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Abstract

The distributed quantum network, in which nodes comprising small but well-controlled quan-
tum states are entangled via photonic channels, has in recent years emerged as a strategy for
delivering a range of quantum technologies including secure communications, enhanced sensing
and scalable quantum computing. Colour centres in diamond are amongst the most promising
candidates for nodes fabricated in the solid-state, offering potential for large scale production
and for chip-scale integrated devices. In this review we consider the progress made and the re-
maining challenges in developing diamond-based nodes for quantum networks. We focus on
the nitrogen-vacancy and silicon-vacancy colour centres, which have demonstrated many of the
necessary attributes for these applications. We focus in particular on the use of waveguides and
other photonic microstructures for increasing the efficiency with which photons emitted from
these colour centres can be coupled into a network, and the use of microcavities for increasing
the fraction of photons emitted that are suitable for generating entanglement between nodes.
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1. Introduction

1.1. Quantum Networks

The quantum network, consisting of discrete nodes that are linked by entanglement (Figure
1) has become popular in recent years as a route towards scalable quantum processors [1](Figure
1a), secure sensor networks and the ‘quantum internet’ [2]. Each node consists of a quantum
bit (qubit) or multiple qubits that can be entangled together at will using deterministic and re-
versible local gate operations. Entanglement between nodes is generated by first entangling the
nodes with photons and then performing measurements on the photons which project the nodes
into an entangled state. The use of photonic channels provides flexibility in the physical scale
of the network, from chip-based systems to larger networks utilising optical fibres or free-space
line-of-sight pathways (Figure 1b). The fact that the nodes themselves are not required to interact
directly with each other also provides opportunities for heterogeneity between different systems.
Nodes might consist for example of ion trap systems, cold atoms, superconducting circuits, or
solid state devices incorporating spins on defects or quantum dots. It is likely that over the
coming years, as quantum technology matures, devices using these and other platforms will be
developed to make use of the full range of emerging quantum functionality for different applica-
tions. Ultimately, the vision is for a ‘quantum internet of things’ in which quantum entanglement
between devices provides capabilities for information gathering, security, communication and
processing that exceed the limits of classical information systems.

This article reviews recent progress towards the realisation of quantum networks using dia-
mond colour centre defects and photonic structures as nodes. Diamond has for a number of years
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Figure 1: Quantum networks. (a) A network ‘circuit’ for scalable quantum computing. Reprinted by permission from
Macmillan Publishers Ltd: Nature [3], copyright 2008. (b) A large heterogeneous network with different nodes linked
by optical fibre and free-space channels.

been recognised as one of the most promising solid state platforms for networked quantum tech-
nologies [4]. Its combination of a nearly nuclear spin-free environment, high Debye temperature,
and wide band gap, result in an extremely ‘quiet’ environment in which isolated electron spins
can display coherence times of order a millisecond at room temperature [5], and approaching a
second at cryogenic temperatures [6], with nuclear spins offering coherence times well in excess
of a second [7, 8]. These spin states can be initialised, manipulated, and measured with high
fidelity [9] using optical, microwave and radio frequency control gates, thus fulfilling the key
DiVincenzo criteria for qubits to be used in quantum computing [10]. Spin-dependent electric
dipole transitions in colour centres provide an efficient optical interface with which to link the
electron spin qubits to a photonic network. A ‘node’ of a network would therefore typically con-
sist of a single colour centre defect with an electron spin coupled via the hyperfine interaction to
the spins of nearby nuclei. The first demonstrations of simple two-node networks have in the past
three years been reported by the Hanson group at Delft University [11, 12, 13] using negatively
charged nitrogen-vacancy (NV) defects as nodes.

One of the principal attractions of diamond for quantum networks, in common with some
other solid state systems, is its compatibility with integrated photonic approaches. This provides
not only a means for fabricating on-chip networks, but for controlling the interface between
network photons and the colour centre nodes using optical microresonators.

1.2. Considerations and Requirements for Nodes in Quantum Networks

Before embarking on the subject of diamond photonics for quantum networks, it is worth-
while to review briefly the methods that have been proposed for generating entanglement between
discrete nodes, and the requirements they place on the architectures, components and methods to
be used.

A key concept in the generation of entanglement between nodes by projective measurement
of photons is that of ‘path erasure’, namely that when a measurement is performed it reveals in-
formation about the collective state of the nodes to be entangled, but not each node individually,
an idea initially proposed in 1999 by Cabrillo et al [14]. In 2005, Barrett and Kok [15] showed
how this concept could be used to generate scalable entangled networks by devising a simple
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Figure 2: The Barrett & Kok ‘double heralding’ scheme for creating maximally entangled states via a photonic network.
Two physical qubits spontaneously emit photons conditionally on their spin state. The photons are interfered on a beam
splitter before being directed to two detectors. A detection event at one of the detectors reveals the presence of a photon,
but not from which node it originated - a technique known as ‘path erasure’. Reprinted with permission from [15].
Copyright 2005 by the American Physical Society.

protocol for producing a heralded, high fidelity Bell state between two qubits. In their scheme
(figure 2) the quantum level structure within each node includes an optical transition (labelled
π) that is sensitive to the electron spin state (| ↑〉, | ↓〉), such that after excitation the presence
of a photon spontaneously emitted from a node (g) provides information about that node’s spin,
in other words the spin state becomes entangled with the photon number at the node output. A
measurement system is set up in which two nodes are measured simultaneously in such a way
that detection of a photon on detector D+ or D− reveals the encoded information but crucially
does not reveal from which node it originated. The result of a photon detection event is that
the combined state of the system necessarily collapses into the state that is consistent with the
outcome of the measurement (the inconsistent terms are ‘measured out’), which, with an appro-
priate choice of measurement, will be an entangled state of the two nodes. In this scheme the
entanglement is imperfect after the first photon detection event. Both spins are then inverted and
the measurement process repeated upon which detection of a second photon projects the spins
into the maximally entangled Bell state. These photon detection events ‘herald’ the successful
generation of entanglement, and so Barrett & Kok and similar two-photon detection schemes,
are known as ‘double heralding’ schemes. The successful implementations of this scheme in
diamond will be discussed in more detail in section 2.1.

The path erasure process requires that after each photon detection event there is no way of
telling, even in principle, the origin of a measured photon. This places two quite stringent con-
ditions on the measurement process: firstly that photons emitted from the two nodes must be
formally indistinguishable such that they can be mapped onto the same quantum states, most
commonly using a simple 50:50 beam splitter with two input and two output ports; and sec-
ondly that the nodes themselves must have no ‘memory’ of whether or not they were excited,
for example by the presence of a lattice vibration (phonon). The condition of indistinguisha-
bility is a rather stringent constraint - the photons must be identical in all respects, including
in their frequency distribution and the arrival time of the photon wave-packet at the detector.
To fulfill these conditions without significantly compromising efficiency, the photons need to be
‘transform-limited’, meaning that the spectral shape and line-width of the photon are determined
by the Fourier transform of the spontaneous emission decay function, i.e that the time envelope
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for the photon extends over the entire spontaneous emission lifetime. To achieve this condition
requires an absence of decoherence on the timescale of the spontaneous emission process, a situ-
ation that in solid state environments only occurs in a few select systems and invariably requires
cryogenic temperatures of a few Kelvin to suppress phonon interactions. To meet the condition
of identical frequency distribution from different nodes may also require some tuning capability,
generally using an electric field to generate a Stark shift in one or more of the optical transitions
(section 2.1). The condition of ‘no memory’ requires that the optical excitation of the qubit be
resonant with the emitted photon to ensure that no tell-tale energy is dispersed in the node as a
result of the spin-dependent excitation.

As well as Barrett & Kok, several other measurement-based entanglement schemes have
been proposed that could be used to generate scalable quantum networks [16, 17, 18, 19, 20].
The details of these are beyond the scope of this review, but two by Hu et al [19] and Nemoto
et al [20] are worth highlighting because they may serve to relax the constraints on the sponta-
neous emission process described above. Essentially in these two works the photons which carry
the information, rather than being spontaneously emitted by the node, are scattered from it, and
indistinguishability can therefore be established straightforwardly by using photons from a com-
mon coherent source. This brings the advantage that because scattering effects can be observed
at frequencies detuned from the resonant transition, small differences in the optical transition
energies of the two nodes, and increased dephasing in the optically excited state, can be accom-
modated. Finally we note recent theoretical work which shows that indistinguishable photons
can be produced by strongly dephasing emitters coupled to high quality cavities [21], providing
a further possible route towards nodes that can operate at higher temperatures.

A common feature of heralded entanglement-by-measurement schemes is that they are proba-
bilistic and may need to be repeated multiple times before entanglement is successfully achieved.
If large scale entangled states are to be created it is therefore important to preserve any existing
entanglement links while attempting to create new ones. This can be achieved by a procedure
known as ‘brokering’ [22] in which any entanglement successfully created on a ‘broker’ qubit
is passed deterministically onto a protected neighbouring ‘client’ qubit before further entangle-
ment operations commence. Diamond colour centres are well suited to brokering schemes: the
electron spin to which the optical transition couples is the broker and a nearby nuclear spin,
decoupled from the environment and from the optical signals, is the client. Recent work by
the Delft group has shown that selected nuclear spin states can be preserved through multiple
entanglement attempts with the electron spin [23].

