250402
http://dx.doi.org/10.1103/PhysRevLett.115.250402
http://dx.doi.org/10.1002/prop.19800281202
http://dx.doi.org/ 10.1103/RevModPhys.89.035002
http://dx.doi.org/ 10.1103/RevModPhys.89.035002
http://dx.doi.org/10.1103/PhysRevLett.109.070503
http://dx.doi.org/ 10.1038/nphys3000
http://dx.doi.org/ 10.1103/PhysRev.140.A1628
http://dx.doi.org/ 10.1038/s41586-021-03253-4
http://dx.doi.org/10.1073/pnas.1712523114
http://dx.doi.org/10.1073/pnas.1712523114


REFERENCES

1

11

[17] M. H. Abobeih, J. Randall, C. E. Bradley, H. P. Bartling, M. A. Bakker, M. J. Degen,
M. Markham, D. J. Twitchen and T. H. Taminiau, Atomic-scale imaging of a 27-
nuclear-spin cluster using a quantum sensor, Nature 576, 411 (2019).

[18] I. Lovchinsky et al., Magnetic resonance spectroscopy of an atomically thin material
using a single-spin qubit, Science 355, 503 (2017).

[19] J. Preskill, Quantum computing 40 years later, arXiv preprint (2021),
arXiv:2106.10522 .

[20] R. P. Feynman, Simulating physics with computers, International Journal of Theo-
retical Physics 21, 467 (1982).

[21] L. K. Grover, A fast quantum mechanical algorithm for database search, in Proceed-
ings of the twenty-eighth annual ACM symposium on Theory of computing, Vol. 41
(ACM Press, New York, New York, USA, 1996) pp. 212–219.

[22] P. Shor, Algorithms for quantum computation: discrete logarithms and factoring,
in Proceedings 35th Annual Symposium on Foundations of Computer Science (IEEE
Comput. Soc. Press, 1994) pp. 124–134.

[23] R. Rivest, A. Shamir and L. Adleman, Cryptographic communications system and
method, U.S. Patent 4405829 (1977).

[24] S. Haroche and J. Raimond, Quantum Computing: Dream or Nightmare? Physics
Today 49, 51 (1996).

[25] P. W. Shor, Scheme for reducing decoherence in quantum computer memory, Physical
Review A 52, R2493 (1995).

[26] P. W. Shor, Fault-tolerant quantum computation, Annual Symposium on Founda-
tions of Computer Science - Proceedings , 56 (1996).

[27] F. Arute et al., Quantum supremacy using a programmable superconducting proces-
sor, Nature 574, 505 (2019).

[28] H. S. Zhong et al., Quantum computational advantage using photons, Science 370,
1460 (2021).

[29] Y. Wu et al., Strong quantum computational advantage using a superconducting
quantum processor, arXiv preprint (2021), arXiv:2106.14734 .

[30] McKinsey, McKinsey Quantum Computing Monitor, (2020).

[31] M. McEwen et al., Resolving catastrophic error bursts from cosmic rays in large arrays
of superconducting qubits, arXiv preprint (2021), arXiv:2104.05219 .

[32] K. C. Chen, E. Bersin and D. Englund, A polarization encoded photon-to-spin inter-
face, npj Quantum Information 7, 1 (2021).

http://dx.doi.org/10.1038/s41586-019-1834-7
http://dx.doi.org/10.1126/science.aal2538
http://arxiv.org/abs/2106.10522
http://arxiv.org/abs/2106.10522
http://dx.doi.org/10.1007/BF02650179
http://dx.doi.org/10.1007/BF02650179
http://dx.doi.org/10.1145/237814.237866
http://dx.doi.org/10.1145/237814.237866
http://dx.doi.org/10.1109/SFCS.1994.365700
https://patft.uspto.gov/netacgi/nph-Parser?patentnumber=4405829
http://dx.doi.org/10.1063/1.881512
http://dx.doi.org/10.1063/1.881512
http://dx.doi.org/10.1103/PhysRevA.52.R2493
http://dx.doi.org/10.1103/PhysRevA.52.R2493
http://dx.doi.org/10.1142/9789812385253_0008
http://dx.doi.org/10.1142/9789812385253_0008
http://dx.doi.org/10.1038/s41586-019-1666-5
http://dx.doi.org/10.1126/science.abe8770
http://dx.doi.org/10.1126/science.abe8770
http://arxiv.org/abs/2106.14734
http://arxiv.org/abs/2106.14734
https://www.mckinsey.de/$\sim $/media/mckinsey/locations/europe and middle east/deutschland/news/presse/2020/2020-12-13 - quantum computing monitor/mckinsey_quantum computing monitor.pdf
http://arxiv.org/abs/2104.05219
http://arxiv.org/abs/2104.05219
http://dx.doi.org/10.1038/s41534-020-00337-3


1

12 REFERENCES

[33] A. Montanaro, Quantum algorithms: An overview, npj Quantum Information 2, 1
(2016).

[34] Microsoft, Azure Quantum, retrieved 2021-07-15, (2021).

[35] Google, Google Quantum Computing Service, retrieved 2021-07-15, (2021).

[36] Amazon Web Services, Amazon Braket, retrieved 2021-07-15, (2021).

[37] M. Greiner, O. Mandel, T. Rom, A. Altmeyer, A. Widera, T. Hänsch and I. Bloch,
Quantum phase transition from a superfluid to a Mott insulator in an ultracold gas
of atoms, Physica B: Condensed Matter 329-333, 11 (2003).

[38] J. Zhang, G. Pagano, P. W. Hess, A. Kyprianidis, P. Becker, H. Kaplan, A. V. Gorshkov,
Z.-X. Gong and C. Monroe, Observation of a many-body dynamical phase transition
with a 53-qubit quantum simulator, Nature 551, 601 (2017).

[39] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Omran, H. Pichler, S. Choi, A. S.
Zibrov, M. Endres, M. Greiner, V. Vuletić and M. D. Lukin, Probing many-body dy-
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2
THE NITROGEN-VACANCY (NV )

CENTER IN DIAMOND AS A

QUANTUM NETWORK NODE

The nitrogen-vacancy (NV) center is a color center in diamond that is a promising node
candidate for future quantum networks, as it combines excellent spin coherence prop-
erties, spin-conserving optical transitions, and extensive control capabilities over nearby
carbon nuclear spins with long coherence times. Here, we give a brief introduction to the
electronic level structure of the negative charge state of the NV center, discuss its creation
mechanisms, and explore the origins for the small emission fraction of photons in the
zero phonon line (ZPL). We compare different entanglement generation protocols for NV
centers, outline the state of the art of NV-based quantum networks, and establish current
limitations to entanglement generation rates. Finally, we propose solutions to overcome
the current constraints in entanglement rates, setting the stage for the work discussed in
this thesis.
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Figure 2.1: The nitrogen-vacancy (NV) center in diamond. (a) Crystallographic structure of a diamond lattice
unit cell containing an NV center, consisting of a substitutional nitrogen atom, N, and a neighbouring lattice
vacancy, V. Carbon atoms that contribute electrons to the NV complex via dangling bonds are shaded in dark
gray. The resulting NV complex has C3v symmetry (NV axis along the [111] crystallographic direction). (b)
Molecular orbitals (MO) and their electron occupation for the ground state of the NV center, following from
Pauli’s exclusion principle; symmetry of the MOs is indicated by the labels. Fig. (b) from Pfaff, Bernien [6, 7].

2.1. THE NITROGEN-VACANCY (NV ) CENTER IN DIAMOND
The nitrogen-vacancy (NV) center in diamond is an atomic point defect in the diamond
lattice, for which two neighbouring carbon atoms of the diamond lattice are replaced
with a nitrogen atom, and a vacant lattice site, see Fig. 2.1(a). In the neutral charge state
(discussed in Refs. [1–3]), the resulting system is comprised of five electrons, resulting
from dangling bonds: two from the nitrogen atom, and three from the carbon atoms
surrounding the vacancy. In this work, we are solely concerned with the negative charge
state of the defect, for which an additional electron from a charge donor in the environ-
ment is added to the defect; unless stated explicitly otherwise, we will we will refer to the
negative charge state NV center simply as “the” nitrogen-vacancy (NV) center. In this
chapter, we give a brief introduction to the most important aspects of the NV center as
required to understand the rest of this thesis, and refer the reader to Refs. [1, 4, 5] for
further details.

2.2. NV CENTER CREATION METHODS
While NV centers occur at low density in diamond grown using chemical vapour de-
position, their occurrence can be increased using techniques that either create vacan-
cies in the lattice (laser writing [8, 9], non-nitrogen ion implantation [10], electron ir-
radiation [11–15]), or substitute a carbon atom with a nitrogen one (delta-doped lay-
ers [16, 17], nitrogen ion implantation [10, 18–22]). In a subsequent high temperature
annealing step (T ∼ (800−1200)◦C ), vacancies in the diamond become mobile and form
NV centers [20] by combining with nitrogen that is implanted, or residual nitrogen that is
left from the growth process. In this thesis, we use NV centers created via electron irradi-
ation, as this maintains bulk-like optical coherence properties even inµm-thin diamond
samples (see Ch. 5), in contrast to NV centers formed via ion implantation [22, 23].
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2.3. ELECTRONIC LEVEL STRUCTURE OF THE NV CENTER IN

DIAMOND

A schematic of the molecular orbitals (MOs) of the NV center ground state, obtained via
a linear combination of the atomic orbitals (LCAO, taking the C3v symmetry group of
the defect into account [1, 25, 26]) can be seen in Fig. 2.1(b). In the ground state, the
electronic occupation of the MOs is a′2

1 a2
1e2, while one a1-orbital electron occupies one

of the degenerate e orbitals in the excited state, resulting in the configuration a′2
1 a1e3.

Thus, the two unpaired electrons of both the NV ground and excited state are situated in
the bandgap of diamond (see Fig. 2.1(b)), explaining the atom-like coherence properties
of the NV center, despite its solid-state host.

As a consequence of coulomb repulsion, the otherwise degenerate ground and ex-
cited state spin singlet and triplet states shift in energy, resulting in their relative spacing
as indicated in Figs. 2.2(a,b). Transitions between the ground and excited state triplet
states (Fig. 2.2(b)) can occur resonantly (∼ 637 nm excitation or emission light) in the
zero-phonon line (ZPL) and off-resonantly in the phonon side band (PSB), for which ad-
ditional accompanying localized NV vibrations take or provide part of the energy of the
transition (see Sec. 2.4). While most of the decay from the excited states occurs through
these transitions, the excited triplet state also has a state-dependent probability of tran-
sitioning to the singlet state: levels with ms = ±1 spin character are more likely to de-
cay to the singlet, which then decays predominately to the ms = 0 triplet ground state
level [27–29] (Fig. 2.2(a)).

Taking spin-spin and spin-orbit interactions into account leads to the electronic level
structure of the NV centre as shown in Fig. 2.2(c). The orbital singlet spin triplet ground
state splits into two states at zero magnetic field: when the electrons are co-aligned
(ms = ±1), (mostly) spin-spin interaction leads to an energy shift of D ≈ 2.88 GHz (zero
field splitting ), compared to the case for which the electrons are anti-parallel (ms = 0).
Applying a magnetic field parallel to the NV axis splits the degenerate ms =±1 levels via
the Zeeman effect (see Fig. 2.2(e)), such that a qubit subspace can be defined. Excellent
coherence times (T2 > 1 s) have recently been observed for these qubits under cryogenic
conditions using dynamical decoupling sequences [30].

The nitrogen atom of the NV center carries a nuclear spin with either I = 1 (14N ,
99.3% natural occurrence) or I = 1/2 (15N , 0.7% natural occurrence), which leads to an
additional splitting of the ground state levels on the order of 2 MHz; by applying mi-
crowave pulses that are sufficiently broad in frequency, and utilizing high Rabi frequen-
cies, one can address all nitrogen states simultaneously [31]. Furthermore, the nitrogen
spin can also be used as an additional qubit, as demonstrated e.g. in Refs. [32, 33] by
employing selective radio-frequency (RF) pulses.

The NV center spin also couples to nearby nuclear spins of 13C atoms (I = 1/2, nat-
ural occurrence of 1.1% in the otherwise spinless diamond lattice) via a distance and
position dependent hyperfine interaction. These nuclear spins can be used as mem-
ory qubits with coherence times exceeding ten seconds [33] and can be coherently con-
trolled via tailored dynamical decoupling sequences that either exploit a NV spin-state-
dependent precession axis and frequency shift [34, 35], or use additional interleaved RF
pulses to selectively drive individual carbon nuclear spins [33, 36]. Such spins have been
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Figure 2.2: Electronic level structure of the NV− center in diamond. Figure adapted from Pfaff, Bernien,
Kalb [6, 7, 24]. The NV electron wave function is described by an orbital- and a spin-state-dependent part.
The otherwise degenerate ground and excited spin singlet (a) and triplet (b) states shift in energy when in-
troducing coulomb repulsion. Transitions between the excited state 3E and the ground state triplet 3 A2 (b,
molecular orbital electron occupation in brackets) can occur resonantly (solid lines, transition frequency ∼
470.4 THz), but are mostly accompanied by lattice vibrations that quickly relax to the vibrational ground state
(∼ 97 %, dashed lines, PSB, see text). While most decay from 3E to 3 A2 follows this radiative decay path, a
spin-state dependent decay mechanism through the singlet states (a, non-radiative parts dashed lines) allows
for optical spin polarization (see text). Including spin-spin and spin-orbit interactions, the excited state orbital
doublet splits into six levels, two pairs of which are doubly degenerate (c), while the ground state splits into
three levels, one pair of which is doubly degenerate. Transitions between the ground and excited state follow
selection rules (allowed transitions indicated with solid lines, polarization indicated) and are spin-selective
(spin states in brackets). Application of a transverse strain (or equivalent transverse electric field) modifies the
excited state energy levels (d), while having no effect on ground state energy levels to first order. Application
of a longitudinal strain, in contrast, changes the energy splitting between the ground and excited states. Appli-
cation of a magnetic field along the NV axis splits the ms =±1 spin levels (e) and thus allows to define a qubit
(|0〉 / |1〉) that can be coherently addressed with microwave pulses.
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used to store entangled quantum states to free up the NV electron for up to ∼ 2000 sub-
sequent entanglement generation tries in non-purified samples used for entanglement
generation [29, 37, 38].

In the excited state, the orbital doublet spin triplet state splits into six levels when
including spin-spin and spin-orbit interactions. The double degeneracy of two pairs of
these levels is lifted under application of external electric fields or strain perpendicu-
lar (transverse) to the NV axis (leading to a deformation of the contributing orbitals), as
shown in Fig. 2.2(d) [39, 40]; axial strain or electric fields (i.e. applied along the axis of
the NV center), on the other hand, lead to an overall shift of the excited state energy with
respect to the ground state energy. Optical transitions from the ground to the excited
state follow optical selection rules as indicated with solid lines in Fig. 2.2(c). By solv-
ing the Hamiltonian for the ground and excited state of the NV centre as introduced in
Ref. [1] using the parameters found in Refs. [1, 41], we can extract the transverse strain
of an NV center by fitting the measured optical transition energies to this model. This
technique is used in Ch. 5 of this thesis. The excited state fine structure can be observed
at cryogenic temperatures, while the orbital states mix via a T 5 dependent two phonon
process at higher temperatures, leading to broadened ZPL transition and thus removing
the capability of spin-state dependent resonant addressing of optical transitions [42], as
required for entanglement generation protocols (see Sec. 2.5).

The spin-state dependent decay from the excited state to the ground state via the
singlet states offers a path of spin polarization of the NV center even at ambient tem-
peratures [1]. In addition, it also displays a straightforward way to read out the spin
state of the NV center with non-selective off-resonant addressing: decay between the
triplet and singlet levels is non-radiative, and decay through the singlet states only emits
a photon at infrared frequencies, and is slow compared to the radiative triplet decay (see
Figs. 2.2(a,b)). Thus, one detects less photons from an NV center in the ms = ±1 state,
compared to the ms = 0 state, which allows to perform optically detected magnetic reso-
nance (ODMR) measurements with non-selective off-resonant excitation, as performed
in Ch. 5 of this thesis [15].

Addressing individual ZPL transitions resonantly allows readout of the NV center
spin state in a single shot with high fidelity (> 95 % [38, 43]), owing to the high cyclic-
ity of the ms = 0 transitions (spin flip probability per optical excitation ∼ 0.5 %). On the
other hand, addressing the ms =±1 ZPL transitions can be used to initialize the NV cen-
ter in the ms = 0 spin state, due to a finite cyclicity of the optical transitions [27]. These
spin-resolved optical addressing techniques are at the heart of protocols employed to
create entanglement between NV centers, as discussed in Sec. 2.5.

2.4. ELECTRONIC TRANSITIONS VIA VIBRATIONAL LEVELS
As indicated in the discussion of Fig. 2.2, transitions between electronic levels can occur
both without involvement of vibrational modes (zero-phonon line, ZPL), and via one
or more vibrational modes (phonon sideband, PSB). In this section, we introduce the
Huang-Rhys model (see Fig. 2.3(a)), which describes the effects of vibrational modes on
electronic transitions as a consequence of electron-phonon coupling [1, 44, 45].

The electronic energies of the ground and excited state are described by quantum
harmonic oscillators that depend on the displacement coordinate of an effective vibra-
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Figure 2.3: NV transitions via vibrational states. (a) Electron energy as a function of collective nuclear dis-
placement coordinate for the ground (3 A2) and excited (3E) state. A different electron configuration in the
ground and excited state leads to a relative displacement between equilibrium nuclear coordinates, δQ, and
a difference in energy spacing between vibrational modes (ħωA and ħωE ). Optical transitions between the
ground and the excited state are instantaneous compared to movements of the nuclei, leading to absorption
and emission spectra that are comprised of the ZPL (red solid line) and blue- (example green solid line) and
red- (example orange solid line) detuned emission components, respectively. Their relative strength is depen-
dent on the wavefunction overlap. Transitions between vibrational states are non-radiative and immediate
compared to optical transitions (indicated with grey dotted lines for the example red-detuned optical transi-
tion lines). (b) Emission spectrum of an NV center at room temperature under ∼ 532 nm excitation (black). Red
top line shows the sum of 8 transition lines (ZPL + 7 transitions that involve vibrational modes in the ground
state), whose relative strength is given by the overlap of vibrational wavefunctions between the modes. Figure
(b) reprinted with permission from Ref. [49]. Copyright (2013) by the American Physical Society.

tional mode which describes the displacement of the nuclei from their equilibrium posi-
tion. A difference in charge distribution in the ground and excited state leads to a differ-
ent nuclear equilibrium position, and a slight difference in the energy spacing of vibra-
tional modes [1]. As transitions between electronic states are instantaneous compared
to the timescales of the movement of nuclei (Born-Oppenheimer approximation [46]),
optical transitions between the ground and the excited NV state occur with high proba-
bility between states that have different vibrational occupation. The strength of a partic-
ular transition is then determined by the overlap of vibrational wavefunctions (Franck-
Condon principle [47, 48]). As the excited vibrational states decay rapidly to the ground
vibrational state, this effect gives rise to an NV emission spectrum that consists of the
ZPL transition and several red-shifted lines, while absorption of light can occur at the
wavelength of the ZPL transition and for blue-detuned light [49]. Approximately 2.6% of
light emission occurs into the ZPL, while the remaining radiative emission is assisted by
a lattice vibration [23]; this limits entanglement generation rates, as discussed in Sec. 2.7.

Fig. 2.3(b) shows the emission spectrum for an NV center in a nanodiamond at room
temperature, and the contribution of different vibrational modes of the electronic ground
state to the spectrum. The ZPL transition linewidths are broadened by phonon-induced
mixing of excited states via a T 5-dependent two-phonon Raman process [42], while the
transitions via vibrational modes are broadened by the fast decay times of lattice vibra-
tions at room temperature [49].
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Figure 2.4: Schematic of entanglement generation between NV centers. (a) Spin-photon entanglement is lo-
cally generated at each NV center. (b) Interfering the indistinguishable radiative modes of two spin-photon
entangled states on a beamsplitter removes the which path information. (c) Creation of a spin-spin entangled
state is heralded by a photon detection event. Figure adapted from Bernien, Pfaff [6, 7].

2.5. ENTANGLEMENT GENERATION BETWEEN NV CENTERS
The generation of heralded entanglement between distant NV centers critically relies on
the interference of indistinguishable photons that are entangled with the spin-state of
the NV centers, as depicted schematically in Fig. 2.4 [50]. Entanglement generation pro-
tocols start by initializing the NV qubit in one ground state, followed by the creation of
a superposition of two ground state spin states (forming the qubit subspace) using mi-
crowave pulses. Exploiting the spin-selectivity of the optical transitions of an NV center
(see Sec. 2.3), an optical π-pulse that is resonant only for one of the two spin states then
excites the NV center to the excited state, from where it decays under the spontaneous
emission of a photon with a characteristic lifetime ∼ 12 ns, creating a spin-photon en-
tangled state (Fig. 2.4(a)). Interfering the indistinguishable photonic parts of two such
spin-photon entangled states from distant different NV centers on a beamsplitter (re-
moving the which path information, Fig. 2.4(b)) and detecting a photon click then leads
to the generation of a state with density matrix of form [51]

(1−α) |Ψ±〉〈Ψ±|+α |↑〉A |↑〉B 〈↑|A 〈↑|B . (2.1)

Here, α is the probability to be in the “bright” state after initial NV ground state spin
initialization, |↑〉 denotes the bright qubit state, A and B label the two setups, and |Ψ±〉 =(
1/
p

2
)× (|↑A↓B 〉±e−iΦ |↓A↑B 〉

)
is the spin-spin entangled state (Fig. 2.4(c)), with Φ the

phase of the state1.
There exist different protocols that utilize states with density matrix of the form of

eq. 2.1 to generate entanglement between NV centers. In the two-photon scheme [31,
50, 52–55], a first photon detection event generates a state of form of eq. 2.1, withα= 0.5.
The NV center spin states are then flipped, and detection of a second photon in a sub-
sequent round generates the state Ψ±, where the phase has canceled, i.e. Φ = 0, as the

1Here, the sign of |Ψ±〉 is given by which detector clicked. We assume non-photon number resolving detectors,
symmetric excitation and detection efficiencies, and operation in the high photon loss regime, as justified
later in this section. The phase Φ contains the laser excitation pulse phases, the phase difference due to
different photon path lengths, and fluctuations in the NV center frequency that lead to a difference in phase
accumulation.
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path length difference is quasi static on the timescale of a single experimental repetition
(∼ 250 ns). While this is the most straightforward scheme to implement, entanglement
generation rates scale with 0.5p2

p , where pp is the probability to detect a photon per op-
tical excitation pulse if the NV center is initialized in the bright state. Using this scheme,
entanglement fidelities ∼ 90% at ∼ mHz rates have been demonstrated [31].

A second scheme uses a nearby 13C memory qubit in the vicinity of each NV center
to serve as an entangled state storage after a first photon detection [37, 56]. This then
frees up the NV electrons for a second entangled state generation attempt, which, upon
photon detection, is used to project the memory qubits into an entangled state with
a global phase by performing a CNOT gate between the NV and memory qubits and
measuring out the NV center qubit. Importantly, Φ = 0 for this protocol as long as the
phases in eq. 2.1 are the same for the two generated entangled states (∼ 2 ms due to
slow carbon nuclear spin gate times). This scheme can in principle scale withαpp , if the
entangled state swapped to the carbon nuclear spin memories does not dephase during
additional entanglement generation attempts on the NV center electron spin. However,
this condition is not yet met in state-of-the-art experiments [29, 38]. Combined with
the increased control complexity at the NV center nodes, compared to the two-photon
scheme, this renders this protocol unsuited for current experimental parameters.

A third entanglement generation protocol only requires a single photon click [51,
57] and directly generates a state of form of eq. 2.1; thus, active optical phase control
throughout the whole experiment to keep Φ constant is required. It scales advanta-
geously as ∼ 2αpp , trading off entanglement generation rate (scaling with the bright
state population α) with the entanglement fidelity (scaling with 1-α), yet necessitates
tight control over the excitation pulse phase, NV center frequency fluctuations, and,
most importantly, over path length fluctuations in the optical interferometer [38, 51],
which all contribute toΦ. This scheme is the primary method for entanglement genera-
tion with high rates in our group at this moment, with demonstrated fidelities ∼ 82% at
rates of ∼ 10 Hz [38].

2.6. STATE OF THE ART OF NV-BASED QUANTUM NETWORKS2

A recent experiment showcasing the potential of NV centers in diamond as quantum
network node candidates can be seen in Fig. 2.5, which shows a laboratory-scale quan-
tum network based on nitrogen-vacancy (NV) centers in diamond [38]. Three NV centers
in separate cryostats, linked via optical fiber channels in a line configuration, are oper-
ated as independent quantum network nodes. The centers are set to a common optical
emission frequency via electric field tuning (DC Stark shift) [50]. The network is used
to demonstrate distribution of three-partite Greenberger-Horne-Zeilinger (GHZ) entan-
gled states across the nodes, as well as entanglement swapping to achieve any-to-any
connectivity in the network [38]. This network sets the state of the art for entanglement-
based quantum networks.

Entanglement between the nodes is generated using the single-photon-emission-
based scheme described in Sec. 2.5 above. In the vicinity of the NV center, a 13C nuclear
spin is used as a memory qubit at the middle node, coupled to the NV center electron

2This section has been published in Journal of Applied Physics 130, 070901 (2021) [58].
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Figure 2.5: Schematic of a state-of-the-art 3-node quantum network based on nitrogen-vacancy (NV) centers
in diamond, linked with optical fibers. One of the network nodes features a 13C nuclear spin that is used as
a memory qubit to store (part of) an entangled state and free up the communication qubit, while subsequent
entanglement is created using this communication qubit a second time. Figure from [38], reprinted with
permission from AAAS.

spin via the hyperfine interaction. The nuclear spin is controlled via tailored microwave
pulses applied to the NV center spin [35] that simultaneously decouple the NV electron
spin from the other nuclear spins. Characterization of the nuclear spin environment of
an NV center has enabled communication qubit coherence times above one second [30].
In addition, entangled states have been stored in 13C memory qubits for up to ∼ 500
subsequent entanglement generation attempts [29, 38, 59]. Combined with the demon-
strated capability of entanglement distillation (generating one higher fidelity state from
two lower fidelity states) [37] and deterministic entanglement delivery (by generating
entanglement between two nodes faster than it is lost, albeit not under full network ac-
tivity) [51], these experiments highlight the potential of the NV center as a quantum net-
work node. As we discuss in detail below, a main challenge for the NV center is the low
fraction of emitted and detected coherent photons, limiting the entanglement rates.

2.7. PHOTON DETECTION IN ENTANGLEMENT GENERATION PRO-
TOCOLS

As discussed in Sec. 2.5, entanglement generation protocols between NV centers scale
linearly or quadratically with the probability to detect a photon after an optical excitation
pulse for an NV center in the bright state, pp . This makes pp a critical parameter in
entanglement generation protocols. Here, we discuss the most important contributions
that currently limit pp , as summarized in Fig. 2.6.

• Probability to excite the NV center to the excited state, pe : A finite probability of
exciting the NV center to the excited state per optical excitation pulse limits the
photon generation rate. There are three main mechanisms that can contribute to
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Figure 2.6: Schematic of main loss contributions to detection of a photon emitted from an NV center after
resonant excitation, pp . An NV center in the bright spin state is excited with probability pe . Spontaneously
emitted coherent photons at the ZPL frequency are filtered, pzpl , and collected with efficiency pc . Subsequent
travel of the photon in a fiber succeeds with probability p f , before a photon is detected with efficiency pdet .
Time windowing to remove residual excitation light and to spectrally narrow NV centers finally reduces pp by
1-pt . See text for a discussion of these effects.

limited pe :

– Insufficient optical driving power: To make the NV center spontaneously
emit a photon, it is brought to the excited state using resonant laser driv-
ing [60]. To achieve Rabi frequencies that allow for ns-long excitation pulses
(shorter than the NV lifetime to allow for efficient excitation pulse suppres-
sion via time filtering), sufficient laser power is needed; recent experimental
data suggests that we are typically operating in this regime [51].

– Probability to be off-resonant, or in the wrong charge state: A two-photon
process can lead to photo-ionization of the NV center, during which the charge
state is altered from the negative to the neutral state [51, 61], which has dif-
ferent transition energies and different energy levels, causing subsequent en-
tanglement generation attempts to fail. Additionally, the NV center transition
frequency can be detuned from the excitation laser, reducing the effective
optical driving power, and thus the probability to excite the NV electron to
the excited state. This can be caused by a fluctuating charge environment in
the vicinity of the NV center, which leads to spectral shifts of the transition
frequencies [15, 50]. We note, however, that due to the high Rabi frequencies
associated with the driving powers typically used for optical pulses, this effect
plays a minor role for pp , and instead rather limits entanglement fidelities.

In practice, charge resonance checks can be employed to guarantee that the
NV center is in the negative charge state, and that the excitation lasers are
on resonance with the NV ZPL transition used for entanglement generation.
Such a check is realized by driving both ms = 0 and ms = ±1 transitions si-
multaneously using two lasers, realizing a scheme in which the NV center
does not go dark due to spin-flips, but only due to being off-resonance with
one of the lasers, or due to being in the neutral charge state. Once the de-
tected photon number drops below a set threshold, green (non-resonant) [43]
or yellow (resonant) [3, 32] laser pulses can be employed to bring the NV cen-
ter back to the negative charge state, and the excitation laser frequencies can
be slightly tuned to restore maximum counts.
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• Probability of zero-phonon line (ZPL) photon emission, pzpl : As introduced in
Sec. 2.4, only∼ 2.6% of the spontaneously emitted light from the NV excited state is
emitted in the zero-phonon line [23]. However, only ZPL photons can be used for
entanglement generation, as the phonons assisting a photon during PSB transi-
tions dephase rapidly: for photons emitted in the PSB, the spin state is thus entan-
gled with both the presence or absence of a photon and the presence or absence of
a phonon. However, as the phonon is leaked to the environment, the spin-photon
state gets fully mixed. Additionally, photons emitted in the PSB occur at a broad
range of frequencies, and are therefore distinguishable after sub-ns timescales al-
ready, eliminating the possibility of entanglement generation at high rates.

• Probability of photon collection, pc : Due to the high refractive index of diamond
(∼ 2.41; compared to the refractive index of air of 1, in which the next stage of the
collection path is located), total internal reflection limits the collection of emitted
NV photons. State-of-the art solid-immersion lens collection enhancement tools
that have been used in entanglement generation experiments increase the collec-
tion of photons to ∼ 15% [31, 43]. Additionally, deviations from an ideal shape due
to fabrication imperfections in the ion beam milling process limit subsequent col-
lection of photons in a single mode fiber (as needed to guarantee spatial indistin-
guishability) in practice to ∼ 50%, resulting in a total photon collection efficiency
∼ 7.5%.

• Probability of photon transmission through fibers, p f : Connecting distant se-
tups is typically realized through single mode optical fibers to achieve spatial in-
distinguishability of photons, and low-loss photon transmission. However, com-
monly employed fibers have losses at ∼ 637 nm (∼ 8 dB/km) that are significantly
higher than at their transmission optimum (1310 nm / 1550 nm, ∼ 0.2 dB/km) [31,
62].

• Probability of photon detection, pdet : State of the art superconducting nanowire
single photon detectors feature detection efficiencies up to ∼ 95% at photon wave-
lengths of ∼ 637 nm [38]. We note that the experiments reported in this thesis were
conducted using silicon avalanche photodetectors, with typical efficiencies∼ 70%.

• Probability of photon detection in time window, pt : As discussed above, entan-
glement generation relies on the interference of indistinguishable photons. Thus,
it is important to filter out reflected light from the opticalπ-pulse used to excite the
NV center. Common techniques involve a combination of cross-polarization de-
tection and time filtering, i.e. restricting the window during which photon counts
are accepted as heralding events [50, 63]. Additionally, time filtering can be em-
ployed to mitigate the effects of unwanted spectral diffusion [64, 65]. The exact
allowable time window and thus fraction of all emitted photons that contribute
to the entanglement generation depends on the experimental requirements and
settings, and varies between setups and samples.

Combining all factors (including time filtering, but not fiber transmission losses),
current state-of-the art photon detection probabilities per NV excitation pulse, pp , are
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∼ 1× 10−3 if the NV center is initialized in the bright state [31]. This limits entangle-
ment generation rates in the single-photon detection protocol to ∼ 10 Hz for single link
fidelities ∼ 0.8 [38].

2.8. INCREASING PHOTON DETECTION RATES
There are two major ways to improve the coherent photon detection probability per res-
onant excitation pulse, pp , for distant NV entanglement generation. The first approach is
to increase the probability of fiber transmission, p f , by conversion of NV photons to tele-
com frequencies. As discussed above, fiber transmission losses at NV ZPL wavelengths
are ∼ 6 times higher (per kilometer) than at telecom wavelengths. Thus, for long fiber
transmission distances, it can be advantageous to convert the NV photons to telecom
frequencies using a difference frequency generation process [66–68], with reported sys-
tem conversion efficiencies of up to ∼ 20 % (including in- and out-coupling, as well as
filtering). As this process requires strong pump light with a wavelength ∼ 1064 nm (cre-
ating background photons throughout the whole telecom band), it is important to filter
the downconverted light with narrow frequency filters (∼ a few NV center linewidths),
to limit false heralding events by maintaining high signal to noise ratios. At the time
of writing this thesis, work towards entanglement generation between NV centers using
down-converted photons is under way, but has not yet been demonstrated.

A second approach is to increase the fraction of photons emitted in the zero-phonon
line, pzpl , and their subsequent collection efficiency, pc , by embedding the NV center in
an optical cavity. This selectively enhances the fraction of emitted light at the resonance
frequency of the cavity, as introduced in Ch. 3 of this thesis. Furthermore, this enhanced
emission is funneled into the well-defined cavity mode that is relatively straightforward
to pick up with high efficiencies (up to ∼ 75 %). This thesis focuses on embedding di-
amond color centers in optical cavities to enhance their spin-photon interface; recent
experiments (including the results presented in this thesis) suggest that entanglement
generation rates between NV centers for protocols that scale linearly with photon de-
tection probability pp could be improved by up to two orders of magnitude using this
approach [23, 69, 70], bringing metropolitan-scale quantum networks based on NV cen-
ter end nodes within reach.
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3
PURCELL ENHANCEMENT OF

COLOR CENTERS IN DIAMOND

Future quantum networks are at the heart of quantum technologies, and may enable a
suite of novel applications. Entanglement generation rates between distant color centers
in diamond are currently limited by the emission probability of a spin-selective photon in
the zero-phonon line, as well as the photon collection efficiency. Here, we introduce the
spontaneous emission rate of a dipole emitter in a homogeneous medium, and outline a
path to increase this rate via the Purcell effect in an optical cavity. We explore different
parameter regimes of color center - cavity coupling (including regimes that can allow for
near-deterministic spin-photon gates), and determine a strategy to quantify Purcell en-
hancement experimentally. We conclude by giving an overview of different implementa-
tions of embedding color centers in diamond in optical cavities. We focus in particular on
all-diamond photonic crystal cavities and open fiber-based micro-cavities; these designs
are theoretically and experimentally considered in the rest of this thesis.
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3.1. IMPROVING THE OPTICAL INTERFACE OF COLOR CENTERS

IN DIAMOND
Fast generation of photon-mediated entanglement between color centers in diamond
requires an efficient spin-photon interface with indistinguishable, spin-selective, coher-
ent color center transitions. In this section, we introduce the spontaneous emission rate
of a dipole emitter, and how we can enhance this rate using optical cavities. Apart from
enhancing the relative photon emission fraction into the zero-phonon line (only this
light can be used for entanglement generation, see Ch. 2), a cavity also funnels emitted
light into a well defined mode that can be readily collected. In case the squared coupling
of the light field to the emitter can be made greater than the product of cavity and emit-
ter decay rates, near deterministic spin-photon gates can become feasible, a regime that
we also discuss in this chapter.

3.1.1. TRANSITION RATE FOR AN EMITTER IN A HOMOGENEOUS MEDIUM

The transition rate between two eigenstates of a dipole emitter in a homogeneous medium
due to an external perturbation is described by Fermi’s golden rule [1, 2] (see e.g. Ref. [3]
for a derivation). In the case of spontaneous emission of a two level dipole emitter, the
coupling of vacuum electric field fluctuations,

#»
E vac , to the dipole moment of the emit-

ter, #»µ eg , takes up the role of this perturbation, and leads to a spontaneous emission
decay rate from an excited state, |e〉, to a ground state, |g 〉, of

Γe→g (ω) = 2π

ħ2 |Me→g |2D(ω) = 2π

ħ2 |#»µ eg · #»
E vac |2D(ω), (3.1)

where D(ω) is the density of ground states at the transition frequency, ω, and |Me→g | is
a matrix element describing the transition. We can furthermore introduce a coupling of
the emitter to the vacuum field, g , and quantize the electric field, yielding

#»
E vac = |#»

E vac | · ê =
√

ħω
2ε0εr V

· ê, (3.2) g =
√

ωµ2
eg

2ħε0εr V
, (3.3)

where ê is the electric field polarization, V is the vacuum field quantization volume, and
ε0 and εr are the vacuum and relative electric permittivity, respectively [3, 4]. Substitut-
ing #»µ eg =µeg · d̂ , as well as eqs. 3.3 and 3.2 in eq. 3.1 gives

Γe→g (ω) = 2πg 2|d̂ · ê|2D(ω) = πω

ħε0εr V
µ2

eg |d̂ · ê|2D(ω). (3.4)

The photon density of states in a homogeneous medium with refractive index n can be
calculated as [5]

Dhom(ω) = ω2V

π2(c/n)3 , (3.5)

with c the speed of light. Furthermore, the vaccum electric field fluctuations and a dipole
emitter in a homgeneous medium have a random orientation to each other, giving on
average |d̂ · ê|2 = 1/3. Together, this yields the spontaneous emission rate of a dipole
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Figure 3.1: Schematic overview of an optical cavity and comparison of the density of states in an optical cavity
and in a homogeneous material. (a) Canonical model of an optical cavity, clamping the electric field between
two highly reflective mirrors. (b) Density of states as a function of frequency in a homogeneous material (or-
ange) and in an optical cavity (purple). A cavity has allowed fundamental modes spaced by the free spectral
range νF SR , leading to Lorentzian spikes in the density of states; this can enhance the transition rate of an
embedded solid-state emitter (see text).

emitter in a homogeneous medium

Γhom =
ω3n3µ2

eg

3ħπε0εr c3 . (3.6)

3.1.2. TRANSITION RATE FOR AN EMITTER IN AN OPTICAL CAVITY
Evaluating eq. 3.1, we can see that the spontaneous emission rate increases along with
the density of states. In this work, we make use of an optical cavity, which can enhance
the density of states around its resonances above the one in a homogeneous medium.
We will only give a brief introduction to the most important aspects of an optical cavity
here, and refer the reader to Refs. [5–7] for a detailed introduction.

A canonical one-dimensional model for an optical cavity consists of two highly re-
flective mirrors separated by a length Lcav in a medium with refractive index n, see
Fig. 3.1(a). The mirrors introduce a clamping boundary condition for the electric field,
which leads to the formation of standing waves inside this optical resonator - in anal-
ogy to a guitar, where clamping the strings at their mounting points defines nodes of
the supported modes. Constructive interference of the light field exiting the resonator
can be achieved at specific lengths which are integer multiples, m, of half of the wave-
length, λ, of the electric field: Lcav = m λ

2 . Using c = nλν, where ν is the frequency of the
light mode, we find that neighbouring modes of the cavity are spaced by the free spectral
range, νF SR :

νF SR = c

2nLcav
. (3.7)

The density of states in the cavity, Dcav , with angular cavity frequency,ωc , is given as [5]:

Dcav (ω) = 2

π∆ω

∆2
ω

4(ω−ωc )2 +∆2
ω

, (3.8)

where we have introduced the full width at half maximum of the cavity, ∆ω which is



3

38 3. PURCELL ENHANCEMENT OF COLOR CENTERS IN DIAMOND

related to the exponential decay rate of light out of the resonator, κ, via the relation κ=
2π∆ω. A common quantity to compare different optical cavities is the quality factor, Q,
which quantifies how long a light mode stays inside the resonator before its energy has
decayed to 1

e , and is defined as

Q = ω

∆ω
= 2nLcav F

λ
, (3.9)

where the finesse, F = νF SR
∆ν

, is a commonly used parameter that describes how many
times a photon bounces between the cavity mirrors before it is lost (modulo a factor of
π). Thus, the transmission of the cavity (as well as its density of states) is highly peaked,
following a Lorentzian profile (recall that the Fourier transform of an exponential decay
is a Lorentzian); it is this effect of a highly peaked density of states around its resonance
frequencies that enhances the spontaneous emission rate of a dipole emitter inside a
cavity, compared to the situation in a homogeneous medium discussed in Sec. 3.1.1 (see
also Fig. 3.1(b)).

If the cavity resonance matches the transition frequency of the dipole emitter, we can
simplify eq. 3.8 to read

Dcav (ω=ωc ) = 2

π∆ω
= 2Q

πω
. (3.10)

Thus, using eq. 3.4, the spontaneous emission rate of a dipole emitter on resonance with
an optical cavity becomes

Γcav (ω=ωc ) =
2µ2

eg

ħε0εr
|d̂ · ê|2 Q

V
. (3.11)

3.1.3. PURCELL ENHANCEMENT AND ITS INTERPRETATION
Having calculated the spontaneous emission rates of a dipole emitter in a homogeneous
medium and in an optical cavity, we can quantify the emission rate enhancement by
introducing the Purcell factor, FP , which compares the two rates:

FP = Γcav

Γhom
= |d̂ · ê|2

1
3

Dcav (ω)

Dhom(ω)
= 3c3

4π2n3 × ζ2

ν3 × Q

V
, (3.12)

where ω = 2πν. Note that a cavity mode has a certain polarization (as opposed to the
random orientation for the vacuum electric field fluctuations), and thus the factor ζ2 =
|d̂ · ê|2 remains. Here, the quantization volume (which equals the cavity mode volume,
see also Ch. 4) does not cancel out, as opposed to the free space case. Thus, for highest
Purcell enhancement, we want to maximize the ratio of Q/V . We will discuss different
regimes of Purcell enhancement in Sec. 3.2 below.

In Ch. 4, we will derive that the mode volume of an optical cavity is given as V =
πw2

0
4 Leff, where Leff is the effective cavity length (taking electric field penetration depth

into the mirrors and the effect of the Gouy phase into account). For the simple one-
dimensional model considered here, we can set Leff = Lcav , and — using eq. 3.9 — re-
write eq. 3.12 as
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FP︸︷︷︸
Purcell
factor

= 3
2π

λ2

n2︸ ︷︷ ︸
Dipole absorption

cross section

× F
π︸︷︷︸

Photon bounces
in cavity

× 4
w2

0π︸︷︷︸
Inverse cavity

beam area

× |d̂ · ê|2︸ ︷︷ ︸
Polarization overlap

cavity - dipole

. (3.13)

This gives us an intuitive understanding of the Purcell factor: the cavity enhances the
emission with a factor determined by the ratio of the beam area in the cavity to the ab-
sorption cross section of the dipole [4], multiplied by the number of round trips a photon
makes between the cavity mirrors before it leaks out the resonator, taking into account
the overlap of the direction of the emission dipole with the electric field polarization in
the cavity.

3.1.4. FRACTION OF ZERO-PHONON LINE EMISSION FOR THE NV CENTER
So far, we have focused on a dipole emitter with only one ground and one excited energy
state. In the case of color centers in diamond, the situation is more complicated: Their
radiative emission rate, γr ad , is divided into a zero-phonon line (ZPL) emission fraction,
β0, given by the Debye-Waller factor, and a phonon sideband (PSB) emission fraction
(1−β0), as introduced in Ch. 2 for the nitrogen-vacancy (NV) center. Additionally, some
states decay partly via additional transitions to singlet states (see Ch. 2), which we model
as a non-radiative decay at rate γd ar k . Thus, without interaction with a cavity, we can
model the decay from the NV center excited state as:

γ0 =β0γr ad + (1−β0)γr ad +γd ar k . (3.14)

As introduced above, coupling ZPL transitions of an NV center to the mode of the cavity
opens up another decay channel, which we can quantify with a ZPL enhancement factor,
F Z PL

P . For a cavity on resonance with a NV ZPL transition, the decay rate from the NV
excited state, modified by the cavity, γ′, is then given as

γ′ = F Z PL
P β0γr ad +β0γr ad + (1−β0)γr ad +γd ar k . (3.15)

Thus, in our definition, F Z PL
P characterizes the enhancement of the ZPL from the cavity

mode, rather than the overall increase in emission in all directions. This better represents
the increase in coherent light emitted from the NV dipole that we can readily pick up, as it
is emitted in a well defined mode of the optical cavity (as opposed to the case of emission
into a homogeneous medium, for which emission happens in all directions).

Under the assumption that γr ad À γd ar k , which is satisfied for the NV center mea-
surements in this thesis (see Ch. 6), we can combine eq. 3.14 and eq. 3.15, and obtain

γ′

γ0
= τ0

τ′
= 1+F Z PL

P β0
γr ad

γr ad +γd ar k
(3.16)

≈ 1+F Z PL
P β0,

where τ0 = 1/γ0 is the NV center lifetime without the cavity and τ′ = 1/γ′ is the modified
lifetime with the cavity. We can then re-write eq. 3.16 as

F Z PL
P = 1

β0

(τ0

τ′
−1

)
. (3.17)
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Thus, comparing the lifetime of an NV center on and off-resonance with a cavity allows
us to extract the Purcell factor for a certain NV center transition. We will make use of this
technique in Ch. 6.

From eq. 3.16, we see that the fraction of light emitted into the ZPL in the cavity
mode, βcav is

βcav = F Z PL
P β0

F Z PL
P β0 +1

. (3.18)

If the assumption that γd ar k is negligible is incorrect, then F Z PL
P β0 is increased by a fac-

tor of (γr ad +γd ar k )/γr ad . Thus, this method allows us to extract a lower bound on the
Purcell enhancement in the cavity. In reverse, this means that by measuring the Purcell
factor for different cavity lengths (and building a full transfer matrix model of the cav-
ity, see Ch. 4), we can extract the quantum efficiency of an emitter, ηq = γr ad

γr ad+γd ar k
, as

the cavity only enhances the radiative decay rate; this method assumes that by changing
the cavity length, the cavity field - emitter overlap remains constant. If the experimental
setup does not allow to tune the cavity length while keeping the emitter - cavity lateral
field overlap constant, we can still extract a lower bound on the quantum efficiency by
measuring the maximum Purcell enhancement for many emitters (thus sampling from
different cavity field - emitter overlaps), and comparing the highest Purcell value with a
theoretical model.

3.2. COOPERATIVITY AND EMITTER BROADENING
In Sec. 3.1, we quantified the enhancement of radiative emission in the zero-phonon
line using the Purcell factor, F Z PL

P ; the radiative emission rate enhancement in the cavity
mode is given as F Z PL

P ×β0 when taking the considerations of Sec. 3.1.4 into account. We
can then re-write eq. 3.12, using κ= 2π∆ω, and eqs. 3.3 and 3.11 as

F Z PL
P β0 = Γcav

Γhom
= 4g 2

κγ0
=C , (3.19)

where C is known as the cooperativity. While this quantifies the efficiency of the spin-
photon interface, it does not take into account the coherence of the emitter: in prac-
tice, solid-state emitters often experience additional decay due to unwanted interactions
with the environment of the solid-state host, γdep , which manifests in broadening of the
optical transitions above the lifetime limited value [8–13]. Therefore, it is useful to intro-
duce the coherent cooperativity, Ccoh , which quantifies the ratio of coherent decay into
the cavity mode to undesired decay, and is given as

Ccoh = 4g 2

κγ
=C

γ0

γ
= F Z PL

P β0
γ0

γ
, (3.20)

where γ= γ0+γdep [14, 15]; Ccoh can be interpreted as the probability of coherent atom-
photon interaction, and plays an important role in the fidelity and efficiency of many
near-deterministic quantum protocols [14].

In the following sections, we will investigate the implications of different coherent
cooperativity regimes for enhancement of the spin-photon interface of color centers in
diamond.
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REGIME OF LOW COHERENT COOPERATIVITY (Ccoh . 1)
In the regime of low coherent cooperativity, Ccoh . 1, the coupling between the emitter
and the cavity is less than or equal to the decay rates, meaning that there is a low chance
for a photon to interact with the emitter before it leaks out of the resonator or the emitter
dephases. The total cavity decay rate, κ, consists of inevitable losses (such as scattering
and absorption), κl , and the coupling to an output mode, κc , which can be chosen by
design, i.e. κ= κc +κl . Typical emitter-cavity systems in the weak coupling regime oper-
ate with κÀ {g ,γ}, which is favourable for photon collection when engineering κc À κl

(note that this design choice comes at the expense of lowering the Purcell enhancement).
Notably, all low-temperature NV center-cavity systems studied to date have been

operated in the limit of low coherent cooperativity, mostly limited by inhomogeneous
broadening of optical transitions, induced by surface effects. This has limited optical
coherence of cavity-coupled NV centers to minimal values of γ& 1 GHz [10], and thus
Ccoh << 1, even for systems for which F Z PL

P β0 =C & 1 [10, 16].
The low cooperativity regime is optimal for an enhancement of collected photons; we

note that cooperativites on the order of one for an NV-based cavity system would allow
for quantum repeaters which outperform direct transmission [17] . As discussed in Ch. 5,
entanglement generation requires indistinguishable photons, necessitating photon de-
tection in a time window ∝ 1/γ. Here, Purcell enhancement in a cavity can be of help to
counteract spectral diffusion at rate γdep : it leads to Purcell broadened linewidths with
decay rate (for the ZPL transition on resonance with the cavity)

γP = γ+ 4g 2

κ
= (γ0 +γdep )+ 4g 2

κ
. (3.21)

Thus, for sufficiently large Purcell factors F Z PL
P and low spectral diffusion dephasing

rates γdep , Purcell broadening of the lines can recover near-to-ideal photon indistin-
guishability, for which γdep ¿ γP .

REGIME OF HIGH COHERENT COOPERATIVITY (Ccoh À 1)
In the regime of high coherent cooperativity, Ccoh À 1, on the other hand, the squared
coupling between the emitter and the cavity is stronger than the multiplied decay rates,
so there is a high probability for a photon to interact with the emitter before it leaks
out of the resonator or the emitter dephases. This regime enables near-deterministic
interactions between the emitter and photon, whose efficiency and fidelity scale with
the cooperativity [14].

As discussed above, reaching Ccoh À 1 has remained elusive for the NV center, due
to poor optical properties near surfaces, resulting from a first order sensitivity of the
NV center to electric field fluctuations (see Ch. 2); however, bringing the emitter close
to surfaces (to reduce the mode volume) is crucial to increase g sufficiently to achieve
Ccoh À 1, see eq. 3.12, even more so because of the low intrinsic optical emission in the
zero phonon line.

Due to their first order insensitivity to electric fields, group IV vacancy centers in
diamond display a promising alternative to nitrogen vacancy centers in diamond for ef-
ficient spin-photon interfaces. This electric field insensitivity means that their optical
transitions feature close-to-lifetime limited values even in heavily fabricated nanopho-
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tonic (cavity) structures [13, 18, 19]; this has recently allowed such systems to exceed
Ccoh > 100 [20]. Here, spin-photon entanglement has been generated using reflection
based schemes, in which weak coherent photon states are reflected off of the cavity. The
spin-dependant reflection amplitude then discriminates the spin states of silicon va-
cancy centers [12, 18] (see Ch. 7); notably, current state-of-the art cavities operate in the
“bad cavity limit" (κÀ g À γ).

3.3. OVERVIEW OF CAVITY DESIGNS FOR DEFECTS IN DIAMOND
Having discussed the fundamentals of emitter-cavity coupling, we here give a brief over-
view of cavity systems that have been realized to date to enhance the spin-photon inter-
face of color centers in diamond; Fig. 3.2 shows an overview of these systems.

3.3.1. MONOLITHIC CAVITY DESIGNS
A first class of cavities are monolithic designs, which are either fabricated in diamond
containing color centers, or in another host material that is brought in close proxim-
ity to couple evanescently to the diamond color center emitters. While such structures
are inherently insusceptible to cavity length fluctuations due to their monolithic design,
cavity-frequency tuning ranges (most commonly done via gas condensation and selec-
tive gas removal via controlled laser-induced heating [18]) are typically limited. However,
these structures can produce very large Purcell factors due to their low mode volume.

WHISPERING GALLERY MODE AND RING RESONATORS

Fig. 3.2(a) shows an image of a whispering gallery mode resonator in diamond, for which
quality factors exceeding Q > 105 have been realized at telecommunication wavelengths
[21–23]. These structures are conceptually similar to ring resonators, which feature an
additional hole in the middle [22, 24], and have typical mode volumes ∼ (15−30)(λ/n)3,
where λ is the wavelength of the resonance, and n is the refractive index of diamond.

PHOTONIC CRYSTAL CAVITIES

Fig. 3.2(b) shows an image of an all diamond one dimensional nanobeam photonic crys-
tal cavity (PCC), with the potential to embed a color center in the middle of the beam.
Light is confined to the nanobeam via index-guiding along off-axial directions (when
taking the axis along the nanobeam), while a periodic modulation of the refractive index
(achieved by creating regularly spaced holes in the diamond) confines light along the axis
of the beam (see Ch. 7). The advantage of PCC structures compared to whispering gallery
mode and ring resonators is that very small optical mode volumes V ¿ (λ/n)3 are readily
achievable. PCC-coupling of NV centers at low temperatures has been shown in many
works, including Refs. [16, 27–31]. Yet, as discussed above, spectral diffusion originating
from heavily fabricated surfaces has substantially broadened NV transition linewidths
in such devices, preventing coherent cooperativities Ccoh ≥ 1. Despite a decade of active
research, embedding NV centers in nanophotonic devices in a way that maintains their
optical coherence has remained elusive.

Instead, the focus of the diamond PCC community has shifted to enhancing the spin-
photon interface of inversion symmetric group IV color centers in diamond, which in-
clude Si, Ge, Sn, and Pb related defects [13, 32–36]. To date, PCC coupling of group IV
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Figure 3.2: Overview of different cavity geometries used to enhance the zero-phonon line emission of color
centers in diamond to date. (a) Whispering gallery mode like resonator. (b) One dimensional photonic crystal
cavity in diamond (c) Evanescently coupled GaP two dimensional photonic crystal cavity with a nanodiamond
positioned in the middle of the mode. Figure reprinted from Ref. [25], with the permission of AIP Publishing.
(d) Open, tuneable Fabry-Perot microcavity containing a µm-thin diamond membrane. Figure adapted with
permission from Ref. [26], in accordance with creativecommons.org/licenses/by/4.0/legalcode

color centers in diamond at low temperatures has been demonstrated for the SiV [12,
18, 20, 37, 38] and SnV [39] center (for GeV centers, all-diamond waveguide emitter cou-
pling has been demonstrated [40]), with recent SiV-cavity systems achieving coherent
cooperativities Ccoh > 100 [20].

Ch. 7 of this thesis gives an introduction to group IV color centers in diamond. We
focus on the theoretical understanding and design of photonic crystal cavities in dia-
mond, on methods to optimize structures for highest Q/V ratios, and on a strategy for
efficient in- and outcoupling to/from these devices. In Ch. 8, we discuss different meth-
ods that have been used to fabricate all-diamond photonic crystal cavities (ADPCC) to
date, present a process flow that allows to fabricate rectangular ADPCCs, and present
measurements of the quality factors of these structures.

CAVITIES WITH EVANESCENTLY COUPLED COLOR CENTERS

Another method of enhancing the zero-phonon line (ZPL) emission of color centers in
diamond is to bring an emitter close to a cavity fabricated in a different host material.
Historically, this method has been explored before fabrication of photonic crystal cavi-
ties (PCC) in diamond itself, since techniques for fabricating PCCs in different materials
were readily available, and devices thus more straightforward to achieve.

One method is to fabricate a photonic crystal cavity in a common wide-bandgap
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material such as GaP or Si3N4, and then place a nanodiamond containing a color center
close to its field maximum using micromanipulators; this technique has been explored
for both NV centers [25, 41, 42] and SiV centers [43], see Fig. 3.2(c). An opposite strategy
was followed in Ref. [44], in which nanodiamonds were encapsulated in a polymer film,
and a GaP photonic crystal cavity (fabricated on a different substrate) was placed on
top using micromanipulators. Another method used to enhance the ZPL emission of
NV centers is to deposit a thin semiconductor film on top of a bulk diamond substrate
containing color centers close to its top surface, and fabricate a photonic crystal cavity
in the semiconductor [45, 46].

Such evanescently coupled systems suffer from the fundamental trade-off of placing
the dipole emitter as close to the electric field maximum of the cavity as possible (i.e.
as close to the diamond surface as possible), while maintaining good optical coherence
to allow for high coherent cooperativity. As discussed above, reaching this regime has
remained elusive for color centers in diamond, including NV and SiV centers.

3.3.2. OPEN FABRY-PEROT MICRO-CAVITIES

In contrast to the monolithic cavity designs discussed above, a cavity can also be formed
around a color center by embedding a microns-thin piece of diamond in between two
macroscopic highly reflective mirrors, see Fig. 3.2(d). To achieve small mode volume,
such cavities are typically formed from one super-polished macroscopic substrate, and
one sub-mm sized substrate. Most commonly, the latter is the cleaved tip of an opti-
cal fiber, in which a Gaussian shaped dimple is formed via laser ablation of the sub-
strate, evaporating and re-flowing the surface [47–51]; this can create structures with
sub-nanometer surface roughness. Both substrates can then be coated with high reflec-
tivity mirror coatings, with demonstrated finesse values F À 105. In principle, using a
fiber as one of the mirrors offers a straightforward way of in- (out-) coupling of light to
(from) the cavity, while its small diameter allows for low mode volumes (tens of [λ/n]3)
even if the two mirror surfaces are not perfectly parallel (as the substrates touching at
the edges would otherwise prevent reaching small cavity lengths). Mounting one of the
mirrors on a piezoelectric element allows for spatial and spectral tuneability of the cav-
ity, at the cost of increasing susceptibility to vibrations in the system (compared to a
monolithic design) [26, 52].

Cavity enhancement of color centers in nanodiamonds embedded in an open Fabry-
Perot microcavity at room temperature has been demonstrated for both NV centers [53–
57] and SiV centers [58], with the only low temperature (77 K) realization in Ref. [56].
However, these experiments suffered from poor optical coherence (see discussion above),
and / or significant additional losses introduced by scattering or absorption in the
nanodiamond.

Another method is to embed microns-thin diamond membranes in a cavity in an ef-
fort to retain bulk-like optical properties; initial work showed the realization of cavities
with finesse F À 104 at room-temperature [59] and T ∼ 10 K [52]. Before this thesis, the
only work showcasing Purcell enhancement of NV centers at 4 K in a diamond mem-
brane was done in Ref. [10], with achieved Purcell factors F Z PL

P ∼ 30. However, spectral
diffusion (≥ 1 GHz) of implanted NV centers in these devices prevented resonant exci-
tation and subsequent detection of coherent photons, a crucial component of entangle-
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ment protocols involving the NV center [60]. Recently, both GeV centers [61] and SiV
centers[62, 63] have been coupled to open microcavities at room temperature, demon-
strating the versatility of the open microcavity platform.

In Ch. 5 of this thesis, we demonstrate that combining diamond electron irradia-
tion (creating vacancies throughout the diamond), high temperature annealing (to re-
combine vacancies with naturally occurring nitrogen in the diamond, forming NV cen-
ters), and an optimized etching sequence (to obtain sub-nanometer surface roughness
in microns-thin etched membranes) allows the fabrication of diamond membranes con-
taining NV centers with optical properties that are compatible with entanglement gen-
eration protocols. In Ch. 6, we use such a device to demonstrate the first pulsed resonant
excitation and detection of coherent NV center emission in optical cavities, paving the
way for efficient quantum networks based on Purcell-enhanced NV centers in diamond.
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OPTIMAL DESIGN OF DIAMOND-AIR

MICROCAVITIES FOR QUANTUM

NETWORKS USING AN ANALYTICAL

APPROACH

Suzanne van Dam, Maximilian Ruf, and Ronald Hanson

Defect centres in diamond are promising building blocks for quantum networks thanks
to a long-lived spin state and bright spin-photon interface. However, their low fraction of
emission into a desired optical mode limits the entangling success probability. The key to
overcoming this is through Purcell enhancement of the emission. Open Fabry-Pérot cavi-
ties with an embedded diamond membrane allow for such enhancement while retaining
good emitter properties. To guide the focus for design improvements it is essential to un-
derstand the influence of different types of losses and geometry choices. In particular, in
the design of these cavities a high Purcell factor has to be weighed against cavity stability
and efficient outcoupling. To be able to make these trade-offs we develop analytic de-
scriptions of such hybrid diamond-and-air cavities as an extension to previous numeric
methods. The insights provided by this analysis yield an effective tool to find the optimal
design parameters for a diamond-air cavity.

This chapter has been published in New Journal of Physics 20, 115004 (2018) [1].
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4.1. INTRODUCTION
Quantum networks rely on entanglement distributed among distant nodes [2]. Nitrogen-
vacancy (NV) defect centers in diamond can be used as building blocks for such net-
works, with a coherent spin-photon interface that enables the generation of heralded
distant entanglement [3, 4]. The long-lived electron spin and nearby nuclear spins pro-
vide quantum memories that are crucial for extending entanglement to multiple nodes
and longer distances [5–9]. However, to fully exploit the NV centre as a quantum network
building block requires increasing the entanglement success probability. One limitation
to this probability is the low efficiency of the NV spin-photon interface. Specifically, en-
tanglement protocols depend on coherent photons emitted into the zero-phonon line
(ZPL), which is only around 3% of the total emission [10], and collection efficiencies are
finite due to limited outcoupling efficiency out of the high-refractive index diamond.
These can both be improved by embedding the NV centre in an optical microcavity at
cryogenic temperatures, benefiting from Purcell enhancement [11–18]. A promising cav-
ity design for applications in quantum networks is an open Fabry-Pérot microcavity with
an embedded diamond membrane [10, 19–21]. Such a design provides spatial and spec-
tral tunability and achieves a strong mode confinement while the NV centre can reside in
the diamond membrane far away (≈ µm) from the surface to maintain bulk-like optical
properties.

The overall purpose of the cavity system is to maximize the probability to detect a
ZPL photon after a resonant excitation pulse. This figure of merit includes both efficient
emission into the ZPL into the cavity mode, and efficient outcoupling out of the cav-
ity. The core requirement is accordingly to resonantly enhance the emission rate into
the ZPL. However this must be accompanied by vibrational stability of the system; an
open cavity design is especially sensitive to mechanical vibrations that change the cavity
length, bringing the cavity off-resonance with the NV centre optical transition. Further-
more the design should be such that the photons in the cavity mode are efficiently col-
lected. We aim to optimize the cavity parameters in the face of these (often contradict-
ing) requirements. For this task, analytic expressions allow the influence of individual
parameters to be clearly identified and their interplay to be better understood. In this
manuscript we take the numerical methods developed in [20] as a starting point, and
find the underlying analytic descriptions of hybrid diamond-air cavities. We use these
new analytic descriptions to investigate the optimal parameters for a realistic cavity de-
sign.

We define two boundary conditions for the design of the cavity, within which we op-
erate to maximize the figure of merit: the probability to detect a ZPL photon. Firstly
we require the optical transition to be little influenced by decoherence and spectral dif-
fusion so that the emitted photons can be used for generating entanglement between
remote spins [3]. Showing enhancement of the ZPL of narrow linewidth NV centres is
still an outstanding challenge. The demonstration in [10] employed NV centres in a 1 µm
thick membrane with optical transitions with a linewidth under the influence of spectral
diffusion of ≈ 1 GHz, significantly broadened compared to the ≈ 13 MHz lifetime-limited
value. While the mechanism of broadening is not fully understood, using a thicker di-
amond may be desired. We therefore conservatively use a diamond membrane thick-
ness of 4 µm in the simulations throughout this manuscript. Secondly, we consider a
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design that enables long uninterrupted measurements at cryogenic temperatures, po-
tentially at a remote location with no easy access (such as a data center), through the
use of a closed-cycle cryostat. The vibrations induced by the cryostat’s pulse tube can
be largely mitigated passively [21]. Active stabilisation of Fabry-Pérot cavities has been
demonstrated [22, 23], including at a high bandwidth [24, 25], however these results have
not yet been extended to operation in a pulse-tube cryostat. In the simulations in this
manuscript we therefore assume that vibrations lead to passively stabilised cavity length
deviations of 0.1 nm RMS [21]. While these boundary conditions influence the simu-
lated maximally achievable probability to detect a ZPL photon, the analytic descriptions
in this manuscript are not limited to these parameter regimes.

The layout of this manuscript is the following. We start by describing the one-dimen-
sional properties of the cavities in Sec. 4.2. These are determined by the distribution of
the electric field over the diamond and air parts of the cavity and its impact on the losses
out of the cavity. In Sec. 4.3 we extend this treatment to the transverse extent of the
cavity mode, analyzing the influence of the geometrical parameters. Finally we include
real-world influences of vibrations and unwanted losses to determine the optimal mirror
transmittivity and resulting emission into the ZPL in Sec. 4.4.

4.2. THE ONE-DIMENSIONAL STRUCTURE OF A HYBRID CAVITY
The resonant enhancement of the emission rate in the ZPL is determined by the Purcell
factor [11, 26]:

Fp = ξ 3cλ2
0

4πn3
d

1

δνV
, (4.1)

where ξ describes the spatial and angular overlap between the NV centre’s optical transi-
tion dipole and the electric field in the cavity; c is the speed of light, λ0 is the free-space
resonant wavelength and nd the refractive index in diamond. δν is the cavity linewidth
(full width at half maximum (FWHM) of the resonance that we assume to be Lorentzian),
and V is the mode volume of the cavity. While the ZPL emission rates can be enhanced
through the Purcell effect, the off-resonant emission into the phonon side band (PSB)
will be nearly unaffected in the parameter regimes considered. This is the result of the
broad PSB transition linewidth (δνPSB is several tens of THz), that leads to a reduced ef-
fective quality factor, replacing ν/δν→ ν/δν+ν/δνPSB [27]. This results in a low Purcell
factor for the PSB. Selection rules for the optical transitions further prevent enhance-
ment of the ZPL emission rate to ground states other than the desired one. The resulting
branching ratio of photons into the ZPL, into the cavity mode is therefore [12, 16]:

β= β0Fp

β0Fp +1
, (4.2)

where β0 is the branching ratio into the ZPL in the absence of the cavity. Values for
β0 have been found in a range ≈ 2.4− 5% [10, 12]; we here use β0 = 3%. Note that to
maximize the branching ratio we should maximize the Purcell factor, but that ifβ0Fp À 1
the gain from increasing Fp is small.

To optimize the Purcell factor through the cavity design we should consider the cavity
linewidth and mode volume. In this section we focus on the linewidth of the cavity,
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ROC

ta td

LM,dLM,a
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Figure 4.1: Plane-concave fiber-based microcavities. (a) Experimental plane-concave fiber-based microcav-
ity. The cavity is formed at the fiber tip. Reflections of the fiber and holders are visible in the mirror. (b) The
geometry of an open diamond-air cavity is described by the diamond thickness td , air gap ta , and the dimple
radius of curvature (ROC). The most important losses are through the mirror on the air-side (LM,a) and on
the diamond-side (LM,d), and from scattering on the diamond-air interface (LS,DA) resulting from a rough
diamond surface with surface roughness σDA.

that is determined by the confinement of the light between the mirrors. In Sec. 4.3 we
evaluate the mode volume of the cavity.

The cavity linewidth is given by the leak rate out of the cavity: δν = κ/(2π). For a
general bare cavity this can be expressed as:

δν= 1

2π

losses per round-trip

round-trip duration
= 1

2π

L

2nL/c
= c/(2nL)

2π/L
= νFSR/F, (4.3)

for a cavity of length L in a medium with refractive index n. L are the losses per round-
trip. In the last two steps we have written the expression such that one can recognize the
standard definitions of free spectral range (νFSR = c/(2nL)) and Finesse (F = 2π/L ). By
using this description we assume that the losses per round trip are independent of the
cavity length, which is true if losses appear at surfaces only.

For a hybrid diamond-air cavity (Fig. 4.1) this definition does not work anymore: due
to the partially reflective interface between diamond and air, we cannot use the simple
picture of a photon bouncing back and forth in a cavity. Instead, we should consider
the electric field mode and its relative energy density in each part of the cavity. Staying
close to the formulations used for a bare cavity, and choosing the speed of light in the
diamond part (c/nd ) as a reference, the duration of an effective round-trip is c/(2nd Leff),
where Leff is an effective cavity length. This effective length should contain the diamond
thickness and the width of the air gap weighted by the local energy density of the photon
mode, relative to the energy density in the diamond membrane. Generalizing this, the
effective length of the cavity system can be described by the ‘energy distribution length’
[28]:

Leff ≡
∫

cav ε(z)|E(z)|2dz

ε0n2
d |Emax,d |2/2

. (4.4)

In this formulation ε= ε0n2 is the permittivity of a medium with refractive index n, E(z)
is the electric field in the cavity and Emax,d is the maximum electric field in diamond.
The integral extends over the full cavity system, such that the effective length automati-
cally includes the penetration depth into the mirrors. The resulting formulation for the
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linewidth of a hybrid cavity analogous to eq. 4.3 is:

δν= c/(2nd Leff)

(2π/Leff)
, (4.5)

where Leff are the losses encountered during the effective round-trip. Here, like in the
bare cavity case, we assume these losses to occur only at surfaces. This is a realistic
assumption since the most important losses are expected to be from mirror transmission
and absorption and diamond surface roughness.

In the above we have taken the field in diamond as reference for the effective round-
trip. This choice is motivated by the definition of the mode volume as the integral over
the electric field in the cavity relative to the electric field at the position of the NV centre
- in diamond. It is given by [27, 29]:

V =
∫

cav ε(~r )|E(~r )|2d3~r

ε(~r0)|E(~r0)|2 , (4.6)

with ~r0 the position of the NV centre, that we assume to be optimally positioned in an
antinode of the cavity field in diamond, such that E(~r0) = Emax,d . We choose to explicitly
include effects from sub-optimal positioning in the factor ξ in the Purcell factor (eq. 4.1)
rather than including them here. If we evaluate the integral in the radial direction we see
that the remaining integral describes the effective length as defined above:

V = πw2
0

2

∫
cav ε(z)|E(z)|2dz

ε0n2
d |Emax,d |2

= πw2
0

4
Leff, (4.7)

where w0 is the beam width describing the transverse extent of the cavity mode at the NV,
that we will come back to in Sec. 4.3. We notice that the effective length appears in both
the linewidth and the mode volume. In the Purcell factor (Fp ∼ 1/(δνV )), the effective
length cancels out. This is the result of our assumption that the losses per round-trip
occur only at surfaces in the cavity.

The parameter relevant for Purcell enhancement in eq. 4.5 is thus Leff. Since these
are the losses in an effective round-trip, we expect that they depend on the electric field
distribution. We therefore first analyse the electric field distribution in the following sec-
tion, before finding the effective losses related to the mirror losses and diamond surface
scattering in Sec. 4.2.2 and Sec. 4.2.3.

4.2.1. ELECTRIC FIELD DISTRIBUTION OVER DIAMOND AND AIR
The electric field distribution in the cavity on resonance is dictated by the influence of
the partially reflective diamond-air interface. If the two parts were separated, the res-
onant mode in air would have an antinode at this interface, but the mode in diamond
would have a node at that position. These cannot be satisfied at the same time, such that
in the total diamond-air cavity system the modes hybridize, satisfying a coupled system
resonance condition (see Sec. 4.6.1) [20, 21]. Two special cases can be distinguished for
these resonant modes: the ‘air-like mode’, in which the hybridized mode has an antin-
ode at the diamond-air interface, and the ‘diamond-like mode’ in which there is a node
at the interface. For a fixed resonance frequency matching the NV-centre’s ZPL emission
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frequency (≈ 470.4 THz), the type of mode that the cavity supports is fully determined
by the diamond thickness. The tunable air gap allows for tuning the cavity to satisfy the
resonance condition for any frequency.

Using a transfer matrix model [20, 30] we find the electric field distribution for both
the air-like and the diamond-like modes, as shown in Figs. 4.2(a,b). If the cavity sup-
ports a diamond-like mode, the field intensity (proportional to nE 2

max [31]) is higher in
the diamond-part, and vice-versa for the air-like mode. The relative intensity of the elec-
tric field in the cavity in the diamond membrane compared to the air gap is shown in
Fig. 4.2(c) for varying diamond thicknesses. The relation that the relative intensity sat-
isfies can be explicitly inferred from the continuity condition of the electric field at the
diamond-air interface:

Emax,a sin

(
2πta

λ0

)
= Emax,d sin

(
2πtd nd

λ0

)
; (4.8)

where the air gap ta corresponds to the hybridized diamond-air resonance condition
(see Sec. 4.6.1):

ta = λ0

2π
arctan

(
− 1

nd
tan

(
2πnd td

λ0

))
+ mλ0

2
, (4.9)

for an integer m. We use nai r = 1. The relative intensity in the air gap can thus be written
as

E 2
max,a

nd E 2
max,d

= 1

nd
sin2

(
2πnd td

λ0

)
+nd cos2

(
2πnd td

λ0

)
. (4.10)

This ratio reaches its maximal value nd for an air-like mode, while the minimal value
1/nd is obtained for a diamond-like mode. This relation is shown in Fig. 4.2(c) as a
dashed line, that overlaps with the numerically obtained result.

To remove the mixing of diamond-like and air-like modes, an anti-reflection (AR)
coating can be applied on the diamond surface. This is in the ideal case a layer of re-
fractive index nAR =p

nd ≈ 1.55 and thickness tAR = λ0/(4nAR ). The effect of a coating
with refractive index nAR is shown as a gray line in Fig. 4.2(c). For a realistic coating with
a refractive index that deviates from the ideal, a small diamond thickness-dependency
remains (see Sec. 4.6.2).

Next we determine the diamond thickness-dependency of an NV centre’s branching
ratio into the ZPL [32]. For this we need to find the linewidth and mode volume: we use
the transfer matrix to numerically find the cavity linewidth from the cavity reflectivity as
a function of frequency, and we calculate the mode volume using eq. 4.7. The method
with which we determine the beam waist w0 will be later outlined in Sec. 4.3. We fur-
ther assume that the NV center is optimally placed in the cavity. To include the effect
of surface roughness we extend the Fresnel reflection and transmission coefficients in
the matrix model as described in [20, 33–35] (see Sec. 4.6.3). Fig. 4.2(d) shows that the
resulting emission into the ZPL is strongly dependent on the electric field distribution
over the cavity, both for the cases with and without roughness of the diamond interface.

Since we have already seen that the effective cavity length does not appear in the final
Purcell factor, the varying emission into the ZPL with diamond thickness has to originate
from varying effective losses in eq. 4.5. In the next paragraphs we develop analytic ex-
pressions for the effective losses that indeed exhibit this dependency on the electric field
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distribution. We address the two most important sources of losses in our cavity: mirror
losses and roughness of the diamond-air interface.
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Figure 4.2: Diamond-like and air-like modes in a diamond-based microcavity. (a-b) The electric field
strength (orange, left axis) in a diamond-air cavity satisfying the conditions for (a) an air-like mode and (b)
a diamond-like mode is calculated using a transfer matrix model. (c) The relative intensity of light in the di-
amond membrane and air gap is described by eq. 4.10. It oscillates between nd ≈ 2.41 for the diamond-like
mode and 1/nd ≈ 0.4 for the air-like mode. When the diamond is anti-reflection (AR) coated, the oscillations
vanish. To stay on the same resonance for varying diamond thickness the air gap is tuned. The corresponding
values on the top x-axis do not apply to the cavity with AR coating. (d) The fraction of photons emitted into
the ZPL shows a strong dependency on the diamond thickness, presented for three values of RMS diamond
roughness σD A . The emission into the ZPL is determined from eqs. 4.1 and 4.2, with the mode volume as
described in Sec. 4.3. The linewidth is numerically found from the transfer matrix model (solid lines) or with
analytic descriptions using eq. 4.5 together with eqs. 4.11 and 4.15 (black dashed lines). The mirror transmit-
tivity corresponds to a distributed Bragg reflector (DBR) stack with 21 alternating layers of Ta2O5 (n = 2.14)
and SiO2 (n = 1.48) (giving LM ,A = 260 ppm and LM ,D = 630 ppm). The dimple radius of curvature used is
ROC = 25 µm.

4.2.2. MIRROR LOSSES

As described at the start of this section the mirrors on either side of a bare cavity are en-
countered once per round-trip, making the total mirror losses simply the sum of the in-
dividual mirror losses. For a hybrid cavity, we have rephrased the definition of linewidth
to eq. 4.5 by introducing an effective round-trip. In this picture, the mirrors on the dia-
mond side are encountered once per round-trip, while the losses on the air side should
be weighted by the relative field intensity in the air part. The resulting effective mirror
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losses are described by:

LM ,eff =
E 2

max,a

nd E 2
max,d

LM ,a +LM ,d , (4.11)

where LM ,a are the losses of the mirror on the air side, LM ,d the losses of the diamond
side mirror and the relative intensity in the air gap is given by eq. 4.10. Since this factor
fluctuates between 1/nd for the diamond-like mode and nd for the air-like mode, the
effective losses are lower in the diamond-like mode than in the air-like mode. This re-
sults in the strong mode-dependency of the emission into the ZPL in Fig. 4.2(d). The
analytic expression for the effective mirror losses can be used to calculate the fraction
of NV emission into the ZPL, resulting in the black dashed line in Fig. 4.2(d). This line
overlaps with the numerically obtained result. Our model using the effective round-trip
thus proves to be a suitable description of the system.

In Fig. 4.3(a) the effective losses are plotted for a relative contribution of LM,a to the
total mirror losses, that are fixed. If this contribution is larger, the deviations between
the effective mirror losses in the diamond-like and air-like mode are stronger.

For a cavity with an AR coating (E 2
max,a = nd E 2

max,d ) the losses would reduce to the
standard case LM ,a +LM ,d as expected. From the perspective of fixed mirror losses the
best cavity performance can thus be achieved in a cavity without AR coating, supporting
a diamond-like mode.

4.2.3. SCATTERING AT THE DIAMOND-AIR INTERFACE

Next to mirror losses the main losses in this system are from scattering due to diamond
roughness. The strength of this effect depends on the electric field intensity at the posi-
tion of the interface.

The electric field intensity at the diamond-mirror interface depends on the termi-
nation of the distributed Bragg reflector (DBR). If the last DBR layer has a high index of
refraction, the cavity field has an node at this interface, while if the refractive index is
low the field would have a antinode there. The losses due to diamond surface rough-
ness are thus negligible with a high index of refracted mirror. Such a mirror is therefore
advantageous in a cavity design, even though a low index of refraction termination inter-
faced with diamond provides lower transmission in a DBR stack with the same number
of layers [20]. We assume a high index of refraction mirror termination and thus neg-
ligible surface roughness losses throughout this manuscript. The mirror transmissions
specified already take the interfacing with diamond into account.

At the diamond-air interface the field intensity depends on the type of the cavity
mode. The air-like mode (with a node at the interface) is unaffected, while the diamond-
like mode is strongly influenced (Fig. 4.2(d) and Fig. 4.3(a), green and red lines).

From a matching matrix describing a partially reflective rough interface [20, 33–35],
we can find the effective losses at the interface. To get the effective losses on one side of
the interface, we find the difference between the intensity of the field travelling towards
the surface and the intensity of the field travelling back. The field travelling away from
the interface contains contributions both from the reflected field, as well as from the field
transmitted through the other side of the interface. For one side, this is thus described
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as:

LS,12 = 1−|E1,out |2/|E1,i n |2 (4.12)

= 1−|ρ′
12E1,i n +τ′21E2,i n |2/|E1,i n |2, (4.13)

where E1,i n and E2,i n are the incoming field from the left-hand side and right-hand side
of the interface respectively. E1,out is the outgoing field on the left-hand side of the inter-
face. Furthermore, ρ′

12 and τ′21 are the reflection and transmission coefficients extended
to include surface roughness.

We evaluate this expression for losses from the diamond-side and from the air-side,
multiplying the latter by the relative intensity (eq. 4.10) as we did in the case for the
mirror losses. The resulting losses per effective round-trip are:

LS,eff =LS,D A + E 2
max,a

nd E 2
max,d

LS,AD (4.14)

≈ sin2
(

2πnd td

λ0

)
(1+nd )

nd
(1−nd )2

(
4πσD A

λ0

)2

. (4.15)

In the evaluation of this expression we use a Taylor series approximation for the expo-
nents in the reflection and transmission coefficients, and keep terms up to
O

(
(4πσD A/λ0)2

)
; Sec. 4.6.3 contains a detailed derivation. This description matches

well with the numerically found result, which is evidenced in Fig. 4.2(d) where the gray
dashed lines obtained with eq. 4.15 overlap with the numerical description (green and
red lines).

In the case that the diamond would be AR coated, the coating roughness is expected
to follow the diamond roughness. In this case, scattering losses are always present, with
only a small modification based on the exact diamond thickness. The amount of scat-
tering losses is however lower than in the diamond-like mode.

4.2.4. MINIMIZING THE EFFECTIVE LOSSES
Assuming that mirror losses and scattering at the air-diamond interface are the main
contributors to the losses, the total effective losses are Leff =LM ,eff+LS,eff. Other losses
could originate from absorption in the diamond or clipping losses (see Sec. 4.3.2), but
have a relatively small contribution in the considered parameter regimes [20].

As described above, an AR coating on the diamond membrane ensures that the inten-
sities of the electric field in diamond and air are the same, while they would otherwise
fluctuate with the diamond thickness. The mirror losses are then independent of dia-
mond thickness, and the scattering losses are close to constant. The mirror losses with
an AR coating are higher than the losses in the case of no AR coating in the diamond-like
mode for the same mirror parameters. The scattering losses however are lower with an
AR coating than in the diamond-like mode. Whether the highest Purcell factor can be
achieved with or without AR coating thus depends on the relative losses. For the param-
eters in Fig. 4.2 if the roughness is < 0.4 nm a higher Purcell factor can be achieved in the
diamond-like mode without an AR coating than with an AR coating.

If the diamond is not AR coated, we can decide to select either a diamond-like or
air-like mode. From the previous section we see that LM ,eff is lowest for the diamond-
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like mode, while LS,eff is largest in that case. Whether a system supporting an air-like
or a diamond-like mode is preferential depends on their relative strength. To be able
to pick this freely requires tuning of the diamond thickness on the scale λ0/(4nd ) = 66
nm, or using the thickness gradient of a diamond membrane to select the regions with
the preferred diamond thickness. Note that the diamond thickness does not have to be
tuned exactly to the thickness corresponding to a diamond-like mode. From Fig. 4.2(c)
it is clear that the effective mirror losses are reduced compared to the AR coating value
in a thickness range of ≈ 40 nm around the ideal diamond-like value, corresponding to
about 35% of all possible diamond thicknesses.

Using the analytic expressions for the losses (eqs. 4.11 and 4.15) we can decide whether
being in a diamond-like and air-like is beneficial. If the total losses in the diamond-like
mode are less than the total losses in the air-like mode, it is beneficial to have a cavity
that supports a diamond-like mode. This is the case if:(

4πσD A

λ0

)2 (nd +1)(nd −1)2

nd
<

(
nd − 1

nd

)
LM,a. (4.16)

Fig. 4.3(b) shows the LM,a for varying σDA for which both sides of the above expression
are equal. In the region above the curve, where eq. 4.16 holds, the best Purcell factor is
achieved in the diamond-like mode. In the region below the curve, the Purcell factor is
maximized for the air-like mode.

Concluding, to achieve the highest Purcell factor low losses are key. These losses
are strongly influenced by whether the cavity supports diamond-like or air-like modes.
Analytic descriptions of the mirror losses and losses from diamond surface roughness
depending on the electric field distribution, enable to find whether a diamond-like or
air-like mode performs better.
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Figure 4.3: Effective losses in a diamond-based microcavity. (a) The effective losses in the cavity depend on
whether the cavity supports a diamond-like or air-like mode. The difference is most pronounced if the losses
on the air side are dominant. For the fixed value of LM,a +LM,d = 890 ppm shown, the effective losses can
be up to ≈ 2150 ppm in the air-like mode (orange line), or as low as 470 ppm in the diamond-like mode (blue
line). Scattering on the diamond-air interface (green and red lines) increase the losses in the diamond-like
mode, but do not affect the air-like mode. (b) Depending on the bare losses on the air mirror and the amount
of diamond surface roughness the total losses are lowest in the diamond-like mode (shaded region above the
black curve) or the air-like mode (below the curve).
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4.3. TRANSVERSE EXTENT OF GAUSSIAN BEAMS IN A HYBRID

CAVITY
Having analyzed the one-dimensional structure of the cavity, we turn to the transverse
electric field confinement. We have seen in eq. 4.7 that the mode volume can be de-
scribed as

V =
πw2

0,d

4
Leff ≡ g0 (λ0/nd )2 Leff, (4.17)

where we define a geometrical factor g0 ≡ πw2
0,d

4 /( λ0
nd

)2, and w0,d is the beam waist in
diamond. Since Leff cancels out in the Purcell factor, g0 captures all relevant geometrical
factors in the mode volume. Note that combining eq. 4.1 with eqs. 4.17 and eq. 4.5, the
Purcell factor can be written as Fp = 3ξ/(g0Leff).

In this section we describe how to find the beam waist w0,d , and which parameters
play a role in minimizing it. Furthermore, we quantify the losses resulting if the beam
extends outside of the dimple diameter.

4.3.1. BEAM WAIST
We describe the light field in our cavity using a coupled Gaussian beams model [20]. The
hybrid cavity supports two Gaussian beams: one that lives in the air gap of the cavity, and
one in the diamond (Fig. 4.4(a), indicated in orange and blue respectively). The bound-
ary conditions for the model are provided by the diamond thickness, width of the air gap
and the radius of curvature (ROC) of the fiber dimple (see Sec. 4.6.4). In the model we
assume that the diamond surface is planar. We note that this deviates from the assump-
tion in [20], where the diamond surface is assumed to follow the beam curvature at the
interface. The latter assumption would introduce a lensing effect, leading to a narrower
effective beam waist than for a plane surface. The planar interface causes mixing with
higher-order modes, but the influence of these effects is expected to be small due to the
large radius of curvature of the mode at the interface [20].

A solution to this model provides the beam waist of both beams (w0,d and w0,a) and
the related Rayleigh lengths (z0,d , z0,a) as well as the location of the beam waist of the
air beam with respect to the plane mirror, ∆za . Previously such a model has been solved
numerically [20], but an analytic solution gives insight in the influence of the individual
cavity parameters. The analytic solution that we find is given by (see Sec. 4.6.4):

w0,a = w0,d , (→ z0,a ≈ z0,d /nd ); (4.18)

∆za = td

(
1− 1

nd

)
; (4.19)

w0,d =
√
λ0

π

((
ta + td

nd

)(
ROC −

(
ta + td

nd

)))1/4

. (4.20)

In the last expression for the beam waist we recognize the standard expression for
the beam waist of a plane-concave cavity [19], but with a new term taking the position
of cavity length:

L′ ≡ ta + td

nd
(= ta + td −∆za). (4.21)
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As an important result, the influence of the diamond thickness is a factor 1/nd ≈ 0.42
less than that of the width of the air gap. We indeed see in Figs. 4.4(c,d) that increasing
the air gap from 1 to 4 µm (green line) has a larger effect on w0,d and g0 than increasing
the diamond thickness from 1 to 4 µm (orange line).

The minimal air gap that can be achieved is set by the dimple geometry (see Fig. 4.4(b)).
Smooth dimples with a small ROC can be created in several ways, including with CO2

laser ablation or focused-ion-beam milling of optical fibers or fused silica plates [19, 36–
39]. The dimple depth for dimple parameters as considered here is typically zd ≈ 0.2−
0.5 µm, while a relative tilt between the mirror of an angle θ introduces an extra dis-
tance of z f = D f /2sin(θ) ≈ D f θ/2, which is ≈ 4 µm for a fiber cavity (see Sec. 4.6.5). This
last effect if thus dominant over the dimple depth. To reduce the minimal air gap in
fiber-based cavities, the most important approach to lowering the mode volume is thus
by shaping the fiber tip [40]. For cavities employing silica plates the large extent of the
plates demands careful parallel mounting of the mirror substrates.

4.3.2. CLIPPING LOSSES

The laser-ablated dimple has a profile that is approximately Gaussian (Fig. 4.4(b)). Be-
yond the radius Dd /2 the dimple significantly deviates from a spherical shape. If the
beam width on the mirror (wm) approaches this value, significant clipping losses result
[19]:

Lcl i p = exp

(
−2

(
Dd /2

wm

)2)
. (4.22)

Using our coupled Gaussian beam model we find a numerical (Fig. 4.4(e), solid line)
and analytical (dashed line) solution to the beam width on the mirror and the resulting
clipping losses (Fig. 4.4(f)). Like w0,d , wm is influenced more strongly by the air gap
width than by the diamond thickness. Consequently, the clipping losses are small even
when the diamond membrane is relatively thick. For a Gaussian dimple with ROC =
25 µm and zd = 0.3 µm, we expect that Dd ≈ 7.7 µm. In this case for td ≈ 4 µm and
ta < 2 µm, the influence of clipping losses is negligible compared to other losses. The
influence of clipping losses can be larger for cavity lengths at which transverse mode
mixing appears [41].

Finally we note that the clipping losses should be treated in line with the method
developed in Sec. 4.2. The effective clipping losses are the clipping losses as found above,
weighted by the relative field intensity in air (eq. 4.10).
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Figure 4.4: Transverse extent of Gaussian beams in a microcavity. (a) The transverse extent of the cavity mode
is described using a Gaussian beams model [20], with a beam in diamond (blue) and air (orange), that are
coupled at the diamond-air interface, where the beam widths match and the beam curvatures satisfy nd Ra =
Rd for a planar diamond surface. The beam curvature of the air beam at the dimple follows the dimple’s
radius of curvature (ROC, here 25 µm). The beam waist of the diamond beam (w0,d ) is fixed at the plane
mirror, whereas the position of the air beam waist (w0,a ) at z = ∆za is obtained as a solution to the model.
(b) Schematic of the cavity geometry. The dimple has a Gaussian shape with diameter Dd (full width at 1/e
of the Gaussian) and radius of curvature ROC , resulting in a minimum distance from fiber to mirror of zd .
The extent of the fiber (D f ) in combination with a fiber tilt θ result in an minimum extra cavity length of z f .
Figure is not to scale. (c-d) Numerical (solid lines) and analytical (dashed lines) solutions for (c) w0,d and
(d) the corresponding factor g0 (eq. 4.17) exhibit a stronger dependence on the air gap than on the diamond
thickness, as described by eq. 4.21. The exact analytic solution overlaps with the numerically obtained result.
(e-f ) The ratio of the beam width on the concave mirror wm (e) and the dimple diameter Dd determine the
strength of the clipping losses per round-trip (f ). We here fix td = 4 µm.
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4.4. INCLUDING REAL-WORLD IMPERFECTIONS
From the perspective of Purcell enhancement alone the requirements for the mirrors of
our Fabry-Pérot cavity are clear: since the Purcell factor is proportional to the quality
factor of the cavity, high reflectivity of the cavity mirrors will provide the largest Purcell
factor.

But when including real-world imperfections, we have to revisit this conclusion. In
an open cavity system, having high-reflectivity mirrors comes with a price: the resulting
narrow-linewidth cavity is sensitive to vibrations. And next to that, unwanted losses in
the cavity force motivate an increase of the transmission of the outcoupling mirror, to
detect the ZPL photons efficiently. In this section we analyse how both these effects
influence the optimal mirror parameters.

4.4.1. VIBRATION SENSITIVITY
The benefit of tunability of an open Fabry-Pérot cavity has a related disadvantage: the
cavity length is sensitive to vibrations. This issue is especially relevant for systems as con-
sidered here that require operation at cryogenic temperatures. Closed-cycle cryostats al-
low for stable long-term operation, but also induce extra vibrations from their pulse-tube
operation. In setups specifically designed to mitigate vibrations passively [21] vibrations
modulate the cavity length over a range with a standard deviation of approximately 0.1
nm. Here we discuss how to make a cavity perform optimally in the presence of such
vibrations.

If vibrations change the cavity length, the cavity resonance frequency is modulated
around the NV center emission frequency. For a bare cavity (with νres = mc/(2nL)) the
resonance frequency shift dνres due to vibrations over a characteristic (small) length dL
can be described by:

|dνres| = νres dL/L. (4.23)

Comparing this to the cavity linewidth δν= νFSR/F = c/2nLF and using νres = c/(nλ0,res)
we find:

dνres

δν
= 2

dL

λ0,r es
F. (4.24)

For the impact of the vibrations the cavity length is thus irrelevant: rather the finesse
plays an important role. If we demand that dνr es < δν we find that we would need to
limit the finesse to F <λ0,r es /(2dL).

For a hybrid cavity the frequency response is modified compared to the bare cavity
situation by the influence of diamond-like and air-like modes. To find the modified re-
sponse we evaluate the derivative of the resonance condition (see Secs. 4.6.1 and 4.6.6)
at the diamond-like and air-like mode:

dνa,d

d ta
=− c

(ta +nd td )λ0,r es

(
1± nd −1

nd +1

2nd td

ta +nd td

)
. (4.25)

The plus-sign on the left hand side corresponds to the case for an air-like mode, and
the minus-sign corresponds to a diamond-like mode. A diamond-like mode is therefore
less sensitive to vibrations than an air-like mode. This difference can be significant. For

td ≈ 4 µm and ta ≈ 2 µm,
dνa,d

d ta
≈ 7 GHz/Å in the air-like mode, while

dνa,d
d ta

≈ 1 GHz/Å
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in the diamond-like mode. The vibration susceptibility of a cavity with an AR coated
diamond reduces to the bare cavity expression eq. 4.23, with L = ta +nd td +λ0/2, and
thus takes an intermediate value between those for the air-like and diamond-like modes.

We include these vibrations in our model that describes the emission into the ZPL
(see Sec. 4.6.6). The results are shown as solid lines in Figs. 4.5(a,b), for the diamond-like
and air-like mode respectively. For a system with vibrations σvib = 0.1 nm, the emission
into the ZPL for the diamond-like mode is ≈ 40% for total losses of ≈ 800 ppm, corre-
sponding to a finesse of F ≈ 8000.

The optimal losses may thus be higher than the minimal value set by unwanted
losses. The losses can be increased by increasing the transmission through the outcou-
pling mirror. In this way not only vibration stability but also an improved outcoupling
efficiency is achieved, as we see below.
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Figure 4.5: Optimal mirror parameters for a cavity under realistic conditions. (a-b) Vibrations impact the
average emission into the ZPL (solid lines) for (a) the diamond-like mode and more strongly for (b) the air-
like mode. A reduced vibration sensitivity can be achieved for both by increasing the total cavity losses at the
expense of a lower on-resonance Purcell factor. The fraction of ZPL photons outcoupled through the desired
mirror (dashed line) can be increased by increasing the total losses via the transmittivity of the outcoupling
mirror To. Outcoupling is assigned to be via the flat mirror, and the used parameters are LM,a = 84 ppm,
LM,d = To +34 ppm, σDA = 0.25 nm RMS, and ROC = 20 µm. (c-d) By choosing an optimal To (dashed line,
right x-axis) the maximum outcoupled fraction into the ZPL for each level of vibrations (solid line, left x-axis)
is obtained for (c) the diamond-like mode and (d) the air-like mode.

4.4.2. OUTCOUPLING EFFICIENCY
We do not only want to enhance the probability to emit a ZPL photon per excitation,
but also want to couple this photon out of the cavity into the desired direction. The
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outcoupling efficiency is given by ηo = To/Leff, with To the transmittivity of the outcou-
pling mirror. We choose to assign the plane mirror on the diamond side of the cavity
as the outcoupling mirror. This assignment is motivated by comparison of the mode-
matching efficiencies between the cavity mode and the dimpled fiber, and between the
cavity mode and the free space path. For the free space path in principle perfect overlap
with the Gaussian mode can be achieved, while for the fiber side this is limited to ≈ 50%
for a cavity with ROC = 20 µm, td = 4 µm, and ta = 2 µm (see Sec. 4.6.7) [19, 42]. More-
over, in this regime the mode-matching efficiency can only be improved by increasing
each of these parameters, thereby compromising Purcell enhancement. Since the plane
mirror is interfaced with diamond, we note that in the transmission To this diamond ter-
mination has to be taken into account. When using a DBR stack with a high refractive
index final layer, To is higher than the transmission of the same stack in air.