Even with brokering schemes in place, the efficiency of the entanglement process is a crit-
ical parameter in determining the size of entangled network that can be created. In double-
heralding pairwise entanglement schemes such as Barrett & Kok, the entanglement efficiency
scales quadratically with the efficiency η of detecting a single photon from one of the nodes at
D+ or D−. This probability can itself be expressed as the product of several factors:

η = ηex.ηem.ηco.ηtr.ηdet (1)

where ηex is the probability of excitation, ηem is the probability of emission of a suitable photon,
ηco is the probability that the photon will be collected into the network channel, ηtr is the prob-
ability that it will be transmitted to the detector, and ηdet is the quantum efficiency of the single
photon detector. To bring all of these factors close to unity is a major challenge: for example
ηex is reduced by instabilities in the node resonance resulting in detuning from the excitation
laser; ηem is limited by the branching ratio of the emitter; ηco is only a few percent without the
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use of optical microstructures or resonators; and ηtr can be severely limited by attenuation in the
network channels, particularly in long range networks where scattering and absorption of pho-
tons may be considerable. In the Delft experiments to date, the efficiency of detection of single
indistinguishable photons has been between 10−4 and 10−3, yielding an entanglement probability
per attempt of order 10−7. Development of nodes that facilitate improvement of these figures is
now the focus of considerable effort by many research groups.

For scalable quantum computing, the concept of ‘fault tolerance’ is critical in determining
the degree to which architectures can withstand errors in individual components. In particular
the fidelity of the entanglement created, along with the subsequent measurements and control
gates, will have a threshold below which scalability is not possible. This fidelity threshold is
highly dependent on the computing protocol to be used, and considerable effort is focused on
developing intrinsically fault-tolerant protocols. In recent work, scalable computing has been
shown to be possible with threshold node fidelity around 99%, even if the network itself is noisy
and lossy, using entanglement distillation [24]. Such performance has been achieved using NV
defects in diamond [25], and is assisted by the facility for local error correction [26, 27, 28].
Entanglement distillation and error correction rely upon local operations acting on individual
nodes, and so do not place requirements on the photonic subsystem or network, beyond the
need for sufficient number of qubits in each node to perform the operations (five in the case of
entanglement distillation [24]) and the integration of the local control systems required for spin
manipulation.

2. Colour centres in diamond as networkable spin qubits

Diamond plays host to hundreds of optically active point defects or colour centres, with
emission from the blue to the near infra-red region of the spectrum [29, 30]. Only a subset have
been identified and studied at the single defect level and of these, the nitrogen-vacancy centre
and silicon-vacancy (SiV) centre, have emerged as potential nodes for quantum networks. The
following section will present an introduction to these defects and their enabling features for
this application. The understanding and implementation of the NV centre is at a more mature
stage, allowing milestone demonstrations of spin-photon [31] and remote spin-spin entanglement
[11, 12, 13] which are discussed in section 2.1. The SiV has more recently been identified
as having potential for use in quantum networks, in particular due to some attractive optical
properties. This progress will be reviewed in section 2.2, before a brief discussion of alternative
defects.

2.1. The Nitrogen-Vacancy Centre

The negatively charged NV centre (NV−), illustrated in figure 3, is the most widely stud-
ied colour centre in diamond, and besides its potential for quantum networks, it has attracted
widespread interest for use as a nanoscale sensor in the physical [32] and biological [33] sci-
ences. Consisting of a lattice vacancy bound to a substitutional nitrogen along the [111] bond
axis (figure 3(b)), the six valence electrons of NV− form a spin triplet ground state that pro-
vides a natural long-lived qubit with long spin coherence time. The spin-spin interaction raises
the energy of the ms = ±1 states relative to ms = 0 by 2.88 GHz, such that magnetic dipole
transitions between these states can be driven coherently via a simple antenna using standard
microwave electronics. The ground state couples to an orbitally degenerate excited state triplet
manifold via spin-dependent optical transitions, and intersystem crossing to a pair of spin singlet
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Figure 3: The NV− centre in diamond. (a) The basic energy level structure. The crystal field splits the triplet sub-levels
of the ground and excited state. The zero-phonon line (ZPL) transition is indicated. The dashed arrows indicate the
dominant transitions to and from the metastable shelving states which enable the optical spin polarisation mechanism.
(b) A substitutional nitrogen (N) atom sits adjacent to a vacancy (V) along the [111] direction, resulting in a C3V point
group symmetry. Reprinted with permission from Macmillan Publishers Ltd: Nature Communications [46], copyright
2012. (Author permission pending). (c) Photoluminescence spectrum of NV− at 300K and 77K. A reduction in dephasing
results in a narrowed zero-phonon line at cryogenic temperatures, whilst the phonon side-band profile remains dominated
by rapid transitions through the vibrational sublevels.

levels provides an asymmetric relaxation pathway (figure 3a) that allows for the non-resonant
optical initialisation and readout of the spin state. Since its identification at the single defect
level [34, 35], the dual demonstrations of coherent control of the ground state electron spin [36],
along with implementations of basic two-qubit gates through coupling with local nuclear spins
(13C, I= 1

2 ) [37, 38], represented the emergence of NV− as one of the pre-eminent solid-state
qubit candidates. The phenomenal progress made over the last decade has seen the establish-
ment of the underlying physics [39], development of coherent electron and nuclear spin control
techniques and improvements in the process control of both diamond crystal growth and defect
engineering. The electron spin coherence can be extended through isotopic purification during
diamond growth (to suppress the 1.1% natural 13C abundance)[5]. The application of dynamical
decoupling protocols [40, 41, 42], which serve to reverse phase accumulated by the interaction
with the 13C nuclear spin-bath, can further extend the coherence. Mediated by the hyperfine
interaction, the electron has access to well-isolated long-lived nuclear spin states (using 13C, 14N
(I=1) or 15N (I= 1

2 )) [7] and extended coherence has enabled rapid nuclear spin-initialisation [43]
and projective single-shot readout [44, 45]. Recent developments have seen the implementation
of quantum error correction protocols on these multi-qubit registers, consisting of a single elec-
tron spin and up to three nuclear spins [26, 27], underlining the rich computational resources that
are available to defects in diamond.

NV− Optical Transitions
Relaxation from the 3E excited state is dominated by radiative transitions to the 3A2 ground state,
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Figure 4: (a) The fine structure of the NV excited state resolved at cryogenic temperatures as a function of transverse
strain. (b) PLE spectrum of the excited state. It is necessary to apply a modulation of 2.88 GHz to the resonant excitation
laser such that the transitions from the |±1〉 projections can be observed. Reprinted by permission from Macmillan
Publishers Ltd: Nature [31], copyright 2010.

which in bulk material collectively occur at a rate of γ = 80 MHz giving the defect an excited
state lifetime of 13 ns. The excited state fine structure is resolved at cryogenic temperatures
around 4K through high-resolution photoluminescence excitation (PLE) spectroscopy as shown
in figure 4(b) [47, 31]. Each state is labelled according to the symmetry of the orbital and its
spin projection. The excited state energies are affected by local lattice strain as shown in fig-
ure 4(a). Temperatures below 10K render thermally-induced Jahn-Teller dephasing negligible
[48, 49] and the resulting transition line widths are transform limited [50], fulfilling one of the
primary conditions for generation of indistinguishable photons.

For implementation of distributed entanglement protocols, the spin-dependent 3A2 ↔
3E

electric dipole transitions provide a few different options. For the initialisation of the electron
spin into the ms = 0 state, resonant excitation of transitions with the ms=±1 spin-projection can
achieve a much higher fidelity (preparation error 0.3%) than when using non-resonant 532 nm
pumping (preparation error 11%) [9]. If entanglement between the electron spin and the polari-
sation state of a photon is desired, the A1 excited state can be utilised as demonstrated by Togan
et al [31], exploiting the fact that it couples to the different spins in the ground state manifold
via photons of different polarisation. For spin readout in the Barrett & Kok protocol, a highly
spin-preserving transition is desirable and the probability of relaxation via a radiative process
should be as close to unity as possible, and the transition between the 3E ms = 0 state and the
3A2 ms = 0 state is the most obvious choice.

Despite its many virtues, there are some features of NV− that are less than ideal for photonic
networks. Perhaps the most significant of these is that its optical transitions couple strongly to
vibrational degrees of freedom resulting in a high proportion of phonon-assisted emission [39]
that can not be used for entanglement purposes (although it remains useful for spin readout and
monitoring purposes). Just 3±1% [51, 52] of the emission occurs through the zero-phonon line
(ZPL) as shown in figure 3(c), which in the absence of other factors immediately sets an upper
limit of ηem < 0.03 in equation 1.

A second limitation is that the low defect symmetry of the NV colour centre renders it highly
sensitive to local electric fields and strain. Emitters in the solid-state inevitably experience a
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Figure 5: Spectral drift of ZPL transitions in NV−. (a) PLE measurements: a 1 mW 532 nm laser pulse is applied after
each resonant laser scan to recover the negative charge state after photoionisation. The averaged spectra are shown on
the top panel. (b) A 575 nm laser resonant with the NV0 transition is applied after every scan. This resonant recovery
technique is accomplished with a lower laser power. Reprinted with permission from [55]. Copyright 2013 by the
American Physical Society. (c) A PLE trace is shown without any stabilisation applied. The green arrows indicate the
points at which a 532 nm recovery pulse as applied. (d) Using a feedback loop, dynamic stabilisation is achieved via the
applied bias voltage of the gate electrodes on the surface. Reprinted with permission from [56].

dynamic electric field environment when under optical excitation, owing to the ionization of
surrounding donor and acceptor states. Primary candidates in diamond include substitutional
nitrogen (ionized under 532 nm excitation), vacancies, and sp2 hybridised graphitic carbon [53].
An example of the resulting spectral drift of the electronic transitions can be seen in figure 5a.
The effect of such random spectral drift on a networked node is that relative to a fixed wavelength
excitation laser, the resonance condition will occur only a fraction of the time, such that the prob-
ability of excitation ηex will be less than unity. The extent of the spectral drift is characterised by
an inhomogeneous line width γinhom, whereby the probability of excitation, given a homogeneous
linewidth γ, is ηex =

γ
γ+γinhom

. The issue of spectral instability becomes of particular importance
for defects that suffer from ionisation, since the desired charge state is typically restored by an
optical pulse that is likely to ionise additional defects. Ionisation of the NV− centre to the charge-
neutral NV0 state under resonant excitation has been extensively studied [54, 55], along with the
resultant spectral drift upon restoration of the negative charge state by non-resonant 532 nm ex-
citation, which can typically be of order γinhom ∼ 200 MHz or more (Figure 5a).