The larger the unwanted losses (Leff −To) in the cavity are, the higher the transmis-
sion through the output mirror has to be to achieve the same outcoupling efficiency.
The contributing unwanted losses are transmission through the non-outcoupling mir-
ror, scattering and absorption in both mirrors, and scattering at the diamond-air inter-
face. Using values of ≈ 50 ppm, ≈ 24 ppm and ≈ 10 ppm for mirror transmission, scat-
tering and absorption [21], and a diamond-air interface roughness of σDA = 0.25 nm
[10, 43, 44], we find that the unwanted losses are 139 ppm (236 ppm) for the diamond-
like (air-like) mode using the analytic expression from eqs. 4.11 and 4.15.

An outcoupling efficiency η0 > 0.5 is then achieved for To > 139 ppm (236 ppm). The
additional losses this would add to the cavity system are less than what is optimal for
typical vibrations ofσvib ≈ 0.1 nm (→Leff ≈ 800 ppm (3000 ppm)) for both the diamond-
like and air-like modes. Vibrations thus have a dominant effect. To improve the cavity
performance in this regime focus should thus be on the reduction of vibrations over the
reduction of unwanted losses. A possible route for vibration reduction is by extending
active cavity stabilisation techniques for Fabry-Pérot cavities [22–25] to operation under
pulse-tube conditions.

Including the outcoupling efficiency in our model we find the fraction of photons
that upon NV excitation are emitted into the ZPL and subsequently coupled out of the
cavity into the preferred mode (dashed lines in Figs. 4.5(a,b)). For each value of vibra-
tions, we can maximize this fraction by picking an optimal To. For the diamond-like and
air-like mode the results of this optimization are shown in Figs. 4.5(c,d). For vibrations of
0.1 nm, the best results (≈ 35% probability of outcoupling a ZPL photon) are expected to
be achieved in a diamond-like mode with To ≈ 1200 ppm. We note that this corresponds
to a modest Purcell factor of 40, leading to an excited state lifetime reduction to 5.2 ns,
and a lifetime-limited linewidth of 31 MHz. Purcell factors higher than this lead to in-
creased linebroadening, which should be taken into account for optical excitation, see
e.g. Ref [45]. Increased Purcell factors at such levels have a small effect on the resulting
emission into the ZPL (eq. 4.2), and thus a limited benefit for an optimal design.

4.5. CONCLUSIONS
In summary, we have developed analytical descriptions giving the influence of key pa-
rameters on the performance of a Fabry-Pérot cavity containing a diamond membrane.
This analytical treatment allows us to clearly identify sometimes conflicting require-
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ments and guide the optimal design choices.
We find that the effective losses in the cavity are strongly dependent on the precise

diamond thickness. This thickness dictates the distribution of the electric field in the
cavity, with as extreme cases the diamond-like and air-like modes in which the field lives
mostly in diamond and air respectively. As a result, the losses due to the mirror on the
air side are suppressed by a factor nd in diamond-like modes while they are increased
by the same factor in the air-like modes. In contrast the losses resulting from diamond
surface roughness are highest in the diamond-like mode. The two types of losses can
therefore be traded-off against each other. If the diamond surface roughness can be
made sufficiently low (< 0.4 nm RMS for mirror losses on the air gap side of 85 ppm), the
total losses are lowest in the diamond-like mode.

The transverse confinement of the cavity is captured in a geometrical factor g0 that
depends on the beam waist alone. It is determined by the radius of curvature of the
dimple and an expression that captures the effect of the cavity component thicknesses:
ta + td /nd . The width of the air gap ta thus has a dominant influence, while the influ-
ence of the diamond thickness td is reduced by the diamond refractive index nd . From
a geometrical perspective, the focus in the cavity design should thus be on small radii of
curvature and small air gaps.

Although the highest Purcell factors are achieved for low cavity losses, vibrational
instability of the cavity length and the presence of unwanted losses suggest that lowering
the cavity finesse can be advantageous. We find that a cavity supporting an air-like mode
is more severely affected by vibrations than one supporting a diamond-like mode. For
example, for vibrations of 0.1 nm RMS and unwanted losses of ≈ 190 ppm we find that
the optimal fraction of ZPL photons reaching the detector is obtained with a diamond-
like mode and an outcoupling mirror transmission of To ≈ 1200 ppm.

The experimentally realistic parameter regimes considered here include a 4 µm dia-
mond thickness to support optically coherent NV centres and vibrations of 0.1 nm RMS
under pulse-tube operation with passive stabilisation. In this regime with an optimized
design an emission efficiency of ZPL photons into the desired outcoupled optical mode
after resonant excitation of 35% can be achieved. This constitutes a two orders of magni-
tude improvement compared to existing approaches, for which the branching ratio into
the ZPL is ≈ 3% and the collection efficiencies are typically ≈ 10% [46].

Purcell enhancement with open Fabry-Pérot cavities will open the door to efficient
spin-photon interfaces for diamond-based quantum networks. The analysis presented
here clarifies the design criteria for these cavities. Future experimental design and in-
vestigation will determine how to combine such cavities with resonant excitation and
detection for spin-state measurement [47] and long distance entanglement generation
[46, 48, 49].
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4.6. SUPPLEMENTARY INFORMATION

4.6.1. RESONANCE CONDITION FOR A DIAMOND-AIR CAVITY
To understand how the partially reflective diamond-air interface influences the cavity
system, we first look at the resonance condition in diamond and air separately. For the
air gap the diamond-air interface from low (na = 1) to high (nd = 2.41) refractive index
results in a field with an antinode at the interface. From the diamond membrane the
reflection coefficient is opposite: the field in diamond has a node at this interface. Natu-
rally, when these cavities are coupled, the electric field at the diamond-air interface has
to be continuous. It is thus impossible to satisfy the resonance conditions of the two in-
dividual cavities at the same time. The result is that the original modes in diamond and
air show anti-crossings [20, 21]. The hybridized cavity resonances are given by [20]:

ν= c

2π(ta +nd td )

(
mπ− (−1)m arcsin

(
nd −1

nd +1
sin

(
πm

ta −nd td

ta +nd td

)))
, (4.26)

for an air gap of length ta and a diamond thickness td . The resulting spectrum is shown
in Fig. 4.6(a). We can distinguish two special cases for these resonant modes: the ‘air-
like mode’, in which the hybridized mode has an antinode at the diamond-air interface,
and the ‘diamond-like mode’ in which there is a node at the interface. They correspond
to the values for which the sine term on the right-hand side of the resonant condition
vanishes:

td = md
λ0

2nd
and ta = ma

λ0

2
; (air-like mode) (4.27)

td = (2md +1)
λ0

4nd
and ta = (2ma −1)

λ0

4
; (diamond-like mode) (4.28)

for any integer (ma ,md ), and m = ma +md , and λ0 = ν/c the free space wavelength.
We next find the resulting condition on ta given a diamond thickness td . The reso-

nance condition for a diamond-air cavity (eq. 4.26) is derived from the equation [20]:

(1+nd )sin

(
2π

λ0
(ta +nd td )

)
= (1−nd )sin

(
2π

λ0
(ta −nd td )

)
. (4.29)

To find the on-resonance air gap ta as a function of diamond thickness td , as in eq. 4.9,
we rewrite this in the following steps:

(1+nd )

(
sin

(
2π

λ0
ta

)
cos

(
2π

λ0
nd td

)
+cos

(
2π

λ0
ta

)
sin

(
2π

λ0
nd td

))
(4.30)

= (1−nd )

(
sin

(
2π

λ0
ta

)
cos

(
2π

λ0
nd td

)
−cos

(
2π

λ0
ta

)
sin

(
2π

λ0
nd td

))
2nd sin

(
2π

λ0
ta

)
cos

(
2π

λ0
nd td

)
=−2cos

(
2π

λ0
ta

)
sin

(
2π

λ0
nd td

)
(4.31)

nd tan

(
2π

λ0
ta

)
=− tan

(
2π

λ0
nd td

)
(4.32)

ta = λ0

2π
arctan

(
− 1

nd
tan

(
2πnd td

λ0

))
(4.33)
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4.6.2. EFFECT OF AR COATING OF THE DIAMOND MEMBRANE

With an AR coating applied to the diamond membrane, the electric field distribution is
altered to the situation as shown in Fig. 4.7. In the ideal case the AR coating is a layer of
refractive index nAR =p

nd ≈ 1.55 and thickness tAR = λ0/(4nAR ). In practice, it can be
created for example with SiO2 (nSiO2 ≈ 1.46) or Al2O3 (nAl2O3 ≈ 1.77) [50, 51].

The resonance condition for a cavity with a non-ideal AR coating with refractive in-
dex nAR and a thickness λ0/(4nAR ) is given by:

νAR = c

2π(ta + td nd )

(
(m +1/2)π− (−1)m arcsin

(
n2

AR −nai r nd

n2
AR +nai r nd

cos

(
π(m +1/2)

ta −nd td

ta +nd td

)))
.

(4.34)
For the ideal AR coating with nAR = p

nai r nd the second term on the right-hand-side
vanishes, and this reduces to the resonance condition expected for a cavity with a single
material of optical length L = ta + td nd +λ0/(4nAR )nAR :

νi deal ,AR = (m +1/2)c

2(ta + td nd )
(4.35)

The resonance spectrum for the ideal and non-ideal AR coated diamond-air cavities are
compared to the hybridized resonance spectra (eq. 4.26) in Fig. 4.6.
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Figure 4.7: The electric field distribution for a hybrid cavity with an AR-coated diamond membrane for what
would have been (a) an air-like mode (b) a diamond-like mode if there were no AR coating. With this AR
coating, the electric field intensity in the diamond and air parts are equal (E2

max,a = nd E2
max,d ).

4.6.3. SCATTERING AT A PARTIALLY REFLECTIVE INTERFACE

This section describes how to find the scattering strength for a partially reflective inter-
face.

n1 = nd n2 = na

airdiamond

Ed,in Ea,in 

Ed,out = ρ12Ed,in+τ21Ea,in Ea,out = ρ21Ea,in+τ12Ed,in

σDA 

Figure 4.8: The losses for a field incident on the diamond air interface are described the difference between
the incoming field and the outgoing field for each side of the interface individually, as in eq. 4.41. The effective
total losses in a diamond-air cavity are given by the losses from each side, multiplied by the relative intensity:
LS,eff =LD A +na E2

max,a /(nd E2
max,d )LAD

Firstly, we define the problem by drawing the schematic in Fig. 4.8. We are going to
evaluate the losses upon incidence from the left-hand side and right-hand side individ-
ually. Upon incidence, the field can be reflected or transmitted. This can be described
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by a matching matrix, that is given by [20, 30, 33–35]:(
E1,i n

E1,out

)
= 1

τ′12

(
1 −ρ′

21
ρ′

12 τ′12τ
′
21 −ρ′

12ρ
′
21

)(
E2,out

E2,i n

)
; (4.36)

ρ′
i j = ρi j e

−2
(

2πσni
λ0

)2

≈ ρi j

(
1−2

(
2πσni

λ0

)2)
;

τ′i j = τi j e
−1/2

(
2πσ(n j −ni )

λ0

)2

≈ τi j

(
1−1/2

(
2πσ(n j −ni )

λ0

)2
)

; (4.37)

ρi j =
ni −n j

ni +n j
; (4.38)

τi j = 2ni

ni +n j
.

Here E1(2),i n and E1(2),out are the incoming and outgoing fields on the left-hand side
(right-hand side) of the interface, where the refractive index is n1(n2). For the diamond-
air interface, we identify E1(2) = Ed(a) and n1 = nd , n2 = nd . ρi j and τi j are the Fresnel
reflection and transmission coefficients, that are extended to ρ′

i j and τ′i j to include scat-

tering at and interface with rms roughness of σi j . We use a Taylor expansion to approxi-

mate them, keeping only terms up to O

((
2πσ
λ0

)2
)
. Using this formalism, we can write the

outgoing fields in terms of the incoming fields as:

E1,out = ρ′
12E1,i n +τ′21E2,i n ; (4.39)

E2,out = ρ′
21E2,i n +τ′12E1,i n . (4.40)

The losses from the left side of the interface are described by as the normalised dif-
ference between the incoming and outgoing field:

LS,12 =
n1|E1,i n |2 −n1|E1,out |2

n1|E1,i n |2
(4.41)

= 1− |ρ′
12E1,i n +τ′21E2,i n |2

|E1,i n |2
, (4.42)

and a similar formulation holds for the right hand side, replacing 1 ↔ 2. We see that here
the interference between the reflected and transmitted fields plays a role. To evaluate
the interference term, we need an expression for E1,i n and E2,i n in the cavity. To this end
we use our knowledge that the cavity field has a node at the DBR on both sides of the
cavity. The fields are thus given by:

Ed ,i n = |Ed ,i n,max |
(
sin

(
2πnd td

λ0

)
+ i cos

(
2πnd td

λ0

))
(4.43)

Ea,i n = |Ea,i n,max |
(
−sin

(
2πna ta

λ0

)
− i cos

(
2πna ta

λ0

))
, (4.44)

where the field in air travelling to the left has a π phase flip compared to the field in
diamond travelling to the right resulting from reflection off the mirror. Ed ,i n,max and
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Ea,i n,max are the maxima of the incoming field in the diamond and air part respectively.
They are related by eq. 4.10:

|Ea,i n,max | =
√

nd

na

√
Ir el |Ed ,i n,max |; (4.45)

Ir el ≡
na

nd
sin2

(
2πnd td

λ0

)
+ nd

na
cos2

(
2πnd td

λ0

)

where we have defined the relative intensity as Ir el to simplify the notation in further
calculations.

Further, we know that the air gap width on-resonance is related to td as given by
eq. 4.33:

2πna ta

λ0
= arctan

(
−na

nd
tan

(
2πnd td

λ0

))
, (4.46)

where we keep na = 1 in the expression. such that:

sin

(
2πna ta

λ0

)
=−

√
1

Ir el

√
na

nd
sin

(
2πnd td

λ0

)
; (4.47)

cos

(
2πna ta

λ0

)
=

√
1

Ir el

√
nd

na
cos

(
2πnd td

λ0

)
. (4.48)

With eqs. 4.45, 4.47 and 4.48, we can rewrite the field in the air-part in terms of
|Ed ,i n,max | and td :

Ea,i n = |Ed ,i n,max |
(
sin

(
2πnd td

λ0

)
− i

nd

na
cos

(
2πnd td

λ0

))
. (4.49)

We now have all the ingredients we need to evaluate the losses per cavity round trip.
For that, we add the losses from the diamond side (n1 = nd ) and from the air side (n2 =
na), weighting the last one by the factor comparing the relative intensities, as we have
done before for the mirror losses. Using the expressions we found above, we arrive at the
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resulting expression:

LS,eff =LS,D A + naE 2
max,a

nd E 2
max,d

LS,AD (4.50)

= 1− |ρ′
12Ed ,i n +τ′21Ea,i n |2

|Ed ,i n |2
+ Ir el

(
1− |ρ′

21Ea,i n +τ′12Ed ,i n |2
|Ea,i n |2

)
(4.51)

= 1+ Ir el −
|ρ′

12Ed ,i n +τ′21Ea,i n |2 + na
nd

|ρ′
21Ea,i n +τ′12Ed ,i n |2

|Ed ,i n |2
(4.52)

= 1+ Ir el −
(
ρ′2

12 + Ir el
nd

na
τ′221 +

na

nd
Ir el

nd

na
ρ′2

21 +
na

nd
τ′212

)
(4.53)

−
(
ρ′

12τ
′
21 +

na

nd
ρ′

21τ
′
12

) Ea,i nE?d ,i n +Ed ,i nE?a,i n

|Ed ,i n |2
(4.54)

≈ n1
(n1 −n2)2

n1 +n2

(
4πσD A

λ0

)2

+ Ir el n2
(n1 −n2)2

n1 +n2

(
4πσD A

λ0

)2

(4.55)

+n2
(n1 −n2)2

n1 +n2

(
4πσD A

λ0

)2 (
2sin2

(
2πnd td

λ0

)
−2

n1

n2
cos2

(
2πnd td

λ0

))
(4.56)

= sin2
(

2πnd td

λ0

)
(n2 +n1)

n1
(n2 −n1)2

(
4πσD A

λ0

)2

. (4.57)

From this expression we find that the effective losses are proportional to sin2(2πnd td /λ0),
which is the field intensity at the interface. The losses will thus be 0 for an air-like mode,
and maximal for a diamond-like mode.

4.6.4. ANALYTIC SOLUTION OF A COUPLED GAUSSIAN BEAMS MODEL

This section describes the derivation of the analytic solution to a coupled Gaussian beams
model as presented in Sec. 4.2. We here outline the model and corresponding boundary
conditions, and provide an analytic solution. We assume the diamond surface to be pla-
nar in the first part of this section, which is close to a realistic situation. In the second
part of this section we provide an analytic solution for a curved diamond surface, in
which that mode volume may be decreased compared to the planar situation.
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We employ the standard notation for a Gaussian beam [52]:

U (r ) = A1

q(z)
exp

(
−i k

ρ2

2q(z)

)
exp(−i kz) (4.58)

= A0
w0

W (z)
exp

(
− ρ2

W 2(z)

)
exp

(
−i kz − i k

ρ2

2R(z)
+ iζ(z)

)
; (4.59)

W (z) = w0

√
1+

(
z

z0

)2

; (4.60)

R(z) = z

(
1+

( z0

z

)2
)

; (4.61)

ζ(z) = arctan
z

z0
; (4.62)

w0 =
√
λ0z0

nπ
. (4.63)

where the complex beam parameter q(z) = z + i z0 has been written as

1

q(z)
= 1

R(z)
− i

λ0

πnW 2(z)
, (4.64)

to make the beam width W (z) and the wave front curvature R(z) explicit in the formula-
tion. ζ(z) is the Guoy phase shift that occurs as a result of the deviation of the Gaussian
beam from a planar wave, and we use A0 = A1/(i z0). Further, ρ is the radial coordination,
z the coordinate along the beam and k = 2π

λ0
the wavenumber. The Gaussian beam is a

solution for a bare plane-concave cavity, but to describe the field in a hybrid diamond-
air cavity the two regions with different refractive-index regions have to be treated sep-
arately. This is evident when considering that the relation between the Gaussian beam
parameters w0 and z0 is dependent on the refractive index in which the Gaussian beam
lives (see eq. 4.63). The wave front curvature R and beam widths W of these separate
beams in diamond and air are described as [20]:

Rd (z) = z

(
1+

( z0,d

z

)2
)

; (4.65)

Ra(z) = (z −∆za)

(
1+

(
z0,a

z −∆za

)2)
; (4.66)

Wd (z) = w0,d

√
1+

(
z

z0,d

)2

; (4.67)

Wa(z) = w0,a

√
1+

(
z −∆za

z0,a

)2

. (4.68)

The subscript a (d) is used for the Gaussian beam in air (diamond). The beam waist of
the diamond beam is fixed to be on the plane mirror in the considered geometry, and
the air beam waist is at distance ∆za from the plane mirror. This distance, together with
the Rayleigh lengths of the diamond and air beams (z0,a and z0,d ) fix the full description
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of the Gaussian beams in the cavity. They follow from the boundary conditions imposed
by the cavity dimensions. These boundary conditions can be found by considering the
‘ABCD-matrix’ that transforms the Gaussian beam parameters going from air (with n =
na) to diamond (with n = nd ) [52]:(

A B
C D

)
=

(
1 0
0 na/nd

)
. (4.69)

Following the corresponding ABCD law for Gaussian beams we then find that the com-
plex beam parameters in diamond and air (qd and qa) are related by:

qd = Aqa +B

C qa +D
= qa

na/nd
. (4.70)

This leads to the following conditions on the beam curvature and beam width at the
interface:

nd Ra(td ) = naRd (td ); (4.71)

Wa(td ) =Wd (td ), (4.72)

that can be solved analytically to give [53]:

w0,a = w0,d , (→ z0,a/na = z0,d /nd ). (4.73)

∆za = td

(
1− na

nd

)
. (4.74)

Together with the boundary condition that the beam front curvature follows the ra-
dius of curvature of the fiber dimple:

Ra(ta + td ) = ROC , (4.75)

this gives an expression for the beam waist of the Gaussian beam:

w0,d = w0,a =
√

λ0

πna

((
ta + td

nd

)(
ROC −

(
ta + td

nd

)))1/4

. (4.76)

In this expression we recognize the standard expression for the beam waist [19], with the
cavity length replaced by:

L′ ≡ ta + td

nd
(= ta + td −∆za). (4.77)

The numerically and analytically obtained results to the model are both shown in
Fig. 4.9. We see that the stability condition for the cavity changes from the condition for
a bare cavity. The stability condition of a cavity is found by requiring that the Rayleigh
length satisfies z2

0 > 0. For a bare cavity of length L this gives, in combination with the
boundary condition R(L) = ROC , the requirement L < ROC . The maximum cavity length
is thus given by the radius of curvature of the concave mirror. But, for the hybrid cavity
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we see in Fig. 4.9 that the cavity is stable beyond td + ta = ROC , where ta = 16 µm. For
the hybrid cavity the beam waist of the air mode can be disconnected from the plane
mirror such that we expect the cavity stability region to be given by ta + td −∆za . Indeed,
requiring z2

0,a > 0 in eq. 4.76 we find that the stability condition is:

ta + td

nd
.ROC (4.78)
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Figure 4.9: The numerically calculated beam parameters (solid lines) versus the air gap of a diamond-air cavity
with td = 4 µm and ROC = 20 µm. Analytically obtained results (eqs. 4.73, 4.74 and 4.76) are shown as dashed
lines. The analytical values for w0,a and w0,d overlap.

Analytic solution for a curved diamond surface
We here derive the analytic solutions to the coupled Gaussian beams model if the di-
amond surface were curved, fixing the diamond surface radius of curvature to match
the beam front curvature. While the diamond-air interface is more accurately described
by a plane interface, the beam waist for a curved surface can be decreased for a curved
diamond surface. This may produce a cavity with a smaller mode volume.

The ABCD matrix for this situation is given by:(
A B
C D

)
=

(
1 0

− (nd−na )
nd RD A

na/nd

)
, (4.79)

where RD A is the radius of curvature of the diamond surface, that we assume to match
the diamond and air Gaussian beam radius of curvature at that position: Ra(td ) = Rd (td ) =
−RD A . Following the ABCD-law, the complex beam parameters are related as:

qd = Aqa +B

C qa +D
= qa

− (nd−na )
nd RD A

qa −na/nd

. (4.80)

The boundary conditions that this leads to are:

Ra(td ) = Rd (td ); (4.81)

Wa(td ) =Wd (td ), (4.82)
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that can be solved analytically to give:

z0,a =
nd na(1+ t 2

d /z2
0,d )

n2
d +n2

a t 2
d /z2

0,d

z0,d ≈ na

nd
z0,d , (→ w0,a ≈ w0,d ). (4.83)

∆za = td

(
1−

n2
d (1+ t 2

d /z2
0,d )

n2
d +n2

a t 2
d /z2

0,d

)
≈ td

(
1−n2

an2
d

)
, (4.84)

where the approximation holds in the case td ¿ z0,d , which holds in the case that ROC À
td , as will be justified below. We find that the ‘effective cavity length’ that determines the
beam waist for the case with such a curved surface is L′

cur v ≈ ta + td /n2
d . This length

is shorter than for a plane diamond surface, since the surface curvature creates a lens-
ing effect, shifting the effective waist position of the Gaussian beam in air towards the
diamond-air interface. The shorter effective length gives a narrower beam waist com-
pared to the plane diamond.

Derivation of td ¿ z0,d for ROC À td In this paragraph we show that if we assume
ROC À td , than it follows that td ¿ z0,d . First we assure ourselves that if ROC À td

holds, RD A À td also holds, where RD A is the beam curvature at the diamond-air in-
terface. We can deduce this by finding the conditions for which RD A = ROC , and then
deducing that RD A > ROC for at least all cavities with 2td + ta < ROC . We do this as
follows: first we find the two solutions of Ra(z) = ROC :

z −∆za = ROC

2
±

√
ROC 2 −4z2

0,a

2

If RD A = ROC , one of these solutions must correspond to z = td , while the other should

correspond to z = ta + td . We thus conclude that ta =
√

ROC 2 −4z2
0,a . If we use this in

the solution for z = td we find: td −∆za = ROC /2− ta/2. This is the limiting case: to
have RD A < ROC we require td + ta/2−∆za < ROC /2, or at least 2td + ta < ROC . This
condition is almost always satisfied for cavities with td ¿ ROC since in that case the
condition reduces to ta /ROC which holds for all stable cavities.

We then use the constraint td ¿ RD A to find constraints on z0,d and z0,a . To this
end we write RD A as Rd (td ) and Ra(td ) using eq. 4.65. td ¿ RD A with RD A = Rd (td )
respectively, gives:

td ¿ td

(
1+ z0,d

td

)2

;

(4.85)

using (td −∆za) < td ¿ RD A for the second equation. From this we find:

z0,d À td ; (4.86)
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4.6.5. QUANTITATIVE ESTIMATES OF A MINIMUM AIR GAP WIDTH
The minimum air gap in a diamond-air cavity is civen by the geometry of the dimple. We
here give a detailed description of the relevant parameters.

Independent of the fabrication procedure, the dimple depth zd is fixed by the radius
of curvature and the useful dimple diameter Dd as zd ≈ D2

d /(8ROC ) [19]. For dimples
with radii of curvature as considered in this manuscript (≈ 15−35 µm) and a diameter
large enough to prevent clipping losses (see Sec. 4.3.2), Dd ≈ 8 µm), the dimple depth
is zd ≈ 0.2−0.5 µm. An extra air gap z f is introduced when there is an angle θ between
optical fiber or plate in which the dimple is created and the flat substrate. If the extent

beyond the dimple centre is D f /2, the extra air gap is z f = D f

2 sin(θ) ≈ D f

2 θ. For setups
with an optical fiber on a tip-tilt stage [21], we estimate that the maximum angle the fiber
tip makes with the flat substrate is θmax ≈ 70 mrad (≈ 20 mrad from the tip-tilt stage and
≈ 50 mrad from tilt due to mounting of the fiber). In combination with a typical fiber
diameter of D f = 125 µm, this leads to zf,max ≈ 4.4 µm. This effect if thus dominant
over the dimple depth. To reduce the minimal air gap in fiber-based cavities, the most
important approach to lowering the mode volume is thus by shaping the fiber tip [40].
For cavities employing silica plates the large extent of the plates demands careful parallel
mounting of the mirror substrates.

4.6.6. MODELLING THE EFFECT OF VIBRATIONS ON THE ZPL EMISSION
This section describes how the effect of vibrations is included in the model that describes
the emission into the ZPL. First, we find the cavity resonance frequencies for length de-
tuning d ta , and use these to calculate the corresponding spectral overlap with the NV
center emission frequency via

ξs (d ta) = 1

1+4Q2
(

λZPL
λcav(d ta ) −1

)2 , (4.87)

where λZPL is the NV emission frequency and λcav(d ta) the cavity frequency for length
detuning d t a. Q = ν/δν is the cavity quality factor, that is calculated using the analytic
methods presented in Sec. 4.2. We next multiply the Purcell factor found for the on-
resonance case by the spectral overlap and calculate the resulting emission into the ZPL
for each length detuning. Finally an average branching ratioβvib is obtained by assuming
that the cavity length is normally distributed around the resonant length with a standard
deviation σvib, and integrating over all air gaps around the resonance:

βvib =
∫

β0ξs (d ta)Fp

β0ξs (d ta)Fp +1

1√
2πσ2

vib

e
− d t2

a
2σ2

vib d(d ta) (4.88)

This integral is integrated numerically, to obtain the average branching ratio into the
ZPL.

4.6.7. COUPLING EFFICIENCY OF A FIBER-BASED MICROCAVITY
In this section we describe the collection efficiency of the cavity mode, for a fiber-based
microcavity. To that end we focus on how well the cavity mode can be matched to the
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Figure 4.10: (a) The mode matching efficiency into the dimpled fiber approaches unity for an ROC of 100 µm,
if the beam width on the mirror approaches unity for an ROC of 100 µm, if the beam width on the mirror
approached the beam width in the fiber (w f = 2.5 µm). A fiber tilt of 50 mrad (dashed lines) decreases the
maximally achievable coupling efficiency. (b) For td = 4 µm the air gap width should be ' 2 µm to maximize
the coupling efficiency.

detection mode. In our setup we have two possible detection routes: directly into the
laser-machined fiber, or via the free-space path. On the side of the free space path the
cavity mode can be overlapped with the mode of the collection path using free space
elements. By optimal positioning of the optical elements the coupling can in principle
have unit efficiency. On the fiber-side of the cavity path such flexibility is not present.
The mode-matching efficiency is determined by the power transmittivity τ given by the
overlap between the Gaussian beams in the fiber and the cavity mode [19, 42]:

τ=
∫

U∗
f (~r )Uc (~r )d~r . (4.89)

The Gaussian beams U (~r ) are given by eq. 4.59 in the fiber and cavity, at z = ta + td .
The integral is over the radial direction. The relevant parameters are thus the beam
widths and curvatures in the fiber (w f ,R f ) and cavity (wm ,Rm = ROC ), as well as the
spatial overlap of the beams given by the potential misalignment of the fiber due to an
off-centred dimple and fiber tilt.

The resulting coupling efficiency (solid lines in Fig. 4.10(a)) approaches unity for a
large dimple radius of curvature if the beam width on the fiber mirror wm matches the
beam radius in the fiber, w f = 2.5 µm, providing the best overlap between the Gaussian
beams. With the analytic model described in Secs. 4.3 and 4.6.4 above, we can determine
wm from the radius of curvature, size of the air gap and diamond thickness through
eqs. 4.68, 4.73 and 4.76. Using this we determine what coupling parameter is achievable
for our cavity parameters. Fig. 4.10(b) shows that to achieve a coupling efficiency of
> 0.75 an ROC > 35 µm in combination with an air gap > 2 µm is needed.

In addition spatial misalignment due to fiber tilt may significantly influence the cou-
pling efficiency. If the fiber tilt is θ = 50 mrad (Fig. 4.10, dashed lines), a coupling effi-
ciency > 0.75 can only be achieved for ROC > 100 µm. The influence of an off-centred
dimple of d x < 0.5 µm is negligible.

The decrease of the coupling efficiency for smaller radius of curvature and air gap is
in direct conflict with the maximalisation of the Purcell factor. To avoid having to trade-
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off these quantities, detection via the free space path is beneficial. A stability-argument
can however be made for detection through the fiber: vibrations of the cavity as a whole
with respect to the optical table, as resulting from passive vibration isolation used to
minimize intra-cavity vibrations [21], might hinder free-space detection. Detection and
(low-power, resonant) excitation through the fiber would remove the need to actively
stabilize these vibrations.
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OPTICALLY COHERENT

NITROGEN-VACANCY CENTERS IN

µm-THIN ETCHED DIAMOND

MEMBRANES
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de Jong, Hans van den Berg, Guus Evers, and Ronald

Hanson

Diamond membrane devices containing optically coherent nitrogen-vacancy (NV) cen-
ters are key to enable novel cryogenic experiments such as optical ground-state cooling
of hybrid spin-mechanical systems and efficient entanglement distribution in quantum
networks. Here, we report on the fabrication of a (3.4 ± 0.2) µm thin, smooth (surface
roughness rq < 0.4 nm over an area of 20 µm by 30 µm) diamond membrane containing
individually resolvable, narrow linewidth (< 100 MHz) NV centers. We fabricate this sam-
ple via a combination of high energy electron irradiation, high temperature annealing,
and an optimized etching sequence found via a systematic study of the diamond surface
evolution on the microscopic level in different etch chemistries. While our particular de-
vice dimensions are optimized for cavity-enhanced entanglement generation between dis-
tant NV centers in open, tuneable micro-cavities, our results have implications for a broad
range of quantum experiments that require the combination of narrow optical transitions
and µm-scale device geometry.

This chapter has been published in Nano Letters 19, 3987 - 3992, 2019 [1]
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5.1. INTRODUCTION
The negative nitrogen-vacancy (NV) center is a point defect center in diamond [2, 3]
that is used in a wide range of experiments, including quantum sensing [4–8], quan-
tum computation algorithms [9, 10], and quantum communication [11–13]. In addition
to second-long spin coherence times [14] and spin-conserving optical transitions [15],
NV centers feature coupling to nearby nuclear spins that can act as memory quantum
bits [12, 16, 17]. Many NV-based experiments require a combination of good optical
and spin properties in nano-fabricated structures; these experiments include Purcell
enhancement of the optical zero-phonon line (ZPL) transitions in a diamond micro-
cavity [18–31] for entanglement generation speed-up, optical ground state cooling of a
hybrid NV-cantilever spin-mechanical system [32–37], and resonant optical readout of
NV centers in sensing applications [15]. While good spin coherence has been demon-
strated for surface-proximal NVs (depth of ∼ 50 nm) [38–40], the incorporation of opti-
cally coherent NV centers in µm-scale devices remains an outstanding challenge.

The optically excited state of the NV center is sensitive to electric fields and crystal
strain [41]. Therefore, high-frequency electric field noise can lead to dephasing in the ex-
cited state, while on longer timescales the transitions can be effectively widened by slow
spectral diffusion originating from a changing charge state distribution in the environ-
ment [42, 43]. Although the latter effect can be mitigated by actively tracking the transi-
tion frequencies and adding feedback [11], it comes at the cost of reduced experimental
repetition rates. Dephasing poses a more fundamental challenge: in hybrid-mechanical
systems, effective optical ground state cooling requires operation in the sideband re-
solved regime [32, 35]. Dephasing also determines the resolvable magnetic field changes
in sensing experiments, and limits the two-photon quantum interference contrast that
translates into state fidelity for entanglement protocols [44, 45]. For all discussed appli-
cations of NV centers in membranes, spectral diffusion widths < 250 MHz and dephas-
ing widths < 100 MHz are in practice desired (see Suppl. 5.7.8). However, reported spec-
tral diffusion widths in thin (∼ 1 µm) nanofabricated structures are ∼ 1 GHz [31] for NV
centers formed via nitrogen implantation [46]. Improvements in fabrication and prepa-
ration methods are therefore necessary to produce devices with linewidths sufficiently
narrow for the experiments discussed above.

For our desired application of embedding a diamond membrane in an open, tune-
able Fabry-Perot microcavity to increase entanglement generation rates between distant
NV centers [29–31, 47, 48], we target a final membrane thickness of ∼ 4 µm. This choice
is a compromise between low cavity mode volume needed for high Purcell enhance-
ment and sufficient thickness to avoid frequent breaking of membranes during sample
handling, whilst being able to embed NVs as deep in the diamond lattice as possible to
avoid surface-induced noise. We furthermore require smooth samples (rq < 0.3 nm over
the ∼ 4 µm2 large area of the cavity beam waist) to limit losses due to scattering at the
diamond-air interface (scaling with rq squared) [47, 49].

Here, we report on a full fabrication procedure that combines high energy electron
irradiation, high temperature annealing, and an optimized etching sequence, to yield a
diamond device that meets all the above requirements. We verify the desired NV cen-
ter optical properties using an extensive study on linewidths following different etching
steps.
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Figure 5.1: Schematic of the diamond fabrication process flow. (A) A CVD grown diamond is irradiated with
electrons to form vacancies in the diamond lattice (see Suppl. 5.7.2). (B) After a tri-acid clean, a high tempera-
ture annealing process in high vacuum combines the holes with naturally occurring nitrogen in the sample to
form NV centers (see Suppl. 5.7.2). The sample is then sliced into three 50µm thick slabs that are each polished
to a surface roughness of typically rq < 1 nm. (C) After an acid clean to remove remaining contamination that
could lead to masking during etching, the sample is etched in a ICP-RIE.

5.2. NV CENTER CREATION VIA ELECTRON IRRADIATION

We start from ultrapure, CVD grown diamond that contains only a few NV centers (see
Suppl. 5.7.2), and thus requires their density to be increased. NV centers created from
implanted nitrogen atoms were recently found to predominately feature broad optical
lines, likely due to associated diamond lattice damage [50]. Instead, we use high energy
electron irradiation to create vacancies throughout the whole diamond that can form
NV centers with native nitrogen [51] (see Fig. 5.1 (A)). After tri-acid cleaning, a high tem-
perature and high vacuum annealing sequence — consisting of three temperature steps
— ensures the recombination of vacancies with naturally occurring nitrogen in the di-
amond to form NV centers, and anneals out vacancy chains [52, 53] (see Fig. 5.1 (B)).
The resulting density of NV centers thus depends on the nitrogen distribution resulting
from diamond growth, and the number of vacancies created during electron irradiation
(see Suppl. 5.7.2). The diamonds are subsequently sliced and polished into three mem-
branes of ∼ 50 µm thickness each. This value is a trade-off between ease of handling of
the membranes in further processing steps, and the amount of material that needs to be
removed in a subsequent reactive ion etching (RIE) step using an Inductively Coupled
Plasma (ICP) (see Fig. 5.1 (C)).
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Figure 5.2: Evolution of a diamond surface during ICP-RIE with O2 for different etching times (indicated in
the bottom left corner of each AFM image for an identical area). The data demonstrates that debris on the
diamond surface leads to micro-masking during etching, resulting in the formation of nanopillars (visible in
the green encircled parts after 1 minute of etching). These pillars are subsequently removed via an isotropic
etch component. Pink rectangles show a comparison of surface roughness rq for a 1 µm by 1 µm wide area
that excludes etch-induced holes (error 0.03 nm). Note that the black / white trace in the AFM image before
etching is a data acquisition artifact.

5.3. DEVELOPMENT OF AN ETCH PROCEDURE FOR DIAMOND

MEMBRANES
To find an etch recipe that leads to smooth, thin diamonds, we investigate the effect of
different etch chemistries on the diamond surface roughness on the microscopic level.
It is advantageous to employ an oxygen-based ICP-RIE, due to reported high diamond
etch rates (> 200 nm/min [54]), and an oxygen-rich surface termination of the diamond,
which is beneficial for the charge state stability of the NV− center [55]. However, it has
been speculated that particles, e.g. those introduced during diamond polishing, wet-
processing or sample handling (see Suppl. 5.7.1), can lead to hole formation during etch-
ing with O2 [56, 57].

5.3.1. ORIGIN OF PILLAR FORMATION DURING OXYGEN ETCHING

By overlaying Atomic Force Microscope (AFM) surface images of identical diamond ar-
eas before and after O2 etching, we find that each of the observed circular pits origi-
nates from a particle that was initially present at that location. Fig. 5.2 shows the evolu-
tion of one such area before etching, and after 1 and 6 minutes of etching with O2 (see
Suppl. 5.7.1). The data demonstrates that the underlying mechanism of hole formation
is micro-masking: the particle etch rate is lower than that of the bulk diamond surface.
This leads to the formation of diamond nanopillars on the surface that deflect the im-
pinging plasma, which enhances the etch rate locally and thus creates a hole around the
pillar [54] (see the green encircled areas in Fig. 5.2 after 1 minute of etching). Due to an
isotropic etch component, the pillars are eventually etched away, leaving behind a hole.
These holes then remain, and widen as the etching continues. Importantly, we also find
that the membrane surface roughness can be maintained during O2 etching if particle-
induced holes are excluded (see the pink rectangles in Fig. 5.2). Even after extended O2
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Figure 5.3: Evolution of particles and surface roughness during etching with Ar/Cl2 of a diamond surface and
relative particle height vs. etching time for SF6 and Ar/Cl2 etching. Top row of AFM images demonstrates that
one minute of Ar/Cl2 etching effectively removes small particles. Middle row of AFM images (1 µm by 1 µm)
shows the evolution of the relative peak height of an initially large particle w.r.t. the mean surface height as
a function of etching time during etching with Ar/Cl2 (black time indication) and subsequent with O2 (blue
indication), respectively. Note that the big hole after six minutes of etching with O2 results from etch-induced
widening of an initially present hole on the diamond surface, caused by a low-quality diamond growth and
polishing process (see Suppl. 5.7.1). Bottom graphs compare relative peak height (or hole depth) evolution un-
der ArCl2 (left graph) and SF6 (right graph) pre-etching, followed by O2 etching for different selected particles
(see Suppl. 5.7.1 for the full underlying dataset).

etches, one thus expects to maintain the intitial diamond surface roughness if particles
can be effectively removed before this step.

5.3.2. SURFACE CLEANING ETCH

To reduce the number of particles on the diamond surface to levels lower than after
acid cleaning alone (see Suppl. 5.7.1), common strategies are to etch under Ar/Cl2 [58]
or SF6 [59]. However, Ar/Cl2 etching induces Cl contamination on the diamond sur-
face [60], which is suspected to have a detrimental influence on the optical and spin
properties of NV centers. Therefore, Ar/Cl2 is often combined with O2 etching [8, 31,
53, 59, 61, 62]. Fig. 5.3 confirms that Ar/Cl2 is indeed highly effective in removing parti-
cles, and that it can be followed by O2 etching without forming holes on the surface. By
comparing the evolution of the relative peak height of particles w.r.t. the mean of the sur-
rounding diamond surface (see Fig. 5.3, bottom graphs), we find that Ar/Cl2 is more ef-
ficient in removing particles from the diamond surface than SF6 (see Suppl. 5.7.1): while
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Ar/Cl2 removes small particles within the first minute of etching and continues to reduce
the relative peak height of large debris for longer etching times, it takes longer for small
particles to be removed in SF6, and the relative peak height of some larger remaining
structures increases during etching in this chemistry, leading to the formation of holes.

5.4. FABRICATION OF A µm-THIN DIAMOND MEMBRANE
Using the above etch recipe, we fabricate a sample following the steps in Fig. 5.1. For
microwave delivery and repeated identification of the measurement area, the sample
is bonded via Van der Waals forces to a super-polished mirror patterned with golden
striplines and unique position markers before etching [63]. We have observed that the
exposure of mirror material to the plasma leads to severe micromasking on the diamond
as etched mirror material is re-deposited on the diamond surface. This results in the for-
mation of holes on the diamond following the same mechanism as discussed above. To
mitigate this effect, we use a fused quartz mask for partial exposure of the diamond [62]
(see Fig. 5.4 (Top left)). We thin the sample in three etching steps, each consisting of an
Ar/Cl2 pre-etch, followed by a single O2 step, for a total etch duration of 86 minutes of
Ar/Cl2 and 206 minutes of O2 etching. Fig. 5.4 (Bottom) shows a confocal microscope
image and stylus profilometer height trace of the bonded membrane after the full etch-
ing sequence. The geometry of the mask restricts the solid angle of incidence and leads
to a position-dependent etch rate. Therefore, the sample height profile shows a curva-
ture in the exposed region, with a thinnest membrane thickness of (3.4 ± 0.2) µm. The
red dot indicates the (3.8 ± 0.2) µm thick area within which the AFM image in Fig. 5.4
(Top right) was taken after the full etch. This image confirms a smooth diamond surface
(rq = 0.38 nm over a 20 µm by 30 µm area) even after this prolonged etch sequence.

5.5. PHOTOLUMINESCENCE EXCITATION MEASUREMENTS
We characterize the optical properties of NV centers in between etch steps in a confocal
microscopy setup < 10 K by using a largely automatized measurement sequence to de-
termine their linewidths via photo-luminescence excitation (PLE) scans of the ZPL tran-
sitions (see Suppl. 5.7.3). After roughly localizing an NV transition in frequency space,
we scan a tuneable laser around this frequency, while detecting photons emitted from
the NV in the phonon side band (PSB). We repeatedly apply a sequence of a short green
laser pulse (to ensure spin and charge state initialization), followed by a red frequency
sweep through the expected transition frequency (to map out the specific ZPL transition
under dephasing). We do this while constantly applying microwaves to avoid pumping
in an optically dark spin state. By performing many scans of this kind, we probe both the
effects of spectral diffusion (via a fit to the averaged counts of all scans), as well as the
average dephasing width (by fitting each scan individually, and calculating the weighted
mean for all fitted linewidths).

Fig. 5.5 shows the results of spectral diffusion and dephasing widths as a function of
distance from the mirror interface for a total of 155 NV center transitions, stemming from
110 distinguishable NV centers. This data has been acquired at four different steps dur-
ing membrane thinning and thus membrane thicknesses tm in the measurement region.
While we are not able to track identical NV centers throughout the different etch steps,
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Figure 5.4: Schematic of the diamond etching setup and resulting membrane profile. (Top left) Setup used for
bonded diamond etching. A diamond membrane is bonded to a mirror patterned with gold position markers
and striplines, positioned on a fused quartz carrier wafer, and masked from the top with a fused quartz sub-
strate that has a rectangular opening [62] (see Suppl. 5.7.2). (Bottom) Confocal microscope image of an etched
diamond membrane, with three clearly visible offset recesses that result from repeated and shifted partial ex-
posure. The red arrow indicates the profilometer path along which a height profile (red) was taken. It reveals a
diamond wedge of 0.14° (angle of dotted line w.r.t. horizontal axis) resulting from the diamond slicing and pol-
ishing process, and a maximum etch depth of (44.7 ± 0.2) µm in the middle region. The red circle corresponds
to the region within which most of the data in this paper was taken, with a final thickness of (3.8 ± 0.2) µm. The
fringe spacing corresponds to a height change of 84 nm. (Top right) AFM image of the region indicated with a
red circle in the middle image, showing a low surface roughness of rq = 0.38 nm over an area of 20 µm by 30
µm.
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Figure 5.5: Overview of spectral diffusion (top left panel) and dephasing linewidth (bottom left panel) of NV
centers at various distances from the mirror interface for different membrane thicknesses. Right hand side
shows normalized histograms of the data on the left, with the black solid (dashed) lines visualizing the mean
(standard deviation) of the data for a given membrane thickness, and the colored numbers indicating these
values. (Blue) Data before any etching, membrane thickness in measurement region tm = (47.8 ± 0.2) µm.
(Red) Data after first etching of 26 mins Ar/Cl2, followed by 45 mins of O2, tm = (37.7 ± 0.2) µm. (Green)
Data after an additional 30 mins Ar/Cl2 and 138 mins O2 etching, tm = (10.1 ± 0.2) µm. (Yellow) Data after an
additional 30 mins Ar/Cl2 and 23 mins O2 etching, tm = (3.8 ± 0.2) µm. The horizontal clustering of points is a
data acquisition artifact.

we make sure to look at the same 20 µm by 20 µm area of diamond for all measurements,
apart from the data for the thinnest membrane, for which we additionally included a sec-
ond region ∼ 200 µm from the main measurement area for increased statistics. Confocal
scans performed after each etching step show no evidence of strong variations in NV
center density.

The data shows the potential of electron irradiation as a reliable way of introducing
coherent NV centers throughout the membrane: for the unetched case, we find an aver-
age dephasing width of (39 ± 6) MHz, and an average spectral diffusion width of (122 ±
44) MHz. We suspect that laser-power induced linewidth broadening prevents us from
resolving lifetime limited values for the dephasing linewidths (see Suppl. 5.7.4). Impor-
tantly, for membranes etched down to tm = (37.7 ± 0.2) µm and to tm = (10.1 ± 0.2) µm,
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we observe that all linewidth averages overlap within statistical uncertainties.
We find roughly two times broader linewidths when characterizing NVs at the final

membrane thickness of tm = (3.8 ± 0.2) µm in the measurement region; the spectral
diffusion width averages to (189± 117) MHz, while the dephasing width averages to (86±
33) MHz. Yet, even for this thickness, we find that 22 out of 37 measured NV centers fulfill
our pre-set criteria of dephasing linewidth < 100 MHz and spectral diffusion linewidth
< 250 MHz. Possible mechanisms that could explain this linewidth broadening after
the last etching step include additional dephasing due to Cl residue left behind on the
diamond surface after the proportionally longer etching under Ar/Cl2 for this final etch
step, as well as lattice damage induced by reflection of ions from the diamond-mirror
interface.

The NV ZPL transitions shift with crystal strain: while axial strain results in an overall
resonance frequency shift, transverse strain splits the Ex and Ey optical transitions [2].
To determine whether strain in the diamond influences the observed linewidth broad-
ening, we extract the transverse and axial strain from a subset of NV centers via a re-
construction of the NV center Hamiltonian (see Suppl. 5.7.7). Although the average axial
and transverse strain increase with decreasing NV distance from the mirror interface,
the data does not show a dependency of the measured spectral diffusion and dephasing
linewidths on strain (see Suppl. 5.7.7), suggesting that there is no direct causal relation
between the two. Possible causes of increased strain found for NVs after the last etching
step include a stressed layer that remains after the membrane polishing process [64–66],
effects due to bonding of the diamond to the mirror (including stress resulting from the
difference in thermal expansion coefficients for the diamond and mirror), and lattice-
damage induced by reflected ions as discussed above. Future systematic studies beyond
the current work are required to pinpoint the origin unambiguously.

5.6. CONCLUSIONS
In conclusion, we have demonstrated the fabrication of a diamond sample with a high
density of NV centers, introduced through electron irradiation and subsequent high tem-
perature annealing. The surface roughness (rq < 0.4 nm for a 20 µm by 30 µm area),
thickness (∼ 4 µm) and NV linewidths (< 100 MHz) of this sample allow for enhanced
entanglement generation rates via the Purcell effect in an open, tuneable microcavity
setup. Given these sample properties and vibration levels of 0.1 nm rms under pulse-
tube operation [48], we expect an emission of ZPL photons coupled into the fiber mode
of 35% [49], which translates into an entanglement rate enhancement of two orders of
magnitude. This would allow one to form a quantum repeater beating direct transmis-
sion [67–69], signaling the surpassing of a fundamental milestone on the route to build-
ing a quantum network.
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5.7. SUPPLEMENTARY INFORMATION

5.7.1. DIAMOND SURFACE EVOLUTION UNDER ICP-RIE ETCHING WITH SF6

AND AR/CL2
This section describes the systematic study of the evolution of diamond surfaces on the
microscopic level under reactive ion etching (RIE) using an inductively coupled plasma
(ICP). All measurements were performed on high pressure, high temperature (HPHT)
grown, 〈100〉 oriented type Ib diamonds (Element Six, 3 × 3 × 0.3 mm). These diamonds
contain many surface and sub-surface defects resulting from the growth and polishing
process. When excluding these defect areas intrinsic to HPHT samples, this material can
still be used to extract quantitative surface data when comparing different processing
steps (see sections below).

SAMPLE PREPARATION

Before etching, as-received HPHT diamonds are cleaned in HNO3 (99%) for 10 minutes.
The samples are then rinsed for 10 minutes in de-ionized (DI) water, cleaned in acetone
in an ultrasonic bath for 5 minutes, rinsed for one minute in isopropyle alcohol (IPA),
and blow-dried with nitrogen.

During this research, we have compared the effect of different pre-etch wet cleaning
methods on the diamond surface quality after etching. While we have not compared
the number of particles after different wet cleaning methods quantitatively, we find that
the HNO3 cleaning described above yields a similar surface roughness after etching in
comparison with commonly used, yet time-consuming techniques such as tri-acid and
hydrofluoric acid (HF).

DIAMOND ETCHING METHODS

Etch procedures were carried out using ICP-RIE (Oxford Plasmalab 100). Many holes are
formed during etching of diamond surfaces when using etch holders made out of Si or
Al2O3, as the respective material is etched and re-deposited. Following the same mecha-
nism as reported in the main text, this leads to hole formation in the diamond surface. To
avoid this process, we use a 4 inch fused quartz carrier wafer during etching, that shows
minimal material re-deposition on the diamond surface. To avoid charging during etch-
ing (which prevents the release of the carrier wafer from a mechanically clamped wafer
holder after etching), we apply a ∼ 15 nm thick Ti layer on the backside of this wafer via
sputter deposition (Alliance Concept AC450), and clamp the wafer in the etcher with a
metal ring. A summary of all etch parameters and measured etch rates (diamond sample
and fused quartz carrier wafer) can be found in Table 5.1.
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O2 Ar/Cl2 SF6

ICP / RF power (W) 1100 / 90 500 / 200 500 / 50
Gas flow (sccm) 50 O2 10 Ar / 20

Cl2

30 SF6

Pressure (µbar) 10 10 13
Carrier wafer temperature (°C) 20 30 30
Diamond etch rate (masked, nm/min) 210 ± 10 42 ± 2 n. m.
Diamond etch rate (not masked, nm/min) 350 ± 20 39 ± 2 44 ± 2
Fused quartz etch rate (nm/min) 11 ± 1 80 ± 5 113 ± 6

Table 5.1: Summary of etch parameters and diamond sample and fused quartz carrier wafer etch rates found
in this work. N. m. not measured.

ATOMIC FORCE MICROSCOPY ANALYSIS

The Atomic Force Microscope (AFM, Bruker FastScan) data underlying the evolution of
the height of a particle w.r.t. the mean diamond surface height for identical areas and
different etch times as displayed in Fig. 3 of the main text can be seen in Fig. 5.6 for the
SF6 based etching sequence, and in Fig. 5.7 for the Ar/Cl2 based etching sequence. We
infer the particle heights and errorbars by plotting a histogram of surface height around a
particle, and taking the mean and standard deviation of the distribution after employing
a cut-off above the mean sample surface height.

ORIGIN OF PARTICLES ON DIAMOND SURFACE

During etch recipe development, we have gathered evidence that some particles left be-
hind on the diamond surface after wet cleaning are diamond material (which can be
inferred from the particle etch rate, and leads to a smoothened pillar, similar to the fea-
ture observed in the pink encircled particle in Fig. 5.6 below). Other particles adhere to
the surface and remain after wet-processing (we have unsuccessfully experimented with
using ultra-high grade isopropyl alcohol as a last solvent before sample drying, as well
as megasonic nozzle cleaning to remove wet-cleaning induced particles), or are intro-
duced during handling of the samples, even if this is done under ISO7 cleanroom con-
ditions (see the AFM image after 14 minutes of etching with O2 in Fig. 5.7 below). These
mechanisms vary between diamond handling events.

We have used X-ray photoelectron spectroscopy (XPS) in an attempt to characterize
the origin of particles on several samples. However, the results have been inconclusive:
As our smallest XPS beam covers an area of 300 um by 700 um, it is hard to measure the
chemical composition of a small amount of particles, as the signal is obscured by the
large contribution of C and O elements, as well as by charging of the diamond surface,
leading to a line shift that makes it hard to quantify measurement results. On the other
hand, energy-dispersive X-ray (EDX) measurements of individual particles on a diamond
after wet-cleaning show that most material in drying strains consists of C+O+Na+Cl, with
a small number of particles also showing C+O+Ni. The fact that these particles act as
“good” masks during etching with O2 supports the hypothesis that this material contains
oxides.
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Figure 5.6: Evolution of an identical HPHT diamond surface area during ICP-RIE with SF6 (black time indica-
tion), followed by etching with O2 (blue time indication), for different etching times (indicated in the top right
of each AFM trace). This sample shows many surface defects, resulting from the diamond growth and polish-
ing process. Colored circles indicate the relative height of particles w.r.t. the mean diamond surface height for
a specific etch time, with an errorbar of ±1 nm unless otherwise indicated. This data underlies Figure 3 of the
main text.
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Figure 5.7: Evolution of an identical HPHT diamond surface area during ICP-RIE for different etching times
(indicated in the top right of each AFM trace) with Ar/Cl2 (black time indication), followed by etching with
O2 (blue time indication). This sample shows many surface defects, resulting from the diamond growth and
polishing process. Colored circles indicate the relative height of particles w.r.t. the mean diamond surface
height for a specific etch time, with an errorbar of ±1 nm. Note that for this particular etch sequence, many
particles are introduced by handling the diamond in between etch steps (e.g. visible by comparing the images
after 1 min and 14 min of Ar/Cl2 etching). This explains the formation of many small holes after 1 min of O2
etching, that can be avoided when etching directly after the Ar/Cl2 etch (i.e. without unloading the diamond
from the etcher). This data underlies Figure 3 of the main text.
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5.7.2. FABRICATION OF A THIN DIAMOND PLATELET

This section describes the full process-flow employed to fabricate the (3.4± 0.2)µm thick
diamond plate discussed in the main text.

We start fabrication by irradiating as-received, commercially available type IIa CVD
grown diamonds (Element Six, 2 × 2 × 0.5 mm, company specified nitrogen density <
885 µm−3, 〈100〉 crystal orientation) with electrons (electron energy 2 MeV, fluence 1 or
5× 1013 e−/cm2s) at the Reactor Institute in Delft. As described in the main text, this
forms vacancies in the diamond lattice (∼ 30 or 150 µm−3). On samples that underwent
the same procedure as the one described here, we find typical natural NV density values
of < 0.005 µm−3 (compared to company specified values of < 5 µm−3). To reduce poten-
tial diamond surface contamination with metals resulting from the diamond polishing
process [70, 71] that could lead to contamination of the annealing chamber, we immerse
the samples in a mixture of 1:1:1 H2SO4(97%):HNO3(60%):HClO4(60%) at 120 °C for one
hour in a re-flux configuration. We then rinse the sample for 10 minutes in de-ionized
(DI) water, clean it for 5 minutes in acetone in an ultrasonic bath, rinse it for one minute
in isopropyl alcohol (IPA), and blow-dry the sample with nitrogen.

Next, we anneal the sample in a three step high temperature annealing process un-
der high vacuum (< 10−6 mbar) to combine vacancies with naturally occurring nitrogen
in the sample to form NV centers, and to anneal out defects such as di-vacancies [53].
We ramp the temperature from room temperature to 400 °C in 4 hours, hold the temper-
ature constant for 8 hours, increase the temperature to 800 °C over a 12 hour time-span,
hold this temperature for 8 hours, increase the temperature to 1100 °C in 12 hours, hold
it constant for a period of 10 hours, and then switch off the oven to cool to room tem-
perature. All temperature increases are ramped linearly at a slow rate to maintain a high
vacuum in the annealing chamber that is needed to avoid surface graphitization of the
diamond [53]. This treatment results in typical NV densities of (0.01 - 0.1) µm−3.

After slicing of a sample into three membranes of ∼ 50 µm each, the membranes are
polished to a surface roughness of typically rq < 1 nm (Delaware Diamond Knives). We
then clean the membranes in HNO3 (99%) for 10 minutes, followed by the same after-
acid cleaning and drying procedure as described above. Subsequently, we bond the sam-
ple via Van der Waals forces to a mirror patterned with golden markers and strip lines to
allow for repeated localization of the same area in subsequent NV characterization steps,
and for application of microwaves to NV centers [63].

As discussed in the main text, the exposure of mirror material to the plasma leads to
severe micromasking on the diamond. We therefore mask the diamond and mirror from
the top with a fused quartz wafer (thickness 500 µm) that has a laser-cut square opening

Ar/Cl2 time (min) O2 time (min) Thickness tm (µm)
Before any etching – – 47.8 ± 0.2
First etching step 26 45 37.7 ± 0.2
Second etching step 30 138 10.1 ± 0.2
Third etching step 30 23 3.8 ± 0.2

Table 5.2: Summary of etching times under Ar/Cl2, followed by O2, and corresponding thickness in NV mea-
surement region tm after each etching step, measured with a stylus profilometer.
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(Lasertec BV) (1.4 mm side length on the side facing the diamond, narrowing towards
the top at an angle of 30 ° to reduce etch-induced trenching effects [72], see Fig. 4 of the
main text for mask geometry). This prevents exposure of mirror material to the etching
plasma. We then etch the diamond in different ICP-RIE steps as described in the main
text and summarized in Table 5.2, using the plasma parameters summarized in Table 5.1.
Note that once bonded, we do not wet-clean the sample in between etch steps.

5.7.3. NV CHARACTERIZATION METHODS

EXPERIMENTAL SETUP

To measure the optical properties of NV centers, we use a home-built confocal micro-
scope operated at low temperature (< 10 K) inside a closed-cycle cryostat (Montana In-
struments s50) with optical access. A microscope objective (Olympus MPLFLN-100X) is
mounted on an xyz scanner (Physik Instrumente P-615K011). To extract the NV transi-
tion linewidths, we lock a 637 nm external cavity laser (New Focus Velocity TLB-6700) to
a wavemeter (High finesse WS-6) via a PC controlled PID loop acting on the laser con-
trol. We then sweep the setpoint of the lock, and detect fluorescent photons from the NV
emitted in the phonon side band (PSB) on an APD (Laser Components Count-20C-FC),
while recording the corresponding laser frequency value. The PSB is spectrally separated
from the zero phonon line by a dichroic mirror (Semrock L2NL-0016) with a custom
made razor edge at ∼ 637 nm. We use off-resonant green laser excitation (532 nm, Cobolt
Samba 100) to initialize the NV in the negative charge state and ms = 0 spin state. The
laser pulses are created via acousto-optic modulators (Gooch and Housego). To further
suppress unwanted residual light from the green laser, we introduce an additional PC-
controlled home-built shutter in the beam path after the second round of measurements
of Fig. 5 in the main text (i.e. starting from measurements after the second membrane
etch). To rotate the NV electron spin, we generate microwave signals via an arbitrary
waveform generator (AWG) and a microwave source (Rhode und Schwarz SMBV100A)
that are amplified (Amplifier Research 40S1G4) before delivery to the striplines on the
mirror.

DATA ACQUISITION SEQUENCE

We have developed a largely automized software sequence that allows us to measure
the spectral diffusion and dephasing linewidths of many NV centers. An overview of the
decision tree followed is displayed in Fig. 5.8 (Left).

NV localization After performing a confocal microscope scan (λ= 532 nm, see Fig. 5.9
(A) for an example), potential NV center locations are selected via manual input. If
one dimensional off-resonant scans (λ = 532 nm) along both the x- and y- directions
show a fluorescence profile with a Gaussian profile within certain width bounds after a
maximum of 3 optimizations each, the protocol continues by optimizing the signal to
noise ratio of a scan along the x-direction for different z positions of the objective. This
method allows to determine the optimal focal distance, as it does not take into account
background fluorescence originating from defects in the mirror substrate. We then mea-
sure a continuous wave (CW) optically detected magnetic resonance spectrum (ODMR)
around the NV zero field splitting (≈ 2.88 GHz, see Fig. 5.9 (B)). As the quality of the mi-
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Figure 5.8: Sketches of automated data acquisition sequence and employed laser scans. (Left) Decision tree
employed during automated data acquisition. Black arrows indicate that no software decision is made, green
arrows represent continuation after a positive previous step, and red arrows indicate that the previous step
failed, the routine is aborted, and the software starts over with a Gaussian profile optimization at potential NV
center locations (see text for detailed description of each step). (Right, top) Schematic of the pulse sequence
used during a broad PLE scan. Green laser pulses (10 µW, 10 µs) are continuously interleaved with red laser
pulses (20 nW, 100 µs, with a wait time of 10 µs in between pulses), while sweeping the red laser’s frequency
with a resolution of 10 MHz, and integrating for a total time of 25 ms per frequency point. (Right, bottom)
Schematic of the pulse sequence used to characterize an individual NV center ZPL line. In contrast to the
sequence employed in (right, top), we only apply one green pulse (10 µW, 1s) at the beginning of each red
frequency sweep. We then sweep the red laser’s frequency (8 nW) with a resolution of 4 MHz, and integrate for
10 ms per point.

crowave striplines deteriorates after prolonged etching, ODMR scans are only performed
for the first two sets of data. If a dip in the fluorescence signal (corresponding to the ms

= 0 to ms = 1 spin transition) falls below one standard deviation from the data mean, we
mark the spot as a potential NV center and continue with characterization of the optical
transition frequencies. For all subsequent measurements, we use either the microwave
frequency found by fitting the CW-ODMR spectra, or the zero field splitting frequency of
2.88 GHz (starting from the third set of data, from which on reduced microwave stripline
quality does not allow us to detect CW-ODMR signals).

Optical characterization We proceed with scanning a tuneable laser around the ex-
pected ZPL transition wavelength, while detecting photons emitted from the NV in the
phonon side band (PSB, see Fig. 5.9 (C)). To detect all six allowed spin-conserving ZPL
transitions, we constantly apply microwaves to mix the NV spin levels, while interleaving
pulses of the tuneable red laser with green laser pulses to ensure the NV is in the negative
charge state via optical off-resonant pumping, see Fig. 5.8 (Right, top). The software then
selects the brightest peaks above a certain threshold (maximum of 2 peaks) for a narrow
linescan. In this case, it repeatedly applies a sequence of a short green laser pulse (to en-
sure spin and charge state initialization), followed by a red frequency sweep through the
expected transition frequency (to map out the specific ZPL transition under dephasing).
This is done while constantly applying microwaves to avoid pumping in an optically dark
spin state, see Fig. 5.8 (Right, bottom). Fig. 5.9 (D) shows an example of 20 subsequent
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Figure 5.9: Examples of measurement results during data acquisition for one NV center. (A) Confocal micro-
scope scan under green excitation (λ = 532 nm), with the NV measured throughout this figure encircled in red.
(B) Optically detected magnetic resonance of the NV center (λ = 532 nm) under no external magnetic field,
with the mean of the datapoints and one standard deviation from the mean labeled in red and blue, respec-
tively. Since a dip in the fitted ESR spectrum corresponding to the ms = 0 to ms = ±1 spin transitions deviates
more than one standard deviation from the mean, the routine continues with a PLE scan at this position. (C)
PLE of the ZPL lines, showing six lines associated with the allowed optical transitions of the NV center from
the ground to the excited state. Note that the E1 and E2 transitions overlap and are labeled as E′. Red lines
correspond to transition energies calculated from the NV Hamiltonian, using the ms = 0 transition frequencies
(Ex and Ey ) as inputs to the model. (D) Series of 20 PLE scans of the Ex transition displayed in (C), binned into
8 MHz frequency steps. Spectral jumps due to green repump pulses and empty traces due to NV center ioniza-
tion are visible. (E) Remaining 15 PLE traces of the data displayed in (D) after removal of ionized traces, giving
an indication of the spectral diffusion width of the individual ZPL transition. (F) Data displayed in (E), with
fitted lorentzian center frequencies of individual traces used to align frequency axes to each other, to reveal
the dephasing linewidth of the ZPL transition. (G) (Blue) Averaged and gaussian fitted data of (E), revealing
a Gaussian spectral diffusion linewidth of (75.8 ± 2.4) MHz. (Red) Averaged and Lorentzian fitted data of (F),
yielding a dephasing linewidth of (40.8 ± 1.8) MHz.
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scans conducted in this manner, with spectral jumps resulting from a changing charge
state distribution in the NV vicinity and empty traces due to photo-ionization visible.
We then remove photo-ionized traces, and obtain the NV linewidth under spectral diffu-
sion (via a gaussian fit to the averaged counts of all scans, see Fig. 5.9 (E)), as well as the
full width at half maximum (FWHM) of the average dephasing linewidth. To extract all
dephasing linewidth data shown in this manuscript, we fit each line profile individually,
and calculate the weighted average, γ, for all scans of a certain transition via

γ=
∑

i γiσ
−2
i∑

i σ
−2
i

, (5.1)

where γi is the FWHM of an individual lorentzian shaped trace, and σi the correspond-
ing standard error of the fit. The errorbar of the average dephasing linewidth, σγ, is then
given by

σγ =
√

1∑
i σ

−2
i

. (5.2)

Fig. 5.9 (F) shows the results of the 15 remaining scans displayed in Fig. 5.9 (E) after align-
ing the center frequency of each fitted trace, to show the effect of dephasing. Fig. 5.9 (G)
shows the averaged counts of the traces in Figs. 5.9 (E) and (F) in blue and red, respec-
tively. The solid blue and red lines indicate a Guassian and Lorentzian fit to this data,
respectively. Note that the way of extracting the dephasing linewidth in this figure by fit-
ting one lorentzian to the averaged data is different from the approach described above
and used in the rest of this paper, which is based on fitting all linescans individually, and
calculating their weighted mean. Fitting the averaged data is chosen here for ease of
visualization.

5.7.4. LASER-POWER INDUCED LINEWIDTH BROADENING
To quantify the contribution of laser-power induced linewidth broadening to the mea-
sured dephasing linewidths, we model each ZPL transition as an ideal two-level sys-

tem [73, 74]. Following this model, we fit the theoretically expected curve of form
√
γ2

i +Ω2

to our data, where γi is the natural linewidth of the NV transition, and Ω2 = b ×P the
squared Rabi frequency, where P is the applied laser power and b is a constant. We
scan a laser twenty times over a pre-localized NV transition (using the pulse sequence
described above and depicted in Fig. 5.8 (Right, bottom)), and extract the weighted aver-
age dephasing linewidth (as described above). We repeat this measurement for different
powers of the red laser beam. Fig. 5.10 shows the result of the fit. We extract a natural
dephasing linewidth of (18.3 +5.7−8.7) MHz, compared to an extracted FWHM of (48.7 ± 0.7)
MHz when using 8 nW of red power, as used throughout this paper. This means that the
transition is power broadened, potentially explaining why we do not observe lifetime-
limited linewidths throughout this paper.

5.7.5. OBJECTIVE DEPTH CONVERSION FACTOR
The high refractive index of diamond leads to a shift in the observed focal point position
w.r.t. that in vacuum. We determine the resulting conversion factor between distance
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Figure 5.10: Dephasing linewidth as a function of laser power (solid red datapoints), and corresponding fit
(green dashed line, see text for description). Throughout this paper, 8 nW of red power were used to measure
the dephasing linewidths of NV centers, resulting in operation in the power broadening regime.

travelled by the microscope objective and distance travelled by the focal point in dia-
mond in the following way: we first measure the distance t f which we need to shift our
microscope objective to move the laser focus from one diamond surface to the other,
i.e. from the air-diamond to the diamond-mirror interface. We then determine the in-
verse ratio of this value and the actual diamond thickness as measured by a stylus pro-
filometer. Table 5.3 displays the data obtained in this way. By evaluating the propagation
of the uncertainties on the individual values, we obtain an average conversion factor of
2.64+0.11−0.09 for our dataset. Throughout this paper, we use this conversion factor to de-
termine the depth of NV centers w.r.t. the mirror interface. This is the reason for the
discrepancy of the thicknesses indicated by the color shading in Fig. 5 of the main text
compared to the directly reported values of diamond thicknesses in the measurement
region that have been directly obtained by stylus profilometer measurements.

5.7.6. CONFOCAL NV DEPTH ERROR ANALYSIS AND DUPLICATE REMOVAL

In order to estimate the error on the depth of an NV center as determined by the method
described above, we plot a histogram of the frequency difference between all measured
NV center peaks, as displayed in Fig. 5.11 (Top, left). A peak around a frequency dif-
ference of zero, that results from scanning a given NV center twice, is visible. This can

Diamond thickness Objective travel Conversion
tm (µm) distance t f (µm) factor

Before etching 47.8 ± 0.2 18.2 ± 0.2 2.63+0.04−0.04
1st etching step 37.7 ± 0.2 14.6 ± 0.2 2.58+0.05−0.05
2nd etching step 10.1 ± 0.2 3.4 ± 0.2 2.97+0.25−0.22
3r d etching step 3.8 ± 0.2 1.6 ± 0.2 2.38+0.48−0.38

Table 5.3: Summary of diamond membrane thicknesses as measured with a stylus profilometer, correspond-
ing objective travel distance, measured by determining the separation between focusing on the two diamond
surfaces (i.e. the air-diamond and diamond-mirror interfaces), and resulting calculated conversion factors.
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Figure 5.11: Estimation of confocal NV depth errorbar. (Top, left) Histogram of difference between center fre-
quencies of all measured NV center peaks, binned into 0.1 GHz bins. A peak around zero frequency difference
that we attribute to repeated scanning of identical blobs is visible. (Top, right) Histogram of difference between
center frequencies of all measured NV center peaks, binned into 10 MHz bins, zoomed in to a range from -150
MHz to 150 MHz. Dotted red vertical lines denote used frequency bounds for (Bottom) Histogram showing ab-
solute values of confocal distance difference of blobs that are likely identical. Red dotted line denotes fit result
to a Gaussian function (see text for functional form). The datapoints are found using the frequency criterion
displayed in (B), and the requirement that the Euclidean distance between NVs that this frequency difference
results from is less than (4 µm)3.

happen for our scans, as the focal depth in our setup broadens with increasing distance
from the diamond surface (see section 5.7.5). As a consequence, the bright fluorescence
profile of a single NV center can appear at various objective positions. Additionally, some
NV centers are close to each other, which triggers the position optimization algorithm to
select the same NV center in different scans. We use this information about blobs likely
to be the same to remove double entries: if the peak frequencies of two seperately mea-
sured NV centers differ by less than 100 MHz (see Fig. 5.11 (Top, right)), and if the Eu-
clidean distance between those NV centers is less than (4 µm)3, we consider these NVs
to be the same, and only keep the data for one of them in our analysis. We also use this
criterion to extract the depth error from multiple measurements on identical NV centers:
the first step is to consider the absolute difference Z in confocal depth for both of such
measurements. This difference can be defined as Z := X1−X2, where the first and second
measurements are realizations of the independent random variables X1, X2 ∼ N (µ, σ2)
respectively, where N is the normal distribution with mean µ and standard deviation
σ. The idea is to extract σ from the explicit form of the probability density function that
governs the random variable |Z |. First note that Z ∼ N (0, 2σ2). Thus, for x ≥ 0, the
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cumulative distribution function F|Z |(x) can be written as:

F|Z |(x) := P (|Z | ≤ x)

= P (−x ≤ Z ≤ x)

= P (−x < Z ≤ x)

= FZ (x)−FZ (−x)

= 2FZ (x)−1.

Note that F|Z |(x) = 0 for x < 0, such that the probability density function f|Z |(x) now
equals:

f|Z |(x) := ∂

∂x
F|Z |(x)

= 2 fZ (x)1(0,∞)(x)

= 1

σ
p
π

exp

(
− x2

4σ2

)
1(0,∞)(x) ,

where 1(0,∞) is the Heaviside step function. Fitting this functional form to the data dis-
played in Fig. 5.11, we extract an errorbar of 0.18 µm for our dataset. Assuming this
error to be independent from the error we determined for the conversion factor (see
Sec. 5.7.5), we calculate the root sum of squared uncertainties to determine the overall
uncertainty of the distance of an NV center from the diamond-mirror interface for all
datapoints in this paper.

5.7.7. CORRELATIONS OF NV CENTER STRAIN AND LINEWIDTH
As discussed in the main text, we are interested to see whether strain regime and mea-
sured linewidths are correlated. To this end, we overlay measured broad resonant ex-
citation spectra with simulations of the ZPL transition frequencies calculated from the
Hamiltonian of the NV center to determine the local strain environment for individual
NVs [41, 75], using the parameters reported in Refs. [2] and [76]: we first fit the position
of all peaks in the broad frequency spectrum. We then use two of them as inputs for the
Ex and Ey transitions in our model. We then calculate the ground and excited state ener-
gies, and compute the allowed transition frequencies between them. We then permute
through all combinations of two peaks in the fitted broad spectrum as input for Ex and
Ey , and use the combination that matches best to the measured spectrum to extract the
axial NV strain ξ∥ = (Ex +Ey )/2 and the transverse NV strain ξ⊥ = (Ex −Ey )/2. Fig. 5.9 (C)
shows an example of how we determine the strain regime for an NV center in this way.
Out of the 110 distinguishable NV centers studied in this paper, a total of 58 NV centers
allowed us to extract a unique strain regime using the method described above. For 24
of these NV centers we characterized the linewidths of two ZPL transitions with a narrow
linescan, whereas for the rest of them, only one transition was measured.

As visualized in Fig. 5.12, we qualitatively find a correlation between axial and trans-
verse strain, and between each of these two strain values and the mirror interface dis-
tance. Fig. 5.13 shows the spectral diffusion (left panels) and dephasing linewidths (right
panels) as a function of difference between axial strain of individual NVs and the mean of
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Figure 5.12: Dependence of axial and transverse strain on the NV distance from the diamond-mirror inter-
face and dependence of axial on transverse strain for these NVs. (Left, top) Dependence of total axial strain
(w.r.t. 470.4 THz) on the mirror interface distance. (Left, bottom) Transverse strain as a function of mirror in-
terface distance. (Right, top) Dependence of the difference of axial strain of individual NVs and the mean of
axial strains of the whole dataset on the mirror interface distance. (Right, bottom) Dependence of the differ-
ence of axial strain of an individual NV and the mean of axial strains of the whole dataset on transverse strain.
(Blue) Data before any etching, membrane thickness in measurement region tm = (47.8 ± 0.2) µm. (Red) data
after first etching of 26 mins Ar/Cl2 and 45 mins O2, tm = (37.7 ± 0.2) µm. (Green) Data after an additional 30
mins Ar/Cl2 and 138 mins O2 etching, tm = (10.1 ± 0.2) µm. (Yellow) Data after an additional 30 mins Ar/Cl2
and 23 mins O2 etching, tm = (3.8 ± 0.2) µm. The horizontal clustering of points is a data acquisition artifact.

axial strains of the whole dataset (top panels), axial strain w.r.t. 470.4 GHz (middle pan-
els) and transverse strain (bottom panels). These graphs imply that we cannot explain
the observed broadening of linewidths for the final membrane thickness of tm = (3.8 ±
0.2) with strain-induced effects.

5.7.8. DEPHASING LINEWIDTH TARGET VALUE
Entanglement generation between two remote NV centers requires frequency indistin-
guishability between their emitted photons. We consider optical transitions with fre-
quency uncertainty of 2π×γ that are broadened beyond the lifetime-limited value due to
dephasing. In this case, indistinguishability can still be achieved if the time resolution of
the detector d t is good enough to erase the frequency information (i.e. if 2π×γ¿ 1/d t ,
see Refs. [77, 78]). To arrive at a quantitative target, we set this condition to be 2π×γ <
1/10×1/d t . For a typical silicon APD with 300 ps timing jitter, this leads to the require-
ment γ< 50 MHz, and therefore to a full-with half maximum linewidth < 100 MHz. Note
that frequency erasure requires filtering on photon detection time difference [77], and
hence narrower lines will require less filtering and thus yield a higher entangling rate.
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Figure 5.13: Spectral diffusion linewidth (left panels) and dephasing linewidths (right panels) of NV centers
as a function of transverse and axial strain for different membrane thicknesses. (Top panels) Linewidths as
a function of the difference of axial strain of an individual NV from the mean of axial strains of the whole
dataset. (Middle panels) Linewidths as a function of axial strain (w.r.t. 470.4 THz). (Bottom panels) Linewidths
as a function of transverse strain. The data shows that there is no significant correlation between strain and
measured linewidths for our sample. (Blue) Data before any etching, membrane thickness in measurement
region tm = (47.8 ± 0.2) µm. (Red) data after first etching of 26 mins Ar/Cl2 and 45 mins O2, tm = (37.7 ± 0.2)
µm. (Green) Data after an additional 30 mins Ar/Cl2 and 138 mins O2 etching, tm = (10.1 ± 0.2) µm. (Yellow)
Data after an additional 30 mins Ar/Cl2 and 23 mins O2 etching, tm = (3.8 ± 0.2) µm.
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6
RESONANT EXCITATION AND

PURCELL ENHANCEMENT OF

COHERENT NITROGEN-VACANCY

CENTERS COUPLED TO A

FABRY-PÉROT MICROCAVITY

Maximilian Ruf*, Matthew Weaver*, Suzanne van Dam, and
Ronald Hanson

The nitrogen-vacancy (NV) center in diamond has been established as a prime building
block for quantum networks. However, scaling beyond a few network nodes is currently
limited by low spin-photon entanglement rates, resulting from the NV center’s low proba-
bility of coherent photon emission and collection. Integration into a cavity can boost both
values via the Purcell effect, but poor optical coherence of near-surface NV centers has so
far prevented their resonant optical control, as would be required for entanglement gen-
eration. Here, we overcome this challenge, and demonstrate resonant addressing of indi-
vidual, fiber-cavity-coupled NV centers, and collection of their Purcell-enhanced coherent
photon emission. Utilizing off-resonant and resonant addressing protocols, we extract an
enhancement of the zero-phonon line emission by a factor of up to 4, consistent with a
detailed theoretical model. This model predicts that the probability of coherent photon
detection per optical excitation can be increased to 10% for realistic parameters - an im-
provement over state-of-the art solid immersion lens collection systems by two orders of
magnitude. The resonant operation of an improved optical interface for single coherent
quantum emitters in a closed-cycle cryogenic system at T ∼ 4 K is an important result
towards extensive quantum networks with long coherence.

This chapter has been published in Physical Review Applied 15, 024049, 2021 [1]
∗These authors contributed equally to this work
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6.1. INTRODUCTION
Future large-scale quantum networks sharing entanglement between their nodes may
enable a suite of new applications, such as secure communication, distributed quan-
tum computation, and quantum enhanced sensing [2–6]. These networks require nodes
with both access to long-lived memory qubit registers that can be operated with high
fidelity, and bright spin selective optical transitions with good coherence [3]. Promising
node candidates include group IV defects in diamond [7–9], defects in SiC [10–12], rare
earth ions in solid state hosts [13–15], quantum dots [16, 17], neutral atoms [18, 19], and
trapped ions [20, 21].

The nitrogen-vacancy (NV) center in diamond combines optical transitions suitable
for remote entanglement generation under moderate cryogenic conditions with out-
standing electron spin coherence (T2 > 1 s) and extensive control capabilities over local
13C memory atoms [22, 23]; these features have enabled pioneering quantum network
experiments [24, 25] and fundamental tests of physics [26]. However, entanglement gen-
eration rates are limited by the relatively low photon emission into the zero-phonon line
(ZPL), as well as low collection efficiency from diamond, hindering scaling beyond a few
nodes. Both values can be significantly increased by embedding the NV center inside an
optical cavity, making use of the Purcell effect. Cavity-coupling of NV centers at low tem-
perature has been demonstrated for different cavity implementations, including pho-
tonic crystals [27–32], microdisk resonators [33], and open microcavities [34, 35].

Entanglement generation between nodes requires coherent photon detection after
resonant excitation of the optical transitions of individual NV centers [22]. However,
poor optical coherence (∼ GHz linewidths), resulting from surface noise effects and/or
implantation-induced damage, has so far prevented resonant optical addressing of Purcell-
enhanced NV centers [27, 30, 32, 34, 36, 37]. This has presented a critical roadblock on
the path towards remote entanglement generation.

In this work, we demonstrate resonant optical addressing of Purcell-enhanced NV
centers coupled to a fiber-based cavity, capitalizing on recent breakthroughs in diamond
membrane fabrication [38] and diamond-based open microcavities [34, 39–44]. We out-
line the experimental system in Sec. 6.2, and begin experiments by verifying Purcell en-
hancement under off-resonant excitation in Sec. 6.3. Next, we develop and demonstrate
a resonant excitation protocol for NV centers in the cavity. We use the resonant address-
ing to measure optical coherence (Sec. 6.4) and Purcell enhancement (Sec. 6.5). Finally,
in Sec. 6.6, we quantify the Purcell-enhanced photon emission and the collection effi-
ciency from a single quantum emitter. We conclude with an outlook including future
prospects and new avenues opened up by this work.

6.2. EXPERIMENTAL SETUP
An overview of the experimental setup used in this work can be seen in Fig. 6.1(a). At the
heart of the experiment is an open, fiber-based Fabry-Pérot microcavity (design finesse
6200), formed from a flat, super-polished mirror, and a laser ablated fiber mirror [45];
this finesse value is chosen as it maximises the outcoupled fraction of photons emitted
into the zero-phonon line (ZPL) for the vibrations present in the cavity [46] (∼ [0.1 - 0.2]
nm root mean squared amplitude, for a detailed discussion, see App. 6.8.5). The fiber
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Figure 6.1: Experimental setup, NV-cavity characterization measurements, and measurement sequence. (a)
Overview of the experimental setup. A tunable fiber-based microcavity with embedded diamond membrane
is formed inside a closed-cycle cryostat operated at a temperature of 4 K. (b) Fluorescence counts for different
applied piezo voltages (and thus cavity lengths) under off-resonant excitation, detected with a spectrometer in
a ± 2 nm window around the NV center zero-phonon line (ZPL) of ∼ 637 nm (integration time 5 s per point).
Right panel shows data on the left, summed over all piezo voltages. (c) From bottom to top, measurements
of intrinsic cavity linewidth, inferred vibrations-broadened cavity linewidth, spectrometer peaks (same data
as right panel of (b)), and stabilization curve, using the continuous off-resonant excitation and ZPL detection
measurement sequence displayed in (d). (d) General measurement sequence used throughout this paper. A
∼ 637 nm laser is frequency stabilized to a wavemeter (1), and serves as a reference for the cavity length (2).
Measurement blocks that are repeated multiple times are interleaved between stabilization rounds (3).

sits on top of a piezo positioning stage, which enables in situ tuning of the cavity posi-
tion and length under operation in a closed-cycle cryostat (T ∼ 4 K for all measurements
in this paper). Excitation light is delivered to the cavity via the fiber mirror, while all
detection in this work takes place in free space through the flat mirror of the cavity. Un-
balanced mirror coatings set the design finesse almost entirely by transmission through
this flat cavity mirror; for a full overview of the experimental setup, please see App. 6.8.1.
An electron irradiated and annealed diamond membrane is bonded to the flat cavity
mirror [41], and etched down to a final thickness of ∼ 5.8 µm in the cavity region, follow-
ing the process flow developed in Ref. [38]. Importantly, this recipe has been shown to
preserve the optical coherence of NV centers needed for entanglement generation, even
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for few-µm thin diamond samples.
We start characterizing the coupled system of the membrane and fiber-cavity by

recording cavity spectra under illumination with a broadband light source for different
cavity lengths. From fits to a transfer matrix model [39], we infer a membrane thickness
of ∼ 5.8 µm, and an air gap of ∼ 7 µm (see App. 6.8.2). This air gap could not be reduced
further, likely due to a piece of dust on, or an angled mounting of, the fiber. This limits
the cavity finesse to ∼ 2000 (Q ∼ 1.3 ×105) due to operation in the clipping loss regime
of the fiber mirror [45, 46]. The cavity quantum electrodynamics parameters (NV center
optical transition linewidth [38], NV-cavity coupling rate, and cavity decay rate {γ, g ,κ}
∼ 2π× {18 MHz, 35 MHz, 3.5 GHz}) place the system in the weak coupling regime, which
is favorable for photon collection (App. 6.8.2).

We find NV centers by scanning a fundamental cavity mode over the ZPL transition
frequencies (∼ 470.4 THz), while constantly illuminating with off-resonant (∼ 515 nm)
laser light. At this laser wavelength, the optical excitation keeps the NV center predom-
inantly in the negative charge and ms = 0 spin state. Fig. 6.1(b) shows the fluorescence
counts in a window of ± 2 nm around the expected ZPL frequency on a spectrometer, for
different piezo voltages (and thus cavity lengths). Background light in the cavity serves
as an internal light source [47], revealing the expected decrease in cavity frequency with
increasing voltage. As the cavity mode is tuned through the ZPL transition frequencies
of a small ensemble of NV centers, additional NV center fluorescence is collected. Sum-
ming the spectrometer fluorescence counts per frequency over all cavity lengths reveals
two peaks (right panel of Fig. 6.1(b)), which are likely due to the Ex and Ey transitions
(see Sec. 6.4 below). Each peak is significantly wider than the intrinsic cavity linewidth.

To investigate the origin of the observed width of the NV center emission peaks,
we compare the intrinsic cavity linewidth (blue trace in Fig. 6.1(c)) - measured on a
timescale much faster than the vibrations in the cavity (App. 6.8.2) - to the “vibration
linewidth", calculated by convolving the measured vibration value with the intrinsic cav-
ity linewidth (orange trace in Fig. 6.1(c)). The resulting curve, which is an estimate for
the linewidth averaged over during the full spectrometer run, explains most of the width
of the peaks in the summed spectrometer data (green trace in Fig. 6.1(c)); the additional
width is attributed to a frequency distribution of NV centers in the cavity (see Sec. 6.4
below).

For more refined cavity control, we design a measurement protocol which we use
throughout the remainder of this paper (see Fig. 6.1(d)). The sequence starts by stabiliz-
ing a ∼ 637 nm laser to a given setpoint using a wavemeter. We then stabilize the cavity
to this laser frequency, after which we start a measurement sequence. By repeating this
procedure, we can take out slow drifts between measurements. We test this measure-
ment protocol by stabilizing the cavity to different laser setpoints and taking fluores-
cence data in the ZPL under off-resonant excitation (red trace in Fig. 6.1(c)). The result-
ing data is consistent with the lineshape found via the spectrometer measurement.

6.3. OFF-RESONANT EXCITATION
Entanglement generation rates in quantum networks scale with the collection of coher-
ent photon emission. A cavity acts as a spectral filter, only allowing resonant emission
to exit, and opens up an additional decay channel for the excited state of any coupled
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Figure 6.2: Purcell enhancement of NV centers under off-resonant excitation. (a) Measurement block for
pulsed off-resonant excitation and detection in the ZPL. (b) Normalized pulsed autocorrelation measurement
of NV center fluorescence from the cavity on two ZPL detectors. Dark boxes on the bottom are background
fluorescence between the pulses. We fit the data to a simple bunching model based on probabilistic state ini-
tialization into a bright state (solid line), see App. 6.8.4. (c) Detuning sweep of the cavity with respect to the NV
centers with measured ZPL fluorescence counts (blue) and lifetime (red). The data is taken on different days
(circles and diamonds). We perform a joint fit of our model to both curves (solid lines), see App. 6.8.4. (b) and
(c) were measured at different locations on the sample, which are also different from Fig. 6.1.

NV centers, which in turn decreases their lifetime. Thus, when the cavity is resonant
with an NV center optical transition, more ZPL light should be emitted with a reduced
lifetime, as has been observed in different cryogenic systems [27–34]. Importantly, this
additional decay is also funneled into the cavity mode which can be readily collected, as
opposed to free space systems, in which the ZPL light is emitted in all directions. From
the reduced lifetime, one can (following the definition of Refs. [27–30]) extract the Purcell
enhancement induced by the cavity, F Z PL

P , as

F Z PL
P = 1

β0

(τ0

τ′
−1

)
, (6.1)

where β0 is the Debye-Waller factor, recently estimated to be 2.55% [34], τ0 is the life-
time without the influence of the cavity, and τ′ is the reduced NV center lifetime (see
App. 6.8.3 for a derivation). In this paper, we choose the definition of the Purcell factor
as the increased emission into the zero-phonon line (ZPL) in the cavity only - rather than
the increase in total emission - because it better reflects the coherent ZPL light which can
be used for entanglement. A subset of the ZPL light, F Z PL

P β0/(F Z PL
P β0 +1), is collectable

via the cavity mode; this definition means that F Z PL
P = 0 without Purcell enhancement

from the cavity.
To measure lifetime and fluorescence from NV centers in the cavity under off-resonant
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excitation, we replace the measurement block in Fig. 6.1(d) with pulsed green excitation,
pictured in Fig. 6.2(a). The cavity is again stabilized with a red laser and the excitation
is provided by a ∼ 532 nm picosecond pulsed laser input through the fiber. We collect
the resulting fluorescence in the ZPL path on an avalanche photodiode (APD), and ex-
tract counts per pulse and lifetime as we sweep the detuning of the cavity. For further
experimental details please see App. 6.8.4.

Fig. 6.2(c) shows one such detuning sweep, in which the fluorescence counts and
lifetime vary with cavity detuning. The highest fluorescence counts and lowest NV cen-
ter lifetime coincide, demonstrating Purcell-enhanced NV center emission induced by
coupling to the cavity. The widths of the fluorescence peak and of the lifetime reduction
curve are several times broader than the cavity linewidth. To understand the quantita-
tive behavior of the detuning sweep, we introduce a model which includes vibrations of
the cavity and a spectral distribution of NV center transition frequencies (see App. 6.8.3).
By fitting this model to the data, we can extract the emission into the ZPL in the cavity,
F Z PL

P β0/(F Z PL
P β0 +1) = (7.9 ± 2.2)%, and the off-resonant lifetime, τ0 = (11.8 ± 0.2) ns,

which is consistent with the lifetime of NV centers reported for bulk diamond [48, 49].
This data was taken on two different days, leading to two different curves in Fig. 6.2(c)
(circles and diamonds) that can be explained by drifts, which we account for in our mod-
eling (App. 6.8.4).

We investigate whether the emission is produced by a single emitter using an auto-
correlation (g (2)) measurement. At most locations, there is little or no drop in coinci-
dence counts at zero pulse separation. Therefore, we conclude that we are addressing
several emitters within the cavity mode volume, likely because the high density of NV
centers in our sample lowers the chance of single center addressing with off-resonant ex-
citation. Fig. 6.2(b) displays the most significant drop in coincidences observed, which
falls to (0.58 ± 0.05) at zero time delay ([0.54 ± 0.05] with background correction). We
observe significant bunching behavior for small pulse separations, which we attribute
to probabilistic state initialization into a bright state (App. 6.8.4). The enhancement of
the ZPL by a factor of 3.9 ± 0.9 (assuming the same β0 as in Ref. [34]) is a lower bound
for the largest enhancement of single centers at this spot, because there are multiple NV
centers within the cavity mode volume.

6.4. CONTINUOUS RESONANT EXCITATION
Entanglement generation in quantum networking protocols requires coherent address-
ing of individual zero-phonon line (ZPL) transitions with linewidths close to their lifetime-
limited value [22]. To determine the suitability of our device for such tasks, we now move
on to photoluminescence excitation (PLE) scans.

The measurement protocol for these scans is displayed in Fig. 6.3(a, inset): short
green pulses used for initialization of the NV center in the negative charge and ms = 0 spin
state are interleaved with red measurement pulses. Fluorescence counts collected in the
phonon-sideband (PSB) during the red pulses are then correlated with simultaneously
recorded wavemeter readings. This scheme thus allows predominant detection of the
two ms = 0 spin-conserving optical transitions per NV center; these transitions connect
the ground state to the two optically excited states typically labeled as Ex and Ey . For
further details about this measurement sequence, please see App. 6.8.4.
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Figure 6.3: Photoluminescence excitation (PLE) scans. (a) Broad PLE scan (cavity resonant with excitation
laser, binned into 50 MHz bins), revealing multiple bright lines per cavity position. Blue and red arrows indi-
cate the center position of polarization angle scans displayed in (f). (Inset, a) Measurement block used during
PLE scans. (b) Zoom-in of the red dashed frequency region in (a). (c) Series of 17 consecutive PLE scans (mea-
surement time ∼ 15 min per trace) for the purple shaded frequency region in (b). (d) Same data as in (c), but
center position of Gaussian fit to each individual trace used to correct for slow drift during the measurement.
(e) Averaged and Gaussian fitted data of (c, blue) and (d, red), showing spectral diffusion limited linewidths of
(224 ± 10) MHz and (190 ± 9) MHz, respectively. (f) Background corrected mean fluorescence counts during
PLE scans for a frequency region of (6.1 - 7.3) GHz (blue) and (51. - 52.3) GHz (red, each w.r.t. 470.4 THz) as
a function of excitation laser half wave plate (HWP) angle, showing that individual transitions are polarized.
Solid lines are sinusoidal fits.

A resulting PLE scan can be seen in Fig. 6.3(a). We observe a multitude of narrow
lines per cavity spot, confirming our interpretation that there are multiple NV centers
present per cavity mode volume. Fig. 6.3(b) shows a zoom-in into the red dashed region
of Fig. 6.3(a); note that each binned point is comprised of many underlying individual
datapoints. Importantly, the individual transition peaks can be spectrally distinguished,
which is a pre-requisite for single resonant NV center addressing, as probed below.

To test the spectral stability of the transition peaks, we repeatedly scan the excitation
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laser over a NV center ZPL transition. Fig. 6.3(c) shows a series of 17 consecutive scans
over the frequency region dashed in purple in Fig. 6.3(b). To correct for slow drifts in this
measurement (likely due to temperature fluctuations in the cryostat), we fit a Gaussian
lineshape to each individual PLE trace, and shift the lines to a common center frequency,
displayed in Fig. 6.3(d); the resulting data is representative of the average spectral dif-
fusion experienced on the timescale of one single frequency scan (largely induced by
the continuous off-resonant repumping [38]). Fig. 6.3(e) shows the averaged data of the
original and centered scans in blue and red, respectively. From Gaussian fits to this data
(solid lines), we extract full width at half maximum linewidths of (224 ± 10) MHz and
(190 ± 9) MHz for the original and centered case, respectively. We probed the linewidths
of 14 NV center transitions during the course of this study, for a total of 4 different cavity
positions. Tab. 6.1 in App. 6.8.4 shows the individual linewidths of each NV center transi-
tion, which average to (204 ± 59) MHz and (168 ± 49) MHz, for the un-centered and cen-
tered case, respectively. Thus, the linewidths in our sample are comparable to the ones
measured in bulk diamond samples with similar protocols; close-to transform limited
lines have been achieved without continuous green repumping in both bulk diamonds
and in microns-thin membranes as used here [38, 50]. Importantly, NV centers with this
level of optical coherence have enabled previous entanglement generation experiments
by exploiting resonant excitation for charge state and frequency preselection [22].

We next investigate the polarization behaviour of NV center transitions in the cavity
by scanning the polarization angle of the excitation laser with a half wave plate (HWP),
and observe a dependence of the background corrected fluorescence counts on this
HWP angle, see Fig. 6.3(f); polarization can be used to suppress resonant excitation
pulses in a cross-polarization detection scheme [22], as demonstrated below. Interest-
ingly, the NV centers in the two studied frequency clusters around 470.407 THz and
470.452 THz show a different polarization behaviour. A possible origin of this effect is
a strain-induced splitting in transition frequencies for Ex and Ey polarized lines, as ob-
served in Ref. [38]; future investigation is required to conclusively determine the origin.