Stabilisation of these transitions is therefore of great importance for maintaining resonance
with an excitation laser and achieving high ηex. Resonant excitation of the NV0 ZPL at 575 nm
has been shown to recover the negative charge state with a much lower excitation power density
and consequently reducing γinhom to 50 MHz or less [55, 57], as seen in figure 5(b). As with the
ionisation process itself, this resonant repump was proposed to occur via a two photon excitation
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Figure 6: Indistinguishable photon emission from separate NV centres. (a) PLE spectra of each defect showing the
relative offset in the transition energies. A gate voltage is applied to NV B enabling the Ey transitions to be tuned into
resonance. (b) Above: Excitation pulse and detector gating sequence for the Hong Ou Mandel experiment, Below:
photon correlation measurements (green) using pulsed excitation, demonstrating indistinguishable photon emission from
each NV with a HOM visibility of 80±5%. The red curve indicates the expected shape in the case of fully distinguishable
emission. Reprinted with permission from Macmillan Publishers Ltd: Nature [11], copyright 2013.

process, followed by diffusion of the deep-lying hole state in the valence band [55]. Acosta et
al [56] have also demonstrated dynamic stabilisation of the transition (figure 5(c)), using gate
electrodes and a feedback mechanism. A time-integrated line width of γinhom + γ ' 16 MHz
was achieved using this method, suggesting that an excitation efficiency of ηex ' 0.8 would be
achieved with a single frequency laser. However the usefulness of such dynamic stabilisation
techniques is dependent on the speed with which the appropriate correction can be calculated. In
the method reported, compensation of both slow drift and larger spectral jumps required scan-
ning of the excitation laser at a maximum rate of up to 20 Hz, taking 5-10 cycles at most to
recover the target energy. Most recently a third approach to ZPL stabilisation has been proposed
using near-resonant optical pulse trains as a form of optical dynamic decoupling [58] but such a
technique has yet to be demonstrated experimentally.

Indistinguishable Photon Emission from NV−

Indistinguishable photon emission from the ZPLs of separate NV centers was first demonstrated
by the Delft [59] and Harvard groups [60] via the Hong Ou Mandel (HOM) effect [61]. Both
experiments utilised integrated solid immersion lenses (SILs) to enhance photon collection (as
discussed in section 4.1), and gate-electrodes for Stark tuning to bring the transition energies of
the two defects into resonance with each other (figure 6a) [50, 56]. The apparatus is essentially
the same as that of the Barrett & Kok entanglement scheme shown in figure 2, with the number
of simultaneous detection events on the two detectors monitored as the two nodes are repeatedly
excited. If the photons emitted from the nodes are distinguishable then the central peak of the
coincidence histogram (figure 6(b)) at dt = 0 will be no less than half the height of the peaks at
dt = ± 600 ns. A central peak height below this value indicates two-photon quantum interference
effects, and perfect indistinguishability results in the complete absence of the central peak. The
results demonstrate an indistinguishability of 80±5%.
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Figure 7: Scheme for NV spin-photon entanglement. A Λ transition connects |+1〉 and |−1〉 to a common excited state
|A2〉. The cycling transtion |Ey〉 is used for read-out to confirm correlations between the measured photon-polarisation
and the spin population. Adapted from [31].

Spin-Photon Entanglement with NV−

The demonstration by Togan et al [31] of spin-photon entanglement with NV− relies on the
fact that the excited level |A2〉 is an entangled state of spin |ms = ±1〉 and orbital |E±〉 angu-
lar momentum projections. This decays with equal probability to the ground states |ms = ±1〉
through the emission of circularly polarised photons of opposite helicity, as shown in figure
7. The resulting state after the relaxation process is complete is the entangled state |ψ〉 =

1
√

2
(|σ−〉 |ms = +1〉 + |σ+〉 |ms = −1〉) and measurements in the circularly polarised |σ±〉 basis

verified the emitted photons to be entangled with the spin states |ms = ±1〉.
Spin-photon entanglement of this kind can be used to generate distributed entanglement between
two nodes heralded by a single coincidence event [62], but is not well suited to the growth of
scalable networks since the quantum state of the node is reset to the common excited state during
each step. The Barrett & Kok scheme instead utilises selective excitation to entangle the spin
state with the presence of a photon, with the benefit that any existing entanglement with other
nodes is preserved following a successful entanglement operation.

Remote Spin-Spin Entanglement with NV−

The seminal work by the Delft group to entangle two NV spins [11] utilised the Barrett & Kok
proposal [15] introduced in section 1.1 with the relevant steps outlined schematically in figure 8.
Here the ms = 0 and ms = −1 states are denoted as |↑〉 and |↓〉 respectively. Both NVs were first
prepared into the coherent superposition state 1

√
2
(|↑〉 + |↓〉 by pumping the |↓〉 ↔ |A1〉 transition

to produce |↑〉 [9] and then applying a π
2 microwave pulse to create the spin superpositions. An

excitation pulse resonant with the |Ey〉 transition was then applied to each NV, resulting in local
entanglement of the spin with the photon number (emission = 1, no emission = 0) at each NV site
creating the state 1

√
2
|↑ 1〉 + |↓ 0〉. The emission channels are directed onto a 50:50 beamsplitter

and two-photon interference provides the necessary path erasure. The successful detection of
a photon in each of the two phases of the double heralding scheme projects the two NV spins
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Figure 8: Generation of remote spin-spin entanglement through the Barrett & Kok protocol applied to the NV centre.
The relevant ground and excited state levels are indicated in black. (a) Each system is initialised into |↑〉. (b) A π/2
microwave pulse prepares a superposition between the |↑〉 and |↓〉 states. (c) A resonant pulse is applied to the cycling
transition |Ey〉. Spontaneous emission creates a local entanglement between the spin and the photon number. The output
channels from each spin are input onto a 50:50 beamsplitter, described further in text. Adapted from [11].

into the state |ψ〉 = 1
√

2
|↑A↓B〉 ± |↓A↑B〉. The sign of the relative phase between the two terms is

determined by whether the two photons were detected by the same detector (in which case it is
+, producing the Bell state Ψ+) or by opposite detectors (in which case it is -, producing the Bell
state Ψ−).

The spin-dependent optical measurement is achieved by resonance fluorescence, utilising
both optical polarisation and time gating to distinguish fluorescence photons from those scattered
towards the detector from elsewhere in the apparatus. The success of this protocol naturally de-
pends on the detection probability ηi, of resonant ZPL photons in each channel, which was found
to be ≈ 4 × 10−4. This led to an overall sucess rate Pψ ≈

1
2ηAηB = 10−7, where the factor of 1

2
account for both rounds of the protocol. An attempt frequency of 20 kHz produced an entangle-
ment generation rate of ∼ 1.7×10−3 s−1. This rate was increased to 4×10−3 s−1 in the subsequent
demonstrations of quantum-state teleportation by the same group, upon increasing ηex using the
NV0 resonant charge state recovery scheme discussed previously [12]. More recently, this same
platform was used to demonstrate loophole-free violations of Bell’s inequalities with NVs sep-
arated by 1.3km [13] setting a new record for distributed entanglement in any system. In this
tour-de-force experiment the indistinguishable photons were transmitted from the nodes to the
detectors using single mode optical fibres, such that the attenuation of the signal by the fibre of
∼8 dB/km begins to limit ηtr and thus the rate of entanglement. The successful implementation
of the Barrett & Kok scheme with a long range fibre network is also significant in that the scheme
requires interferometric stability in the entire apparatus during the time elapsed between the two
heralding events. That such stability was achieved without any special attention being paid to
thermal stabilisation of the fibres is encouraging for further scale-up as efficiencies are improved.
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Figure 9: (a) SiV energy level structure, with the ZPL transition at 737 nm indicated. A zero-field splitting (orange) exists
within the ground and excited state doublets giving rise to four transitions which can be resolved at low temperature.
Adapted from [63]. (b) Crystal Structure: a silicon atom (purple) sits at an interstitial position between two vacancy sites
(dangling bonds in red), along the [111] direction. Reprinted from [74]. (c) Room temperature spectrum of the SiV. Most
of the emission originates from the ZPL transition at 737 nm. Reprinted with permission from [75]. Copyright 2015
American Chemical Society.

2.2. The Silicon-Vacancy Centre

The SiV centre, illustrated in figure 9, possesses optical properties that are in some important
respects superior to those of the NV centre, and recent demonstrations of optically accessible
spin-sublevels in SiV [63] have suggested its potential for use as a networked quantum node.
The physical structure of SiV, shown in figure 9b, comprises a silicon atom in an interstitial site
within a split vacancy along the [111] axis [64, 65]. As with NV it is the negatively charged
defect (SiV−, with ZPL at 738 nm) that is of greatest interest. In contrast with NV however
the SiV possesses inversion symmetry, giving rise to quite different optical properties. In par-
ticular the electronic transitions interact only very weakly with lattice distortions allowing 70%
of emission into the ZPL [66] as can be seen in figure 9(c). Line widths of individual transi-
tions are as narrow as 0.7 nm at room temperature [67], and photon count rates of up to 6.2
MCps have been observed from single SiV− centres in CVD nanodiamond grown on iridium
[68]. With strong narrow ZPL transitions, the SiV− is well suited for integration into resonant
photonic structures, with significant cavity coupling effects observed even at room temperature
[69, 70, 71, 72]. These advantages persist despite a low quantum efficiency, with reports varying
from 34%-66% in the bulk [71]. Fluorescence lifetimes of single centres in the bulk are around
1-3 ns at ambient temperatures, and about 30% longer at 4K, which Rogers et al suggest could be
consistent with thermally activated charge traps [66]. The SiV defect is known to have a lower
energy transition in the 820-840 nm region [73], which is responsible for bunching at intermedi-
ate time delays in photon correlation measurements [68, 71], however the role that this transition
plays in the quantum efficiency of the 738 nm electronic transition remains to be understood.

Spin properties of SiV−

Eleven electrons are associated with the negatively charged SiV defect, forming a spin 1
2 system.

The electronic energy level structure of SiV−, shown in figure 9a, has only recently been con-
13



Figure 10: (a) The fine structure of an SiV ensemble at 4K. There is there is very little inhomogeneous distribution in
energy between defects allowing the four transitions between the orbital doublets in the ground and excited state to be
resolved. (b) The magnetic field dependence of the ZPL transitions of a single SiV at 4K, which allows for optical access
of the individual spin sub-levels. Reprinted with permission from Macmillan Publishers Ltd: Nature Communications
[63], copyright 2014.

firmed [65, 64]. The ground and excited states are both orbital doublets with spin-orbit splittings
of 47 GHz and 258 GHz [76]. These large splittings provide one of the significant attractions of
the SiV centre, that its electronic state can be coherently manipulated on picosecond time scales
with optical pulses [77]. At cryogenic temperatures the fine structure is easily resolvable and
the four optical transitions at zero-magnetic field are shown in figure 10a. Transitions A & D
are co-polarised, which are orthogonal to the co-polarised inner transitions B & C. These ori-
entations are in agreement with the [111] alignment of the defect. Zeeman splitting under high
magnetic fields lifts the remaining degeneracy of the spin sublevels allowing optical access the
spin as shown in figure 10b. Using resonance fluorescence at magnetic fields up to 4T, Muller
et al were able to optically access the spin sub-levels in the excited state manifold, with spin-
dependent fluorescence to the ground states identified. By driving optical transitions between
the lower branches of the ground and excited state, they were able to demonstrate a contrast of
90% between fluorescence signal between spin sub-levels [63] indicating high spin-purity. A
current drawback of the SiV for use as a qubit is its relatively short electronic spin coherence
time [78, 79], limited to around 100 ns by phonon-induced scattering between the orbital sub-
levels in the 2Eg ground state [66]. Although this coherence time is a reasonably healthy four
orders of magnitude longer than the state rotation time, it may be too short to perform high fi-
delity gates with nearby nuclei as required for for fault tolerance and entanglement purification.
Proposals to prolong T1, and thereby also T2, include cooling to millikelvin temperatures, the use
of microstructures to modify the local phonon environment [79], or the application of strain to
modify the splitting of the 2Eg levels. The success of these efforts will be crucial in determining
the viability of the SiV as a spin qubit.
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Figure 11: Indistinguishable photon emission from separate SiV centres in diamond. (a) The inhomogeneous distribution
of a single transition for multiple SiV centres in a 150µm field of view. The total side-band fluorescence from this region
is measured as a function of resonant excitation laser frequency resulting in a measured distribution of 365MHz. Repro-
duced with permission from [80]. (b) PLE image with excitation tuned to (i) the mean of the inhomogeneous distribution
and (ii) the edge of the distribution. This way identical SiVs are isolated to reduce the background contribution and
selected for HOM experiments. (c) Spectral overlap of the selected SiVs, which have a detuning of less than half of the
homogeneous linewidth. (c) Second order correlation functions for orthogonal (green) and co-polarised (pink) emission
from distinct SiVs. The co-polarised emission reaches below g(2)=0.5, confirming indistinguishable photon emission.
Reproduced with permission from [74]

.

Coherent Optical Transitions in SiV−

Owing to the inversion symmetry, the orbital states of the SiV centre have a vanishingly small
permanent electric dipole moment which renders them to be mostly unperturbed by external
electric fields [74]. PLE studies of the spectral stability by Rogers et al demonstrated frequency
stability to within 8 MHz over 7 hours of study [66] without the need for dynamical stabilisation
[56]. Additionally the excited state transitions in high-quality, low strain samples are shown to
be spectrally narrow down to 120 MHz, nearly at the transform limit corresponding to the flu-
orescence lifetime of 1.7 ns. The inversion symmetry also ensures a consistency in the spectral
positions of the optical transitions between defects. In the work of Rogers et al, over 50% of the
centres studied had transitions within a transform limited lifetime of one another [66]. This was
exploited by Sipahigil and coworkers who observed the emission of indistinguishable photons
from distinct SiV centres in the same diamond, demonstrating a HOM-visibility of 0.72, shown
in figure 11a [74]. The uniformity between centres allowed this result to be achieved without the
need for Stark shift tuning (figure 11c), as is necessary for NV centres [60, 59].
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2.3. Emerging Colour Centres

Despite a wealth of luminescent defects in diamond [29], only a select few have been iden-
tified as single photon emitters [81, 30], aside from the NV and SiV. Some of these defects are
related to nickel complexes, whilst others remain unidentified despite promising optical proper-
ties [82, 83].

Of this selection, two have recently shown spin signatures. The ST1 defect was identified af-
ter the fabrication of diamond nanowires in single crystal HPHT diamond [83]. The fluorescence
spectrum of ST1 shows a ZPL at 550 nm and a broad PSB. The spin readout contrast is as high as
45% and the properties are consistent with a spin singlet ground state and intersystem crossing to
a triplet manifold. This centre certainly merits further investigation, although relaxation from the
metastable triplet states may limit its use as a broker qubit in a quantum network. The germanium
vacancy (GeV) has also recently emerged as a potential candidate qubit, with identification of
single photon emission [84] and demonstration of coherent spin control [85, 86]. The GeV shares
many similiarities with the SiV centre, as it has the same split-vacancy structure with inversion
symmetry along the (111) direction. The relaxation branching ratio from the optically excited
state is also favourable for implementation in quantum networks, with approximately 60% of the
photons originating from the ZPL at 602 nm. Furthermore the transitions are largely stable over
time [85] and with linewidths approaching the Fourier-transform limit. Of significance are the
early signs that the quantum efficiency of the defect could be much higher than that of the SiV, as
evidenced by the sensitivity of the transition lifetime on the local optical density of states [86].

3. Engineering Diamond for Nodes in Quantum Networks

This section presents the engineering challenges faced in the construction of diamond-based
nodes for quantum networks, namely the fabrication of microstructures and position of colour
centres within them to maximise the efficiency with which indistinguishable photons can be pro-
duced (ηem) and passed from the node to the network (ηco). The most appropriate approach
depends to an extent on the colour centre (and protocol) to be used, and progress in realisation
of specific devices will be described in section 4. In this section we first consider the methods
available for use in the fabrication process, and some of the recipes that have been developed for
achieving key tasks such as fabrication of high quality surfaces and positioning of high quality
colour centres within the diamond lattice. In order to produce the required optical properties,
these processes must meet stringent demands in terms of the number and type of crystal defects
that are generated and the chemistry of nearby surfaces. We consider the methods available for
microstructural fabrication of diamond in section 3.1, followed by methods for placing colour
centres in photonic structures in 3.2. Section 3.3 concerns the chemical preparation of diamond
surfaces, and section 3.4 looks at the best achieved optical properties of colour centres in engi-
neered diamond.

3.1. Fabrication and Processing

Diamond grown by chemical vapour deposition (CVD) currently represents the benchmark
for the material of high chemical purity required for quantum photonic / spintronic devices. This
controlled process allows for impurities to be minimised (section 3.2), or for dopants to be intro-
duced (section 3.2.3), whilst also enabling growth of isotopically pure materials for suppression
of spin decoherence [5] (section 2.1). Whilst nanodiamond and polycrystalline materials offer
many useful properties, and single colour centres in these materials find uses in single photon
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sources and nano-magnetometry, single crystal material is preferred for applications in which
high degrees of both spin coherence and optical coherence are required.