6.5. PULSED RESONANT EXCITATION
Now that we can resolve individual NV centers spectrally, we characterize their Purcell
enhancement with a detuning sweep similar to that of Sec. 6.3. The measurement block
replaces off-resonant pulses with single frequency resonant pulses (Fig. 6.4(a)). The se-
quence consists of a green repump pulse to initialize the NV center predominantly in
the negative charge and ms = 0 spin state, followed by a series of short (∼ 2 ns) red pulses
at the frequency of the NV center transition. We record the fluorescence counts in the
phonon-sideband (PSB) path after each pulse, and extract the NV center lifetime. For
further details about the measurement sequence, please see App. 6.8.4.

First, we perform a pulsed autocorrelation measurement with two detectors in the
PSB path to confirm that the individual peaks measured during photoluminescence ex-
citation scans are indeed from single NV centers. Fig. 6.4(b) displays the normalized g(2)
value of (0.19 ± 0.09) ([0.16 ± 0.07] with background correction) for zero pulse separa-
tion. Unlike the off-resonant case, the value at zero pulse difference clearly falls below
0.5 in all three NV centers we tested, indicating that we are observing single quantum
emitters.
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Figure 6.4: Purcell enhancement of NV centers probed with resonant excitation. (a) Measurement block used
for pulsed resonant excitation and detection in the PSB / ZPL. (b) Normalized pulsed autocorrelation mea-
surement of NV center fluorescence from the cavity on two PSB detectors. Dark boxes on the bottom are
background fluorescence measured with the excitation detuned by 5 GHz. The fit accounts for bunching ef-
fects due to probabilistic state initialization into a bright state and the finite pulse train we apply (solid line),
see App. 6.8.4. (c) Detuning sweep of the cavity with respect to the NV center with measured PSB fluorescence
(blue) and lifetime (red). We perform a joint fit of both curves to a model (solid lines) with four free parameters
(App. 6.8.4). (b) and (c) were measured on the same NV center as Fig. 6.3(c-e), which is a different emitter than
the ones studied in Fig. 6.2(a-b).

For the same NV center measured in Fig. 6.3(c-e), we sweep the detuning of the cav-
ity from the NV center transition while keeping the excitation pulses resonant with the
latter to measure the Purcell enhancement. The collection efficiency of PSB emission is
independent of the cavity length. However, the probability of exciting the NV center de-
pends on the overlap between the excitation laser frequency and the cavity resonance,
so the PSB intensity should vary with detuning for fixed excitation power (see App. 6.8.3).
In the measurement (Fig. 6.4(c)), the fluorescence counts increase and the lifetime de-
creases when the cavity is on resonance with the NV center, demonstrating that we ob-
serve Purcell-enhanced NV center emission. We fit our model to both curves and extract
the fraction of ZPL emission into the collectable cavity mode, F Z PL

P β0/(F Z PL
P β0+1) = (7.0

± 3.4)% (see definition in Sec. 6.3), the off-resonant lifetime, τ0 = (10.9 ± 0.2) ns, and the
root mean squared cavity vibrations,σvi b = (0.18 ± 0.02) nm (see App. 6.8.4). This Purcell
factor corresponds to a cooperativity, C , of 0.08±0.04 (see App. 6.8.3). The enhancement
of this NV center is consistent with the enhancement we found for NV centers under
off-resonant excitation.
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6.6. ZPL COLLECTION AND FUTURE IMPROVEMENTS
So far, we have only studied light emitted into the phonon-sideband (PSB) after exci-
tation with resonant light pulses. For quantum information applications, however, it is
important to extract the emitted zero-phonon line (ZPL) photons with high efficiency.
In the current configuration, the excitation light is directly transmitted to the detector.
Therefore, we separate out the ZPL photons from the bright excitation pulse with cross-
polarization and time-bin filtering [22, 26], and shorten the excitation pulse further by
introducing an additional electro-optic modulator (see App. 6.8.1 for details).

To be able to detect ZPL photons after a resonant excitation pulse, cross-polarization
detection is especially important, because state of the art photodetectors have a dead
time longer than the lifetime of the NV center; if a photon from the excitation pulse
hits the detector, the dead time prevents detection of a ZPL photon, effectively reducing
detection efficiency. Unfortunately, cross polarization only reduces the pulse power by
a factor of 4 in our setup, which is likely due to vibrations of the freely hanging single
mode fiber in the cryostat. We additionally insert a 8.6 dB attenuation neutral-density
(ND) filter into the ZPL path so that the efficiency of the detector remains high.

Fig. 6.5(a) displays the fluorescence counts after a resonant excitation pulse, recorded
simultaneously in the PSB and ZPL collection paths. The fluorescence in the ZPL path
decays with a lifetime that agrees to within error with the lifetime of the NV center in the
PSB path (App. 6.8.4). Thus, our technique enables us to see ZPL light from an NV center
in a cavity under resonant excitation.

Summing the fluorescence counts from the NV center in the ZPL path gives us a
benchmark for the performance of our system as a collection enhancement tool. The
excitation pulse obscures the initial counts, so we extrapolate a fit to the lifetime to ex-
tract the total NV center counts in the ZPL and correct for the ND filter. We find (9.3 ±
0.2) ×10−5 photons per pulse in the ZPL path and (4.6 ± 0.1) ×10−4 in the PSB path. Due
to low available laser power, we operate with both low initialization probability into the
ms = 0 state and low excitation probability to the excited state (see App. 6.8.6).

To better compare the cavity with other collection enhancement systems, and to un-
derstand current limitations and possible improvements in a future system, we break
the loss of coherent photons down into its main contributions, see Fig. 6.5(b) (App. 6.8.6
contains a detailed derivation and full discussion of these values). For the current cavity
system, ∼ 14 dB of losses are associated with our limited probability of exciting the NV
center to its excited state from one resonant laser pulse, ∼ 15 dB of losses result during
photon collection, and ∼ 12 dB of losses result from the NV center emitting a photon in
the PSB, rather than the ZPL.

Importantly, correcting for the excitation probability alone already raises the ZPL de-
tection probability to ∼ 2.0×10−3, which is comparable to the collection of coherent ZPL
photons achieved for a NV center in a solid immersion lens (∼ 5×10−4) [25, 26]. Thus, de-
spite the relatively low collection efficiency from our current cavity, limited in large parts
due to operation in the clipping regime of the fiber mirror, our system already produces
ZPL photons at a level comparable to state of the art non-cavity systems (see App. 6.8.6).

There are a number of changes which could improve ZPL collection under resonant
excitation; we focus on three main developments which have already been achieved in
other systems. First, introducing microwaves and a spin pumping laser is a standard
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Figure 6.5: Zero-phonon line (ZPL) and phonon-sideband (PSB) fluorescence counts after resonant excitation
and estimation of current and future ZPL count loss sources. (a) Background corrected PSB (green) and ZPL
(red) fluorescence per excitation pulse (points), recorded at the same time. Background from the bright ex-
citation pulse is shown with dashed lines (App. 6.8.4). The parallel decay of an exponential fit to both curves
(solid lines) indicates emission from the same NV center. Shaded regions indicate areas for which fluores-
cence counts are summed to extract counts per excitation pulse (for the ZPL we include the extrapolated region
shaded in light red), see App. 6.8.4. (b) Schematic of the sources of loss of coherent ZPL photons for the cur-
rent cavity, the proposed improved cavity and a state-of-the art solid immersion lens (SIL) collection system.
We breakdown the loss contributions into ZPL fraction, collection efficiency and excitation probability and
separate the losses into vibration induced losses (stripes) and internal cavity losses (dotted) (see App. 6.8.6).

technique for initializing and controlling the NV− charge and ms = 0 spin state with high
fidelity in bulk samples. The narrow spectral diffusion linewidths demonstrated in this
work should make this possible in our system as well. Together with upgraded laser ex-
citation pulse power, this should allow for near unity excitation per pulse, as is common
for bulk diamond samples [51]. By increasing the polarization extinction by a factor of at
least 100 by either fixing the fiber in the cryostat or switching to polarization maintaining
fiber, the excitation pulse can be suppressed sufficiently even for these higher excitation
powers. Second, reducing the vibrations by a factor of 20 (from ∼ 0.2 nm to ∼ 0.01 nm),
as demonstrated in Refs. [15, 52–55], would increase the ZPL detection fraction by a fac-
tor of ∼ 16. Our current data already shows evidence for this potential improvement: by
correlating the lifetime and the PSB fluorescence counts per resonant excitation pulse
with the vibration level in the cryostat, we observe a reduction in lifetime (increase in



6

126 6. RESONANT EXCITATION OF FIBER-CAVITY-COUPLED COHERENT NV CENTERS

fluorescence counts) from (10.02 ± 0.12) ns ([2.5 ± 0.1] ×10−4) to (9.77 ± 0.08) ns ([5.8
± 0.2] ×10−4) for data collected during high and low vibration time periods of the cryo-
stat, respectively. We explore this correlation in detail in App. 6.8.5. Finally, by working
with a different fiber that is not clipping-loss limited, we expect to improve collection
by a factor of 3. A further advantage of the last two improvements is that the required
laser power and polarization extinction are reduced by a factor of 5 and 25, respectively
(see App. 6.8.6). Together, these three improvements would raise the joint probability of
producing and detecting a ZPL photon after short pulsed excitation to ∼ 10%.

6.7. CONCLUSION
We demonstrate resonant excitation of cavity-coupled NV centers with narrow optical
transitions; the observed enhancement of collected coherent photons is in excellent
agreement with our theoretical model. Using mutually non-exclusive numbers that have
already each been achieved in several systems, we predict that we can increase the col-
lected ZPL photons per excitation pulse to ∼ 10% in a future NV-cavity system operated
in a closed-cycle cryostat. The demonstration of resonant excitation of an NV center in a
cavity represents a critical step on the path towards Purcell-enhanced remote entangle-
ment generation.

Building on the previous success of NV centers in entanglement generation and other
network protocols [22, 24, 25], a cavity enhanced NV-photon interface could dramat-
ically improve entanglement rates and fidelity; single click and double click protocols
would speed up by a factor of 100 and 10000 respectively. This opens the door to experi-
ments such as device independent quantum key distribution and quantum repeaters [56,
57]. In the longer run, we expect that the realization of fully coherent quantum emitters
embedded in optical fiber-based cavities will enable more extensive quantum networks
with long coherence times, a crucial step towards a quantum internet.
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6.8. APPENDIX

6.8.1. EXPERIMENTAL SETUP

Fig. 6.6 shows an overview of the experimental setup used in this work. The control elec-
tronics block (Fig. 6.6(a)) consists of a real-time controller (Jaeger Adwin Pro II), an arbi-

https://doi.org/10.4121/13537112
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Figure 6.6: Schematic of the experimental setup. (a) Control electronics block. (b) Excitation path. Free space
coupler (FSC), half- (HWP) and quarter- (QWP) wave plate, polarizing beamsplitter (PBS), dichroic mirror
(DM), beam dump (BD). (c) Cavity setup. (d) Detection path. Long-pass filter (LPF), tuneable band pass filter
(TBPF).

trary waveform generator (AWG, Tektronix 5014), a time resolved photon counting mod-
ule (Timetagger, Picoquant HydraHarp 400), and a PC, from which all measurements are
controlled.

In the excitation path (Fig. 6.6(b)), ∼ 637 nm pulses with nanosecond time resolution
are carved out of a red tuneable laser (Newfocus Velocity TLB-6300-LN) that is continu-
ously monitored on a wavemter (High Finesse WS6) using an amplitude-electro-optic-
(EOM, Jenoptik AM635) and an acousto-optic- (AOM, Gooch and Housego) modulator.
After free space launching of the beam, a polarizing beamsplitter (PBS, Thorlabs) maps
polarization angle fluctuations into amplitude fluctuations. The red path is combined
with directly modulated green laser light (∼ 515 nm, Cobolt MLD515) using a dichroic
mirror (Semrock FF560-FDi01), before the combined path is fiber coupled to the cavity.
Half- (HWP) and quarter- (QWP) wave-plates before and after the dichroic mirror correct
for slow drift in polarization, and rotate the polarization of the resonant excitation light,
respectively. For cavity linewidth measurements, we replace the amplitude modulating
EOM with a phase modulating EOM (Jenoptik PM635, driven by a Rohde and Schwarz
SGS100A signal generator), and connect it directly to the cavity fiber (IVG CU600). For
measurements of the bandstructure of the cavity, we instead use a broadband “white
light source" (NKT SuperK Compact) to illuminate the cavity fiber.

The position of the cavity fiber mirror can be tuned in-situ via a high resonance fre-
quency piezo positioning stage (JPE CPSHR1-a), mounted on top of a vibration isola-
tor (JPE CVIP1) inside a closed cycle cryostat operated at T ∼ 4 K (Montana C2), see
Fig. 6.6(c). Light is collected from the cavity through a piezo-controlled (PI P-622/625)
microscope objective (Mitutoyo Plan Apo 50X, numerical aperature (NA) 0.55). We choose
the flat mirror side to collect light from the cavity as it enables in principle unity coupling
efficiency; the mode-match between the beam in the fiber and the Gaussian mode in the
cavity at the position of the fiber mirror leads to a finite coupling efficiency when collect-
ing from the fiber side.

In the detection path (Fig. 6.6(d)), a 10:90 mirror mounted on a flip mount reflects



6

128 6. RESONANT EXCITATION OF FIBER-CAVITY-COUPLED COHERENT NV CENTERS

(a)

(b)

NV Center Frequency

( (

( (

(

(

Tr
an

sm
is

si
on

 (
ar

b
. 

u
n
it
s)

Figure 6.7: Example data traces of cavity dispersion and finesse. (a) Cavity dispersion for the coupled
membrane-air fiber-cavity system. The length of the cavity is swept and transmission is recorded on a spec-
trometer. From fits of the fundamental modes to a transfer matrix model, we can determine the diamond and
air thicknesses to be 5.8 µm and 7.3 µm, respectively. (b) Finesse measurement. We scan the cavity quickly
over a transmission peak to extract the cavity linewidth (κ/2π = [3.5 ± 0.2] GHz) from fits to the data; the laser
exciting the cavity is modulated with sidebands of 9 GHz with an EOM, serving as frequency calibration refer-
ence.

light to a camera for visualization of the cavity modes. A dichroic mirror (Semrock DI 02-
R365, pass edge at ∼ 656 nm) filters out green excitation light, before another flip mirror
couples transmitted cavity light to a spectrometer (Princeton Instruments SP-2500i, used
for bandstructure and rough NV center frequency estimation measurements) or an APD
(Thorlabs APD130A2, used to measure the cavity linewidth). A dichroic mirror (Semrock
DI 02-R365, pass edge at ∼ 656 nm) then transmitts the NV center ZPL light, while re-
flecting the PSB light. The PSB light then gets filtered (Semrock LP02-647RU-25) from
any residual green excitation light, before being collected on APDs (LaserComponents
or PicoQuant, detection with a multimode fiber, 50 µm core diameter, 0.22 NA). A PBS
(Thorlabs) in the ZPL filter path on a flip mirror filters out resonant excitation pulses. Be-
fore being collected (LaserComponents or PicoQuant, detection with a multimode fiber,
10 µm core diameter, 0.1 NA), the ZPL light is filtered with two tuneable bandpass filters
(TBPF, Semrock TBP 01-700/13, window [637 ± 2] nm) to suppress background fluores-
cence.

6.8.2. CAVITY CHARACTERIZATION MEASUREMENTS
To characterize the cavity, we first input white light through the fiber, and measure the
cavity transmission on a spectrometer for different cavity lengths. Fig. 6.7(a) displays the
resulting dispersion diagram with avoided crossings between air and diamond modes [39,
40]. From a fit to this data, we infer that we operate in an air-like mode with a dia-
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mond thickness of 5.8 µm and a typical air gap between 5 µm and 7.5 µm (7.3 µm in
the measurement shown) [39]. This gap cannot be reduced further, likely due to an an-
gled mounting of, or dirt on, the fiber. To measure the cavity linewidth, we then scan the
cavity length through a resonance and measure the corresponding transmission peak af-
ter the cavity with a photodiode (sub-ms timescale to minimize vibration contributions
to the linewidth). We apply sidebands to the laser to calibrate the frequency of this scan.
In the measurement displayed in Fig. 6.7(b), the linewidth of the cavity is κ/2π = (3.5 ±
0.2) GHz, and the finesse is (2200 ± 100). Over the course of this work, we operated with
a finesse between 1000 and 2500, dependent on the cavity position.

Based on the measured parameters of the cavity and a complete transfer matrix me-
thod described in Ref. [46], we can estimate the maximum possible Purcell enhancement
in our cavity (F Z PL

P ≈ 6), which corresponds to a coupling between NV centers and the
cavity of g /2π ≈ 50 MHz. This estimate holds for an NV center at the optimal depth
location, which is a cavity standing wave antinode, and the optimal xy position for max-
imum overlap with the Gaussian mode of the cavity. We describe the mismatch with the
ideal position with a parameter, ξ, which we measure via the Purcell enhancement in
the main text. The coupling is also reduced by vibrations as discussed in App. 6.8.3. The
transition linewidth of the NV center was measured to be γ/2π≈ 18.3+5.7

−8.3 MHz in similar
devices fabricated with the same method when accounting for power broadening [38]. In
Sec. 6.3 and Sec. 6.5, we measured the Purcell enhancement under off-resonant and res-
onant excitation and determined F Z PL

P ≈ 3 and thus g /2π≈ 35 MHz (see eq. 6.4 and 6.5).
The relative values of g ,κ and γ, put us in the weak coupling Purcell regime (γ< g < κ),
which is a favorable parameter range for collecting photons from an emitter [58].

6.8.3. THEORETICAL MODEL

PURCELL ENHANCEMENT

NV centers exhibit limited emission into the zero-phonon line (ZPL), β0, given by the
Debye-Waller factor. Some states also couple to a non-radiative transition through an
intersystem crossing [59]. Without interaction with a cavity, we can model the decay
from the NV center excited state, γ0, with a radiative decay rate, γr ad , and non-radiative
decay rate, γd ar k , as:

γ0 =β0γr ad + (1−β0)γr ad +γd ar k . (6.2)

Coupling to the mode of the cavity opens up another decay channel for the NV center,
which we characterize with the cooperativity, C , and the Purcell factor, F Z PL

P . The decay
rate from the NV excited state, modified by the cavity, γ′, is then given as

γ′ = F Z PL
P β0γr ad +β0γr ad + (1−β0)γr ad +γd ar k , (6.3)

with

C = 4g 2

κγ
, (6.4)

F Z PL
P = C

β0
, (6.5)



6

130 6. RESONANT EXCITATION OF FIBER-CAVITY-COUPLED COHERENT NV CENTERS

where g /2π is the NV-cavity coupling, κ/2π is the cavity linewidth, and γ/2π is the previ-
ously measured optical transition linewidth of the NV center [38, 60]. We choose the def-
inition of the Purcell factor as the enhancement of the ZPL — rather than the enhance-
ment of the total emission from the NV center — because it better reflects the increase
in coherent light.

In this work, we primarily investigate transitions with linear polarization, and we
preferentially initialize into the ms = 0 ground state with green excitation. The transitions
in the ms = 0 manifold are Ex and Ey , for which γd ar k is much smaller than γr ad in
bulk diamond [49, 61]: In Sec. 6.5, we measure a reduced lifetime when the cavity is off
resonance of (10.9 ± 0.2) ns, compared to the ∼12 ns typically found in bulk diamond
[49, 61]; from this, we estimate that γd ar k /γr ad ≈ 0.1, so we assume γr ad À γd ar k , and
simplify eqs. 6.2 and 6.3 to

γ′

γ0
= τ0

τ′
= 1+F Z PL

P β0
γr ad

γr ad +γd ar k
(6.6)

≈ 1+F Z PL
P β0,

where τ0 is the NV center lifetime without the cavity and τ′ is the modified lifetime.
The fraction emitted into the ZPL in the cavity mode is F Z PL

P β0/(F Z PL
P β0 +1). If the as-

sumption that γd ar k is negligible is incorrect, then F Z PL
P β0 is increased by a factor of

(γr ad +γd ar k )/γr ad . A simple rearrangement then gives us eq. 6.1.
The rates of detected photons in the ZPL path, CZ PL , and the phonon-sideband (PSB)

path, CPSB , are

Czpl (t ) = pex
F Z PL

P β0

F Z PL
P β0 +1

ηzplγ
′e−γ

′t (6.7)

= pex F Z PL
P β0ηzplγ0e−γ

′t

and

Cpsb(t ) = pex
1−β0

F Z PL
P β0 +1

ηpsbγ
′e−γ

′t (6.8)

= pex (1−β0)ηpsbγ0e−γ
′t ,

where pex is the probability that a pulse excites the NV center to its excited state, and
ηzpl (ηpsb) is the detection efficiency for ZPL (PSB) photons from the cavity. As will be
discussed in App. 6.8.6, it is helpful to break the ZPL detection efficiency down into inter-
nal and external efficiencies with ηzpl = ηi ntηext . A number of these parameters depend
on the normalized intra-cavity power, P , which itself depends on the detuning between
the cavity and the transition, ∆:

P (∆) = κ2/4

κ2/4+∆2 . (6.9)

This modifies F Z PL
P and ηzpl to

F Z PL
P (∆) = F Z PL

P (0)P (∆) (6.10)

ηzpl (∆) = ηextηi nt (0)P (∆) (6.11)
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The PSB collection is not resonant with the cavity, and its spectral distribution lies
mostly outside of the stopband of the mirror, so there should be minimal changes from
small variations in cavity detuning. For the same reason, green excitation light is also in-
dependent of the cavity detuning. However, resonant red excitation depends strongly on
cavity detuning, and the corresponding power in the cavity. The Rabi frequency is pro-
portional to the square root of the intra-cavity power which scales with P (∆). Therefore,
in the resonant excitation case:

pex (∆) = sin
(
φp (0)

√
P (∆)/2

)
(6.12)

Here φp (0) is the Rabi rotation angle induced by the pulse on resonance (e.g. π for a
complete population of the excited state). In the weak excitation limit explored in this
work, this can be approximated as φp (0)

p
P (∆)/2.

VIBRATION MODEL

The above simple model does not take into account the vibrations in the cavity length.
We extend the model of Ref. [46] to build a complete numerical transfer matrix model
for the cavity. We assume a Gaussian distribution of cavity lengths, fvi b , given as

fvi b(dL) = 1p
2πσ2

e−
dL2

2σ2 , (6.13)

where σ is the width of the length distribution, and dL the length flucutations around
a certain cavity length, as induced from vibrations. We then find the Purcell-enhanced
fraction of emission into the ZPL (Fp (dL)β0) for each dL.

Off-resonant Excitation Under off-resonant excitation, the probability of exciting the
NV center does not depend on the length of the cavity. For each frequency detuning,
∆, we find the equivalent cavity detuning length, Ldet , using our complete model of the
cavity dispersion relationship. We integrate eq. 6.7 over the length distribution in eq. 6.13
to determine the emitted counts in the ZPL:

Czpl (t ,Ldet ) = pexγ0

∫
dL fvi b(dL)gnv (Ldet +dL)β0F Z PL

P (Ldet +dL)

×ηzpl (Ldet +dL)exp
[−γ′(Ldet +dL)t

]
= pexβ0F Z PL

P (0)ηextηi nt (0)γ0

∫
dL fvi b(dL)gnv (Ldet +dL)

×P (Ldet +dL)2 exp
[−(1+β0F Z PL

P (Ldet +dL))γ0t
]

. (6.14)

We then numerically integrate and fit the function C (t ) to an exponential decay to de-
termine the measured lifetime τ(∆). We also sum over t to find total counts Ctot (∆). For
the case of multiple NV centers we also introduce an extra Gaussian broadening term,
gnv , inside the integral. The exact form of gnv depends on the (unknown) distribution
of NV centers, but we find that the Purcell factor we extract is relatively insensitive to the
shape we pick.
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Resonant Excitation Under resonant excitation the probability of exciting the NV cen-
ter depends strongly on the excitation laser detuning from the cavity. This modifies the
function for counts from the cavity slightly. We integrate the counts curves in the same
way as in the case of off-resonant excitation to determine the total counts. For collection
from the ZPL and the PSB, respectively, we get

Czpl (t ,Ldet ) = pi nφp (0)

2
β0F Z PL

P (0)ηextηi nt (0)γ0

×
∫

dL fvi b(dL)P (Ldet +dL)5/2

×exp
[−(1+β0F Z PL

P (Ldet +dL))γ0t
]

, (6.15)

Cpsb(t ,Ldet ) = pi nφp (0)

2
(1−β0)ηpsbγ0

×
∫

dL fvi b(dL)
√

P (Ldet +dL)

×exp
[−(1+β0F Z PL

P (Ldet +dL))γ0t
]

. (6.16)

pi n is the probability of initializing in the ms =0 state. We do not include gnv because we
only excite single NV centers in the case of resonant excitation. Counts and lifetime are
then calculated in the same manner as for the off-resonant case.

6.8.4. MEASUREMENT TECHNIQUES AND DATA ANALYSIS

OFF-RESONANT EXCITATION

Protocol and timings For the off-resonant excitation measurements described in Sec.
6.3, a measurement sequence starts by stabilizing a red excitation laser to a waveme-
ter, followed by stabilization of the cavity on transmission to that frequency. We excite
the cavity with a ∼ 65 picosecond pulsed green laser (Onefive Katana / Advanced Laser
Diode Systems PiLas, ∼ 532 nm, repetition rate 1 MHz, continuous output power mea-
sured after the cavity ∼ 1mW), and collect resulting fluorescence in the zero-phonon line
(ZPL) with an avalanche photodiode (APD) and a time resolved photon counting module
(see Fig. 6.2(a)). Due to a favourable signal to noise ratio, we choose to collect light in the
ZPL, rather than in the PSB, as off-resonant excitation results in increased background
in our sample. We stabilize the cavity on a certain detuning frequency point (always on
NV center resonance in case of a g (2) measurement) every ∼ 10 seconds to mitigate slow
drifts during the measurement.

We first take a background trace for a detuning of ∼ 100 GHz below the NV center
resonance frequency, so that we can be sure to not record any NV center light; as the
background is spectrally flat in the case of off-resonant excitation, we can then use this
data to correct for background fluorescence in the subsequent measurement sequence
(background lifetime [6.6 ± 0.6] ns). We then start a measurement, which consists of 16
(14) repeated scans over the full detuning in the case of the diamond-shape (circular-
shape) marked data in Fig. 6.2(c), each of which is comprised of 12 (16) frequency steps
that take ∼ 6 minutes each. This data was taken on two different days, with slight drifts in
cavity position (and thus NV-cavity coupling) in between. Because the cavity filters out
the signal off resonance, there is a limit to how far we can detune and accurately measure
a lifetime, so we do not include data beyond that point. For Fig. 6.2(c), we include data
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Figure 6.8: Example off-resonant excitation time trace, additional detuning sweep, and full photon autocorre-
lation data. (a) Example trace of the data taken during off-resonant excitation. From a fit to the background
corrected data, we extract a lifetime of (10.71 ± 0.08) ns, and (2.6 ± 0.1) ×10−4 ZPL detection events per off-
resonant excitation pulse (blue shaded area). (b) Detuning sweep of the cavity with respect to the NV centers
with extracted ZPL fluorescence counts (blue) and lifetime (red). This measurement is analogous to the one
displayed in Fig. 6.2(c), but taken at a different cavity position. (c) Full data for the pulsed photon autocorrela-
tion measurement displayed in Fig. 6.2(b), with a total measurement time of ∼ 65 minutes. Grey bars represent
background counts between the pulses, green bars represent integrated counts per pulse, and red point rep-
resents the extracted value for zero pulse separation between detector clicks. Solid brown line is a fit to a
simple bunching model based on probabilistic state initialization into a bright state. Dashed black line at 0.5
normalized coincidences represents the theoretical boundary for single emitter emission.

with a signal to noise ratio of ∼ 20 (cavity on resonance with the NV center) down to ∼ 5
(point of largest detuning between cavity and NV frequency).

Detuning sweep analysis and additional data An example time trace, corresponding
to the underlying data for the frequency detuning point of 2 GHz from the NV center
frequency (diamond-shaped data, Fig. 6.2(c)) can be seen in Fig. 6.8(a). To fit the full data
of Fig. 6.2(c) to our theoretical model (eq. 6.14), we proceed in the following way: We first
perform a joint fit with five parameters (NV center frequency, on-resonance counts, root
mean squared vibrations level, off-resonance NV center lifetime, and mismatch with the
cavity) to all data. A sixth parameter, the Gaussian distribution of NV center transition
frequencies (as we are looking at multiple NV centers per cavity spot) is kept fixed, as it
is interchangeable with vibration level; we choose a value that is consistent with typical
photoluminescence excitation results (we also interchanged this width parameter to a
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square rather than a Gaussian distribution, leading to similar results). We then extract
the Purcell enhancement and lifetime parameters reported in the main text from this
overall fit. In a second step, we fix the NV center frequency, vibrations level and off-
resonant lifetime, and re-fit the two traces (taken on several days) individually, allowing
different on-resonance counts and cavity mismatch values. We use the results of these
fits to plot the solid lines displayed in Fig. 6.2(c).

An additional detuning sweep, measured on a different cavity position, can be seen
in Fig. 6.8(b). The shape of the lifetime and count curves indicates that while the NV
centers are clustered around two frequency values, there are potentially many more NV
center frequencies around those two values, making it hard to fit our full model to the
data. The location of the two peaks is consistent with the data reported in Fig. 6.1(d,
green and red curves). Since the green off-resonant laser both excites the NV centers and
initializes them predominantly in the negative charge and ms = 0 spin state, we expect
the measured counts to be dominated from ms = 0 spin-conserving optical transitions,
typically labeled as Ex and Ey . A slight strain in the sample, as also observed in Ref. [38],
seems to be a likely cause for the origin of the splitting between the peaks. Future in-
vestigation beyond the current work is required to confirm the mechanism behind this
effect.

Photon autocorrelation analysis The data underlying the photon autocorrelation mea-
surement displayed in Fig. 6.2(b) can be seen in Fig. 6.8(c). We compute the time differ-
ences between ZPL clicks after splitting the signal and measuring with two photodetec-
tors, and integrate the counts for the time differences corresponding to a certain pulse
separation number. We then fit a simple bunching model based on a 3-level-system to
the resulting data [62], as the green laser leads to a finite state initialization into a bright
state. We find a steady-state initialization probability of (0.66 ± 0.06), which is consistent
with literature [63, 64]. From this fit, we can extract that the normalized autocorrelation
falls to (0.58 ± 0.05) for zero pulse separation, or (0.54 ± 0.05) with background correc-
tion. The g (2) data displayed here represents the deepest dip we found. We therefore
conclude that the NV center emission is predominantly from multiple NV centers per
cavity spot in the off-resonant excitation case.

PHOTOLUMINESCENCE EXCITATION SCANS

Protocol and timings For the photoluminescence excitation (PLE) scans described in
Sec. 6.4, a measurement sequence starts by stabilizing a red excitation laser to a waveme-
ter, followed by stabilization of the cavity on transmission to that frequency. The mea-
surement block, depicted in Fig. 6.3(a, inset), then consists of short green pulses (5µs, 60
µW) used for initialization of the NV center in the negative charge and ms = 0 spin state,
that are interleaved with red measurement pulses (75 µs, 20 nW); counts collected in the
phonon-sideband (PSB) during these red pulses are then correlated with simultaneously
recorded wavemeter readings. To prevent background from building up, we introduce a
wait time between a green and red pulse of 0.5 ms, and break the red pulse down into 250
equal pulses of 300 ns each, with a wait time of 6.5 µs in between red pulses. We sweep
the excitation laser frequency after 250 green pulse repetitions in steps of ∼ 2 MHz, and
stabilize the cavity every ∼ 20 seconds to the excitation laser.
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Transition
Number

Cavity
Area
Number

Center Position
(GHz, w.r.t.
470.4 THz)

Gaussian
Linewidth
(MHz)

Centered
Linewidth
(MHz)

1 1 16.3 105 ± 9 100 ± 6
2 1 17.6 154 ± 11 125 ± 6
3 1 20.0 146 ± 5 131 ± 8
4 1 24.7 161 ± 11 110 ± 6
5 2 18.6 187 ± 18 192 ± 22
6 3 12.3 175 ± 16 175 ± 16
7 4 6.7 224 ± 10 190 ± 9
8 4 8.2 264 ± 11 251 ± 13
9 4 17.8 273 ± 41 161 ± 17

10 4 19.3 207 ± 25 136 ± 26
11 4 47.8 194 ± 18 143 ± 7
12 4 48.6 217 ± 19 175 ± 9
13 4 50.9 210 ± 16 201 ± 12
14 4 69.4 333 ± 56 257 ± 54

Mean 204 ± 59 168 ± 49

Table 6.1: Spectral stability data for all measured NV center transitions. We extract an average Gaussian
linewidth of (204 ± 59) MHz, and a Centered Linewidth of (168 ± 49) MHz. For a definition of these quan-
tities, please see the text. Transition 7 corresponds to the transition probed in Figs. 6.3(c-e).

Additional spectral stability data The spectral stability of all tested NV center transi-
tions is displayed in Tab. 6.1. We extract the data following two different approaches: the
first is to directly average the counts from all PLE scan repetitions on a certain transition,
leading to a value that includes slow drifts (several minutes - hours timescale), which we
refer to as the “Gaussian linewidth". In a second method, we take out small drifts over the
course of the measurement (possibly induced by temperature fluctuations in the cryo-
stat leading to slight variation in membrane strain [and thus resonance position]). We do
this by fitting each individual scan first, re-shifting all scans corresponding to a certain
transition with respect to a common mean frequency, and then extracting the “centered
linewidth" from a fit to the averaged shifted data (minutes timescale). The second value
still includes spectral diffusion and thus follows a Gaussian distribution, as we constantly
interleave green pulses that re-shuffle the NV center charge environment with red mea-
surement pulses. The Gaussian linewidth averages to (204 ± 59) MHz, while the centered
linewidth averages to (168 ± 49) MHz over all NV center transitions investigated in this
study; these values are consistent with previous findings on a sample fabricated using
the same process flow [38]. Importantly, they are also consistent with values extracted
for bulk diamond samples under off-resonant repumping, and NV centers with similar
optical coherence have been used in previous entanglement generation protocols [22].

RESONANT EXCITATION

Protocol and timings For the resonant excitation measurements described in Sec. 6.5
and Sec. 6.6, a measurement sequence starts by stabilizing a red excitation laser to a
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wavemeter, followed by stabilization of the cavity on transmission to that frequency. This
sets the cavity length to a certain detuning point from a NV center transition frequency
that we pre-characterize using photoluminescence excitation scans. The red excitation
laser is then stabilized to this NV center transition frequency using the wavemeter a sec-
ond time. The measurement block, which starts next and is depicted in Fig. 6.3(a, inset),
consists of short green pulses (10 µs, 60 µW) used for initialization of the NV center in
the negative charge and ms = 0 spin state, that are interleaved with short red measure-
ment pulses (nominal time 2 ns, generated by a cascade of two electro-optic modulators
and one accousto-optic modulator and an AWG, see App. 6.8.1); counts collected in the
PSB / ZPL in a time window around these resonant excitation pulses are then recorded
with a time resolved photon counting module. To prevent background from building up,
we introduce a wait time between a green and a red pulse of 1.8 ms, and break the red
pulse down into 500 equal pulses, with a wait time of 6.5 µs in between red pulses. The
cavity is stabilized every ∼ 20 seconds to the desired cavity detuning point, after which
the laser is stabilized to the NV center transition frequency again, and a new measure-
ment block is started. We repeat measurements for a certain cavity detuning point for
∼ 15 minutes, before we move on to measure a background file for the same amount
of time. For the background measurement block, we subtract a certain frequency value
from both the cavity stabilization frequency and the NV center excitation frequency, for
which we check independently that no NV center transition is close by. Before starting
a measurement on the next detuning point, we interleave several PLE scans, and extract
the current NV center transition frequency in an automated fashion, to account for slow
drifts.

Data analysis An example time trace, corresponding to the underlying data of Fig. 6.5(a),
can be seen in Fig. 6.9(a) for the ZPL data after resonant excitation, and in Fig. 6.9(b) for
the PSB data after resonant excitation. This data was taken while keeping the detuning
between the cavity and NV center transition frequency at zero, and is an average over 16
experimental repetitions (∼ 4 hours of data). As discussed in Sec. 6.6, cross-polarization
only suppresses the pulse by a factor of ∼ 4 in our system, likely due to vibrations of the
freely hanging single mode fiber in the cryostat causing polarization fluctuations. There-
fore, we opted to use a 8.6 dB neutral density filter in the ZPL path to reduce detector
blinding.

From exponential fits to the ZPL and PSB data, we extract a lifetime of (9.97 ± 0.22) ns
and (9.87 ± 0.02) ns, respectively. Since the data is taken simultaneously in the ZPL and
PSB, and agrees within errorbars, we conclude that our technique enables us to resolve
resonant, coherent NV center photons after a resonant excitation pulse. By integrating
the counts in the red and green shaded areas in Figs. 6.9(a,b), we extract a photon collec-
tion of (9.3 ± 0.2) ×10−5 ZPL photons and (4.6 ± 0.1) ×10−4 PSB photons per excitation
pulse, respectively.

To fit the full data of Fig. 6.4(c) to our theoretical model (eq. 6.16), we proceed in the
following way: We first fit the curve of PSB counts per resonant excitation pulse with the
maximum counts and root mean squared vibration level as free parameters. We use the
vibration level determined from this first fit as a fixed value for a second fit, in which we
fit the lifetime curve with the NV-cavity mismatch and NV off-resonant lifetime as free
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Figure 6.9: Resonant excitation example data traces and full photon autocorrelation data. Example trace of
ZPL (a) and PSB (b) detection events after a resonant excitation pulse, overlaid with a fit to the data. This data
is the same data as in Fig. 6.5(a). The shaded area indicates the regions used to extract total counts per exci-
tation pulse values. (c) Full data for the pulsed photon autocorrelation measurement displayed in Fig. 6.4(b),
with a total measurement time of ∼ 6 hours. Grey bars represent background counts extracted from indepen-
dent measurements (see text), green bars represent integrated and normalized counts per pulse, and red point
represents the extracted value for zero pulse separation. Solid brown line is a fit to a simple bunching model
based on probabilistic state initialization into a bright state. Dashed black line represents the normalization
line extracted from a fit that is a sloped line due to a finite number of excitation pulses per pulse train (see text).

parameters. From the results of this fit, we then calculate the Purcell enhancement, and
plot the model displayed in the solid lines of Fig. 6.4(c).

Photon autocorrelation analysis The data underling the photon autocorrelation mea-
surement for the case of resonant excitation, displayed in Fig. 6.4(b), can be seen in
Fig. 6.9(c). We compute the time differences between PSB clicks after splitting the signal
and measuring with two photodetectors, and integrate the counts for the time differ-
ences for a narrow time window that avoids detector after-pulsing effects. We then fit a
simple bunching model to the resulting data, as the green laser leads to a finite state ini-
tialization into a bright state (as is the case for off-resonant excitation measurements).
Due to a finite number of 500 red pulses per measurement pulse sequence (see above),
the normalization line in this data is not straight but sloped. By calculating the normal-
ized coincidences at zero pulse separation (normalized to the point of the sloped line at
zero pulse separation), we can then extract that the autocorrelation falls to (0.19 ± 0.09),
or (0.16 ± 0.07) when correcting for background counts. This is well below the thresh-
old of 0.5, signalling that we are looking at emission from a single quantum emitter. All
three resonant excitation photon autocorrelation measurements of NV centers in this
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Figure 6.10: Characterization of vibrations in the closed-cycle cryostat at 4 K. (a) Measurement principle. The
laser is operated on the flank of the cavity transmission (indicated with a red dot), such that vibration induced
shifts in cavity frequency cause a change in cavity transmission. (b) Root mean squared (rms) vibrations over a
ten second measurement cycle, binned into 50 ms time bins. (c) Using a synchronization signal of the cryostat
marking the beginning of a new coldhead cycle, the same data as in (b) is averaged with respect to time in
the cryostat cycle. Blue and orange shaded regions indicate time periods assigned as having low and high
vibration values for data analysis similar to the one in Fig. 6.11. (d) Square root of integrated noise power vs
cavity frequency, showing the frequency contents of the observed vibrations.

study fell well below 0.5, thus confirming that the emission peaks in photoluminescence
excitation scans are originating from single quantum emitters.

6.8.5. CAVITY VIBRATIONS AND THEIR INFLUENCE ON COUNTS AND LIFE-
TIMES

All measurements in this paper were taken in a closed-cycle cryostat operated at T ∼ 4
K. Such a cryogenic system has intrinsic vibrations due to moving parts. Nevertheless,
we chose a closed-cycle system - as opposed to an essentially vibrations free liquid he-
lium bath cryostat - because of its ease of operation, and the possibility of uninterrupted
measurement cycles on a timescale of several months without any human intervention;
this is an important operational consideration for a future quantum network, with nodes
distributed over distant locations, as it removes the cost and labour associated with a he-
lium infrastructure.

CHARACTERIZATION OF ROOT MEAN SQUARED CAVITY VIBRATIONS

To characterize the cavity length fluctuations induced by the cryostat, we follow the mea-
surement principle schematically depicted in Fig. 6.10(a). We operate the red excitation
laser on the flank of the cavity transmission, which allows us to map vibration induced
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Figure 6.11: Influence of the cavity vibrations on PSB counts per excitation pulse (left side) and lifetime (right
side) for the case of resonant NV center excitation. The cavity is kept on resonance with the NV center transi-
tion frequency. This data was taken for a different cooldown and thus vibration level assignment than the one
depicted schematically in Fig. 6.10(c).

shifts in cavity frequency to cavity transmission changes. We lower the cavity finesse by
retracting the fiber, which increases the beam diameter at the position of the fiber mir-
ror to a value where the light mode in the cavity clips at the finite diameter of the ablated
mirror region, introducing additional cavity losses. This broadens the Lorentzian cavity
transmission to a width where the change in cavity length induced by vibrations in the
cryostat is fully contained within one flank of the cavity transmission peak (indicated in
red in Fig. 6.10(a)). By measuring the Lorentzian cavity transmission function indepen-
dently, we can then map changes in cavity transmission to changes in cavity detuning
and thus cavity length.

The root mean square (rms) vibrations for a measurement time of 10 seconds, binned
into 50 ms time bins, are displayed in Fig. 6.10(b). We observe a (5 - 6) fold change in vi-
bration value over the course of the measurement. Utilizing a synchronization signal
from the cryostat coldhead signalling the beginning of a new coldhead movement pe-
riod, we can average this data with respect to time in the cryostat cycle, see Fig. 6.10(c).
The square root of the integrated noise power for the full dataset is plotted in Fig. 6.10(d).
There are several frequencies up to ∼ 26 kHz that contribute significantly to the observed
vibrations. The multitude of peaks above the resonance frequency of our cavity piezos
(∼ [2 - 4] kHz) make active cavity stabilization hard in practice. We therefore operate the
cavity free-running during all measurements, only correcting for slow drift by stabilizing
the cavity to the excitation laser every ∼ (10 - 20) seconds.

INFLUENCE ON FLUORESCENCE COUNTS AND LIFETIMES

As discussed in App. 6.8.3, cavity length fluctuations influence the collected counts and
detected lifetime from an NV center. In the case of resonant excitation and PSB detec-
tion, both the excitation probability, and the Purcell enhancement, depend on the cavity
detuning at a given time. To probe this dependence, we utilize a synchronization sig-



6

140 6. RESONANT EXCITATION OF FIBER-CAVITY-COUPLED COHERENT NV CENTERS

nal from the cryostat coldhead that marks the beginning of a new period, and use it to
record the time in the cryostat period that a NV center photon is detected. We assign
NV center photon arrival timestamps to periods in the cryostat with low (orange shaded
area in Fig. 6.10(c)) and high vibration values (blue shaded area in Fig. 6.10(c)). We can
then extract the vibration influence on counts and corresponding excited state lifetime,
see Fig. 6.11. During the cryostat times with low vibrations, we extract a NV center life-
time (counts per excitation pulse) of (9.77 ± 0.08) ns ([5.8 ± 0.2] ×10−4), compared to
(10.02 ± 0.12) ns ([2.5 ± 0.1] ×10−4) during high vibration times. In comparison, the life-
time (counts) over all cryostat times is (9.87 ± 0.04) ns ([4.7 ± 0.2] ×10−4). This serves as
a further proof that it is indeed Purcell enhancement through coupling to a cavity that
leads to a lifetime reduction and increase in counts of the NV center when the cavity fre-
quency is tuned to the NV center transition frequency. Additionally, it also shows that
reducing the vibrations in a future system increases Purcell enhancement, as discussed
in App. 6.8.6 below. We average over all cryostat period times in the measurements in
this study, except if stated otherwise.

6.8.6. CURRENT CHALLENGES AND FUTURE IMPROVEMENTS
In Sec. 6.6, we measured the absolute counts from an NV center in the cavity in both the
PSB and the ZPL under resonant excitation. It is helpful to understand the loss contri-
butions which prevent perfect PSB and ZPL detection. In this way, we can project what
improvements may be possible with future upgrades to the setup. The investigations in
this section underlie the loss plot in Fig. 6.5(b).

VIBRATIONS

First, we estimate the effect of vibrations on cavity coupling and enhancement. In our
model in App. 6.8.3, the vibrations reduce three parameters: the excitation probability
of the NV center, the ZPL fraction emitted into the cavity, and the collection efficiency of
the cavity. These effects are correlated, because the vibrations are slow (∼ ms timescale)
compared to the excitation and emission timescales of the NV center (∼ ns timescale).
Only the excitation probability of the NV center has a notable contribution to the PSB
counts, as the fraction into the PSB is only slightly decreased for our cavity, and the PSB
is not collected resonantly with the cavity.

From the data in Fig. 6.4(b) and Fig. 6.5(a), we determine that (7.0 ± 3.4)% of the
emission goes into the ZPL path, and we excite and detect ZPL photons with a probability
of (9.3 ± 0.2) ×10−5. If we set the vibration level to zero in our model, we find that 17% is
emitted into the ZPL, and 1.7x10−3 ZPL photons are collected. Thus, the total reduction
of ZPL collection and excitation due to vibrations is 13 dB. Because these reductions are
correlated, we distribute the vibration contributions to the losses in Fig. 6.5(b) according
to the relative contribution to the P 5/2 term in eq. 6.15.

COLLECTION EFFICIENCY

We divide the ZPL collection efficiency into two parts: internal collection efficiency and
external collection efficiency (ηzpl = ηi ntηext ). The external collection efficiency is the
coupling between the mode exiting the cavity and the detector, and is determined by the
classical optics in between. Internal collection efficiency is the probability that a photon
escapes the cavity and couples into the free space mode.
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The internal efficiency, ηi nt , can be estimated using the measured transmission rate
of the free space mirror, κF S , as ηi nt = κF S /κ. We design κF S to be significantly larger
than the fiber transmission and scattering loss rates. However, the angle of the fiber
forced us to operate in a regime where diffraction losses contributed significantly to the
cavity finesse (which can be readily overcome with a new fiber). Therefore, in this work
we operated with ηi nt in the range of 0.05 - 0.17, which also includes a factor of ∼ 1/3
from vibrations.

To measure the external collection efficiency, we send classical light through the
fiber, and estimate the losses at each section between the fiber input and the detector.
The loss to and from the cavity, probed in the fiber in reflection, is approximately -12.4
dB, including the fiber connector and fiber splice twice, and the reflection off the cavity
once. Based on the depth of the reflection dip from the cavity, we estimate that we have
a 2.8% incoupling efficiency. Based on the design values of our mirrors, we expect 2.5%
incoupling from the fiber side, which is in reasonable agreement, and suggests that there
is not a large mode mismatch between the cavity and the fiber. For a measurement of the
transmitted light, we filter the input laser beam with a 20 dB filter and measure counts on
an APD in the ZPL path. Subtracting out the light lost in the excitation path, we estimate
that the total collection efficiency is 4%. This is likely divided into ∼ 11% internal col-
lection efficiency and ∼ 32% external collection efficiency, but the precise contributions
are not known. The external efficiency is determined by classical optics and the detec-
tor efficiency, so we expect that the external efficiency can also be improved in future
experiments with better coatings and superconducting nanowire detectors.

We can also estimate the collection efficiency of the PSB path to make full use of the
direct comparison in counts between PSB and ZPL. This efficiency is relatively low in our
setup, because we have a long working distance objective with a numerical aperture of
0.55 (App. 6.8.1 contains a full description of the optics path). Depending on the angle
of the NV center dipole emission axis in our <100> sample, the collection is between
0.9% and 2.5%. There is likely a bias towards NV centers with a better coupled dipole,
because they produce more collectable PSB counts, and thus are easier to spot when
searching for NV centers. The top collecting mirror has a narrow stop band, which by
design allows 83% of the PSB light through. We estimate 83% transmission through the
path and 70% APD detection efficiency, but the exact values are unknown. Altogether we
expect between 0.4% and 1.2% collection efficiency in the PSB.