The production of uniform films of single crystal diamond of order 100 nm in thickness is
central to many architectures for single mode photonics (discussed further in section 4.4) but the
lack of an established heteroepitaxial growth substrate presents a significant challenge [87, 88,
89]. Instead, membranes have been produced by mechanical polishing [30] and/or laser cutting
of bulk materials, prior to being thinned by reactive ion etching (RIE) techniques (3.1.1). Such
‘top-down’ processes suffer from low reproducibility and tend to result in membranes of non-
uniform thickness, with a variation of the order 300 nm/mm [90, 91], effectively restricting device
development to basic proof-of-principle demonstrations. In this respect the commercially grown
starting materials may be improved through template-assisted re-polishing [88]. Membranes of
uniform thickness have been produced using helium ion bombardment to form a well-controlled
sub-surface damaged layer, which is then sacrificed through selective chemical etching followed
by lift-out [92, 93, 94]. The residual ion damage in the layer through which the helium ions
have passed is deleterious to coherent single colour centre properties [95] (section 3.4), however
it has been shown that these membranes can be suitable for the subsequent overgrowth of high-
quality single crystal material [96, 91], which has been combined with the delta-doping method
to create high-quality free-standing nanobeam cavities (section 5.1.1) [97]. Coherent optical
properties for single colour centres remain to be demonstrated in these structures and a further
discussion of these techniques can be found elsewhere [30]. Other fabrication protocols can
mitigate the necessity for large uniform membranes, such as the focused ion beam approaches
(briefly discussed in section 3.1.2) to undercutting photonic structures [98, 99], angular RIE
methods (section 4.4) and the hybrid GaP-on-diamond device designs (section 5.1.3). Diamond
nanofabrication is an extensive subject area and further discussions can be found in references
[100, 30, 101, 89].

3.1.1. Reactive Ion Etching
Reactive ion etching is a widespread and versatile technique and has become indispensable

for top-down semiconductor fabrication processing. Under an applied bias, plasma ions are
accelerated towards the surface of the material, breaking down and removing material through a
combination of ion bombardment and chemical reaction. For applications in diamond, both of
these roles may be fulfilled by one species, as in pure O2 based plasma recipes [102, 51, 103,
104]. Alternatively these roles may be separated using mixtures of Ar/O2 or Ar/Cl2 [105, 106,
107, 108] which can offer a more controlled process [101]. Each of these methods has their
relative merits and drawbacks with regards to the surface termination, surface roughness and
sub-surface lattice damage.

Inductively coupled plasma (ICP)-RIE recipes using Ar/Cl2 have been shown to produce
the smoothest surfaces, with Lee et al demonstrating a reduction in roughness from σRMS=0.53
to 0.19 nm over a 10 minute etch cycle [108]. The Ar/Cl2 etch does not however provide a
‘one-stop shop’ solution to the etching of diamond microstructures for quantum networks, as
the process has been widely reported to quench near-surface NV fluorescence [109, 30, 110].
Part of the explanation for this effect comes from X-ray photoelectron spectroscopy of the post-
processed surface showing chlorine signatures [111, 110], and theoretical calculations showing
that chlorine cannot fully terminate a diamond surface leading to a mixed passivation environ-
ment unfavourable for stable NV emission [112]. However these results do not appear to ex-
plain the near-complete suppression of NV emission that occurs within a few micrometres of an
Ar/Cl2 etched surface, and a full explanation is still lacking. State of the art fabrication recipes
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therefore utilise O2 based plasmas to remove the last few micrometres of material, which al-
lows the retention of smooth surfaces whilst removing the deleterious effects of the Ar/Cl2 etch
[109, 57, 113, 114, 115, 52].

Etching conditions such as applied bias power and even the type of reaction chamber are
important for the minimisation of sub-surface lattice damage. Studies have shown that both pure
O2 plasma [116] and Ar/O2 mixtures [117] may damage the surface at high bias powers, resulting
in the quenching of near-surface NV fluorescence [116, 118]. This damage can be mitigated by
the use of ‘soft’ oxygen plasma recipes [119]. Cui et al demonstrated the extent of sub-surface
damage with oxygen etching to be dependent on the type of reactor used, comparing a standard
ICP-RIE system with plasma barrel reactors (lowered bias) and downstream etchers (sample
location and plasma generation separated) as more gentle alternatives [118]. Using delta-doping
(see section 3.2.3) to position NVs 70 nm below the initial sample surface, NV fluorescence was
shown to switch off after just 30 nm of etching in the ICP-RIE system. As expected, downstream
etching is observed to be most gentle, with centres still present after 55 nm of etching. Though
these exceed the requirement for colour-centre-surface proximity in photonic structures (≈60-
75nm), they serve to demonstrate the sensitivity of the emitter properties to the subtleties of the
chosen processing method.

3.1.2. FIB Milling
Focused-ion beam (FIB) milling has found application in the nanostructuring of diamond to

create photonic structures such as SILs [120, 121, 122] and photonic crystals [123, 98, 124, 70,
71, 99]. FIB processing sputters the target material with heavy-ions, such as gallium, at high
acceleration voltages, and as such creates significant damage to the surface, including graphiti-
sation [70] and gallium ion implantation [123]. Such damage is acceptable for structures such as
the SIL in which the colour centre can be several micrometres from the surface, but presents a
challenge to nanophotonic structures such as photonic crystals where the colour centre is within
100 nm of the surface. In the latter case post-processing methods are required - annealing at
a temperature over 1000C causes implanted Ga+ ions and vacancies to migrate to the diamond
surface, with subsequent thermal etching (heating to ∼450C in an oxygen-rich atmosphere) and
acid boiling enabling the removal of surface damage and contamination [70].

3.2. Generation and Placement of Defects

As is the case for a large number of diamond colour centres [29], the NV and SiV are com-
plexes of one or more impurities and vacancies. For CVD-grown diamond the impurity atoms
may be either introduced during growth or implanted later. Nitrogen is readily incorporated into
the diamond lattice during growth owing to its relatively similar size to carbon, and as such it
persists even in the most pure commercially available type IIa materials, in quantities down to
a few parts per billion [101, 125, 126]. Whilst nitrogen impurities will most commonly take
the simple substitutional form, some NVs can also form during the CVD process [126]. These
‘native’ NVs are generally randomly oriented in (100)-grown diamond, but preferential orien-
tation along the growth axis during (111)-oriented growth has been reported, with a probability
of over 95% [127, 128]. Such orientation may offer benefits to photonic devices in which the
optical mode is polarised in the (111) plane [129]. Intentional nitrogen doping during growth
can be also be achieved through the selective introduction of N2 gas [130] (see section 3.2.3).
For SiVs, formation during growth can occur through either silicon contamination from chamber
side-walls (containing SiO2) [64, 66, 131], through selection of a silicon/silicon-based growth
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Figure 12: Nitrogen ion implantation in diamond. (a) The NV creation yield is measured as a function of implantation
energy, deduced from the total fluorescence intensity compared to the integrated ion fluence. (b) SRIM simulations of the
number of vacancies created as a function of implantation energy. (c) SRIM simulation of average implantation depth as
a function of energy (red). The longitudinal and transverse straggle is also shown (dashed). Reprinted with permission
from [134].

substrate [64, 66, 75, 81] or from the introduction of silane to the precursor gases [132, 133].

For the realisation of large scale quantum networks using diamond it is highly desirable
to be able to position colour centres within photonic structures with a high production yield.
The spatial precision required depends on the architecture adopted. For example, for a single
mode resonator such as a photonic crystal cavity (PCC) operating in the visible/NIR region of
the spectrum (see section 5.1.1) this length scale is given by λ

4n ∼ 60-75 nm. In some hybrid
approaches to resonant enhancement such as open cavities (section 5.2), the requirements are
relaxed by the ability to align the resonator and colour centre in-situ.

Since the colour centres of interest are formed by the binding of impurities and vacancies,
positioning of colour centres at desired locations is achieved by positioning either or both species
within the lattice prior to annealing. The methods available for doing so all involve some degree
of damage to the diamond lattice which must then removed as far as is possible to produce
colour centres with the required coherent properties. This can be achieved by annealing at higher
temperatures as discussed in section 3.4.

3.2.1. Ion Implantation
Ion implantation has become the most widespread technique for generating shallow NV [135,

136, 137, 125, 57] and SiV [138, 139, 64, 78, 140, 141] colour centres, and has been the subject of
previous reviews [126, 142]. The impurity is implanted within a few micrometres of the diamond
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surface, with vacancies (and other lattice damage) generated as the ion transfers its kinetic energy
to the diamond lattice and comes to rest. The vacancies are mobilised by subsequent annealing at
temperatures above 600C [142, 143], and a small percentage of these bind to implanted impurity
atoms to form the desired colour centres.

Figure 12a shows data recorded by Pezzagna and co-workers for NV generation via nitrogen
ion implantation [134], reporting the NV conversion yield after annealing, as a function of im-
plantation energy, along with a simulation of the number of vacancies generated in figure 12b.
For NV, the conversion yield has been shown to be highest at annealing temperatures of around
800C [144, 57]. Increasing the conversion yield continues to be the subject of considerable ef-
fort. One of the limitations of the single step implantation process is that the vacancies created
are mostly at a shallower depth than the final location of the implanted impurity. To this end,
carbon co-implantation has been used to generate vacancies closer to the nitrogen to increase
the conversion yield [145]. Vacancy generation using other lightweight ions such as helium may
help to minimise residual lattice damage [146, 147].

It is common to implant the nitrogen-15 isotope, in order to differentiate from the native im-
purities [143]. Figure 12c shows a SRIM (Stopping Range of Ions in Matter) simulation [148]
demonstrating the dependence on the average depth of the implanted ions, with the acceleration
energy [134]. As the implantation depth increases so too does the ion straggle, as the ions scatter
at the lattice sites, which begins to limit the placement precision. For depths around 100 nm or
less, this deviation is below a few tens of nanometres [134, 149], within reasonable tolerances
for placement into single mode photonic structures. Implanted nitrogen ions are capable of pro-
ducing NVs with spin coherence almost on a par with native defects, with T2 ≈ 350µs [150],
although coherence times of 100 µs or less are commonly reported [151, 114, 109].