BENCHMARKING WITH EXCITATION PROBABILITY CORRECTION

We can benchmark our system against other diamond collection optics such as solid
immersion lenses. However, the state of the art in these systems is near perfect initial-
ization and excitation of the NV center. Higher initialization can be achieved with an
additional spin pumping laser and microwaves [22]. In our system we initialize with a
green laser, which only has a limited probability of initializing into the ms = 0 spin state.
Furthermore, we do not saturate the initialization with green or the excitation with red,
due to limited laser power, so it is hard to estimate the probability of excitation. One
might expect a lower laser power requirement than for non-cavity NV systems, because
the NV driving is enhanced by a factor of the finesse (∼ 2000). However, this is offset by
losses in the fiber (∼ 0.24) and the low coupling efficiency into the cavity through the
fiber mirror (∼ 0.025). The extended mode area in the fiber cavity compared to the mode
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Improvement Achieved
in Refs.

Enhance-
ment
Factor

ZPL%
Collec-
tion

C Excitation
Power

Spin Pump / Reso-
nant Repump

[22, 48] 20 0.2 0.08 1

20x Vibration Re-
duction

[15, 52–
54]

16 3 0.21 0.55

Finesse limited by
mirror coatings
(6000)

[40, 43] 3 9 0.64 0.18

Higher Finesse
(11000)

[40, 43] 1.2 10 1.0 0.1

Diamond-like Mode [40, 43,
44]

2 20 1.5 0.06

Table 6.2: Summary of suggested improvements to current diamond fiber-cavity. The first three upgrades
represent improvements that have already been achieved in other systems, as indicated in the second column.
Finesse would be limited by the mirror if achieved losses limit the finesse to significantly greater than 6000. The
last two items have been achieved but not simultaneously with the other requirements. We give the resulting
enhancement of the ZPL collected, the absolute fraction collected in the ZPL, the cooperativity and the relative
decrease in the excitation power required.

of a high numerical aperture objective also reduces the driving (∼ 0.01). In total, we re-
quire approximately a factor of 10 more power, which is consistent with the probability
of excitation we observe. Therefore, the counts we observe are not directly comparable
to state of the art.

We can instead use our calculations of the collection efficiencies to estimate the ex-
citation probability based on the total counts we observe from the NV center in the PSB
and the ZPL. First we use the ZPL counts; we expect that with perfect initialization the
counts in the ZPL should be F Z PL

P β0/(F Z PL
P β0+1)×ηi nt ×ηext or approximately 2.6x10−3

based on the results of Sec. 6.5 and Sec. 6.6. This corresponds to an excitation probabil-
ity of 3%. For comparison, the PSB counts should be (1−β0)/(F Z PL

P β0 + 1)ηpsb . The
estimated collection efficiency and measured counts give us an excitation probability
between and 14% and 4% (with a bias towards the latter). This corresponds to between
0.6 and 2x10−3 counts in the ZPL with perfect initialization. The estimates show reason-
able agreement, and exact determination of the different losses is left for future work.
Even with the limited collection efficiency in this work, the ZPL counts we collect are
comparable to state of the art when correcting for initialization and excitation probabil-
ity.

IMPROVEMENTS

Based on the current challenges and our modelling, we suggest three improvements
which should be possible in the short term, as summarized in Tab. 6.2. We constrain
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Figure 6.12: Projections for ZPL emission and collection fraction. We fix the design parameters of the mirrors
to match our current system (Finesse 6200). Fraction emitted into the ZPL (a) and outcoupled fraction of
photons in the ZPL (b) for the current (blue) and improved (green) vibration levels, as a function of achieved
cavity finesse. These simulations are based on the model from Ref. [46].

ourselves to performances that have already been achieved in other systems. The first
improvement is to implement microwave control of the ground state NV center spin,
which will allow spin pumping and also yellow resonant repumping for higher initializa-
tion and even lower spectral diffusion. Using these techniques, it should be possible to
achieve near unity excitation as has been shown in bulk diamond [22, 48].

The second improvement is to reduce vibrations; a number of research groups have
achieved considerably lower vibrations of comparable fiber-based microcavities [15, 52–
54]. In Fig. 6.12, we simulate the dependence of ZPL emission fraction and collection
fraction on the finesse for different vibration levels. We project that a factor of 20 vibra-
tion levels reduction gains a factor of 16 in total ZPL collection.

The third improvement is increasing the finesse; our current finesse is limited by
diffraction losses, but with a better fiber it should be limited by the mirror coatings, gain-
ing another factor of 3. As indicated in Tab. 6.2, the laser power required to saturate the
excitation of NV centers in the cavity should reduce by a factor of 5 after these improve-
ments. Furthermore, the ZPL emission fraction is expected to increase by a factor 5,
reducing the required polarization extinction by a factor of 25. Although it has not yet
been achieved simultaneously, a diamond fiber-cavity with finesse 11000 diamond-like
modes would further increase ZPL collection by approximately a factor of 2. Altogether
we expect that about 10% ZPL collection should be possible with already achieved pa-
rameters and 20% with combining the best results from different setups. The improve-
ments in the Purcell factor also correspond to an increase in the cooperativity, C , and
there is a route to exceeding C = 1 with this approach.
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7
DESIGN AND OPTIMIZATION OF

PHOTONIC CRYSTAL CAVITIES

Future quantum networks require nodes that feature a combination of excellent spin co-
herence properties and an efficient spin-photon interface with good optical coherence. The
first order insensitivity of group-IV color centers in diamond to electric fields makes these
defect centers suitable for integration into nanophotonic cavities, with a potential for
reaching high coherent cooperativities of the emitter-cavity system. Here, we give a brief
introduction to the different properties of group-IV color centers and NV centers, to the
state of the art of group-IV based quantum networks, and to the theory behind employed
photonic crystal cavities. We present a workflow that optimizes structures numerically
for highest Purcell enhancement, and discuss the robustness of optimized photonic crys-
tal cavity designs to real-world fabrication imperfections. Finally, we outline a method to
efficiently couple to nanophotonic structures using tapered optical fibers and waveguides.
Coherent quantum emitters in nanofabricated structures could be a key building block of
scalable quantum networks.

Parts of this chapter have been published in Journal of Applied Physics 130, 070901 (2021) [1]. These sections
are denoted with an asterix in the caption.
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7.1. INTRODUCTION
A promising way to improve the spin-photon interface of color centers in diamond is
to embed them into optical cavities with high quality factor to mode volume ratio; this
allows to reach large coherent cooperativities, potentially enabling near-deterministic
spin-photon gates (see Ch. 3). Group-IV color centers in diamond are particular suit-
able for these tasks, as their first order insensitivity to electric field fluctuations results
in close-to-lifetime limited optical transition linewidths of the color center even when
close to surfaces [2–4]. In this chapter, we discuss the differences between group-IV color
centers and NV centers, the state of the art of group-IV color center based quantum net-
works, and the design and optimization of all-diamond photonic crystal cavities.

This chapter is organized as follows: Sec. 7.2 gives an introduction to the optical and
spin properties of color centers in diamond, focusing in particular on group-IV color
centers. In Sec. 7.3, we introduce the state of the art of group-IV color center based
quantum networks, highlighting the potential of a strong coupling of the color center to
a nanophotonic cavity or waveguide. Sec. 7.4 then introduces the fundamental working
principles behind photonic crystal cavities, before a routine to optimize photonic crys-
tal cavities for large color center - cavity cooperativities is discussed in Sec. 7.5. Sec. 7.5
also shows the effects of real-world fabrication imperfections on the designed structures.
Finally, a strategy to efficiently couple to nanophotonic cavities is presented in Sec. 7.6.

7.2. OPTICAL AND SPIN PROPERTIES OF COLOR CENTERS IN DI-
AMOND*

Nitrogen-vacancy and group-IV color centers in diamond feature different structural
symmetries, which result in different properties of their spin-photon interface. Here,
we briefly introduce the most important differences between those color centers in dia-
mond, to the point necessary to understand why the recent emergence of group-IV color
centers has revived the field of integration of color centers in all-diamond cavities; we re-
fer the reader to the many excellent articles that cover the physics of these color centers
in great detail [5–7]. Here, we consider all color centers to be in the negative charge state,
except where indicated differently; this negative charge state is the one most commonly
studied and used in experiments geared towards entanglement generation.

Fig. 7.1 shows the difference in atomic structure of nitrogen-vacancy (NV) centers
and group-IV color centers (consisting of silicon-vacancy (SiV) [8–10], germanium-
vacancy (GeV) [11], tin-vacancy (SnV) [12, 13] and lead-vacancy (PbV) [14] centers). As
discussed in Ch. 2, an NV center is formed by a nitrogen atom replacing a carbon atom of
the diamond lattice, next to a lattice vacancy, giving rise to a C3v symmetry [Fig. 7.1(a)].
The NV center possesses a permanent electric dipole moment, making the optical tran-
sition frequencies sensitive to charge fluctuations in its environment [5]. This sensi-
tivity to electric fields has been used as a resource to tune different NV centers onto
resonance [15], counteracting local strain inhomogeneities in the host diamond crystal
which shift the transition frequencies of color centers. However, it has also hindered the
nanophotonic integration of NV centers due to degradation of their optical properties
near surfaces [16, 17], as discussed in detail in Ch. 3.

For group-IV color centers, the group-IV atom takes an interstitial lattice site be-
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Figure 7.1: Schematic atomic structure of NV (a) and group-IV (b) color centers in diamond and ground state
level structure of group-IV color centers (c). The inversion symmetry of group-IV color centers leads to a van-
ishing permanent electric dipole moment, making those defect centers suitable for integration in nanopho-
tonic structures. This structure also results in orbital and spin double degeneracies in the ground and excited
state (c, only ground state shown for simplicity) that are lifted by (mostly) spin-orbit coupling (∆g s ) and by ap-
plication of an external magnetic field (B), respectively. Phonon-induced transitions (γ+ / γ−) between orbital
states limit (communication) qubit coherence times (see text).

tween two lattice vacancies. The resulting inversion-symmetric D3d structure of the de-
fect [Fig. 7.1(b)] results in no permanent electric dipole and thus a first-order insensi-
tivity to electric field fluctuations. As a consequence, tuning optical transition frequen-
cies of group-IV color centers by electric fields is relatively inefficient [18, 19], poten-
tially necessitating other techniques. On the other hand, the vanishing permanent elec-
tric dipole makes these color centers excellent candidates for integration into photonic
nanostructures (discussed in Sec. 7.3 below).

Group-IV emitters also feature a different level structure than the NV center: both
optical ground and excited states are formed by doubly-degenerate orbital states, which
are each split into pairs by spin-orbit interaction and the Jahn-Teller effect. Under an ex-
ternal magnetic field, the double spin degeneracy in each pair (S = 1/2) is lifted [6, 8, 20].
The qubit subspace can then for example be defined over the two opposing spin sub-
levels of the optical ground state’s lower orbital branch [see Fig. 7.1(c)]. This, however,
means that direct microwave driving of the qubit levels is forbidden in first order, as one
would need to flip both spin and orbital quantum numbers. Typically, this complica-
tion is overcome by working with emitters with transversal strain ∼∆g s , which mixes the
orbital levels, such that the qubit state can be effectively described by the spin only and
thus be driven with higher efficiency [10]. Coherent microwave control of group-IV color
centers has recently been demonstrated for SiV centers [10, 21], with infidelities on the
percent level [21]. For other group-IV color centers, only incoherent microwave driving
of spin transitions has been achieved so far [11, 13]. The reported infidelities for coher-
ent SiV control are a result of qubit dephasing during microwave pulses, as relatively low
Rabi frequencies (∼ 10 MHz) are used to limit heating-induced decoherence. It is ex-
pected that the use of superconducting waveguides [22] will further improve microwave
pulse fidelities (as a result of potentially significantly reduced ohmic heating) for all color
centers.

Spin dephasing in the group-IV qubit subspace is dominated by phonon-assisted
transitions to the upper ground state orbital branch, which leads to the acquisition of
a random phase: while the phonon transitions are in principle spin-conserving, the
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Va- ZPL Quantum Debye-Waller Radiative Ground state Toper
can- WL efficiency factor Lifetime splitting

cy [nm] [%] [ns] [GHz] [K]

SiV 737 [23] (1−10) [2, 24] (0.65−0.9) 1.7 [2, 25] 50 [8, 9, 25] 0.1
60 [26] [27, 28]

GeV 602 [29] (12−25) [30, 31] ∼ 0.6 [11] (1.4−6) [3, 29] 170 [11] 0.4

SnV 620 [13] ∼ 80 [12] 0.57 [32] (4.5−7) [13, 33, 34] 850 [12, 13] 1.8

PbV 520 [14] / not known not known > 3 [14] / 5700 [14] / 9.8 /
555 [35–37] 3.5 [35–37] 3900 [37] 7.0

NV 637 [5] > 85 [38] 0.03 [39, 40] (11−13) [39, 41, 42] n. a. n. a.

Table 7.1: Overview of optical and orbital properties of group-IV (SiV, GeV, SnV, PbV) and NV defect centers
in diamond. All listed numbers are approximate values. We consider all defects to be in the negative charge
state. The Debye-Waller Factor characterizes the fraction of radiative emission into the ZPL, while we define
the quantum efficiency as the ratio of radiative to all decay. Ground state splitting denotes splitting between
orbital states in the optical ground state of group-IV color centers (see Fig. 7.1(c) and text). Toper is the cal-
culated operation temperature below which the expected orbital lifetime is above 100 ms. We estimate this

temperature by calculating the phonon transition rate γ+ ∝ ∆3
g s /(e

(∆g s/kb T ) −1) [see Fig. 7.1(c)], where ∆g s
is the orbital ground state splitting, T is the temperature, and kB the Boltzmann constant (as γ− > γ+, γ+ de-
termines the qubit coherence times), as in Refs. [12, 13]. We then find the proportionality factor to map this
to a concrete temperature by using the measured values of Ref. [9]. We note that there are currently different
findings about the exact parameters for the lead vacancy center in diamond. We therefore include two pairs of
values with their respective references.

detuning between the spin states varies depending on which orbital state is occupied,
see Fig. 7.1(c) [43, 44]. In Tab. 7.1, we map reported ground state splittings into a con-
crete performance metric by extrapolating the temperatures Toper below which we ex-
pect an orbital coherence time > 100 ms due to low phonon occupation. From this,
we see that a larger ground state splitting (associated with stronger spin-orbit coupling
strengths for heavier ions) is beneficial for maintaining long qubit coherence. However,
this requires higher microwave driving powers for similar off-axis strain values, as the
strain-induced orbital mixing is related to the spin-orbit coupling strength, and thus the
overlap between orbital states is reduced [10]. All-optical spin control schemes repre-
sent an alternative to microwave driving, as demonstrated e.g. for SiV [25, 45, 46] and
GeV [11] centers. For SnV centers, spin initialization by optical pumping has been ob-
served [13]. Another way of defining and driving a qubit could be to mix the (mostly)
orthogonal spin components via an off-axis magnetic field, and use surface acoustic
waves to drive phonon transitions between the orbital levels, with demonstrated Rabi
frequencies ∼ 30 MHz [47]. Such an off-axis magnetic field, however, is at odds with
achieving the high spin cyclicity needed for single shot spin state readout and high fi-
delity entanglement generation, necessitating a careful tradeoff [10]. For magnetic fields
aligned with the color center’s symmetry axis, readout fidelities above 99.99% have been
achieved [21, 48].

Tab. 7.1 also shows a comparison of the most important optical properties for both
group-IV color centers and nitrogen-vacancy centers in diamond. To generate entan-
glement, only the fraction of coherent photons emitted in the zero-phonon-line (ZPL,
for which no lattice vibrations assist the transition [5]) can be used [49]. Importantly,
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all quantified zero-phonon-line emission fractions for group-IV color centers are signif-
icantly larger than for the NV center, as the inversion symmetry of these emitters causes
their excited states to have greater overlap with the optical ground state [20], resulting in
a higher fraction of direct photon transitions [50, 51]. While most recent quantum mem-
ory experiments with SiV centers have operated in dilution refrigerators (see below) in
order to suppress thermal phonon population [21, 46], the SnV center with relatively
high expected operating temperature requirements might be particularly promising for
use as quantum network node. We note that the neutral charge state variants of group-IV
color centers are also promising, as they potentially combine the favorable spin-photon
interface of negative group-IV color centers with the excellent spin coherence times and
easy qubit manipulation of negative nitrogen vacancy centers [20, 52–55]. We do not
discuss it extensively here due to its early stage of study.

7.3. STATE OF THE ART OF GROUP-IV COLOR CENTER BASED

QUANTUM NETWORKS*
The first-order electric field insensitivity of group-IV color centers in diamond [4, 13,
14, 20, 29, 33, 56–58] has enabled the demonstration of close-to-lifetime limited opti-
cal transitions even in heavily fabricated nanophotonic structures [2–4, 10, 57, 59]. To
date, photonic crystal cavity coupling of group-IV color centers in diamond at low tem-
peratures has been demonstrated for SiV [2, 10, 23, 48, 60] and SnV centers [34], with
demonstrated Ccoh > 100 for the case of the SiV center [23].

Fig. 7.2(a) shows a schematic of a SiV center embedded in a photonic crystal cavity.
Spin-photon entanglement with fidelity ≥ 94 % has been generated in this system using
cavity quantum electrodynamics (cQED) reflection-based schemes, in which photons
impinging on the cavity containing the communication qubit are reflected or transmit-
ted depending on the spin-state of the communication qubit [48]. This also enables
high fidelity single shot spin state readout with demonstrated fidelities > 99.9% [see
Fig. 7.2(b,c)].

While entanglement between distant SiV centers has not yet been demonstrated,
strong collective interactions between two SiV centers [60] in the same cavity and prob-
abilistic entanglement generation between two SiVs [2, 61] in one waveguide have been
observed. In addition, photon outcoupling efficiencies from the emitter-cavity system
into fiber > 0.9 have enabled the demonstration of memory-enhanced quantum com-
munication [23]. This experiment sets the state of the art for quantum repeater experi-
ments.

Additionally, recent experiments have demonstrated key quantum network node ca-
pabilities, including dynamical decoupling of the SiV spin from the bath with coherence
times above 1 ms [21, 62], 13C nuclear spin initialization, control, and readout via the
central SiV electron spin [10, 63], and frequency control of SiV centers via strain tun-
ing [59, 61, 64]. Combined with recent efforts to fabricate SiV centers in nanophotonic
waveguides at a large scale and their integration in photonic circuits [59], these results
show the potential of silicon-vacancy centers and other closely related group-IV color
centers as nodes for a quantum network.
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Figure 7.2: State-of-the-art research showing the potential of group-IV color centers in diamond as quantum
network nodes. (a) Schematic of a silicon-vacancy (SiV) center (blue circle) embedded in a fiber-coupled (dark
grey) all-diamond photonic crystal cavity (light grey area with holes). Coherent emitter-cavity cooperativities
∼ 100 have enabled high-fidelity reflection-based spin-photon entanglement generation [23], and control of
individual 13C nuclear spins via microwave pulses applied to the electron spin of the silicon vacancy spin qubit
(yellow electrodes) has been demonstrated [48]. Figure adapted with permission from Ref. [48]. Copyright
(2019) by the American Physical Society. (b) Spin-state dependent reflection spectrum of a SiV center in a
critically coupled photonic crystal cavity with Ccoh ∼ 100. The spin-state dependent photon reflection with
high collection efficiency enables spin-state readout with fidelity > 99.9 % in a single shot (c), and has recently
enabled the first demonstration of memory-enhanced quantum communication [23]. Figures (b) and (c) are
adapted with permission from Ref. [23].

7.4. PHOTONIC CRYSTAL CAVITY DESIGN

Having discussed the state of the art of group-IV color center based quantum networks,
which are in large parts enabled by strong coupling of the emitter to a photonic crystal
cavity, we now move on to introduce the working principles behind such cavities.

In a photonic crystal, the propagation of electromagnetic waves is altered from prop-
agation through a homogeneous bulk dielectric material by a periodic dielectric material
variation. For periodic variations on the scale of the wavelength of the electromagnetic
waves, this can lead to destructive interference for certain frequencies. These wave-
length ranges are called bandgaps, and can serve as a mirror for light, in complete anal-
ogy to the macroscopic Bragg mirrors employed in Ch. 6. In this chapter, we will design
structures that confine a single allowed optical mode in between two bandgap generat-
ing regions, forming an optical cavity with wavelength-scale mode volume. Here, we will
only give a brief, high-level introduction, as necessary to understand the most important
aspects. For this, we follow the excellent discussions in Refs. [65, 66]. For a detailed in-
troduction to the topic of photonic crystals, including a full mathematical treatment, see
Refs. [67, 68].
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7.4.1. BANDSTRUCTURE ENGINEERING VIA UNIT CELL DESIGN

According to Bloch’s theorem, the solutions to Maxwell’s equations that govern the prop-
agation of electromagnetic waves are given as a plane wave modified by a periodic func-
tion, given the dielectric material these waves propagate in is periodic; such a material
is called a photonic crystal. Assuming an infinite extension of a photonic crystal, one
can restrict to solving Maxwell’s equation for a single unit cell of this crystal only. Here, a
unit cell is the smallest building block of the material that can describe the full structure
when using symmetries. The solutions then describe all electromagnetic wave propaga-
tion. In this work, we solve this using an iterative minimization algorithm implemented
in COMSOL®.

Let us take the concrete example of a rectangular photonic crystal (unit cell displayed
in Fig. 7.3(a)), made from diamond (refractive index n ∼ 2.4 at visible wavelengths) and
surrounded by vacuum (n = 1). Holes that are placed periodically in the middle of the
beam introduce a periodic modulation of the refractive index along the axis of the beam
(which we assume along the x direction for the rest of this chapter).

The numerically computed band structure for parts of the irreducible unit cell for this
structure can be seen in Fig. 7.3(b), with the simulation parameters listed in Tab. 7.2. Far
away from the nanobeam, the allowed modes should be free space plane waves, which
follow the dispersion relationω= c|k |. Since the beam is only periodic in one direction, k
is only bound for propagation along the beam (k|| is conserved), while the perpendicular
components of k can take any value. This effect gives rise to a continuum of modes
above the light line, for which ω = ckx . These modes are called ”radiation modes" and
represent modes carrying energy away from the beam.

While the nanobeam in our example only shows translational periodicity along the
x direction, a one dimensional nanobeam can still confine light along off-axial direc-
tions. At the interface between the diamond and air, conservation ofω and kx (effectively
Snell’s law from ray optics) leads to the localization of modes in the diamond. These
modes lie below the light line, due to the higher refractive index material of diamond
compared to air. However, the perpendicular component of k is imaginary, which corre-
sponds to modes that do not propagate in air but instead decay exponentially away from
the nanobeam. These modes are called ”index guided modes", and are localized modes
along directions that do not feature translational symmetry of the unit cell. A non-zero
coupling between guided and light cone modes means that for a structure with period-
icity along one dimension only, no true bandgap exists.

In the case of Fig. 7.3(b), the red solid and blue dashed lines correspond to the al-
lowed frequencies in the structure, which feature different reflection symmetries w.r.t. y
and z planes in the middle of the beam. Bands of transverse electric modes (TE, even
vector symmetry w.r.t. z reflection, no electric field along propagation direction) and
transverse magnetic modes (TM, odd vector symmetry w.r.t. z reflection, no magnetic
field along propagation direction) emerge. For the rectangular nanobeam considered in
this work, a bandgap opens up between the two lowest lying TE modes (orange shaded
region). Figs. 7.3(d,e) show the normalized electric field distribution in the unit cell along
the propagation direction for k||= π/a for the lower and upper TE mode at the bandgap.
One can see that the field is localized in the high index material for the lowest TE mode,
which allows for maximal electric field overlap with the dipole of an emitter (e.g. a SnV
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Figure 7.3: Photonic crystal
nanobeam unit cell and correspond-
ing bandstructure simulations. (a)
Unit cell of a rectangular photonic
crystal nanobeam in diamond,
parametrized by hole radius, r , beam
thickness, tn , lattice period, an , and
beam width, wn . (b) Numerically
obtained bandstructure for the
irreducible Brillouin zone of the
structure in (a) for light propagation
along the x direction. The light
line (black) divides the plot into
a continuum of unguided modes
(gray area), and a region in which
discrete guided modes exist. These
consist of transverse electric TE
modes (red solid lines, no electric
field along propagation direction)
and transverse magnetic TM modes
(blue dashed lines, no magnetic
field along propagation direction).
Orange shaded region highlights the
fundamental bandgap of TE modes,
for which no TE modes exist. (c)
Lowest frequency TE mode in (b)
as a function of lattice constant,
an , at kx = π/an , while keeping all
other unit cell parameters constant.
Reducing the lattice constant allows
to raise the mode’s frequency into the
bandgap. Orange dashed line corre-
sponds to targeted cavity frequency,
matching the zero-phonon line
emission frequency of tin vacancy
defects in diamond. (d, e) Distribu-
tion of normalized electric field in
the unit cell for the first TE (d) and
second TE (e) modes at kx = π/an .
(f-l) show corresponding plots to
(a-e), for an ”alligator" style unit
cell displayed in (f), parametrized
by sinusoidal amplitude, A, beam
thickness, ta , lattice period, aa , and
beam width, wa .

center) located in the diamond nanobeam (assuming perfect emitter placement and
dipole direction).

To localize the fundamental TE mode in the bandgap (which offers highest electric
field localization at the intended location of the emitter in the center of the beam), we
introduce a perturbation in the lattice constant, which we explore in detail in Sec. 7.4.2.
For now, we observe that by reducing the lattice constant, the lowest TE band shifts up
in frequency at k||= π/a, see Fig. 7.3(c). This can be understood intuitively from the fact
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Rectangular Nanobeam || Alligator Nanobeam

Parameter an r wn tn aa A wa ta

Value [nm] 206 71 275 230 280 70 185 230

Table 7.2: Unit cell parameter values used to simulate the rectangular
and alligator nanobeam bandstructures displayed in Fig. 7.3. See

Fig. 7.3 for a definition of parameters.

that a unit cell with reduced lattice constant features less high refractive index material.
Thus, by introducing a perturbation in the middle of the bandgap generating structure,
we can localize a single frequency mode in the photonic bandgap.

To show the universality of these concepts, Fig. 7.3(f) displays the unit cell design for
an alligator photonic crystal structure, as studied in Refs. [69–71]. Instead of periodically
placing a hole in the nanobeam, we modulate its outer dimensions with a sinusoidal
form. This is motivated from the idea that such a structure should potentially be easier
to fabricate as the small hole diameters in rectangular nanobeams limit etch rate uni-
formity throughout nanobeams. Additionally, dipole emitters can in principle be further
removed from surfaces, which have been speculated to have a detrimental effect on the
optical emission properties of inversion symmetric color centers in diamond [4, 10, 61].
As can be seen in Fig. 7.3(g), this structure can lead to the emergence of a band gap for
TE like modes between the third and fourth lowest lying modes. From plots of the nor-
malized electric field distribution in the unit cell displayed in Figs. 7.3(k,l), we see that we
are interested in localizing the upper frequency band for maximal overlap with a dipole
emitter. Fig. 7.3(h) shows that we can lower the frequency of the upper bandgap mode
by adding high refractive index material in the form of reducing the amplitude of the
sinusoidal modulation.

7.4.2. CAVITY DESIGN

In the previous section, we have seen that one can introduce a mode into the bandgap by
slightly changing the unit cell such that it allows a guided mode in the original bandgap.
In principle, one could deform a single unit cell only. In practice, however, one strives
to introduce the defect in a smooth way, to minimize coupling to radiation modes: if
one breaks the discrete translational symmetry of the lattice, kx is no longer conserved,
leading to coupling of guided modes to radiation modes, resulting in an additional loss
channel [65, 72].

Here, we use a functional form for the lattice constant introduced in Ref. [65], and
used throughout various photonic crystal cavity systems [10, 73]:

a(x) = an × [
1−d

(
2x3 −3x2 +1

)]
, (7.1)

where d is a parameter characterizing the fractional maximal deviation from the nominal

unit cell value an , x = j
N describes the position of the unit cell with N the number of unit

cells used to introduce the lattice defect, j ∈ [0, N ] ⊂ N0, and j = 0 the middle of the
beam. As we use a symmetric well function w.r.t. the middle of the beam, we here only
define the positive half of the well and apply symmetries in simulation. x follows the
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Figure 7.4: Lattice spacing variation and resulting normalized electric field mode profile for a high quality
factor photonic crystal nanobeam. (a) Variation of the lattice spacing from the bandgap generating value, an ,
(shaded in blue) to a value of a(0) = (1−d)×an at x = 0 (unit cell position 0 w.r.t. the center of the nanobeam),
for which the fundamental TE mode frequency corresponds to the target cavity frequency value. Blue and
yellow areas correspond to bandgap and cavity generating areas, respectively. Cavity generating values are
N = 7, d = 0.10, and η = 1.05 (b, c) Normalized electric fields along different nanobeam orientations for a
nanobeam optimized from the lattice spacing variation in (a), and the unit cell simulation parameters as listed
in Tab. 7.2. These parameters result in a simulated quality factor Q ∼ 1.1×106, and an optical mode volume
V ∼ 0.46(λ/n)3. Dashed red lines correspond to symmetry axes of the beam.

map

x → y(x) =
{

1
2 (2x)η if x ≤ 0.5,

1− 1
2 (2(1−x))η if x > 0.5,

(7.2)

with η describing the slope of the well function. In particular, this functional form guar-
antees that

d a(x)

d x

∣∣∣∣
x=0,1

= 0. (7.3)

An example of a lattice spacing variation following eq. 7.1 can be seen in Fig. 7.4(a).
Here, we use N = 7, and set the number of unit cells with a lattice spacing of an , M , equal
to M = 7. As we only define the positive half of the structure here and apply symmetries
in simulation, this effectively defines a nanobeam with 28 total holes. As can be seen
from the normalized electric field profiles in Figs. 7.4(b,c), this structure localizes a mode
in the middle of a beam, with a simulated mode volume of V ∼ 0.46(λ/n)3, and a quality
factor of Q ∼ 1.1×106. Note that it suffices to simulate one eighth of the full nanobeam
structure when constraining our mode of interest to be a TE mode using appropriate
boundary conditions, and taking advantage of the symmetry of the nanobeam.
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7.5. PHOTONIC CRYSTAL CAVITY OPTIMIZATION
In the previous section, we have introduced the principles behind a photonic crystal
nanobeam, and shown the electric field distribution in a rectangular nanobeam with
high Q / V ratio. Here, we will explain the simulation process flow followed to obtain
these results (based on the workflow presented in Ref. [65]), and investigate the robust-
ness of these structures to real-world fabrication imperfections. While the methods de-
scribed are of general nature, we will focus on the particular case of the rectangular pho-
tonic crystal nanobeam introduced in Fig. 7.3(a) and Fig. 7.4(b).

7.5.1. OPTIMIZATION PROCESS FLOW
An overview of the process flow followed to optimize a nanobeam photonic crystal cavity
can be seen in Fig. 7.5. We start by simulating the bandstructure for an infinitely repeated
unit cell, see Sec. 7.4.1. To utilise reasonable starting values, we use the parameters of
Ref. [74], verify that the modes of interest have an electric field maximum inside the high
index material, and optimize the bandgap1.

Having simulated a bandgap generating structure, and a lattice defect that allows to
localize a mode in the bandgap at the target frequency, we move on to fix a functional
form that introduces the defect in the lattice, see Sec. 7.4. In the case of the rectangular
cavity, a nanobeam is characterized by the set of parameters an , d , r , tn , wn , η, M and
N . In our simulations, we fix M and N , as well as tn (as we can tune the thickness in
our fabrication process very precisely and iteratively by tuning the undercut etch time,
see Ch. 8). We furthermore use an as a parameter that we rescale to keep the resonant
wavelength,λ, of the structure in a small interval around the target frequency; this leaves
us with an optimization problem over four parameters: d , r , wn , η.

Maximal Purcell enhancement can be obtained for minimal V / Q, as discussed in
Ch. 3. As we do not have knowledge about the functional form describing the optimiza-
tion problem, we use a direct search method embedded in Matlab that makes use of the
Nelder-Mead Simplex Algorithm with bounds on parameters (fminsearchbnd [76, 77]),
and use a Matlab interface to Comsol to start individual Comsol simulations. To make
sure the algorithm does not converge to local minima, we then use this fminsearchbnd
algorithm in a re-seeded fashion: We form arrays of the optimization parameters, with a
variation of ∼ 25 % from the values we find via bandstructure simulations (and around
η = 1), and draw random starting values for the optimization algorithm from these ar-
rays. The algorithm then minimizes the ratio V / Q from these starting values, before we
re-seed the algorithm with new values from our parameter arrays.

To allow for meaningful simulation results, we expand the fminsearch algorithm with
a check that the current parameters allow for a physical geometry (e.g. avoiding hole di-
ameters that are bigger than the nanobeam width), and a routine that keeps the structure
resonant within a small interval ∆λ around the target wavelength λt ar by adjusting an .
We furthermore cap unreasonably small or high quality factors, which indicate that no
good mode has been found, or which are way beyond what can be expected in exper-
iments, respectively. In this way, simulations can be terminated when stuck in a local

1We note that Ref. [75], e.g., gives an introduction on how to find reasonable ab-initio design parameters, and
that one can make use of the scale invariance of photonic crystals to find a straightforward map between unit
cell designs that are optimized for different wavelengths [68].
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Figure 7.5: Flowchart of the process of arriving at a high (quality factor / mode volume) cavity design. Q,
Qmi n and Qmax simulated, minimal allowable and maximal allowable cavity quality factor, V mode volume
of the cavity field, λ and λt ar simulated and targeted cavity resonance wavelength, ∆λ maximum allowed
wavelength deviation. See the main text for a discussion of this simulation process.

minimum / maximum thus saving computation time.

7.5.2. NANOBEAM OPTIMIZATION RESULTS AND THEIR ROBUSTNESS

Having designed a nanobeam optimization routine, we now move on to perform such an
optimization, and analyze its results. Without loss of generality, we focus on the case of a
rectangular photonic crystal nanobeam, and optimize its quality factor to mode volume
ratio, using the process flow of the previous section; Fig. 7.6 shows the results of one such
optimization run, following the simulation process flow of Fig. 7.5.

Fig. 7.6(a) displays the results of two optimization run re-seeds, i.e. the optimiza-
tion results for the wavelength and quality factor of the mode with highest quality factor
of a rectangular nanobeam, for optimization from two starting parameter values. Con-
vergence of the quality factor, as well as the mode’s resonance wavelength towards the
zero-phonon line wavelength of tin-vacancy centers (∼ 620 nm) are visible.
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(a) (b)
Lattice spacing 

standard deviation [nm]
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Figure 7.7: Robustness of nanobeam simulation results. Nanobeam hole positions and hole radii are defined
following a Gaussian distribution with mean of the actual intended position / radius, and a certain standard
deviation. (a) Histogram of 250 consecutive simulations using simulation parameters corresponding to the
blue encircled point in Fig. 7.6(b), but using a hole position standard deviation of 0.25 nm, and a hole radius
standard deviation of 0.5 nm. Blue and red vertical lines indicate the median and 95 % confidence interval
of the median, respectively. (b) Median of the quality factor as a function of hole radius standard deviation
for different hole position standard deviations; each datapoint is comprised of 250 individual simulations as
in (a), with errorbars corresponding to the 95 % confidence interval of the median. Solid and dashed lines
correspond to the black and blue encircled points in Fig. 7.6(b), with their original simulated quality factor for
perfect hole positioning and radius indicated with circles.

Fig. 7.6(b) shows a two-dimensional parameter slice of the results of a full nanobeam
optimization routine, comprised of 129 minsearch algorithm re-seeds (two of which are
highlighted in Fig. 7.6(a)). This simulation takes about 48 hours of computation time
on a regular office computer. We plot the ratio of quality factor, Q, to mode volume, V ,
normalized to its maximum ratio, as a function of hole diameter, 2 ×r , and nanobeam
width, wn , and note that this only comprises two of the four parameters that we optimize
over, with the fractional maximal deviation from the nominal lattice constant, d , and
the lattice well functional form parameter, η, being the remaining two free optimization
parameters (as discussed in Sec. 7.5.1). While maximal Q / V is limited to a small region
in parameters, there is a broad range of parameters that allow to reach [Q / V ] / max (Q
/ V ) > 0.7. This can potentially be exploited to design nanobeams with parameter values
that are more robust to fabrication imperfections (e.g. by using larger hole radii), but
feature resonances with slightly lower expected Q / V . Yet, the reliability of the process
might be higher, allowing to achieve higher Q / V in the actual fabricated structures.

To evaluate the robustness of our designs to real-world fabrication imperfections,
and to get a sense of the level of control needed to be achieved in fabrication, we take two
example data points from the optimization routine (marked with blue and black circles
in Fig. 7.6(b)), and slightly introduce disorder in the simulations, see Fig. 7.7: instead
of placing holes at the exact desired location, we instead sample the position of each
hole from a Gaussian distribution, with the mean of the distribution the intended hole
position, and a standard deviation that we vary throughout simulations. Additionally, we
sample the radius of each hole from a Gaussian distribution formed in the same manner.
Note that disturbing these two parameters influences four design parameters, as the hole
position is determined by a combination of d ,η, and an . All other parameters can in
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(d)

20 μm

(c)

(a) (b)

Figure 7.8: Overview of structures used to couple light to photonic crystal cavities and waveguides in diamond.
Free-space coupling via notch (a) or inverse designed couplers (b). (a), (b), adapted from Ref. [78], in accor-
dance with creative commons attribution 4.0 international license. (c) Double-sided tapered single mode fiber
(adapted from Ref. [79], in accordance with creative commons attribution 3.0 license). (d) Single-sided single
mode fiber (adapted with permission from Ref. [80], copyrighted (2017) by the American Physical Society. For
a description of these methods and achieved efficiencies, see the main text.

principle be tuned in a deterministic fashion by slightly scaling the whole geometry (see
Ch. 8).

Fig. 7.7(a) shows the results of 250 simulation repetitions, using simulation parame-
ters corresponding to the blue encircled point in Fig. 7.6(b), and a lattice position / hole
radius standard deviation of 0.25 nm and 0.5 nm, respectively. We observe a large spread
in quality factors, ranging from ∼ 7 × 104 to ∼ 6.7 × 105. Fig. 7.7(b) shows the median
and 95 % confidence bounds on the median of the quality factor as a function of hole
radius standard deviation, for different lattice position standard deviations, and for two
different parameter starting values, corresponding to the blue and black encircled points
in Fig. 7.6(b); thus, a histogram as shown in Fig. 7.7(a) underlies each datapoint. As ex-
pected, already slight deviations from perfect hole placement and radii have a significant
effect on the quality factor. Although the two starting points are drawn from different
positions in parameter space, the simulations of Fig. 7.7(b) indicate that different points
behave similar when including imperfections. This suggests that it is advantageous to
fabricate structures with parameters for which simulations yield highest Q / V , and that
it is not necessary to probe each point for its robustness to imperfections.

7.6. COUPLING TO PHOTONIC CRYSTAL CAVITIES
For fast, high fidelity photon-mediated entanglement generation protocols with color
centers in diamond, high photon collection efficiency is crucial. To date, different strate-
gies of coupling to color centers embedded in nanostructured photonic environments
such as waveguides and photonic crystal cavities have been employed; Fig. 7.8 shows an
overview of these structures.

A relatively straightforward way of coupling to nanophotonic structures is via so-
called notch couplers that work by slightly breaking the symmetry of the nanophotonic



7

164 7. DESIGN AND OPTIMIZATION OF PHOTONIC CRYSTAL CAVITIES

structure via a small geometric disturbance, see Fig. 7.8(a); this allows coupling to fo-
cused free-space optical beams. While easy to realize, these structures have limited effi-
ciencies ∼ 1% [2]. Recently, coupling efficiencies of symmetry-breaking free space cou-
plers in diamond have been increased to ∼ 25 % using more complex geometries found
via inverse-design methods [4, 78] that take fabrication imperfections into account, and
use advanced computational methods, see Fig. 7.8(b) [81]. Other demonstrated free-
space coupling systems in diamond relying on the same working principle include grat-
ing couplers, with demonstrated efficiencies up to 30 % [82, 83].

To date, highest coupling efficiencies to diamond nanophotonic structures (> 90 %)
have been demonstrated using double-side [79, 84, 85] (Fig. 7.8(c)) and single-side ta-
pered single mode fibers (Fig. 7.8(d)) [10, 23, 80, 86, 87], both relying on evanescent field
coupling of the fiber mode to the diamond nanophotonic structure. Double-side tapered
fibers are most commonly fabricated by heating and simultaneously pulling on an opti-
cal fiber, until parts of the fiber reach diameters < 1µm [88]. At this point, single-sided
tapered fibers are most commonly used, since they are easier to align to the nanopho-
tonic structures, and have proven to be more stable under cryogenic conditions, due to
a reduced length compared to the double-sided tapered fibers [89]. These tapered fibers
are typically fabricated via wet-etching (using hydrofluoric acid) a cleaved optical fiber
that has been stripped of its cladding; tight control over the fiber shape can be employed
via the speed at which the fiber is pulled out of the acid [80]. This method allows to re-
alize tapering angles, t aa , as low as one degree. These fibers are then contacted with a
tapered waveguide (yellow part in Fig. 7.9, with a minimal taper width wt ), such that the
light is adiabatically transferred from the fiber mode via the formed collective mode of
the fiber and waveguide taper, and into the waveguide mode (green part in Fig. 7.9) [84].
We plan on employing single-sided tapered optical fibers in the future, with simulated
coupling efficiencies in excess of 90 %. Apart from allowing close-to-unity coupling effi-
ciencies, fiber-based couplers have another critical advantage over free space versions:
As discussed in Sec. 7.2, achieving long spin coherence for all established inversion sym-
metric color centers in diamond requires dilution refrigerator temperatures. However,
such cryogenic systems have high intrinsic vibrations and limited optical access. There-
fore, a robust, essentially monolithic coupling technique (as the tapered fibers and ta-
pered waveguides hold together via van der Waals forces once contacted) with limited
optical access (to avoid radiation-induced heating) is advantageous.

To couple from the diamond waveguide to the photonic crystal nanobeam, holes
are typically removed from one side of the bandgap generating region, reducing the re-
flectivity on one side of the cavity and thus leading to finite coupling to the waveguide
that is terminated in that mirror; the coupling rate of the cavity can then be tuned by
adding or removing holes [10, 80]. This in turn would mean, however, that only discrete
coupling values are accessible. This issue can be overcome by varying the mirror hole
radii and / or lattice spacings, however such designs have been found to be relatively
sensitive to fabrication errors. Therefore, we opt for a different approach in this the-
sis: instead of changing the waveguide into the mirror region, we terminate the waveg-
uide with a bandgap generating region, and place it next to the nanophotonic cavity, see
Fig. 7.9 [84, 90, 91]. Instead of abruptly changing the geometry from the waveguide to
mirror generating region, we continually change the hole radius from no hole to the mir-
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Figure 7.9: Final device geometry, containing two photonic crystal cavities [mirror regions shaded in blue
(formed over M unit cells), cavity regions shaded in orange (formed over 2N unit cells)], and one coupling
waveguide (shaded in green, waveguide width ww g ), that can be coupled to via evanescent field coupling to
a tapered optical fiber in a tapered waveguide region (yellow, tapering waveguide angle t aa , minimum taper
width wt , spacing of fiber taper end to diamond substrate t as ). Slight variations in cavity design parameters
and / or imperfect fabrication lead to non-overlapping resonant frequencies of the two nanobeams, allowing
their individual addressing. The waveguide is terminated in a mirror (blue), allowing to probe devices on
reflection and transfer the waveguide field to the nanobeam cavities via evanescent field coupling (by tuning
the waveguide-nanobeam distance gw ). To avoid scattering into leaky modes in the light cone, the hole radius
of the waveguide gradually changes from no holes to the mirror hole size, while keeping the lattice spacing
throughout the hole radius variation constant (shaded in red, changed over L unit cells). To allow for structural
integrity, waveguides are anchored to the diamond frame via small holding bars with width whb .

ror hole size, to avoid scattering to leaky modes, as discussed in Sec. 7.4.2 (red region in
Fig. 7.9, tapered over L unit cells). Changing the distance between the waveguide and
coupler in the design of the nanophotonic chip, gw , we can then access a continuum
of waveguide-cavity couplings in experiments [91]. For structural integrity, we fix the
waveguide to the diamond supporting frame via small (to reduce coupling to the sub-
strate [92]) holding bars of width whb . Typically, we aim for a spacing between the dia-
mond substrate and the beginning of the taper, t as , of t as > 100 µm, to avoid touching
the diamond substrate with the tapered fiber, which would lead to unwanted losses.
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[71] F. Rozpȩdek, R. Yehia, K. Goodenough, M. Ruf, P. C. Humphreys, R. Hanson,
S. Wehner and D. Elkouss, Near-term quantum-repeater experiments with nitrogen-
vacancy centers: Overcoming the limitations of direct transmission, Physical Review
A 99, 052330 (2019).

[72] Y. Akahane, T. Asano, B. S. Song and S. Noda, High-Q photonic nanocavity in a two-
dimensional photonic crystal, Nature 425, 944 (2003).
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FABRICATION AND

CHARACTERIZATION OF PHOTONIC

CRYSTAL CAVITIES IN DIAMOND

Maximilian Ruf*, Nina Codreanu*, Chris van Egmond,
Richard Norte, Simon Groeblacher, and Ronald Hanson

Group-IV color centers in diamond are prime candidates for nodes of future large-scale
quantum networks, due to their optically active spin, long spin coherence times at low
temperatures, and first-order insensitivity to changes in the electric field. This insensitiv-
ity allows for integration of color centers in nanophotonic cavities in a way that preserves
the coherence of optical transitions. Such a cavity-enhanced interface can realize high-
fidelity spin-photon interactions at high rates, making use of the Purcell effect. Here, we
introduce different methods to fabricate thin, free-hanging diamond structures as needed
for high electric field confinement and thus large Purcell enhancement. We describe a pro-
cess flow to fabricate all-diamond photonic crystal cavities and waveguides, employing a
quasi-isotropic (dry) diamond etch to release structures from the bulk diamond. We dis-
cuss the quality of the resulting cavities, and present typical failure mechanisms of the
fabrication process. Coupling coherent quantum emitters to photonic crystal cavities that
can be integrated in photonic circuits is a key capability on the way towards extended
quantum networks with long coherence.

∗These authors contributed equally to this work
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8.1. INTRODUCTION
Future large-scale quantum networks require nodes that combine excellent spin prop-
erties with efficient spin-photon interfaces. A promising way to realize such an interface
is to embed color centers in diamond into an optical cavity, making use of the Purcell
effect. However, the fabrication of nanophotonic cavities in diamond itself is challeng-
ing, as there is no known wet-processing technique that allows to fabricate free-hanging
structures, in contrast to many nanophotonic material hosts. In this chapter, we de-
scribe a process flow to fabricate photonic crystal cavities and waveguides in diamond,
using a crystal-plane dependent inductively coupled plasma (ICP) dry reactive-ion-etch
(RIE) process. We furthermore discuss the quality and possible ways of improvement of
the resulting structures.

In Sec. 8.2, we outline different methods to fabricate free-standing all-diamond nano-
photonic structures, and motivate our fabrication process choice. In Sec. 8.3, we give an
overview of the developed process flow, including a table that contains the most impor-
tant fabrication parameters. In Sec. 8.4, we provide further details on a crucial choice for
our process flow — a Si3N4 hard mask that allows to transfer the nanophotonic patterns
into the diamond — and give a brief overview of pros and cons of different hard mask
choices in literature that are in principle compatible with the fabrication of nanopho-
tonic geometries. Sec. 8.5 then describes the crystal-plane dependent dry ICP-RIE etch
that we use to both release devices from the bulk substrate, and to precisely tune the
thickness of the resulting nanophotonic structures. We then report on final fabricated
devices and their measured quality factors in Sec. 8.6, before we discuss current chal-
lenges and research directions in Sec. 8.7. We finish this chapter with an outlook on
possible future improvements to the fabrication process in Sec. 8.8.

8.2. FABRICATION OF FREE-STANDING, ALL-DIAMOND NANOPHO-
TONIC STRUCTURES

One dimensional photonic crystal nanobeam waveguides and cavities confine the elec-
tromagnetic field by a periodic modulation of refractive index along the longitudinal di-
rection of the beam. At the same time, off-axis light is confined due to a refractive index
contrast between the nanobeam material and the lower refractive index material in the
nanobeam’s surroundings (see Ch. 7). To confine light at the zero-phonon line (ZPL) res-
onance frequencies of color centers in diamond (∼ [600 - 800] nm), thin diamond films
with thickness ∼ (200 - 400) nm are required. Typically, such thin structures are real-
ized using (hetero-) epitaxial growth, for which a thin film of the target material in which
the photonic structure is to be defined is grown on a substrate with different material
composition. After patterning the photonic structure, the substrate is then selectively
removed in an etching step to release the target film (see e.g. [1, 2]).

In contrast to many other materials, however, high quality (i.e. low residual nitro-
gen and boron concentration, low stress, low concentration of lattice defects), µm-thin
single-crystal diamond (SCD) as required for color center in diamond applications has
not been grown on wafer scale using hetero-epitaxy. This is in particular due to lattice
mismatches, and dislocations in grown material [3, 4]. Therefore, different ways of fab-
ricating thin diamond structures from commercially available bulk SCD are required.
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An overview of common fabrication methods used to fabricate high quality thin di-
amond films from bulk SCD (grown via chemical vapour deposition), can be seen in
Fig. 8.1. These methods can be grouped into the following four main categories:

• (a) Selective etching of a sacrificial graphite layer, Fig. 8.1(a): A layer of graphite
at a depth of up to ∼ 5 µm (thickness ∼ 100 nm, both can be controlled via the
choice of the ions and their energy) is created by ion implantation of the SCD
above a critical damage threshold, and subsequent high temperature annealing.
The resulting graphite layer can then be etched away using a wet etching tech-
nique, releasing a µm-thin diamond membrane [5–7]. This membrane can subse-
quently be flipped and mounted on a carrier wafer for further handling. Note that
this carrier wafer again can be chosen from a material that offers the capability of
selective undercut (wet) etching. To increase the quality of the formed diamond
membrane, this process is sometimes combined with SCD overgrowth and back-
side etching of the thin diamond membrane to obtain highest quality thin film
SCD [8–10].

• (b) Thinning of diamond membrane, Fig. 8.1(b): A commercially sourced, pol-
ished, and microns-thin diamond membrane is thinned down to the target thick-
ness using reactive ion etching. This typically involves oxygen and argon-chlorine
based plasmas, see Ch. 5. After thinning, the membrane can be handled on a car-
rier wafer that can be undercut selectively (e.g. using a Si carrier wafer and a potas-
sium hydroxide (KOH) etch) [11–15]).

• (c) Angled diamond undercut etch, Fig. 8.1(c): Nanophtonic structures with tri-
angular device cross-section can be fabricated from bulk SCD using a patterned
mask (e.g. Si3N4 or a metallic layer) that features a high selectivity to either dia-
mond plasma etches or focused ion beams. Using either a Faraday cage that de-
flects the trajectory of impinging ions of a subsequent oxygen plasma [16–19] or an
angled ion etcher [20–22], the diamond nanobeam structure can then be etched at
an angle. This undercuts the nanobeam or waveguide from the substrate for parts
of the sample.

• (d) Quasi-isotropic diamond undercut etch, Fig. 8.1(d): Nanophotonic structures
with rectangular device cross-section can be fabricated in a way similar to the an-
gled diamond etching process discussed above, with the difference that the side-
walls of the structure resulting from the first anisotropic diamond etch [Fig. 8.1(d,1)]
are protected with an additional mask [Fig. 8.1(d,2)]. A subsequent zero bias volt-
age quasi-isotropic oxygen-based diamond reactive ion etch that has been shown
to feature crystal-plane dependant etch rates [23–28] then allows to undercut de-
vices with rectangular cross-sections when aligning the nanophotonic structures
along specific crystallographic directions (discussed in detail in Sec. 8.5 below).

In this work, we fabricate nanophotonic structures using the quasi isotropic dia-
mond undercut etch method [process (d)]. This process does not require sub-µm-thin
membrane transfer during which the diamond film is prone to breaking as in processes
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Figure 8.1: Overview of common fabrication methods used to create high quality, sub-µm-thin diamond mem-
branes as required for high cooperativity photonic crystal applications. (a) Selective etching of a sacrificial
amorphous carbon layer, introduced by ion implantation and annealing. (b) Inductively coupled plasma (ICP)
reactive ion etching (RIE) of a diamond membrane. (c) Angled ICP-RIE using a mask, to fabricate diamond
nanobeams with triangular cross-section. (d) Quasi-isotropic ICP-RIE using a mask and sidewall protection,
to fabricate diamond nanobeams with rectangular cross-section. See main text for a description of these meth-
ods.

(a) and (b), as it instead relies on fabricating on commercially available 500µm-thick dia-
mond substrates. Additionally, this avoids the extra costs associated with slicing and pol-
ishing diamonds into high-quality, thin membranes. While — to the best of our knowl-
edge — all fabrication methods achieve approximately the same quality factors of dia-
mond photonic crystal cavities at the resonant wavelength of color centers in diamond
(Q ∼ 104 [11, 22, 25, 29]), it is expected that scattering losses, induced by mixing TE-
and TM- like modes due to the inherently triangular device-cross section, will ultimately
limit quality factors of triangular devices (c) [18, 25, 30]. Furthermore, it has been shown
that for achieving high device yield, an angled plasma etcher is required for process flow
(c), as the Faraday cage technique suffers from non-uniform etch rates [22]. However,
such a machine is costly and not available in the cleanroom in Delft. Lastly, future large-
scale quantum networks will likely be based on hybrid photonic circuits at each node,
as detailed in Ch. 10; rectangular device cross-sections simplify efficient coupling and
bonding of diamond-based nanophotonic structures to such circuits (see Ch. 10). Thus,
the remains of this chapter will focus on the quasi-isotropic diamond undercut etch pro-
cess (d) to fabricate all-diamond nanophotonic structures.

8.3. PROCESS FLOW
We now proceed to give an overview of the developed process flow, as depicted in Fig. 8.2.
Here, we only give a brief discussion of the most important aspects of this process, and
refer the reader to the many recent review articles discussing diamond nanofabrication
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Figure 8.2: Process flow used to fabricate photonic crystal cavities and waveguides in diamond. See Tab. 8.1
for a detailed overview of the parameters of each step, as well as the main text for a discussion.

in more detail [31–33]. Crucially, all important fabrication flow parameters, etch rates
and selectivities can be found in Tab. 8.1. We also note that the two most important as-
pects of this process flow — the choice of hard mask, and the quasi-isotropic etching
of diamond along crystal planes that can be exploited to fabricate free-hanging struc-
tures — will be discussed after this more general overview in detail in Secs. 8.4 and 8.5,
respectively.

We start fabrication by plasma-enhanced chemical vapor deposition (PECVD) of a
Si3N4 layer (step 1) on a commercially available, polished diamond grown via chemical-
vapor-deposition (CVD) (Element Six, top surface [100]). We then spin coat a thin resist
layer on top of the Si3N4 layer (steps 2-4), in which we pattern the desired nanophotonic
structures using electron beam lithography (using a thin conducting polymer layer on
top of the resist to avoid charging effects that can distort the desired pattern, steps 5 and
6). After subsequent development (step 7), we transfer this pattern into the Si3N4 hard
mask using a fluoroform-based etch (step 8, described in detail Sec. 8.4 below). We then
remove the remaining resist using a combination of a photoresist stripper (to remove
most resist, step 9), and a subsequent aggressive Piranha wet clean that removes any
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remaining resist residues (step 10). This additional Piranha step has proven crucial to
obtain a high yield of devices, as we initially observed that resist residuals can lead to
uncontrolled breaking of small diamond flakes out of the top of nanobeams in the last
fabrication step.

Table 8.1
Step number and
name (see also
Fig. 8.2)

Parameters / Remarks

1. Si3N4 PECVD 8 h oxygen chamber clean before deposition, 10 min
chamber conditioning, deposition rate ∼ 12.5 nm / min
(thickness ∼ 200 nm), 20 sccm SiH4, 20 sccm NH3, 980
sccm N2, alternating cycles of 20 W LF (8 s), followed by
20 W RF (12 s), 650 mtorr, 300 °C, Oxford Plasmalab 80
Plus

2. Optional O2 ash To increase resist adhesion, 100 W, 200 sccm O2, 30 s, PVA
Tepla 300

3. Glue diamond to
Si carrier chip

Pipette drop of PMMA495A4 on Si carrier chip, spin coat
at 1000 rpm to distribute evenly, slide diamond in from
side using tweezers, bake 2 min at 120 °C

4. CSAR13 Spin AR-P6200.13, 4000 rpm ( ∼ 400 nm), bake 3 min at 150 °C
5. Elektra92 Spin AR-PC-5090, 4000 rpm ( ∼ 30 nm), bake 2 min at 90 °C
6. Exposure 350 µC / cm2, beam step size 2 nm, resolution 3 nm,

beam current 267 pA, aperture 200 µm, 100 keV, fractur-
ing mode ’curved follow geometry’ [34], Raith EPBG5200

7. Development 60 s de-ionized water (DI), to dissolve Elektra92, followed
by N2 dry blow; 60 s pentyl acetate, 5 s ortho-xylene, 60 s
IPA, N2 dry blow

8. Si3N4 etch 210 seconds, 500 W ICP, 50 W RF, 60 sccm CHF3, 6 sccm
O2, 1×10−7 bar, 20 °C, etch rates ∼ 100 nm / min CSAR13,
∼ 100 nm / min Si3N4, Adixen AMS 100 I-speeder

9. Resist removal PRS 3000T M , 10 minutes, 85 °C, diamond comes loose of
Si piece, rinse in DI water, then IPA & dry blow

10. Piranha clean 75 ml H2SO4, 25 ml H2O2, 80 °C, 10 minutes, rinse in DI
water, then dry blow

11. 1st diamond
etch

Anisotropic oxygen ICP-RIE, params see Ch.5, etch rates
∼ 8 (300) nm / min for Si3N4 (diamond), time varied (see
text), Oxford Plasmalab 100

12. Al2O3 atomic
layer deposition

220 cycles, 105 °C, 70 sccm N2, interleaved 15 ms pulses
with 11 s purge each after H2O and TMA pulse, ∼ 15 nm
in 220 cycles, Oxford Flexal

Table continued on next page
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Table 8.1 – continued from previous page
Step number and
name (see also
Fig. 8.2)

Parameters / Remarks

13. Al2O3 ICP-RIE
etch

45 sccm BCl3, 5 sccm Cl2, 10 W RF, 600 W ICP, 20 °C, 3
µbar, etch rate ∼ 29 (10) nm / min for Al2O3 (Si3N4), Ox-
ford Plasmalab 100

14. Optional 2nd

diamond etch
Anisotropic oxygen ICP-RIE, same params as step 12,
time varied (see text)

15. 3r d diamond
etch

Quasi-isotropic oxygen ICP-RIE, 0 W RF, 2500 W ICP, 15
µbar, 65 °C, 50 sccm O2, time varied (see text), Oxford
Plasmalab 100

16. Hydrofluoric
Acid Dip

40% Hydrofluoric Acid (HF), 10 minutes, DI water rinse,
N2 dry blow

Table 8.1: Overview of fabrication steps used to fabricate rectangular photonic crystal cavities in diamond. See
Fig. 8.2 for a visualization of this process flow.

Having defined the pattern in the hard mask, we next use a first anisotropic diamond
etch employing an oxygen-based chemistry to transfer this pattern into the diamond
(step 11). Here, we etch ∼ 3 times deeper than the intended height of the final structure,
to allow for precise thickness tuning via a slow upward diamond etch rate in step 15,
and to obtain a flat device bottom surface (see Sec. 8.5). We then uniformly coat the full
structure with a ∼ 15 nm thin layer of Al2O3 using an atomic layer deposition (ALD) pro-
cess (step 12). By anisotropically etching this layer using a boron-chlorine and chlorine
based chemistry (step 13) [35], only the vertical sidewalls of the diamond remain cov-
ered with the thin Al2O3 layer. Crucially, this layer serves as an excellent mask to protect
the sidewalls of the nanophotonic structures during a subsequent quasi-isotropic dia-
mond etch. This etch uses an oxygen-based chemistry without any forward (RF) power
to undercut the diamond structures (step 15, discussed in detail in Sec. 8.5 below), ex-
ploiting crystal-plane dependant etch rates. Additionally, by interleaving quasi-isotropic
diamond etching with scanning electron microscope (SEM) inspection steps, a contrast
difference between Al2O3 only and a combination of Al2O3 and diamond can be used to
thickness-tune devices (also discussed in Sec. 8.5). Prior to quasi-isotropic etching, we
optionally add a second anisotropic diamond etch that deepens the pattern in the dia-
mond. While we did not study the effect of this etch on the subsequent quasi-isotropic
underetch time in detail, we noticed a reduction in undercutting times when includ-
ing this additional anisotropic etch step (step 14), consistent with the observations in
Ref. [36]. However, the additional step can also lead to devices breaking, thus requiring
a careful tradeoff (discussed in detail in Sec. 8.7). As a final process step, a hydrofluoric
acid dip removes both the Si3N4 hard mask and the Al2O3 sidewall covering, uncover-
ing all-diamond, free-hanging nanophotonic structures. Importantly, we have observed
that these devices are sufficiently strong to allow for direct nitrogen dry-blowing of the
sample after a DI water rinse, avoiding more time consuming methods such as criti-
cal point drying that are typically used to overcome surface-tension induced structure
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Hard Diamond Mask
mask etch rate etch rate Resulting Used

material [nm/min] [nm/min] selectivity for Ref.

HSQ ∼ 200 ∼ 20 ∼ 10 Pil/PCC [18, 38]
Au ∼ 220 ∼ 26 ∼ 8 Pil [38]
Ti ∼ 200 ∼ 1 ∼ 200 Pil [39]
W ∼ 60 ∼ 6 ∼ 10 PCC [40]

SiO2 n. r. n. r. ∼ 40 TFHM [14]
Si3N4 ∼ 60 ∼ 1.5 ∼ 40 WGMR [23]
Si3N4 n. r. n. r. ∼ 30 PCC [25, 26]
Si3N4 ∼ 300 ∼ 8 ∼ 38 PCC Here

Table 8.2: Overview of materials used as a mask to transfer different
nanophotonic structures into diamond using an oxygen-dominated
plasma chemistry. Reported methods are in principle compatible
with the process flow presented in Fig. 8.2. Whispering gallery mode
resonators (WGMR), photonic crystal cavities (PCC), parabolic re-
flectors / nanopillars (Pil), and photonic crystal cavities fabricated
via a transferred hard mask fabrication method (THFM); n. r. not re-
ported. See text for discussion.

Figure 8.3: SEM image (85° tilt
angle) of a nominally 200 nm
wide line, transferred into a ∼
200 nm thick Si3N4 layer on a sil-
icon chip via an optimized CHF3
etch. This image corresponds to
after step 8 in Fig. 8.2 / Tab. 8.2.

breaking [37].

8.4. MASK CHOICE
There are three main requirements of the mask that transfers the designed nanopho-
tonic pattern into the diamond: a high selectivity to the diamond etch, easy and reliable
patterning of the mask with nm resolution, and easy removal of the mask once nanofab-
rication is finished. In particular, we seek a high selectivity to the diamond etch, for two
main reasons: First, a high selectivity limits mask erosion that could lead to unwanted
rounding / sidewall roughness of final nanostructures. Second, this requires only a thin
mask that typically leads to more uniform etch rates across small features (as a con-
sequence of a reduced aspect ratio compared to employing a thicker mask). We here
choose to decouple the mask writing and high etch selectivity to diamond requirements
by using a Si3N4 hard mask in addition to a resist layer in the process, a choice that we
will outline in this section.

Tab. 8.2 shows an overview of different mask materials that have been used to fab-
ricate nanophotonic structures (or, to the best of our knowledge, should be compati-
ble with such fabrication) in diamond using oxygen-based anisotropic diamond etch-
ing. This table only contains one mask that can be directly patterned (as it combines
the functions of etch mask and electron beam resist): Hydrogen silsesquioxane (HSQ,
chemical composition [HSiO3/2]n [41]). However, HSQ features a limited selectivity to
the diamond etching of ∼10, challenging handling due to low shelve life and bad ad-
hesion to the substrate. Additionally, it requires comparatively large electron doses to
clear, which increases exposure times and can cause unwanted charging effects [33, 42].
We therefore refrain from using it for this process. This leaves us with hard masks that
can not be directly patterned, thus requiring writing of an additional resist layer. After
transferring the written pattern into this ”hard mask", it then serves as a resistant mask
to the subsequent diamond etch.
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A reported choice of hard masks are metallic layers (e.g. Au, Ti, W), with reported se-
lectivities of up to ∼ 200 for the case of Ti [39]. However, the sidewall roughness of the
diamond structures in Ref. [39] is relatively high (which was not problematic for the side-
walls of atomic force microscope tips that were fabricated in this reference), preventing
us to use this material here. Additionally, metals have been suspected to be a source
of detrimental scattering loss that ultimately limits quality factors. While this is likely
not the main source of losses in first generation devices, it might ultimately limit device
quality factors. We therefore choose to use a non-metallic material for fabrication that
should allow us to overcome this potential limitation a priori. Another reported hard
mask material is SiO2 [14]. However, in Ref. [36], it was reported that depositing SiO2

on diamond leads to stress induced cracking of SiO2 layers, making them unsuitable for
fabrication.

Instead, we here use Si3N4 as a hard mask, with reported selectivities to an oxygen-
based diamond ICP-RIE etch of up to ∼ 40. This material has been used to fabricate dif-
ferent nanophotonic structures, including whispering gallery mode resonators [23] and
photonic crystal cavities [25, 26] in diamond. Furthermore, highly optimized etch proce-
dures to transfer the resist pattern into the diamond were readily available in our clean-
room, using a pseudo-Bosch ICP-RIE etch employing a fluoroform-based chemistry and
CSAR-6200.13 resist (see Tab. 8.1) [43]. A resulting optimized etch profile of 200 nm-wide
test lines, obtained by patterning and etching a layer of Si3N4 on a Si wafer, breaking the
resulting lines perpendicularly, and imaging them in a SEM under a 85° angle, can be
seen in Fig. 8.3 (see Ref. [34] for details of this method). It shows that the resulting Si3N4

etch profile is smooth, straight, and shows no significant widening. While the employed
CSAR-6200.13 resist [44] widens in this etch (see Ref. [45] for details), the Si3N4 sidewalls
feature the desired close-to-vertical profile. Additional ellipsometer measurements con-
firm an etch selectivity of this hard mask to a subsequent diamond etch of ∼ 38, in ac-
cordance with the values reported in literature [23, 25, 26]. We note that we initially used
C4F8/SF6 and CHF3/Ar based chemistries to etch the Si3N4, however the resulting lines
showed either significant widening (C4F8/SF6), or a much reduced selectivity (CHF3/Ar).
For details on these etch optimizations, please see Ref. [45].

8.5. (QUASI-) ISOTROPIC ICP-RIE ETCHING IN DIAMOND
Our process critically relies on the selective quasi-isotropic ICP-RIE etching of diamond
along crystal planes, as first demonstrated in Refs. [23, 24]. This process was inspired by
the single-crystal reactive etching and metallization (SCREAM) process [46], introduced
in the 1990s to selectively etch single-crystal silicon along crystal planes, and is a process
widely adopted in nanofabrication. The process relies on tuning the etching regime close
to the transition point between physical (etch process dominated by an ion’s kinetic en-
ergy) and chemical (etch process dominated by the chemical etching barrier) etching, as
demonstrated in Ref. [47]: By tuning the kinetic energy of the reactive ions (achieved via
changing the RF power applied to the plasma), it was shown that when lowering the oxy-
gen ions’ energy to below ∼ 60 eV (corresponding to applied RF voltages of below ∼ 40
W), crystallographic etching in diamond can be observed. As the applied bias is reduced,
the observable etch planes change, with the {111} family of lattice planes being revealed
for the case of zero applied bias as the etching is slowest along the <111> crystallographic
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Figure 8.4: SEM images of diamond nanobeams aligned along <110> (left figures) and <100> (right figures)
crystallographic directions, quasi-isotropically underetched using an oxygen-based ICP-RIE etch with no for-
ward power (see text). (Top, middle, bottom left, bottom right) images correspond to angles in the SEM of (0°,
25°, 75°, 45°), respectively. Number in the top right corner of each image indicates the total quasi-isotropic
underetch time. A balance between chemical and physical etching results in crystallographic direction depen-
dant etch rates (see text). This leads to underetching that starts evenly along the beam (<110> aligned beams)
or spreads sideways from the middle (<100> aligned beams). Note that the images in the bottom row, as well
as the top right image, have been obtained for reduced quasi-isotropic oxygen etch plasma pressure (going
from ∼100 µbar to ∼15 µbar), resulting in a larger relative contribution of physical etching, and thus deeper
trenches next to nanobeams / reduced etch times.
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directions. While the work employed in Ref. [47] uses a temperature of ∼ 10 °C, other
groups [23–25, 48] showed that a higher isotropic temperature of ∼ (200−250) °C results
in significantly reduced undercut times, as well as less deep etches into the diamond
(along the <100> direction), although a detailed characterization of this dependency has
not been reported in literature. Qualitatively, this effect can be understood by a higher
plasma temperature (or similarly a higher plasma pressure) increasing the relative rate of
chemical to physical etching. Currently, the oxygen-based chemistry ICP-RIE etcher at
our processing facility (Kavli Nanolab Delft, Oxford PlasmaLab 100) only supports etch
temperatures of up to 65 °C; we thus expect increased undercut etch times compared to
previous work focusing on the fabrication of quasi-isotropically etched photonic crystal
cavities in diamond [23–25, 48].

Fig. 8.4 shows SEM images of diamond nanobeams aligned along the <110> (left
side) and <100> (right side) crystallographic directions, after the quasi-isotropic under-
cut etch (see images for undercut times). It can be seen that etching is slowest along
the {111} family of lattice planes, and fastest along the [100] direction. Thus, by aligning
nanobeams along the <110> crystallographic directions, we can ensure that the whole
nanobeam is evenly undercut [see Fig. 8.4(left, middle)] before the diamond is etched
upwards slowly (allowing for thickness tuning discussed below). In contrast, for beams
aligned along the <100> crystallographic directions, the undercut starts from the mid-
dle of the beam and spreads sidewards, as the {111} families of planes get etched away
slowly [see Fig. 8.4(right, middle)]; this can result in an uneven thickness profile of un-
dercut structures.

For the photonic crystal nanobeams to work as intended in simulation, we rely on
a rectangular device cross-section, and precise nanobeam thickness, see Ch. 7. Fig. 8.5
shows the evolution of the nanobeam device cross-section and thickness throughout the
etch process. After 4 hours of isotropic etching, the {111} families of lattice planes are
visible at the device bottom of <110> oriented nanobeams [Fig. 8.5(a)], before an addi-
tional 2 hours of etching flattens the bottom surface [Fig. 8.5(b)]. An additional isotropic
oxygen etch (for a total of 16 hours in the case of Fig. 8.5(c), here shown for a <100> ori-
ented device) then slowly reduces the nanobeam’s thickness, starting from the bottom.
Crucially, a contrast difference between areas of diamond covered with Al2O3, and just
Al2O3 (where the diamond has already been etched away) allows to fine-tune the device
thickness (compare Figs. 8.5(c,d) which are SEM images of the same waveguide taper
before and after the hydrofluoric acid dip).

So far, challenges associated with the repeatability of the process flow (see also Sec. 8.7
below) have prevented us from quantifying the etch rates along different crystal planes,
and for different etching parameters. Apart from the observation of a quadratic depen-
dence of undercut and upwards etch rates on time [23], and the qualitative observa-
tion that higher plasma temperatures and pressures reduce the time needed to undercut
and thickness tune nanobeams [36], a concise study of the etch rates and their depen-
dence on plasma parameters for quasi-isotropic diamond etching remains elusive in lit-
erature, to the best of our knowledge. We expect that such a study could not only help
to quantify the process and thus find optimal parameter regimes, but also be of signifi-
cant value to determine whether the principle of fabricating free-hanging, all-diamond
nanostrucutres is conceivable for diamonds cut along different crystallographic direc-
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Figure 8.5: SEM images of quasi-isotropically etched diamond nanobeams oriented along <110> (a, b) and
<100> crystallographic directions (c,d), for quasi-isotropic plasma exposures of 4h (a), 6h (b), and 16h (c,d).
Images are taken before (c) and after (a,b,d) the hydrofluoric acid etch (final fabrication step 16 in Tab. 8.1, to
remove Si3N4 and Al2O3). The crystal-plane dependant etch rates first reveal the {111} planes (a), before the
slower etching along the [100] direction flattens and thins the nanobeam from the bottom upwards. A resulting
contrast in SEM images between areas of diamond covered with Al2O3, and just Al2O3 (where the diamond has
already been etched away) allows to fine-tune the device thickness, as visible in SEM images showing the same
waveguide edge before (c) and after (d) the hydrofluoric acid etch.

tions, as this could increase the electric field overlap of the cavity with the emitters (de-
pending on the color center in diamond emitter and transition, dipoles are either parallel
or perpendicular oriented w.r.t. <111> directions [49, 50]).

8.6. FABRICATED DEVICES AND THEIR QUALITY
Example SEM images of all-diamond photonic crystal nanobeams, oriented along <100>
and <110> crystallopgrahic directions, can be seen in Fig. 8.6. These beams are designed
to operate at ∼1550 nm, as a setup to extract the optical quality factors of cavities res-
onant with this wavelength is available in Delft, while a setup for ∼ 620 nm light is un-
der construction. The images show that devices can be fabricated in parallel fashion,
with the potential to fabricate hundreds of devices on a single chip. For the sample dis-
played in Figs. 8.6(b-d), the total quasi-isotropic etch time is 5 h, resulting in nanobeams
of thickness ∼ 420 nm (nanobeams along <100> crystallographic direction), and ∼ 710
nm (nanobeams along <110> crystallographic direction). As expected, the combina-
tion of etching along the {100} and {111} families of lattice planes leads to a faster etch-
ing for <100> oriented nanobeams (see Sec. 8.5). Here, the <110> oriented nanobeams
are thicker than what is expected from the first anisotropic diamond etch (∼ 675 nm).
This can explain the relatively rough bottom surface visible in Fig. 8.6(c), as the bottom
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Figure 8.6: SEM images of diamond nanobeams after all processing steps (after step 16 in Tab. 8.1), for beams
oriented along <100> (a, b, d), and <110> crystallographic directions, and extracted hole radius (e, f) and lattice
spacing (e, g). Images (a), (b, c, d), and (h, k) correspond to samples etched with total isotropic underetch
times of 4h, 5h, and 14h, respectively. (a,b,c) are recorded under 75° tilt angle and show that devices are fully
undercut, while (d) is a top-view image that demonstrates that the holes used to define the photonic crystal are
fully etched through, with the red dashed region showing the area used to automatically detect hole positions
and diameters (e, found circles overlaid in blue). (f) and (g) show target (orange) and measured (blue) hole
diameter, 2r , and lattice spacing, a, vs. position from the nanobeam center. Bright and light red dashed lines in
(f) correspond to the mean and standard deviation of the data, respectively. (h, k) photonic crystal nanobeam,
tapered waveguide terminated in a mirror (to be used to couple to the photonic crystal nanobeam with an
etched fiber, as discussed in Ch. 7), and a planar waveguide aligned along the <110> crystallographic direction,
after all fabrication (70° tilt angle).

surface has not flattened out fully yet for this <110> oriented beam, in contrast to the
structures aligned along the <100> direction [see Fig. 8.6(b)]. We attribute the macro-
scopic bottom roughness in Fig. 8.6(b) to uneven etching as a consequence from a non-
optimized clearing of the diamond surface that leads to the formation of pillars; this is
also visible in the background of Fig. 8.6(d). For further details on the surface roughness
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Original simulation <100> PCC <110> PCC
Width 690 nm ∼ 700 nm ∼ 700 nm

Hole diameter 338 nm ∼ 340 nm ∼ 340 nm
Thickness 568 nm ∼ 420 nm ∼ 720 nm

Lattice spacing 507 nm ∼ 522 nm ∼ 500 nm
Simulated Q ∼ 1×106 ∼ 5.3×105 ∼ 9×105

Simulated λc ∼ 1531 nm ∼ 1501 nm ∼ 1548 nm

Table 8.3: Overview of originally simulated photonic crystal cavity (PCC) parameters, and of measured PCC
parameters for PCC alignment along the <100> and <110> crystallographic directions. We simulate the optical
quality factor, Q, and cavity resonance wavelength λc corresponding to those values, assuming perfect hole
placement (see Ch. 7 for details).

of nanobeams, see Sec. 8.7 below.

Fig. 8.6(d) displays a top view SEM image of a <100> oriented device, showing that
the holes that modulate the effective refractive index of the diamond along the axis of
light propagation are fully opened. We use a image recognition script in Matlab© to an-
alyze SEM images regarding the width, lattice spacing, and hole diameter of the result-
ing structures [Fig. 8.6(e)], and to compare these values to the intended design parame-
ters. As expected, the relative lattice spacings in Fig. 8.6(g) resemble the intended values
within measurement errors. We thus here use the mean value of the nominal lattice
spacings to correct the SEM scalebar. The extracted hole diameters [Fig. 8.6(f)] feature a
significant tapering throughout the beam height [∼ 380 nm diameter on the top as mea-
sured from SEM images and ∼ (300/295) nm diameter on the bottom of the ∼ 420 nm
thick nanobeam in Fig. 8.6(d)] as extracted from SEM / software measurements. While
the software allows us to extract a standard deviation of ∼ 10 nm for the standard devia-
tion of the holes, we note that the current resolution of SEM images (limited by charging
of the non-conducting diamond during imaging) leads to measurement uncertainties
on a comparable length scale. While we have not yet simulated the effect of the hole
angling on the device quality, we expect it to be a non-negligible contribution reducing
the device quality factors, yet also note that this effect should be less critical for the in-
tended device thickness of ∼ 230 nm associated with a resonant wavelength of ∼ 620 nm
(see Ch. 7).

Tab. 8.3 shows an overview of original simulation values (i.e. values obtained when
maximizing structures for highest Purcell enhancement, as outlined in Ch. 7) and values
extracted from SEM images similar to the one in Fig. 8.6(d), as well as corresponding sim-
ulation results. Following this results table, we opted to measure 5 devices oriented along
the <100> crystallographic direction, by positioning tapered fibers [51] over the middle
of the nanobeams, and measuring a peak in reflected signal when a laser’s frequency
(Santec TSL-530, tuning range ∼ (1500-1630) nm) is scanned over the cavity resonance
(for which the enhanced intra-cavity lightfield can be collected back by the fiber with
low efficiency) [34]. This resulted in four devices with quality factors of around 1×103,
with wavelengths ranging from (1520 - 1540) nm, and one device with Q = 5.8+0.3

−0.2 ×103

at ∼ 1510 nm (compared to a simulation value of Q 5.3×105 at a wavelength of ∼ 1501
nm). While the lattice spacing for these devices was varied from 482 nm - 533 nm over 10
steps, we have not observed scaling of wavelengths with this design parameter, in con-
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trast to our expectations from Ch. 7. We attribute this discrepancy to a combination of
device bottom roughness, angled holes, and varying hole sizes. These effects will be the
subject of future investigation.

Fig. 8.6(h) shows an SEM image of all-diamond nanophotonic structures after all fab-
rication that features the full intended device design, discussed in Ch. 7. This design
consists of two photonic crystal nanobeams, each next to a tapered waveguide termi-
nated in a mirror, that allows for evanescent field coupling of light from the waveguide
to the nanophotonic cavities. Here, we used a simplified design, for which one photonic
crystal cavity was replaced by a simple rectangular waveguide. Next steps will focus on
testing the fiber-coupling efficiency to the waveguides and from the waveguides to the
cavities, and on measuring the quality factors of optimized photonic crystal nanobeams.

8.7. CURRENT CHALLENGES AND RESEARCH DIRECTIONS
Having discussed the current quality of fabricated photonic crystal cavities, we now
move on to highlight current challenges on the way to a reliable process yielding high-
quality nanophotonic structures.

8.7.1. BREAKING OF SIDEWALL PROTECTION
As introduced in Sec. 8.4, the Si3N4 hard mask serves to protect the nanophotonic struc-
tures from the top during the anisotropic and isotropic diamond etches. As discussed in
Sec. 8.5, this allows to pattern and release nanophotonic structures from the bulk dia-
mond material. A frequent breaking mechanism for nanobeams occurs at the interface
of Si3N4 and diamond, which are both supposed to be protected with Al2O3: when the
Si3N4 sidewall protection is etched through, the isotropic oxygen etch breaks into the
diamond from this interface, as can be seen in Fig. 8.7(a). Fig. 8.7(b) gives a hint to the
underlying mechanism: a large angling of the Si3N4 hard mask on top of the diamond
can be observed. Figs. 8.7(c,d) show images of nominally 200 nm wide etch test lines
of Si3N4 on a Si wafer after Piranha cleaning (c, step 10 in Tab. 8.1), and after a subse-
quent first anisotropic oxygen etch for 5 minutes (d, using the parameters of step 11 in
Tab. 8.1). While the resist pattern is transferred well into the Si3N4 hard mask (step 8 in
Tab. 8.1), the finite selectivity of the subsequent anisotropic oxygen etch leads to a mask
erosion and rounding of the corners, as well as a material re-deposition of a currently un-
known material1. For sufficiently long anisotropic diamond etches, the Si3N4 mask is (al-
most) completely etched away at the edges of the diamond. While the subsequent Al2O3

atomic layer deposition coats these surfaces, the subsequent Al2O3 etch (typically timed
to over-etch the Al2O3 by about 25 % to guarantee uniform clearing throughout the sam-
ple) then further thins this region, to the point where the hard mask is potentially broken
at the edges (especially when combined with an additional second anisotropic diamond
etch afterwards). While we have varied the plasma parameters during anisotropic oxy-

1Initial tests showed that this material could not be removed in a subsequent Piranha clean. Previous work
has shown that hard mask erosion can lead to unwanted particle re-deposition during anisotropic diamond
etching with oxygen [52, 53]; this is often overcome by continuously interleaving oxygen etching with short
bursts of an etch chemistry that can remove this redeposition (for which the mask is generally etched at a
comparable rate). Thus, such processes require careful balance, and we plan on investigating this in more
detail in future work.
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Figure 8.7: Breaking mechanism of nanobeams along the Si3N4 hard mask bottom, observed via SEM images
after various fabrication steps. (a,b) SEM images (75° tilt) after 5h of isotropic etching (corresponding to after
step 15 in Tab. 8.1), showing that the Al2O3 mask starts breaking from the diamond-Si3N4 interface (a), and that
the Si3N4 mask is severely angled (b). (c,d) SEM images of nominally 200 nm wide test etch lines in Si3N4 on a
Si wafer (cleaved after fabrication and inspected under a 85° tilt angle) after resist pattern transfer into the hard
mask and Piranha cleaning (c, corresponding to after step 10 in Tab. 8.1), and after 5 minutes of anisotropic
etching with oxygen (d, corresponding to after step 11 in Tab. 8.1). While the profile after pattern transfer and
Piranha cleaning is close to the desired shape (black arrow shows a width of ∼ 225 nm), subsequent oxygen
etching leads to rounding of the sidewalls, as well as material redeposition (red arrow ∼ 175 nm).

gen over a broad range [varying the ratio of ICP to RF power from our common 12:1
(see Tab. 8.1) via a ration of 10:1 [23] all the way down to 2:1 [25]], we have qualitatively
observed the same mask erosion behaviour for all these parameter variations.

One way to fabricate devices successfully is to shorten the anisotropic etching to one
step (step 11 in Tab. 8.1 that defines the initial nanobeam thickness), and completely
omit the second anisotropic etch step; this reduces the anisotropic etch times from ∼
(5-7) min to ∼ 2 min. While this increases the time needed to undercut structures (as
discussed in Sec. 8.5), we have observed that omitting the second anisotropic etch limits
mask erosion to the point where devices can be fabricated reliably. Additionally, the
Al2O3 can be reliably cleared (by over-etching the Al2O3), without exposing the top side
surfaces of nanobeams. A second method to limit mask erosion could be to optimize the
deposition of Si3N4 (using e.g. LPCVD instead of PECVD, changing the relative gas ratios,
or using rapid thermal annealing), as it has been shown that this can have a significant
influence on the composition of the resulting films [54, 55]. Finally, we expect that a
more systematic study of the dependence of the Si3N4 angling on anisotropic oxygen
etch parameters could enable to find a regime where the chemical etching of the Si3N4

can be further reduced while keeping a high selectivity to the diamond etch and creating
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Figure 8.8: Unintended feature masking. (a) SEM image (62° tilt angle ) after isotropic etching for a total of 12.5
h, performed in steps of 5 h and 7.5 h. Red arrow indicates a line of increased surface roughness coinciding
with the downwards etched depth after the first isotropic etch. (b) SEM image (62° tilt angle ) showing the
formation of an unknown material (indicated with a red arrow) after the 1st anisotropic oxygen etch. (c) SEM
image (45° tilt angle ) after isotropic etching for five hours. Red dashed area corresponds to an area SEMed
repeatedly before this isotropic etch.

smooth diamond surfaces [56, 57].

8.7.2. UNINTENDED FEATURE MASKING

For the fabrication process to proceed as intended and result in microscopically and
macroscopically smooth surfaces, it is important to avoid unwanted masking during
etching that can result in detrimental surface profiles. Fig. 8.8 shows an overview of un-
wanted masking observed during fabrication. Fig. 8.8(a) displays a sample after a total
of 12.5 h of isotropic etching, performed in two steps. As indicated with a red arrow, a
line of increased surface roughness is visible that coincides with the etched depth after
the first isotropic etch. Since the sidewalls are smooth above this line, this could indicate
that a thin layer that acts as a mask for subsequent etching formed after the 1st isotropic
etch had finished. This layer then opened in an uncontrolled fashion during the sub-
sequent isotropic etch, resulting in increased sidewall roughness. Another explanation
for this line could be that the ratio of physical to chemical etching is increased for some
time after taking the sample out of the etcher (potentially as a result of a temperature
lag leading to increasing chemical etch rates over time) - this would mean that the layer
could also be formed continuously during etching, but in case the chemical etch rate
is the main contributor to etching, this layer might be removed fast enough to not lead
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to nucleation. Fig. 8.8(b) shows an SEM image of the diamond after the 1st anisotropic
diamond etch, with a red arrow indicating some thin material deposition on the sur-
face. As there is no pillars of continuously varying height visible, this is likely formed
after the sample has been taken out of the etcher. Fig. 8.8(c) shows a SEM image of a
diamond sample after 5 h of isotropic etching, with a red dashed box indicating an area
which had been SEMed repeatedly before the isotropic etching. Importantly, this SEMed
area did not etch, indicating that a thin, unwanted layer had formed that was sufficiently
strong to act as a mask during the subsequent isotropic etch. This mask is likely formed
by electron-irradiation induced cross-linking of organic molecules in the SEM (”carbon
deposition"), as discussed in Ref. [58]. As our process crucially relies on SEM inspec-
tion in between isotropic etch steps to fine-tune device thicknesses (see Sec. 8.5), it will
be important to find a way of imaging samples without affecting subsequent process-
ing steps, as this deposition acts as a mask during subsequent etching and thus leads
to increased surface roughness, inconsistent etch rates, and sometimes even a stopping
of the upward etch altogether. All other groups that have reported on the fabrication
of all-diamond nanophotonic structures using the isotropic undercut etch process use
a high temperature etch process, and we have confirmed with them that they do not
observe this problem. This might indicate that the chemical etch rates in the low tem-
perature plasma regime are too low to clear such formed masking layers. Future research
will also focus on both ensuring low-temperature SEM sample inspection and reducing
beam currents and acceleration voltages even further, as it has been observed in Ref. [58]
that this can significantly reduce carbon deposition. Additionally, it has been shown that
overnight sample cleaning in methanol can remove most carbon deposition [58].

8.7.3. ROUGHNESS OF DEVICE SURFACES

For optimal performance of photonic crystal nanobeams, surface-roughness-induced
light scattering needs to be minimized (see also Ch. 5). Fig. 8.9 shows high resolution
SEM images of photonic crystal cavities and pillars. Fig. 8.9(a) depicts the bottom and
one sidewall of a nanobeam, originally aligned along the <110> crystallographic direc-
tion. After all fabrication (including a total isotropic etch time of 10 h and a subsequent
HF dip), the nanobeam was broken from the diamond frame, and flipped such that the
bottom surface is facing upwards. While the sidewalls show no visible surface roughness
(apart from slight, localized mask breaking, highlighted with a red circle and discussed
below), the bottom surface roughness is visibly increased, likely a result from not-yet
flattened out {111} planes [25]. Fig. 8.9(b) shows the bottom surface of a nanobeam from
the same diamond device after all fabrication, but aligned along the <100> crystallo-
graphic direction. As expected, the upward etching is faster for nanobeams aligned along
this direction (see Sec. 8.5), resulting in flatter device bottom surfaces. By prolonging the
upward etch time, we expect to be able to achieve even flatter bottom surfaces in the
future. Future work will additionally focus on obtaining a quantitative understanding of
the bottom surface roughness of nanophotonic devices and on the dependence of this
roughness on etch parameters, e.g. by using atomic force microscopy. Fig. 8.9(c) shows
an SEM image of the roughness of the top surface and sidewalls of a <110> oriented
nanobeam cavity, photonic crystal mirror, and waveguide, after all fabrication from the
same diamond device. No diamond degradation on top of the structures is visible.
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Figure 8.9: Sidewall, top and bottom roughness of photonic crystal nanobeams and pillars. SEM images (0° tilt)
of the bottom surface and sidewalls of nanobeams originally aligned along the <110> (a) and <100> (b) crys-
tallographic directions, and SEM image (62° tilt) of the top and sidewalls (c) of a nanobeam aligned along the
<110> crystallographic direction, after all fabrication (total isotropic etch time 10 h). Red circle in (a) highlights
an area for which the sidewall protecting mask has partially broken, leading to increased surface roughness. (d)
SEM image (45° tilt) of a pillar after 1st anisotropic oxygen etch. Red circle in (d) highlights an area for which
the diameter of the pillar changes. The distance of this region from the bottom of the Si3N4 mask roughly
corresponds to the distance of the red encircled area in (a) from the top of the nanobeam.

To understand the partial breaking mechanism of device sidewalls visible in Fig. 8.9(a),
Fig. 8.9(d) shows an SEM image of a nanophotonic pillar after the 1st anisotropic dia-
mond etch. A transition in sidewall profile, highlighted with a red circle, is visible. We
can exclude the possibility of this feature to be charging induced in the SEM as the shape
difference and line remain visible under different SEM parameters, in particular differ-
ent accelaration voltages and tilt angles. Importantly, the distance of this feature from
the bottom of the Si3N4 hard mask is approximately the same than for the features in
Fig. 8.9(a), indicating a potential link between these observations. As the diamond diam-
eter increases in the region highlighted in red, the Al2O3 hard mask is (partially) etched
away in this area during the anisotropic etch used to open the Al2O3 mask; this then
translates into sidewall breaking during the subsequent isotropic diamond etch. We ex-
pect that the transition angle observed in Fig. 8.9(d) can be further reduced in the future
by increasing the relative ratio of RF to ICP power during anisotropic oxygen diamond
etching, as discussed in Ref. [47].

8.8. SUMMARY AND OUTLOOK
In summary, we have reported on the fabrication and characterization of all-diamond
photonic crystal nanobeams in diamond with (100) top faces. Our process critically re-
lies on the (quasi-)isotropic dry etching of diamond. We observe different quasi-isotropic
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etch rates for nanobeams aligned along the the <100> and <110> crystallographic direc-
tions, in accordance with literature. Future research will focus on increasing the process
reliability and throughput by further increasing the chemical etch rates during isotropic
diamond etching, employing a new high temperature etcher. This might enable us to
overcome challenges related to the (inconsistently observed) formation of thin (poten-
tially carbon-based) layers in between isotropic etch steps which currently limit fabrica-
tion. Combined with further hard mask optimization to reduce isotropic etch times and
increase fabrication tolerances to etch rate fluctuations, this should allow for the fabri-
cation of high quality photonic crystal cavities with resonance wavelengths ∼ 620 nm.
Single-sided tapered single mode fibers will be fabricated to couple to tapered waveg-
uides with high efficiency. They will be used to observe tuning of photonic crystal res-
onance wavelengths with design parameters, a crucial step for matching the resonance
wavelengths of the cavities within ∼ 10 nm from their target value. We plan on using
gas tuning to fine-tune and overlap cavity resonances with the color frequency transi-
tions [11, 19, 59]. We will study the dependence of device sidewall roughness on etch
parameters, and note that it might be possible to further reduce the surface roughness
of fabricated structures by a high temperature treatment followed by a tri-acid clean post
fabrication; this mechanism relies on the formation and removal of graphite on the dia-
mond surfaces [60].

Looking forward, color centers will be embedded in the photonic crystal cavities.
Potential strategies include direct focused ion implantation [19, 28], or ion implanta-
tion through a photo-resist mask aligned with the nanophotonic structures [61], both
after fabrication of the cavities. A third method is to fabricate nanophotonic structures
around pre-localized emitters [26]. All techniques can achieve alignment accuracies of
the color center in the electric field maximum of the photonic crystal cavity ∼ 20 nm.
While the currently employed diamonds with (100) top face orientation feature non-
optimal overlap of the color center’s transition dipole with the cavity polarization, struc-
tures formed in diamond with (111) top face orientation can in principle reach unity
overlap. Thus, future research will focus on extending fabrication capabilities to form
photonic crystal cavities in such material [36].

In the longer run, we plan on integrating photonic crystal cavities in hybrid photonic
circuits, using a pick and place technique [28]. As discussed in Ch. 10, this method has
the potential to optimize the fabrication of components individually, and thus reach op-
timal device performance and yield. We expect the diamond micromanipulation tech-
niques developed in Ch. 9 to be of critical importance for these tasks.
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9
DIAMOND PLATELETS AS NEXT

GENERATION CAVITY DEVICES

Nitrogen-vacancy centers in diamond are promising node candidates for future quantum
networks, due to their excellent spin control with long coherence and the controlled access
to nearby carbon nuclear spin registers. A challenge associated with the NV center is its in-
effective spin-photon interface, which limits entanglement rates in current quantum net-
works based on this color center. Embedding a microns-thin diamond membrane contain-
ing optically coherent NV centers in an open micro-cavity can enhance the spin-photon
interface due to the Purcell effect, but it is challenging to incorporate diamond samples
in such cavities, and fabrication methods are limited. Here, we report on a fabrication
method that can potentially generate several tens of devices from one diamond membrane
and facilitate the embedding of the samples in open micro-cavities. This method combines
the fabrication of microns-sized, thin diamond platelets attached to the diamond mem-
brane frame with a break-and-place technique that breaks these devices out of the frame
in a controlled fashion and positions and bonds them on the flat cavity mirror. We ex-
pect this method to be of significance for scaling up cavity-enhanced NV-based quantum
networks.
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9.1. MOTIVATION AND REQUIREMENTS
For the experiments reported in Chs. 5 and 6, diamond samples containing optically co-
herent NV centers are fabricated by Van der Waals bonding polished ∼ 2 mm × 2 mm
× 50 µm diamond samples to a mirror patterned with gold markers and microwave
striplines [1]. These samples are then thinned down to a final thickness of ∼ 3 µm in
the middle of the diamond using an inductively coupled (ICP) reactive ion etch (RIE)
employing argon-chlorine and oxygen based chemistries [2], while using a quartz mask
to prevent exposing the mirror to the etchants. While this procedure works in princi-
ple, bonding large diamond membranes has proven hard in practice, as slight particle
contamination or wedged diamond surfaces can have a significant impact on bonding
quality, leading to a multitude of bonding attempts or preventing bonding altogether.

An alternative to using 2 mm × 2 mm diamond devices as a whole is to first fabricate
small diamond structures (< 50 µm side length) in them, and then bond these smaller
structures to a mirror with microwave striplines, in particular since the diamond surface
probed by the cavity light field is only ∼ 4 µm2 [3]. Provided one can maintain a high dia-
mond surface quality during this process, this should significantly simplify van der Waals
bonding, as one only has to bond smaller structures, and thus there is a higher chance
for a particle-free area. Additionally, this also facilitates bonding of wedged diamond
samples. The process developed in this chapter is inspired by the recent realization of all
diamond scanning probes containing NV centers [4–8], and has been successfully em-
ployed in the context of diamond-based open microcavities in Ref. [9]: The process in
Ref. [9] starts with a 4 mm × 2 mm × 50 µm diamond sample containing NV centers
formed by ion implantation and subsequent high temperature annealing. The sample
is thinned down to ∼ 1 µm for an area of 500 µm × 800 µm (using a quartz mask with
corresponding opening as described in Ch. 5), and then patterned into small "platelets"
(side length < 50 µm) using hydrogen silsesquioxane (HSQ) resist and oxygen etching.
Approximately 500 nm wide and microns long holding bars attach the platelets to the
bulk diamond material. The resulting platelets are then broken out with a needle at-
tached to a micromanipulator, fall onto a mirror lying below the diamond, and bond via
Van der Waals forces.