There are several approaches to the positioning of implanted ions. Focused ion beams pro-
vide a mask-less approach which can be used to determine the nitrogen implantation region
[135], with the lateral precision defined by the beam FWHM down to 100 nm or less at the focus
[152]. For deep fabrication at MeV acceleration energies, the single NV limit has been reached
[135], however single NV generation has not been widely reported for shallow (≈ 20 nm), low
energy implantation [152]. For the SiV, focused 60 keV silicon ion implantation has been shown
by Tamura and coworkers to reach the single centre limit, implanting ≈ 40 nm below the surface
[139]. Restricting the focused ion beam using a nano-aperture in an AFM tip can further increase
the positioning accuracy to ∼25 nm [153], and Riedrich-Möller et al have taken this method fur-
ther to demonstrate precise placement of NV defects at the centre of photonic crystal cavities
(discussed in section 4) [72]. Further work to lower the ion fluences will enable the single NV
limit to be reached.

A more prevalent method to achieve nanoscale positioning has been to use shadow masks
containing nano-apertures through which ion implantation can be achieved over a larger sample
area. Strategies include patterning apertures down to 30 nm in size via electron beam (e-beam)
lithography in resist layers of 200-300 nm [156, 157, 154], fabricating arrays of single emitters
as shown in figure 13(a,b). Toyli and coworkers formed on average 1.4 NV centres per aperture
upon 10-30 keV implantation through e-beam resist (ZEP520A), achieving a 5% ion-NV con-
version yield [156]. T2 measurements were presented but limited to 23 µs, which was attributed
mainly to charge-state switching, due to surface proximity, and the fact that ≈ 30 paramagnetic
ions 15N are implanted per aperture. Single defect generation has also been achieved with aper-
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Figure 13: Precise positioning of colour centres using ion implantation.(a) Electron beam lithography is used to pattern
nanoholes in a 230 nm PMMA layer on the diamond surface, which masks the ion implantation. A dark-field optical
microscope image of the mask can be seen in (b), overlaid with the NV fluorescence post-annealing. Reprinted from
[154], with permission from AIP Publishing. (c) Cross sectional SEM of a silicon hard-mask with a 47 nm starting
aperture. Atomic layer deposition of Al2O3 creates a channel of width 2 nm. Reprinted with permission from [155].
Copyright 2015 American Chemical Society.

tures in PMMA, with Spinicelli et al showing a 7% conversion efficiency and 3.5 NV/aperture
through CN− molecular ion beam implantation [157], and Sangtawesin et al demonstrating 6-
7% yield with 0.9 to 5 NV/aperture, dependent on the aperture size [154]. Recently Scarabelli
and coworkers gold-coated the diamond surface prior to PMMA coating for e-beam lithography,
showing that with post-processing, nano-apertures as small as 15 nm could be fabricated for
masking ion implantation and single NV generation [158]. To achieve smaller apertures with e-
beam lithography requires thinner resist layers, however one eventually encounters the problem
of implantation through the resist, outside of the defined aperture [155]. High aspect ratio hard-
masks have been explored to to circumvent this issue [159, 155]. Nanochannels down to 20 nm
in width have been demonstrated in mica foils of thickness 5-30 µm, fabricated through heavy
ion bombardment and subsequent etching [159]. This method was used to mask high energy (1
MeV) nitrogen implantation and fabricate deep (730 nm) NV centres for demonstrations of room
temperature NV-NV entanglement through mutual dipolar interaction [160]. Silicon hard-masks
are a particularly promising method for combining a high degree of mask isolation with high
spatial precision. After fabricating channels of diameter as small as 10 nm in silicon by e-beam
lithography and dry-etching, Bayn and coworkers used atomic layer deposition of Al2O3 to nar-
row the channels still further [155], as illustrated in figure 13(c), achieving a minimum channel
diameter approaching 2 nm. The fabricated NV distribution, measured by super-resolution imag-
ing was as little as 26 nm only limited by straggle (6-20 keV energy regime), and this technique
has recently been integrated into the fabrication of photonic crystal nanobeam structures [149].
The authors reported a 26% single NV yield at depths of 110 nm with 20 nm of straggle expected.

3.2.2. Vacancy Generation
With sufficient concentration of pre-existing impurity atoms, colour centres such as NVs may

be fabricated in diamond through the introduction of crystal vacancies alone. It was established
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Figure 14: Principle of aberration-free laser writing of vacancies using a femtosecond pulse of a Ti:sapphire laser. (a)
A flat wavefront leads to spherical aberrations of the point spread function leading to non-localised damage along the
optical axis. A simulation of the point-spread function is shown inset, the scale bar is 2µm. (b) An adapted wavefront
will localise the laser writing process. Adapted from [165].

in some of the earliest studies on optically active defects in diamond that vacancy generation
could be achieved through electron beam irradiation of the lattice, shown to activate NV centres
in nitrogen rich type Ib materials upon annealing [161, 34]. Focused electron beam irradiation
allows localisation of vacancy generation in two dimensions to within ∼ 10 nm [162, 163], but
provides no depth positioning. A different approach has recently been taken by Chen et al, using
single pulses from a femtosecond Ti:Sapphire laser to write vacancies into the lattice [164].
The highly nonlinear process of vacancy generation using ultrafast optical pulses means that
vacancies are generated only at the most intense region of the laser focus, providing both depth
positioning and spatial resolution below the optical diffraction limit. In Chen’s work, vacancies
were introduced 50 µm below the surface and single NV centres were formed with native nitrogen
impurities upon annealing. By using adaptive optics to correct for aberrations and minimise the
point spread function [165, 166] (shown in figure 14), the NVs were positioned to within about
200 nm in the image plane and 700 nm in depth. Importantly, some of the NVs were shown to
be of high quality, with coherent ZPL transitions at 4K.

3.2.3. Delta-Doping for Colour Centre Positioning
Delta-doping has emerged as a technique to confine impurity doping to a well defined depth,

so that only transverse positioning of vacancies is needed to generate accurately placed colour
centres. For NV production using this method, N2 gas is briefly introduced to the CVD chamber
[130] during growth, creating a nitrogen-rich layer as thin as 2 nm [167]. Controlled overgrowth
then defines the final depth of this layer. Ohno and coworkers used defocused electron irradiation
to yield NV centres confined to within a 8 nm layer after annealing. Long spin coherence times
were also achieved by switching between 13CH4 and isotopically pure 12CH4 source gases to
create a nuclear spin-free buffer around the delta-doped layer as in figure 15, with recorded
values from T2 > 100 µs for NVs 5 nm below the surface to T2 > 600 µs for NVs deeper than
50 nm. Subsequent work demonstrated lateral positioning of vacancy generation using 12C ion
bombardment through nano-apertures down to 50 nm in PMMA [168]. Here the delta-doped
layer was ≈ 50 nm below the surface, whilst the sub-surface vacancies were created at a more
shallow depth. During annealing the vacancies diffused to the doped layer, allowing the NVs
to form away from the damaged region, manifesting in coherence times T2 > 300 µs. The
formation confined the NVs to a (180 nm)3 volume with on average ≈0.9 NVs/aperture. More
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Figure 15: The delta-doping process. A 12C layer is grown on a (100) diamond substrate. A controlled introduction of
15N during the growth process allows for a precise nitrogen doped layer. After more overgrowth, vacancies are generated
before annealing to form NVs. Adapted from [167].

recent work by McLellan et al used focused electron beam irradiation with spot sizes down to
20 nm to confine the vacancy generation in a delta-doped sample [169]. This method appears
capable of positioning NVs with <10 nm accuracy in all three dimensions.

3.3. Diamond Surface Preparation

Controlling the surface chemistry is critical to maintaining the NV− charge state and in re-
taining good optical and spin coherence of the colour centres. Oxygen termination of the surface
has been used extensively to achieve good properties, while hydrogen termination, the state of
the surface immediately after the CVD growth process [101], forms a conductive surface layer
that ionises sub-surface NV− to NV0 [170, 171]. Fu et al compared the influence of hydrogen and
oxygen terminated surfaces on the NV−/NV0 ratio, at implantation depths of 14-62 nm [53]. With
NV0 emission initially predominant in the hydrogen-terminated material, Fu et al demonstrated
that the NV− ratio is recovered by thermal etching in O2 at 465C, as shown in figure 16(a,b).
Unsurprisingly the effect was more pronounced for the shallower defects. Oxygen termination
can also be achieved with acid boiling, with equal ratios of perchloric, nitric and sulphuric acids
commonly used [171, 167, 113], and generally a combination of both acid boiling and annealing
in O2 is employed for the most effective termination [57, 172]. Fluorine has also been shown
to terminate the surface effectively for NV− at 15 nm below the surface. Fluorine termination is
accomplished through fluorocarbon plasmas such as CF4 [173, 174]. The study by Cui and Hu
reported that it can be more effective than oxygen treatments, as shown in figure 16(c), owing to
the fluorine atom’s higher relative electronegativity to carbon and its ability to fully passivate the
surface [112]. Fluorine is also reported to provide an air-stable surface chemistry for diamond,
whilst the oxygen termination can show degradation on the adsorption of moisture.

3.4. Coherence Properties of Colour Centres in Engineered Diamond

For the construction of diamond-based nodes for quantum networks, a primary consideration
is the coherence of the optical transitions and of the electron spin. There have been many re-
ports suggesting that the NV spin-coherence typical of native NVs in bulk CVD material can be
maintained upon nanostructure fabrication [52, 175, 129]. Where ion implantation techniques
are used, high temperature annealing (>1000C) has been shown to be critical in extending the
spin-coherence of these centres [137] by removing excess paramagnetic defects from the lattice.
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Figure 16: Influence of surface termination on the charge state of sub-surface NV (a) Samples S1, S2, S3 are initially
hydrogenated and contain implanted NVs ensembles at 14, 14 and 62 nm respectively. The NV− to NV0 ratio is shown
as a function of annealing time in an O2 atmosphere (blue). Some regions are masked as a control (red). (b) Low
temperature PL spectra before (red) and after 150 min of O2 annealing (blue). Reprinted from [53], with permission
from AIP Publishing. (c) The NV− to NV0 ratio for NV centres at 15 nm below the surface, plotted as a function of
the electronegativity of the terminating species relative to carbon. Reprinted from [173], with permission from AIP
Publishing.

However, there have been few reports of optically coherent transitions in photonic structures
and membranes to meet the criterion of indistinguishability. Upon fabrication of PCCs into di-
amond in single crystal diamond through oxygen plasma RIE (detailed in section 4), Faraon et
al presented PLE measurements on the cavity-coupled NV ZPL transitions, with linewidths of
≈ 4-9 GHz, orders of magnitude greater than the transform limit [51]. Mouradian and cowork-
ers more recently reported PLE measurements of NV centres situated in free-standing diamond
ridge waveguides (see section 4.4) fabricated through combined Ar/Cl2 and oxygen plasma RIE.
Significantly narrower single-scan widths were measured down to ≈400 MHz on average [176],
however this line width is still over one order of magnitude greater than the transform limit.

In 2014 Chu and coworkers [57] published a strategy for generating optically coherent NV
centres using ion implantation, as summarised in figure 17(a). After the removal of surface
damage due to polishing using first Ar/Cl2 then O2 RIE (section 3.1.1), [57, 88], 15N ions are
implanted to a depth of ≈100 nm followed by a multi-stage annealing process in vacuum. An
initial 400C bake-out stage [141] is followed by stages at 800C to initiate efficient NV formation
and 1200C to heal the lattice damage [142, 125]. Effective oxygen termination of the diamond
surface is then established using a combination of tri-acid boiling and thermal oxidation (section
3.3). The resulting NV centres showed good optical properties at low temperature, with PLE
measurements showing spectral diffusion to be almost eliminated with γ+ γinhom = 27 MHz (fig-
ure 17(c)). Equally impressive is the high fraction of NV centres created with this process that
showed coherent optical properties, as evidenced by the statistics in the histogram of figure 17b.
A similar methodology has been applied with artificially fabricated SiV centres via silicon ion
implantation by Evans et al [141]. This work underscores the importance of the final annealing
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Figure 17: Generation of optically coherent sub-surface NV centres by ion implantation. (a) Protocol steps. (b) His-
togram (100 MHz binning) summarising NV linewidths across four samples. (c) PLE spectrum averaged over repeated
scans below with application of a 575 nm (NV0 resonant) pulse for charge state recovery between each scan. Reprinted
with permission from [57]. Copyright 2014 American Chemical Society.
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stage at >1000C, by showing the inhomogeneous distribution of separate SiV emission wave-
lengths to collapse from 3-4 nm after the 800C stage, to below 0.03 nm after the final stage. The
coherent emission was demonstrated with PLE line widths of 320±180 MHz across all centres
studied, approaching the lifetime limit of γ = 94 MHz, for the transition of interest. These SiVs
were also incorporated into free-standing waveguides through angular etching methods (see sec-
tion 4.4). The line widths here remained largely unchanged at 410±160 MHz. These results
suggest that coherent optical transitions from artificially generated colour centres incorporated
into processed and nanostructured diamond is an achievable engineering challenge for the fabri-
cation of photonic structures.

4. Photonic Structures I: Fluorescence Collection and Waveguiding

Advancing diamond processing methods have allowed for the fabrication and demonstration
of a diverse range of photonic elements. The focus of this section is on non-resonant struc-
tures that enhance broad-band light collection efficiency ηco and provide methods for on-chip
waveguiding. For enhanced light collection we discuss SILs, bullseye structures, nanowires and
nanopillars. SILs in particular were an enabling factor in the recent remote spin-spin entangle-
ment experiments between NV centres [11]. Expansion to larger-scale networks with NV centres
will also require increases to ηem via resonant enhancement of the ZPL transition, discussed in
section 5, but for colour centres such as the SiV with large Debye Waller factors, the non-resonant
structures discussed in this section may provide sufficiently large ηco for scalability.
The second topic of this section will be progress towards integrated on-chip diamond photonic
systems which have been facilitated by the processing methods of section 3. A tantalising long-
term vision is for chip-based devices in which built-in photon routing elements, beamsplitters,
switches and detectors allow fully scalable implementation of qubit networks [177]. Techniques
that could be applied to the fabrication of on-chip photonic networks will be discussed, for ex-
ample in the case of angular etching protocols of section 4.4. The engineering of these structures
is also of importance to the discussion of integrated resonators in section 5.1, as these involve
developments of the same basic architecture.

4.1. Solid Immersion Lenses

Solid immersion lenses (figure 18(c,d)) enhance light collection from sources in bulk mate-
rials by eliminating the refraction normally experienced at planar interfaces. The critical angle
for total internal reflection at the diamond-air interface is 25◦, so that only 4.5% of light emitted
isotropically from a subsurface colour centre is transmitted through a planar interface and can be
collected by a high numerical aperture lens (noting that at cryogenic temperatures oil immersion
lenses are not practical). Light emitted by a defect at the centroid of a SIL, however, is normal
to the surface over a solid angle approaching 2π, such that a SIL alone can increase ηco to nearly
50%, an increase of an order of magnitude.
Other than the need to be compatible with high numerical aperture light collection optics, the
diameter of a SIL has no direct impact on its functionality. One approach has been to fabricate
‘macroscopic’ SILs, of 500 µm radius, made entirely out of diamond, through combined me-
chanical and laser processing [178]. Here the defect emission from the central position can be
characterised both through the SIL and on the reverse side as a direct comparison of the enhance-
ment, with over a factor of 6 observed. A more widely adopted approach has been to fabricate
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microscopic SILs via FIB milling [120]. These can be fabricated directly into the diamond sur-
face using FIB milling into a region of type IIa diamond with a sufficiently low NV density,
shown in figure 18(c). With the defects to be centered in a hemisphere of 2.5 µm radius, the
influence of surface states on the coherent properties of the centre is limited. Microscopic SILs
are considerably more robust to shape imperfections than macroscopic SILs, since the degree
of wavefront distortion of the escaping light depends on the absolute variation in path length
from the emitter to the hemispherical surface. As well as enhancing emission, the magnifying
power of the SIL (equal to the refractive index) reduces the excitation spot size, thus reducing
the required excitation power. This can provide the additional benefit of reducing the intensity
of background fluorescence and scattering relative to the colour centre fluorescence, important
for achieving good single-photon fidelities. Finite-difference time-domain (FDTD) simulations,
an example of which is shown in figure 18(d), suggest that the positional accuracy of the de-
fects needs to be better than 1µm to ensure a significant enhancement of the collection efficiency
[121]. Marseglia et al developed a registration technique to create SILs around pre-identified
NV centres [122]. The lateral positioning accuracy of the fabricated SIL was determined to be
210 nm, within the design tolerance for improved light collection. Enhancements of a factor
of 8 were thus achieved. Further work on integrated SILs has seen photon count-rates of up to
106 s−1 from a single NV centre in [111] oriented diamond [179]. SILs have also been used in
conjunction with stimulated emission depletion microscopy of NV centres to eliminate aberra-
tions in the excitation and depletion beams, resulting in a spatial resolution down to 2 nm and
sub-nanometre position localisation [180]. Hybrid structures have been studied, whereby NV
centers in a diamond membrane have been attached to the planar surface of a GaP SIL with 1
mm radius. Here the higher refractive index material (nGaP = 3.3), ensures that the vast majority
of the fluorescence is preferentially directed through the SIL [181].

4.2. Bullseye Structures

Circular diffraction gratings etched into 300 nm membranes, shown in figure 18(a,b), serve
to suppress emission in the plane and therefore provide strongly directional coupling to external
collection optics. They have been shown to achieve the highest single NV photon count rates
reported to date of ≈3×106 counts/s. The structures were fabricated using RIE through a silicon
hard-mask mask (introduced in section 3.2.1). Hahn echo measurements showed T2 in the re-
gion of 300 µs, whilst dynamical decoupling techniques (introduced in section 2.1) allowed the
coherence time to be extended to 1.7 ms [175]. To get an indication of the requirements for the
lateral positioning accuracy, the authors performed FDTD simulations suggesting that a ≈200nm
radial displacement of the emitter from the centre of the grating is enough to reduce the maxi-
mum collection efficiency by factor of two.