Apart from the ease of bonding, fabricating small diamond platelets has several other
advantages:

• As discussed in Ch. 5, we have observed an increase in transverse NV center strain
for thin membranes, potentially resulting from stress in the diamond material
caused by different thermal expansion coefficients for the diamond and mirror.
Stress in the diamond also causes birefringence, leading to a frequency splitting of
cavity modes with different polarization [10, 11]. However, for generating entan-
glement with a cavity in the weak coupling regime, it is necessary to suppress the
resonant optical pulse used to excite the NV center sufficiently from the collected
photons. This is typically realized by using cross-polarization detection schemes
and time filtering [3, 12]. For cavity polarization splittings much larger than the
cavity linewidth, however, the cavity only supports light of one polarization, pre-
venting such cross-polarization schemes. Thus, small diamond samples could be
necessary for future entanglement generation using NV centers in open microcav-
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ities, as stress that could be induced by thermal expansion coefficient mismatches
should be significantly reduced..

• Many diamond platelet devices can be fabricated from one starting device, thus
reducing the time overhead required for new samples.

• Due to the finite opening of the quartz mask used for thinning the diamond mem-
brane (leading to a position dependent diamond etch rate, see Ch. 5), platelet de-
vices of different thicknesses are fabricated during the fabrication process. This of-
fers a straightforward way of changing the mode character in the cavity: by break-
ing out samples of different thicknesses, and placing them next to each other on
the flat cavity mirror, one can sample different diamond thicknesses - and thus
mode characters - with minimal fiber movement (see Ch. 4).

In Ch. 5, we outlined that microns-thin diamond membranes with surface roughness
< 0.3 nm rq containing NV centers with narrow optical transitions (homogeneous optical
linewidth < 100 MHz) are suitable for cavity-enhanced entanglement generation based
on NV centers. For platelets to replace these samples, additional requirements should
be met:

• To minimize the likelihood of particles hindering bonding, the side length of dia-
mond platelets should be constrained to < 100 µm.

• Diamond platelets have to be sufficiently attached to the diamond frame to pre-
vent unwanted breaking, yet need to be removable with high yield using a con-
trolled breaking mechanism.

In this chapter, we describe a method of fabricating and manipulating diamond platelets
that can in principle meet these requirements.

9.2. FABRICATION OF DIAMOND PLATELET DEVICES
An overview of the process flow followed to fabricate diamond platelet devices can be
seen in Fig. 9.1, with a detailed description of all fabrication steps and parameters in
Tab. 9.1. We combine our techniques to fabricate µm-thin, etched diamond samples
containing narrow linewidth NV centers described in Ch. 5 (obtained via a combination
of electron irradiation, high temperature diamond annealing and diamond deep etch-
ing) with the diamond patterning techniques developed for photonic crystal fabrication
in Ch. 8 (relying on a high oxygen etch selectivity of Si3N4 to diamond). Since most fab-
rication steps have been described in these chapters, we here only give a brief overview
of the full fabrication process, mentioning the step number in Tab. 9.1 in brackets1.

As described in Ch. 5, fabrication begins with tri-acid cleaning (1) of a 2 × 2 × 0.5
(mm)3 electronic grade, [100] oriented and CVD grown type IIa diamond (Element Six).
Subsequent electron irradiation creates vacancies throughout the diamond (2), before a
high temperature annealing step recombines those vacancies with naturally occurring

1Note that the platelet devices in this work were fabricated with not yet optimal Si3N4 patterning parame-
ters, explaining the discrepancies with the parameters in Ch. 8. We expect to obtain even smoother platelet
sidewalls using these optimized parameters in the future.
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Figure 9.1: Overview of the process flow followed to fabricate diamond platelet devices. For details about these
fabrication steps and corresponding parameters, see table 9.1 and the text. Note that step (a) is optional.

nitrogen in the sample (3), forming NV centers. The diamond is then sent for slicing
into three slices of ∼ 50 µm each, and polished to a typical surface roughness of rq <
1 nm (Delaware Diamond Knives or Almax Easylab) (4). The diamond membranes are
cleaned in fuming nitric acid to remove any residual diamond surface contamination re-
maining from polishing (5), before they are mounted on a quartz wafer for a subsequent
etch (6) to remove the top ∼ 10 µm of the sample. This is necessary as the surface qual-
ity of the diamond membranes might be comprised after polishing due to formation of
sub-surface defects (which can cause pits due to micro-masking during etching [2]) and
extensive strain might be present (we have occasionally observed NV centers in the top
layers of as-received polished membranes with transverse strains > 500 GHz, in accor-
dance with previous observations [2, 13–15]).

To make sure the whole diamond surface stays flat as required for high quality spin
coating later in the process, we do not clamp parts of the diamond with a quartz mask
from the top as in Ch. 5. Instead, we fix it on a four inch quartz wafer with a drop of
PMMA495 resist on the back of the diamond, acting as a glue that can easily be removed
in acetone. Importantly, PMMA495 resist residues next to the diamond do not compro-
mise the surface quality of the diamond if it gets exposed to the plasma (i.e. we observe
no PMMA-induced micro-masking). We first pipette a tiny drop of PMMA495 in the mid-
dle of the quartz wafer, spread it out with tweezers, and place the diamond on the side.
We then push the diamond slowly from the side on the PMMA layer, while making sure
that the PMMA does not touch the top side of the diamond. We then place the wafer
with the diamond on a hotplate for 2 minutes at 120 °C to bake the resist. After a subse-
quent etch (6), the diamond is removed from the quartz wafer with acetone, and cleaned
in fuming nitric acid to remove all PMMA residue (7), before it is clamped on the quartz
wafer with a quartz mask with an opening for a subsequent first diamond deep etch
(Fig. 9.1(a), 8).
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Step Name Parameters / Remarks Step in
Fig. 9.1

1. Tri-Acid Clean See Ch.5
2. Electron Irradiation 2 MeV, dose 1 / 5 × 1012 e−/ cm2

3. Annealing See Ch.5
4. Slicing and Polishing See Ch.5
5. Fuming Nitric Acid Clean 10 min, HNO3 (99%)
6. Surface Cleaning Etch Diamond mounted with PMMA495 on

quartz carrier, no quartz mask on top, 30
min Ar/Cl2, 30 min O2, params see Ch.5

7. Fuming Nitric Acid Clean See Ch.5
8. Diamond Deep etch Diamond clamped with quartz mask (1.4

mm side opening, 300 µm thickness), 30
min Ar/Cl2, O2 for desired thickness (here
113 min), params see Ch.5

(a)

9. Si3N4 PECVD 200 nm, see Ch. 8
10. Spin Coating Diamond mounted on Si piece with

PMMA495, resist CSAR09, 2000 rpm
(thickness 280 nm), bake 3 min at 150°C

(b)

11. Gold Sputtering Thickness 4 nm, for conduction during
exposure

12. Exposure 400 µC / cm2, for other beam parameters
see Ch. 8

13. Development 30 s KI solution (4 g KI : 1 g I2 : 40 ml de-
ionized water (DI), to dissolve Gold), 2 ×
30 s DI, 90 s AR 600-546, 30 s AR600-60

14. Si3N4 Bosch etch 75 seconds, 1200 W ICP, RF2 50 RF, 40
sccm C4F8, 20 sccm SF6, 0.01 mbar, etch
rates ∼ 110 nm / min CSAR09, ∼ 200 nm /
min Si3N4

(c)

15. Resist removal AR600-72, 1 minute, diamond comes
loose of Si piece

16. Platelet Diamond Etch Diamond mounted with PMMA495 on
quartz carrier, 20 minutes 02, params see
Ch.5

(d)

17. Hydrofluoric Acid Dip 40% Hydrofluoric Acid (HF), 10 minutes (e)

18. Platelet Release Etch Diamond clamped with quartz mask, 15
min Ar/Cl2, O2 until platelets are released
(here 27 min), params see Ch.5

(f)

Table 9.1: Overview of fabrication steps used to fabricate diamond platelets. If not indicated otherwise, liquid
processing steps are followed by dip in acetone and isopropanol, with subsequent dry-blowing with a nitrogen
gun. We note that the platelets in this chapter were fabricated before optimization of the all-diamond photonic
crystal fabrication process. We expect even smoother platelet sidewalls by replacing steps 10 through 15 with
fabrication steps 2 through 10 in Tab. 8.1 of Ch. 8.
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Figure 9.2: Overview of the fabricated diamond platelet device. Two black diamond squares resulting from
micromasking at the edges of the quartz top mask during the two diamond deep etches are visible (see Ch. 5).
Orange, red, purple and yellow solid lines indicate the areas which are depicted in Figs. 9.3 (a - d), while the
green solid line highlights the region displayed in Figs. 9.5 (a - d).

As in Ch. 8, we then deposit a 200 nm thick layer of Si3N4 on the diamond via plasma-
enhanced chemical vapour deposition (PECVD, 9), and mount the diamond on a silicon
piece using PMMA495 (as described above). We then spin coat the sample with CSAR09
to form a uniform resist layer with a nominal thickness of 280 nm (Fig. 9.1(b), 10), and
evaporate a 4 nm thin layer of gold (11) that serves to suppress charging effects during
the subsequent electron beam lithography exposure step (12). After exposure, the gold
is removed and the resist developed (13), before a Bosch etch process transfers the re-
sist pattern into the Si3N4 etch mask (Fig. 9.1(c), 14). We then remove the resist (15),
at which point the diamond comes loose from the silicon piece serving as a carrier, so
we re-mount the diamond on the quartz carrier wafer with PMMA495 (see above). We
transfer the Si3N4 pattern into the diamond (etch selectivity Si3N4 : Diamond ∼ 30 : 1)
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Figure 9.3: Optical and Scanning Electron Microscope (SEM) images of fabricated diamond platelets, still at-
tached to the diamond frame, after all fabrication steps. Colors of the frames around images correspond to
the colors in Fig. 9.2. (a) Optical microscopy image, showing regions for which platelets have been broken
out (red shading), regions which contain platelets that are only held to the diamond via the holding bar (yel-
low shading), and regions which contain platelets which have not been fully released from the substrate (blue
shading) due to a non-uniform height profile resulting from the diamond deep etch (see text). (b) SEM im-
age of a platelet in a region where the deep etch has not reached the trenches (tilt 30 degrees). Pillars in the
trenches resulting from local micromasking are visible. A cyan zoom in shows surface roughness of platelet
sidewalls, with different highlighted regions resulting from gradual pattern transfer from the Si3N4 into the
diamond during anisotropic platelet oxygen etch (green), and micromasking due to resist residuals after de-
velopment and mask erosion (orange shaded lines). (c) SEM image of a fully released platelet (tilt 0 degrees).
Some particles introduced by improper sample drying after wet processing are visible. (d) SEM image of a
platelet that is partially released (tilt 30 degrees), showing fallen over pillars, and a thin remaining diamond
layer in parts of the trenches (red shading).
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with an anisotropic oxygen etch (Fig. 9.1(d), 16), and subsequently remove the remain-
ing Si3N4 by dipping the sample in hydrofluoric acid (Fig. 9.1(e), 17), before we place the
sample on a quartz carrier wafer for a second deep etch (clamping the diamond with a
quartz mask from the top). This final step etches through the patterned trenches from
the backside, and releases the platelets, which are at this point only attached to the dia-
mond frame by small holding bars (Fig. 9.1(f), 18).

9.3. CHARACTERIZATION AND BONDING OF DIAMOND PLATELET

DEVICES
Having fabricated diamond platelet devices, we now move on to their characterization,
to see if the resulting structures fulfill the requirements defined in Sec. 9.1.

9.3.1. PLATELET CHARACTERIZATION

An optical microscope image of a final diamond device can be seen in Fig. 9.2. The num-
bers above each platelet indicate the written holding bar width in 10−7 m, while the num-
bers to the left of a platelet row indicate side length in µm (all plates have a square base
shape); we vary these parameters to find a regime for which platelets are strongly at-
tached to the support frame yet easy to break out with a micromanipulator, and can be
successfully bonded to a mirror. As discussed in Ch. 5, the quartz etch mask lying on top
of the diamond during deep etches leads to a position dependent etch rate on the dia-
mond, as its finite thickness limits the plasma ion angles that contribute to the etch. As a
result, the final device contains platelets of different thicknesses. For this particular sam-
ple an overestimation of the diamond thickness before the final etch lead to parts of the
diamond being etched away during the platelet release etch, as evident by an elliptical
hole in Fig. 9.2.

To gain a better understanding of the quality and directions for improvement of the
fabricated platelet devices, we take optical and scanning electron microscope (SEM) im-
ages of platelets, as shown in Fig. 9.3. Fig. 9.3(a) shows three different platelet areas:
shaded in red is a region for which fabricated platelets have been broken out with a mi-
cromanipulator, shaded in yellow is a region for which the platelet trenches have been
fully opened during the platelet release diamond etch (resulting in the intended devices
only attached to the support frame by the holding bars), and shaded in blue is a region
for which the trenches have not yet been fully opened up. An asymmetric design with a
cut corner is also visible. Together with the holding bar, this serves as a means to identify
which side of the diamond one is looking at after a platelet has been broken out.

Figs. 9.3 (b), (c), and (d) show SEM images of platelets that are not released, fully
released, and partially released, respectively. Pillars in the platelet trenches, created by
local micro-masking of the diamond due to remaining Si3N4 particles during the platelet
defining oxygen etch are visible. While the top sides of the diamond are smooth, the in-
set of Fig. 9.3(b) shows that this is not the case for the sidewalls; as mentioned above,the
devices were fabricated when the photonic crystal process flow was still at an early stage
of development. A non-optimal parameter regime of the Si3N4 etch resulted in relatively
large horizontal etch rates. This causes an opening angle of the Si3N4, which transfers
into the diamond during the following oxygen etch (stretched by the selectivity of Si3N4
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Figure 9.4: Atomic force microscope (AFM) images of a typical diamond membrane after a deep etch using
argon-chlorine- and oxygen-based chemistries (a), and for a platelet sample lying on top of the mirror with the
deep etched side (b) and pattern etched side (c) facing away from the mirror, after all fabrication. Red numbers
indicate height of particles in accompanying circles. Images show quadratic area with side length of 3 µm.

: Diamond), explaining the green shaded area in the inset of Fig. 9.3(b). The orange
shaded lines are a consequence of resist sidewall roughness after development (due to
non-optimized etch parameters used during the Si3N4 etch [16, 17]), mask erosion lead-
ing to re-deposition, and resist residuals after development2. Ultimately, rough sidewalls
should not impede bonding, and we expect that they only minimally contribute to the
degradation of optical properties of NV centers when these are sufficiently far away from
sidewalls (& µms).

To reduce unwanted scattering losses in the cavity, embedded diamond platelets
need to be sufficiently smooth3. Fig. 9.4 shows atomic force microscope (AFM) images
of a typical diamond membrane sample after the deep etch (Fig. 9.4(a)), and of diamond
platelets broken out of the diamond frame and facing the mirror with the side originally
patterned with a Si3N4 mask (Fig. 9.4(b)), and with the deep etched side (Fig. 9.4(c)), af-
ter all fabrication. While the diamond membrane shows a low surface roughness, this is
not the case for the platelet sample. The bigger particles on the side originally covered
with Si3N4 (Fig. 9.4(c), compared to the deep etched side, Fig. 9.4(b)) indicate that not
all masking material has been successfully removed during wet etching, and / or that
some dirt from contact with the carrier wafer employed during the subsequent deep
etch has been picked up. Fig. 9.4(b) shows that the deep etched side is also covered in
many, smaller particles4. Future research will focus on investigating the sources of this
particle contamination, which might be associated with diamond debris resulting from
non-clean breaking (see section below), and insufficient removal of the Si3N4 mask. Im-

2This is likely due to the fact that we did not employ a Piranha clean to remove all CSAR09 resist residues, a
step that has proven to be crucial for photonic crystal fabrication, see Ch. 8. Importantly, however, for the op-
timized CSAR09 resist and Si3N4 etch parameters reported in Ch. 8, we expect these effects to be significantly
reduced.

3 <∼ 0.3 nm rq roughness for the cavity parameters considered in Chs. 5 and 6.
4As the particles on both platelet sides are not accompanied by holes (as observed for masking during etching

in Ch. 5), we conclude that all particles visible are either introduced during wet processing or dry handling
steps, after any etching.
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Figure 9.5: Breaking out of diamond platelets and their deterministic positioning on a patterned mirror. A
microns-thin needle mounted on a piezo-controlled micromanipulator is used to break out diamond platelets
that fall on a mirror lying below the diamond frame. Engagement of the needle with a platelet (a), initial (b) and
final (c) flex of the platelet, just before breaking out (d). A broken out platelet that has landed on the mirror (e)
is positioned next to a microwave stripline and marker (f) with the same manipulator. The mirror is patterned
via an etching, gold deposition and liftoff procedure [1].

portantly, while the measured surface roughness of the fabricated and bonded diamond
platelets is significantly above the desired value [rq = (1.2 / 10.9) nm compared to a tar-
get value of rq < 0.3 nm], the AFM measurements also show that the diamond surfaces
are sufficiently smooth if the particles can be efficiently cleaned (i.e. no micromaksing
leading to hole formation in surfaces during etches can be observed).

9.3.2. CONTROLLED BREAKING, MICROMANIPULATION, AND BONDING

To bond diamond platelet samples to a mirror patterned with markers and striplines [1],
we place the full diamond structure containing platelets on the mirror (platelets facing
away from the mirror), and use a microns-radius tungsten needle (American Probes and
Technologies) mounted on a piezo-controlled micromanipulator (Imina Technologies)
to break out individual platelets. Figs. 9.5(a - d) show optical microscope images of the
process of breaking out a platelet with a nominal edge length of 40 µm, and a designed
holding bar width of 1.6 µm. The platelet can be tilted almost 90 degrees (Fig. 9.5(c))
before it breaks out of the large support structure (Fig. 9.5(d)).

The platelet then falls down to the mirror surface ∼ 50µm below (Fig. 9.5(e)), and can
be moved with a micromanipulator to its final position close to a microwave stripline
(Fig. 9.5(f)) to enable efficient microwave driving of NV spin states. We currently do not
have a method to judge whether a platelet is bonded at this stage, as we do not observe
a bending of the micromanipualator needle when trying to push a platelet device that
is bonded to the mirror, as reported in Ref. [18]. This is most likely due to the fact that
the needle in our setup has a ∼ 3 times larger diameter compared to the needles used
in Ref. [18], making them too stiff to bend for the Van der Waals forces present in the
system.
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9.4. OUTLOOK
We have reported on the fabrication, controlled breaking and bonding of diamond platelet
samples for operation in open micro-cavities. Current research is focusing on develop-
ing methods for further cleaning the diamond samples after fabrication, and on forming
a cavity around a mirror with bonded platelets. Embedding the platelets in a cavity will
allow to both confirm that the platelets are sufficiently bonded to the mirror (to both be
not moved by potential electrostatic forces from the fiber and guarantee an electric-field
node at the diamond-mirror interface to reduce unwanted cavity losses), and that the
diamond-air interface is sufficiently smooth to avoid unwanted scattering losses. Fur-
thermore, photoluminescence excitation scans will be performed, to confirm that em-
bedded NV centers feature sufficient optical line stability. The thickness profile of this
particular sample might enable a study of the optical coherence of NV centers formed
via electron irradiation in sub-microns thin membranes, a regime unaccessible in our
previous study (see Ch. 5). This could shed light on the mechanisms behind the optical
line broadening of NV centers in sub-microns thin structures. Moreover, terminating the
diamond oxygen etching with reduced etch rates has recently been linked with improved
optical properties of near-surface NV centers, a method that we will investigate in future
research [19]. Lastly, we expect that the experience gained in micormanipualting dia-
mond platelets will be of help for the integration of all-diamond nanophotonic cavities
(see Ch. 8) into hybrid integrated photonic circuits (see Ch. 10). Overall, we expect di-
amond platelet devices to be the building blocks for future cavity-enhanced quantum
networks based on NV centers.
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10
CONCLUSIONS AND OUTLOOK

This thesis focused on enhancing the spin-photon interface of color centers in diamond,
making use of the Purcell effect. The research discussed can be loosely divided into two
main directions. First, we presented theoretical and experimental progress towards cavity-
enhanced quantum networks based on NV centers. We devised a method to create optically-
coherent NV centers in a microns-thin diamond membrane, and used it to demonstrate
resonant excitation and collection of coherent, Purcell-enhanced NV emission in a fiber-
based micro-cavity. Second, we developed advanced nanofabrication capabilities that
can be used to create all-diamond waveguides and photonic crystal cavities with embed-
ded group-IV color centers, allowing for high emitter-waveguide or emitter-cavity cou-
pling, potentially enabling near-deterministic spin-photon gates. In this final chapter, we
present future research avenues towards realizing large-scale entanglement-based quan-
tum networks employing color centers in diamond.

Parts of this chapter have been published in Journal of Applied Physics 130, 070901 (2021) [1]. These sections
are denoted with an asterix in the caption.
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10.1. SUMMARY
This thesis describes theoretical and experimental progress towards cavity-enhanced
quantum network nodes in diamond, focusing in particular on enhancing the spin-photon
interface of embedded color centers. The results obtained can be summarized as fol-
lows:

• Chapter 4 develops analytical methods to describe and improve the design of open,
tuneable Fabry-Perot micro-cavities containing a microns-thin diamond slab. Our
model suggests that reducing cavity length fluctuations, operating cavities with
maximal electric-field localization in the diamond (“diamond-like" mode), and
minimizing the air gap length of cavities have the biggest near-term optimization
potential.

• Chapter 5 describes a method to fabricate microns-thin diamond membranes that
can be embedded in open cavities with high finesse. We optimize an etching se-
quence that allows us to remove tens of microns of diamond without degrading
the surface of diamond membranes, and show that we can preserve the optical
coherence of NV centers formed via electron irradiation in such structures.

• In Chapter 6, we couple optically coherent NV centers to a fiber-based cavity, and
extract the resulting Purcell enhancement. We demonstrate resonant excitation
and detection of coherent, cavity-enhanced NV center emission, as required for
entanglement generation. A detailed theoretical model in excellent agreement
with our results shows that such a cavity-based system can improve entanglement
rates between distant NV centers by two orders of magnitude using near-term im-
provements to the setup.

• In Chapter 7, we outline a procedure for the optimization of photonic crystal cav-
ities for highest Purcell enhancement of embedded color centers, including the
effects of real-world fabrication imperfections. We also devise a method to effi-
ciently interface these devices using tapered optical fibers.

• In Chapter 8, we develop a method to fabricate all-diamond photonic crystal cav-
ities and waveguides, using a (quasi-) isotropic dry etching technique. We char-
acterize the resulting structures, and outline a path towards a further improved
process.

• Chapter 9 describes a technique to fabricate microns-sized diamond plates that
can serve as next generation open micro-cavity samples. We break these devices
out of a diamond frame in a controlled way using a piezo-controlled micromanip-
ulator, and position them on a mirror with microns-scale accuracy.

In the following sections, we discuss possible improvements and challenges on the
path towards a large-scale entanglement-based quantum network based on color cen-
ters in diamond.
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10.2. ENHANCING THE SPIN-PHOTON INTERFACE
Apart from the current challenges and future research directions for enhancing the spin-
photon interface of color centers in diamond as discussed in the respective chapters of
this thesis, we here shed light on some further directions that could be investigated.

10.2.1. NV CENTERS

UNDERSTANDING SURFACE NOISE EFFECTS*
Due to their permanent electric dipole moment, NV centers experience large spectral
shifts on short timescales caused by charge fluctuations in the environment when close
to surfaces (∼ microns) [2]. As a result, despite reported Purcell factors of up to 70 in
small mode-volume photonic crystal cavities [3], the regime of Ccoh ≥ 1 has remained
out of reach. We note that the origins of the surface noise are still a subject of active
research, and that recent experiments geared at understanding the effect and origins
of surface noise on the NV center spin [4], and the local electrostatic environment of
NV centers [5] show promise towards understanding the causes of surface charge noise.
Combined with proposals for active optical driving to reduce spectral diffusion effects [6],
this could revive the field of NV centers in nanophotonic structures in the future.

OPTIMAL POSITIONING OF NVS IN OPEN CAVITIES*
Another active area of research is to create shallow, stable NV centers [7–9] at controlled
locations; both the electron irradiation technique employed in Ref. [10], as well as re-
cently introduced laser-writing techniques [11] can form optically coherent NV centers,
but rely on native nitrogen in the sample to recombine with introduced lattice vacancies
and thus miss precise control of the site of NV center formation. However, for maximal
Purcell enhancement, NV centers should be positioned at an antinode of the cavity field.
While such precision can be achieved using ion implantation, recent research has shown
that NV centers created via this technique suffer from increased optical linewidths com-
pared to NV centers formed during growth [12], even after extended high temperature
treatments to restore the diamond lattice [13].

TOWARDS A CAVITY-ENHANCED COHERENT SPIN-PHOTON INTERFACE

As outlined in Ch. 6, there is a near-term path from the current Ccoh ∼ 0.1 towards Ccoh ∼
1 and coherent photon collection efficiencies ∼ 10% using near-term improvements to
the system. In particular, recent results suggest that it should be possible to reach the re-
quired pm-scale cavity length fluctuations even in closed-cycle cryostats [14, 15], which
would remove the need for a liquid helium infrastructure at each quantum network
node. For our current cavity system, a proof-of-principle test showed that we can reduce
the overall cumulative vibrations of the system at T ∼ 4 K by about one third when us-
ing a real time controller (Dspace systems) that feeds back on the cavity length via a high
bandwidth piezo [16], using the cavity transmission signal measured at the point of max-
imal slope. A new cavity system, centered around a custom cryostat design that com-
bines a coldhead mounted off the optical table and a built-in vibration isolator is cur-
rently being installed (Montana Instruments). Initial measurements suggest a one-to-
two order of magnitude improved vibration performance of the system can be achieved.
Combining this system with active length stabilization via the Pound-Drever-Hall method
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[16, 17] and photothermal feedback [14, 18] could allow for pm-scale vibration levels in
the near-term future.

While it will remain challenging to achieve coherent cooperativites À 1 (and thereby
enter the near-deterministic spin-photon interface regime [19]), the open cavity ap-
proach is projected to speed up current emission-based entanglement generation by
∼ 2 orders of magnitude [10]. This could allow for continuous deterministic entangle-
ment generation (generating high fidelity entanglement faster than it is lost), and en-
able experiments such as the formation of a quantum repeater surpassing direct trans-
mission [20], and device-independent quantum key distribution [21] using NV centers.
Additionally, in case two NV centers can be coupled to the same cavity and brought
close to resonance, collective eigenstates of the two NV centers could be probed, which
could allow entanglement of two NV centers in one cavity [22]. Since the collection of
phonon sideband light that is typically used for optical NV state readout is projected to
be about one order of magnitude lower than for current solid immersion based sam-
ples [23], it will likely be necessary to implement pulsed resonant readout schemes that
make use of zero-phonon-line photon emission. To route entanglement between local
spin-state readout and distant entanglement generation, fast, low-loss optical switches
might be required [24]. Alternatively, if the cooperativity of the emitter-cavity system can
be made sufficiently high, the NV state could be read out by spin-state-dependant cavity
reflection- or transmission-based schemes [25, 26].

10.2.2. GROUP-IV COLOR CENTERS*
TUNING OF EMITTER FREQUENCIES

A key requirement for many remote entanglement generation schemes is the ability to
tune two group-IV color centers located on separate chips to a common resonance fre-
quency. So far, tuning the emission frequency of group-IV emitters has been demon-
strated using strain [27–31], electric fields [32, 33], and Raman-type [25, 34] schemes
(although the latter is only compatible with emission-based entanglement generation
schemes), but only for single emitters, or several emitters in one structure. The first two
tuning techniques deform the orbitals of the group-IV color centers, and thus the color’s
inversion symmetry is broken, leading to an observed increase in transition linewidths
and spectral diffusion under applied external strain / electric field (potentially due to
an increase in sensitivity to charge noise in the environment). We note that recent ex-
periments indicate a larger tuning range of transitions for strain tuning (as compared to
electric field tuning) for the same induced line broadening [31–33].

INCREASING THE STABILITY OF OPTICAL TRANSITIONS

While close-to-lifetime limited linewidths of group-IV color centers in nanophotonic
structures have been observed, experiments still routinely show spectral shifts and charge
instabilities, leading to broadening ∼ several lifetime-limited linewidths [22, 26, 31, 35],
as well as large local strain fields. While dynamic strain tuning can be used to suppress
slow spectral diffusion (seconds timescale) [30], it is challenging to improve the homo-
geneous linewidth (sub-microsecond timescale) that enters the coherent cooperativity
using this approach. Typically, emitters are created by high-energy implantation, fol-
lowed by a high temperature annealing step to form group-IV vacancy centers and to
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reduce the effects of lattice damage from the implantation process [36–38]. However,
there is evidence that even such high temperature treatments can not fully recover the
original diamond lattice [12]. A recently developed promising method to overcome this
limitation employs low energy shallow ion implantation, combined with overgrowth of
diamond material [39]. Another strategy could be to combine low-density ion implan-
tation with electron irradiation, to reduce the amount of damage created in the lattice
via the (heavy) ion implantation [40]. Combined with controlled engineering of the di-
amond Fermi level [41–44], these techniques could increase the quality and stability of
group-IV color center optical transitions [22, 26, 31, 35, 45, 46].

IMPROVING FABRICATION METHODS

Another area of active development involves the design and fabrication of the nanopho-
tonic structures. Currently, all listed fabrication methods routinely achieve photonic
crystal cavity quality factors ∼ 104, about two orders of magnitude lower than simulated
values [47]. These deviations are caused by a combination of surface roughness [26],
non-uniform hole sizes [48], and deviations from the expected device cross-section [49];
we expect that an order-of-magnitude improvement in device quality factors is within
reach upon further optimization. Furthermore, although photonic crystal nanocavities
can be designed and fabricated to resonate at the ZPL frequency, they are especially sen-
sitive to process variations, leading to a resonance wavelength spread of ∼ 5 nm across
devices [47]. Nonetheless, this spread in frequency may be overcome by cavity tuning
methods [3, 25, 50], which are in any case needed for the precise overlapping of the ZPL
and cavity frequency.

As nanofabrication methods are constantly refined, it is also likely that current meth-
ods of optimally aligning color centers within nanophotonic structures (to guarantee
maximal overlap between the optical mode and the dipole emitter) can be further im-
proved. Towards this end, various methods have already been demonstrated, includ-
ing the targeted fabrication around pre-located centers [51], or ion implantation into
devices using either masks [26] or focused implantation [25, 31]. Compared to the SiV
center for which Ccoh ∼ 100 has been demonstrated, GeV and SnV centers have intrinsi-
cally higher radiative efficiencies and thus potentially higher cooperativities, which may
increase cavity-QED-based protocol fidelities.

INTEGRATION IN OPEN MICRO-CAVITY SYSTEMS

We note that group-IV color centers in diamond are also suitable for integration into
tuneable, open micro-cavities, as recently demonstrated for GeV [52] and SiV [53, 54]
centers at room temperature. It should be possible to achieve Ccoh À 1 for these sys-
tems, potentially providing a viable alternative to the more fabrication-intensive nanos-
tructures.

10.3. ENHANCING THE MEMORY QUBITS*
We now discuss the state of the art and future research directions regarding the memory
qubits of color centers in diamond.
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Figure 10.1: State-of-the-art research for increasing memory qubit numbers and control for color cen-
ters in diamond. (a) Schematic overview of a local 10-qubit quantum register in diamond, formed from
a nitrogen-vacancy center (purple), a native 14N nuclear spin, and 8 surrounding 13C nuclear spins. (b)
Connection map of the spin register in (a), demonstrating entanglement generation between all pairs of
qubits in the register. Figure adapted with permission from Ref. [57], in accordance with creativecom-
mons.org/licenses/by/4.0/legalcode.

STATE OF THE ART OF MEMORY QUBIT CONTROL

The most common isotope of carbon is 12C. However, the 13C isotope with natural abun-
dance of about 1.1% carries a nuclear spin of 1/2. In the past decade, techniques have
been developed (mostly on NV-based systems) to control these nuclear spins via the
position-dependent hyperfine coupling. Universal nuclear spin control using electron
decoupling sequences that are on resonance with a single 13C spin has been demon-
strated [55]. This has enabled the demonstration of coherence times above 10 sec-
onds, and electron-nuclear gate fidelities ∼ 98% for individual 13C spins in NV-based
systems [56, 57]. Additionally, up to one memory qubit per communication node has
been used in an NV-based quantum network setting to date [56, 58]. For the case of
SiV centers (and group-IV color centers in general), on the other hand, the spin-half na-
ture of the system leads to a vanishing first-order sensitivity of decoupling sequences
to individual 13C hyperfine parameters, thus requiring long decoupling times (and / or
potentially off-axis magnetic fields that are at odds with a high spin cyclicity of optical
transitions) to isolate out single nuclear spins. So far, electron-nuclear gate fidelities
have been limited to ∼ 59% for SiV centers [59]; 13C nuclear spins close to group-IV color
centers have not yet been used in quantum networks experiments.

EXTENDING MEMORY QUBIT NUMBERS AND CONTROL

A first area of research is thus to extend the number of available nuclear spin qubits per
network node, as well as their control speeds and fidelities. Recently developed gate
schemes based on interleaving radiofrequency (RF) driving of 13C nuclear spins (to con-
trol previously unaddressable qubits) with dynamical decoupling pulses (to decouple
from the spin bath) have allowed the creation of a local quantum register of an NV com-
munication qubit and up to 9 surrounding nuclear spin qubits [see Fig. 10.1(top)] that
allow entangled state generation between all pairs of qubits [Fig. 10.1(bottom)], creation
of a local 7-qubit GHZ state, as well as memory coherence times of single and two qubit
states of over ten seconds [57]. This result (achieved on a similar device as used for dis-
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tant entanglement generation [56, 58, 60]) shows that it is realistic to expect diamond-
based quantum nodes containing many qubits in the near-term future. Such registers
could enable scalable, modular quantum computation [61] and universal, fault-tolerant
error correction [55, 62–64]. Additionally, we expect that RF driving of nuclear spins will
overcome current limitations in manipulating nuclear spins for group-IV color centers,
as the nuclear spin transition frequencies depend on the hyperfine parameters on first
order in this case [26]. Overcoming issues related to sample heating and background
amplifier noise could then also enable to address multiple nuclear spins simultaneously,
thus reducing decoherence associated with long gate times [57]. Additionally, cross-talk
between nuclear spins, as well as unwanted coupling to other spins could be reduced
when using the full information of the environment of a color center [65] (potentially ac-
quired while involving automated techniques [66]) to simulate and tailor gate sequences
for a specific spin environment, and computationally optimizing them for overall proto-
col fidelity. Another way of extending the number of controllable nuclear spin qubits per
node is to also employ the nuclear spin of a nuclear spin containing color center atom
isotope, e.g. of 14N (nuclear spin of 1) [67] or 29Si (nuclear spin of 1/2) [68]. While the
electron-nuclear gate times for these intrinsic nuclear spins can be relatively fast thanks
to the strong (∼ MHz), always-on hyperfine coupling to the color center’s electron spin,
they are for the same reason more susceptible to dephasing from uncontrolled electron
dynamics during entanglement generation (see paragraph below). Thus, despite slower
gate times, more weakly coupled 13C spins (∼ kHz) are commonly used in experiments
that require high fidelity storage of a quantum state during subsequent entanglement
generation attempts [56, 58]. In general, the choice of memory qubit depends on the
requirements of a specific application.

IMPROVING THE MEMORY ’S RESILIENCE TO ENTANGLEMENT GENERATION ATTEMPTS

A second research direction is to increase the coherence time per available memory
qubit under full network activity (in particular entanglement generation). The "always-
on" nature of the hyperfine interaction of 13C nuclear spin memory qubits and the NV
center has limited memory coherence in quantum networks to ∼ 500 entanglement gen-
eration attempts [58, 69]. Uncontrolled electron dynamics, which result for instance
from control infidelities and stochastic electron spin initialization during an entangling
sequence, cause dephasing of the nuclear spin memory qubits [69]. Techniques such as
higher magnetic fields at the color center location can speed up gate times and shorten
the entanglement generation element, thus reducing the time over which random phases
can be picked up [58, 69]. Additionally, decoupling pulses on the memory qubits that
suppress quasi-static noise in the environment have shown initial promise to prolong
nuclear memory qubit coherence under network activity for NV centers [69]. Other
promising routes to extend the nuclear spin memory coherence time involve reduc-
ing the color center’s state-dependent coupling strength (the main dephasing channel),
e.g. by employing decoherence-protected subspaces (formed from two or more indi-
vidual spins, or pairs of strongly-coupled spins that mostly cancel the state-dependent
hyperfine interaction term) [70–72], and using isotopically purified samples for which
weakly coupled 13C nuclear spin qubits can be controlled [73, 74]). Other methods are
to engineer systems of coupled defects (e.g. involving a 13C nuclear spin qubit coupled
to a P1 center in the vicinity of an NV center [75], or to use the nitrogen nuclear spin of a
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second NV center (whose nitrogen nuclear spin is used as a memory) in proximity to the
communicator NV center [76, 77].

10.4. TOWARDS LARGE-SCALE QUANTUM NETWORKS*
Having discussed the core quantum network components based on diamond color cen-
ters, we now turn to what is required to build these into a network capable of distributing
entanglement over large distances at high rates.

QUANTUM FREQUENCY CONVERSION

First, a future quantum internet will likely make use of existing fiber infrastructure. This
necessitates the matching of the photon wavelength from the network node to the telecom-
munication bands using quantum frequency conversion. Recently, it has been demon-
strated that spin-photon entanglement can be preserved after frequency down-conversion
of a ∼ 637 nm photon entangled with the spin-state of the NV center to telecommuni-
cation wavelengths (∼ 1588 nm) [78]. Similar conversion techniques can be applied to
other color centers and quantum systems [79–83]. Future work will focus on increasing
the system efficiency and potentially integrating on-chip conversion (see below).

REAL-WORLD IMPLEMENTATIONS

Second, it will be important to lower the footprint and cost of experimental setups. Since
a large-scale quantum network will likely make use of already existing fiber connections,
data centers are natural candidates for the placement of quantum repeater nodes. An
important first step could thus be to shrink experimental setups to the standard 19-inch
server racks used in industry [87], and ruggedize components so that the need for man-
ual intervention can be kept to a minimum, and the systems can tolerate the conditions
prevailing at such locations.

SCALING QUBIT NUMBERS

Third, future quantum networks covering large distances will require many quantum re-
peater stations –– each with a large number of qubits –– for multiplexing, purification
and error-correction. For example, 5-10 repeater stations with kilohertz entangled bit
(ebit) rates need a total of O(108) data qubits to reach mega-ebits per second communi-
cation [88]. Although color center devices are already produced using standard nanofab-
rication techniques, the needed scale for high-rate, high-fidelity networks would require
large-scale manufacturing of quantum nodes. This task not only entails qubit and de-
vice production but also the packaging of efficient optical and microwave signals to and
from many independent color centers at once.

PHOTONIC INTEGRATED CIRCUITS FOR QUANTUM APPLICATIONS

Optical technologies such as photonic integrated circuits (PICs) may play an important
role in addressing these challenges. Their programmability [89] and access to a large
number of spatial modes [90] are especially of interest to quantum network applica-
tions. Similar to their bulk optics counterparts, PICs comprise of low-loss on-chip com-
ponents, such as waveguides, filters and switches. References [89–92] review the device



10.4. TOWARDS LARGE-SCALE QUANTUM NETWORKS

10

221

50 µm

Micro-chiplet
socket

Photonic circuits

(a) (b)

(d)

to left node to right node

broker qubit
storage qubit

adjacent qubit
register

(e) (f)

Alice

Bob

Parent diamond chip

Pick-and-place
assembly

QMC

(c)

Photonic switchboard 
(all-to-all connectivity)

Figure 10.2: Schematic of realized and envisioned architectures for large-scale hybrid integrated circuits en-
abling entanglement routing. (a) False-color SEM image of a AlN-on-sapphire photonic integrated circuit
(PIC), containing a diamond quantum microchiplet [QMC, red dashed area, enlarged view in (c)]. These mi-
crochiplets with embedded color centers are pre-fabricated and -characterized in the diamond host mate-
rial, and transferred onto the PIC using a pick-and-place technique (b), allowing to optimize PICs and mi-
crochiplets separately. This technique has been used to generate a defect-free array of 128 nanophotonic
waveguides containing individually addressable quantum emitters, coupled to the PIC [31]. Images (a-c)
adapted with permission from Ref. [31]. (d) Integrated multi-quantum memory node in a modular architec-
ture [84]. Each unit cell (black dashed line) contains a diamond-based atomic memory (red), a fast, recon-
figurable switching network allowing all-to-all connectivity (realized e.g. via Mach-Zehnder interferometers),
and photo-detectors. The atomic memory includes one communication and several memory qubits, with the
communication qubit coupled to a diamond nanophotonic structure. Figure reprinted with permission from
Ref. [84], in accordance with creativecommons.org/licenses/by/4.0/legalcode. (e) Entanglement routing in a
quantum network. A multi-path routing algorithm (realized e.g. via re-configurable PICs, dashed black box)
can improve the entanglement generation rate (wiggled blue lines) between distant nodes (white circles), com-
pared to a linear repeater topology [85]. This allows concurrent communication links with only local informa-
tion used in each node (f, data and communication qubits depicted in light and dark red, respectively). Figure
(e) adapted with permission from Ref. [85]. Figure (f) reprinted with permission from Ref. [86], in accordance
with creativecommons.org/licenses/by/4.0/legalcode.
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concepts and state of the art of PIC technologies that may be relevant to quantum net-
work applications. Driven by foundry adoption, as well as new frontiers in data com-
munication [93, 94], photonic processors [95, 96] and optical quantum computing [97],
integrated photonic circuits have advanced dramatically in manufacturability and com-
plexity over the last decade. The first notable feature of PICs for quantum technologies
is their compact footprint, which not only promotes dense integration, but also reduces
phase errors in quantum interference of photons [89]. Next, phase modulators in PICs
can implement on-chip switches for routing photons within an optical network [89], and
material nonlinearities can be used for efficient frequency conversion between visible
and telecommunication photons [98]. Finally, multi-channel optical access can be ac-
complished using standard fiber arrays, and electrical packaging for large-scale control
of color centers can be achieved using potential metal layers in a PIC stack.

COMBINING PHOTONIC INTEGRATED CIRCUITS WITH DIAMOND NANOPHOTONICS

Photonic circuits in diamond have been previously demonstrated for optomechanics [99]
and nonlinear optics [100]. Gallium phosphide-on-diamond photonics have also been
used to route the emission from NV centers [101]. However, the non-deterministic cre-
ation and integration of color centers in devices, as well as the absence of single-crystal
diamond wafers have limited the scale of diamond integrated photonics (see Sec. 10.2).
One way to combine the functionalities and performance of industry-leading photonic
circuits with diamond is through heterogeneous integration of diamond with other ma-
terial systems. Also known as "hybrid photonics" [102, 103], this approach is akin to
modern integrated circuits in that discrete chips are separately optimized and fabricated
and then populated into a larger circuit board. Examples of heterogeneous integration
include modulators and lasers in silicon photonics [104]. In the context of quantum
photonics, recent successes include quantum emitters [102, 103] and single-photon de-
tectors [105], which are otherwise difficult to achieve in a single material platform with
high performance.

Heterogeneous integration of diamond color centers with PICs circumvents the yield
issues associated with all-diamond architectures, thereby allowing potentially many ad-
dressable qubits within a single chip. A recent result showing the large-scale integration
of color centers in diamond with hybrid photonic integrated circuits [31] is shown in
Fig. 10.2(a-c). Diamond quantum micro-chiplets, each consisting of 8 diamond nanopho-
tonic waveguides with at least one addressable group-IV color center, are integrated with
PICs based on aluminum nitride [Fig. 10.2(c)]. After fabrication using the quasi-isotropic
undercut technique (see Sec. 10.2), a total of 16 chiplets numbering to 128 waveguides
were positioned with sub-microns accuracy on the PIC [Fig. 10.2(a)] using a pick-and-
place technique [Fig. 10.2(b)]. The coupling of the color center to the waveguide can be
as high as 55 %, and the diamond-PIC coupling and PIC-to-optical fiber coupling are
reported to be 34 % and 11 %, respectively. In addition, electrodes in this hybrid PIC
enabled the in-situ tuning of optical transition frequencies within this integrated device
architecture [31]. The availability of multiple color centers per waveguide potentially
allows for spectral multiplexing [106, 107], which is a hardware-efficient path to multi-
plying the total number of qubits to Ns ×N f , where Ns and N f are the number of spatial
and frequency channels, respectively.
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With further improvements in waveguide-emitter coupling as well as diamond-
nanocavity integration with PICs, such a hybrid architecture could become an important
building block of future quantum network nodes. Looking forward, we expect future de-
velopments to also focus on integrating chip components for color center technologies,
such as CMOS-integrated microwave electronics for spin control [108], on-chip beam-
splitters for photon quantum interference [97], optical switches for channel connectiv-
ity [89], single-photon detectors [105, 109–111] for heralded entanglement, and quan-
tum frequency conversion [112, 113] or frequency tuning [114] on the same micropho-
tonic platform. While these functionalities have been realized in other PIC platforms, a
key challenge is to bring together various technologies and materials for implementing
a chip-based node. Here, the advances in heterogeneous integration will be critical for
controlling and deploying a large number of such chips.

ENTANGLEMENT ROUTING

As an example of such a chip, Fig. 10.2(d) shows a modular architecture with many unit
cells per network node [84]. Each unit cell consists of atomic memories, photonic
switches, and single-photon detectors. The atomic memories include communication
qubits for inter-cell entanglement and memory qubits for long-term storage and intra-
cell information processing. The switching network selects one of the adjacent cells,
and the photo-detectors herald successful entanglement events between cells. Such a
photonic architecture could allow for entanglement routing within a chip-based node,
potentially boosting the communication rate [85, 115]. By establishing connectivity be-
tween unit cells using optical switches, the resulting network is scalable because adding
nodes does not require any modification in the existing network.

ENTANGLEMENT DISTILLATION AND QUANTUM ERROR CORRECTION

Once multiple long-lived memory qubits that can be controlled with high fidelity are
available per quantum network node, the entanglement fidelity can be greatly improved
through entanglement distillation (purification), where low fidelity entangled pairs are
employed as a resource and transformed to a smaller number of high fidelity pairs after
local operations and classical communication [116, 117]. Such a scheme has recently
been demonstrated in a proof-of-principle experiment between two distant NV centers
that each have access to an additional 13C memory [56]. While such distillation requires
additional time resources as a result from two-way-classical-communication, quantum
error correction [118] can achieve a more favorable key rate per qubit scaling[88]. Such
error correction can be performed if the operational error is smaller than the thresh-
old of a given code (e.g. ≈ 0.189 for the Calderbank-Shor-Stean (CSS) code [119]). If the
photon-loss of a link is sufficiently small, heralded entanglement generation can also
be replaced with error correction, allowing to move beyond two-way signalling associ-
ated with the heralding [120]. In addition, multi-qubit network nodes can be operated in
a way that outperforms more simple linear repeater schemes. For example, Fig. 10.2(f)
shows a 2D network with nearest-neighbor connectivity that allows multi-path entangle-
ment routing [86]. Crucially, the algorithm only requires local knowledge about which
of the entanglement generation attempts with its nearest neighbor succeeded while still
achieving faster key distribution than a linear repeater chain [86].
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10.5. CONCLUSIONS*
This thesis discussed the emerging field of quantum networks based on diamond color
centers. Diamond color centers already define the state of the art in multi-node
entanglement-based networks [58] and in memory-enhanced quantum key distribu-
tion [121]. We expect the next years to see rapid progress on photonic interfaces and
integration of color centers, paving the way for first experiments on long-distance quan-
tum links. From the basic building blocks, larger-scale devices will be designed and con-
structed. Control layers of higher abstraction – akin to the current Internet – are currently
being developed [122, 123].

A future functional quantum network will support many interesting applications,
such as distributed quantum computing [124], accessing a quantum server in the cloud
with full privacy [125] and stabilizing quantum clocks [126, 127]. Color centers in di-
amond may play an essential role in these networks, as the “satisfactory repeater”, or
perhaps the “transistor of the quantum age.”
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