4.3. Nanowires and Nanopillars

Integrated nanowire and nanopillar structures provide another approach to achieving direc-
tional emission towards external collection optics, using the principle of waveguiding by the
high index diamond. Nanopillars (≈200 nm in length) and nanowires (>1 µm) have both been
explored [184, 183], whilst the single NV yield of these devices has improved with prior ion
implantation and annealing [185]. This architecture is suitable for top-down processing, facil-
itating the creation of arrays as in reference [19]. Babinec et al [183] demonstrated a ten-fold
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(a) (b)

(d)(c)

Figure 18: Structures to enhance light collection from colour centres in diamond (a) SEM Image of a bullseye structure
in diamond. (b) FDTD simulation of the electric field intensity (log-scale). Reprinted with permission from [175].
Copyright 2015 American Chemical Society. (c) SEM image of a solid immersion lens milled into a diamond surface.
Reprinted by permission from Macmillan Publishers Ltd: Nature [11], copyright 2013. (d) FDTD Simulation of the
electric field intensity (log-scale). Reprinted from [121].
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Figure 19: Nanowire/nanopillar structures in diamond. (a,b) SEM images of tapered diamond nanopillars with the scale
bar denoting 3 µm. (c) PL image of a nanopillar array from the reverse side of the substrate showing single NV emission
in excess of 106 counts/s. Reprinted with permission from [182]. Copyright 2015 American Chemical Society. (d) Sim-
ulation of field profile for a radially oriented dipole in a diamond nanowire, with θ denoting an NA=0.95, typical of the
best microscope air-objective lenses. The profile suggests optimal collection of light in the vertical direction. (e) Simu-
lation of axially oriented dipole showing larger field components in the lateral directions. However, significant coupling
to external optics is still achievable. Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology
[183], copyright 2010.
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enhancement of the NV saturation photon count rates (> 105counts/s), with simultaneous 10-fold
reduction in the saturation excitation power in the nanowire geometry compared with planar bulk
light collection. The coupling efficiency is highly dependent on dipole orientation, with figure
19d showing a simulation of the ideal coupling from an s-polarised dipole, whilst the sub-optimal
p-polarisarion is shown in figure 19e. In (100) diamond substrates, the NV dipole emission has
contributions from both of these components, resulting in a 40% collection efficiency by an ob-
jective lens in this geometry. With the advent of (111)-oriented CVD material [186, 127, 128],
nanowires have seen further improvements in the achievable photon count rates to more than 106

counts/s [129, 182]. Tapering of the base, as in figure 19a,b has been shown to optimise this
design still further [182]. These structures are well suited for applications in scanning magne-
tometry and as a consequence, significant efforts have been made to preserve the spin coherence
of shallow (approaching 10 nm) NV centres at the tip. With the appropriate processing (similar
to those in section 3.3), it has been shown that the T2 times of the starting materials are largely
preserved upon nanostructuring [114, 182, 129], allowing for astonishing magnetic field sensi-
tivities down to the single electron spin level [187]. Such developments are worth noting here as
they could potentially open new possibilities for hybrid nodes in which an optically networked
colour centre is scanned across an array of optically passive spin-qubits, thus greatly increasing
the available resources in a single node.

4.4. On-Chip Waveguides and Photonic Elements
The combination of controlled top-down nanofabrication techniques for single crystal dia-

mond and colour centre positioning provides the building blocks for development of integrated
photonic circuits and on-chip networks. Early work towards an integrated platform focused on
straightforward all-diamond ridge waveguide architectures [188, 189]. For full confinement of
the optical mode however it becomes necessary to ensure a refractive index contrast between the
waveguide and underlying material. A widespread approach has been to use deep RIE to fabricate
diamond membranes, supported on SiO2/Si substrates, a few hundreds of nanometres in thick-
ness, before fabricating photonic elements. The underlying SiO2 (n = 1.45) provides sufficient re-
fractive index contrast to confine the optical mode within the diamond. This approach has formed
the basis of resonator architectures such as microrings [102, 69] which can be evanescently cou-
pled to integrated waveguides and interrogated with via grating couplers [190, 103, 191]. Hybrid
platforms based on gallium phosphide bonded to diamond present another approach to circum-
vent the issues facing all-diamond ridge structures, where the waveguiding occurs in the higher
refractive index GaP layer. This system has yielded demonstrations of microdisks, microrings,
directional couplers and grating couplers [192, 193, 194, 195, 196, 197, 198, 199] (discussed in
section 5.1.3). The optimal confinement of modes to within the diamond material ultimately re-
quires a free-standing architecture for best possible contrast. Within the limitations of top-down
processing, some approaches have been taken to selectively etching the supporting substrate,
commonly silicon, in order to suspend the photonic structures [52, 99, 200, 70]. High-energy ion
bombardment of single crystal diamond followed by homoepitaxial overgrowth of high quality
membranes provides another route towards membrane suspension as the damaged layer can be
selectively etched [97, 93, 96, 92]. Micromanipulation and lift out of as-fabricated membranes
[93, 94, 92] could also be employed to enable a free standing structure, however this serial tech-
nique is naturally slower than parallel fabrication processes.

The development of angular RIE protocols, in which bespoke Faraday cage structures have
been widely used to direct ions at oblique angles to the diamond surface [104], has provided an
ingenious new method for producing photonic structures (figure 20). The technique has been
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Figure 20: The angular etching protocol. (a) The diamond (light grey) is masked (dark grey) and removed (b) using a
top-down etching protocol. (c) A Faraday cage is used to facilitate angular etching to undercut the masked feature as in
(d). Reprinted with permission from [104]. Copyright 2012 American Chemical Society.

used to produce photonic crystal nanobeams, microdisks and waveguides [104, 201] and more
recently racetrack resonators [87] (see section 5). The fabrication of free-standing devices di-
rectly onto the surface of the diamond releases the constraint of the membrane thickness on the
operating wavelength of the device, in principle allowing multiple devices with distinct operat-
ing frequencies on one substrate which enables applications for on-chip frequency conversion
[90]. Alternatively a quasi-isotropic plasma etch has more recently been developed to create
undercut features in diamond, enabling high quality microdisks and nanobeam structures for op-
tomechanics [202, 203]. Strategies towards the undercutting of photonic structures exclusively
via FIB have been used to create nanobeam cavities using angled and side-milling [98, 124, 115],
Q-factors of these devices were initially limited due to ion damage until later work by Riedrich-
Möller and coworkers showed that extensive post-processing steps with high temperature vacuum
annealing, thermal oxidation and acid cleaning could start to recover the quality of the starting
material and fabricate high-Q devices [70, 71].

5. Photonic Structures II: Optical Resonators

Optical microresonators can be employed to enhance and control light-matter coupling in a
variety of ways [204]. We limit discussion here to the weak coupling regime of cavity quan-
tum electrodynamics, which provides enhancement of spontaneous emission into well-defined
modes for photonic networking, in particular for increasing the efficiency of the light-matter in-
terface via ηem and ηco. Schemes for quantum information processing involving solid state qubits
strongly coupled to optical resonators have been proposed [205], but such ‘quantum strong cou-
pling’ is considerably more difficult to realise than weak coupling and is not a required element
of measurement-based network architectures.

In weak coupling the role of the resonator can be described in terms of its modification to the
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optical density of states experienced by the atomic system. The affect this has on the spontaneous
emission process (the Purcell effect) is the most commonly cited benefit, but it is important to
note that other schemes for spin-photon interfaces such as those of Hu et al [19] and Nemoto et al
[20] benefit in similar ways from weak cavity coupling. Weak coupling occurs when the cavity
photon leakage rate κ is greater than the free-space atomic emission rate γ and the atom-cavity
coupling strength g, and substantial effects are observed when the single atom cooperativity
C =

g2

κγ
is of order unity or greater. Typical magnitudes for these parameters in diamond colour

centres and microresonators are γ ∼ 0.1 GHz, κ ∼ 10 − 100 GHz, and g ∼ 0.1 − 10 GHz.
There are two principal ways in which optical resonators can enhance the efficiency for gener-

ation of indistinguishable photons beyond that which can be achieved by non-resonant structures.
The first is by promoting emission of ZPL photons over those from phonon sidebands (enhanc-
ing ηem), and the second is by increasing the homogeneous line width of the emitter (enhancing
ηex), a consequence of reducing the spontaneous emission lifetime via the Purcell effect. Both of
these mechanisms are likely to be significant in the use of cavities for NV centres, due to the low
Debye Waller factor and the sensitivity of the ZPL to inhomogeneous broadening mechanisms.
The reduced optical power required for resonant excitation of cavity-coupled transitions may in
addition improve fidelity by reducing background noise.

Before reviewing progress in the realisation of cavity-coupled structures, we outline the basic
theory that describes the increase in ZPL emission efficiency and homogeneous linewidth. Our
starting point is the enhancement of the rate of emission by a narrow atomic transition into a
resonant cavity mode. This enhancement is given by the ratio of the optical density of states
experienced by an atom in a resonant cavity mode compared to that in free space, encapsulated
by the Purcell factor, FP:

FP =
3

4π2

(
λ

n

)3 Q
Vmode

(2)

where λ is the emitter-cavity resonance, n is the refractive index, Q is the cavity quality factor
and Vmode is the mode volume. This equation assumes that the emitter and the cavity mode are in
perfect resonance, that the emitting dipole is situated at the electric field maximum of the cavity
mode and is oriented parallel to the field direction, and that the atomic line width is narrower
than the cavity mode line width (ie the dephasing time γ∗ < κ). The generalised form of the
Purcell factor:

Fcav = FP

 |µ.E|
|µ||Emax|

2
1

1 + 4Q2
cav (λem/λcav − 1)2 (3)

accounts for both spatial and orientational misalignment of the emitter dipole vector µ and the
cavity mode electric field vector Emax and relative spectral detuning between the emitter λem and
the cavity λcav. The Q factor and mode volume are the primary considerations in the construction
and design of a cavity system. For the implementation of an emitter-cavity system however, the
position, orientation and resonance with the emitter become critical.

The effect of the cavity on ηem is to enhance emission into the desired mode relative to
competing mechanisms for relaxation from the optically excited state. In diamond colour centres
these include both other radiative processes such as phonon sideband (PSB) emission, and non-
radiative (NR) processes. Typically diamond colour centres, like other emitters, will relax from
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the optically excited state via both radiative and non-radiative channels. The radiative emission
can in turn be separated into the ZPL and photon sideband contributions:

γ = γrad + γnr = γZPL + γPS B + γnr (4)

The ratio of radiative emission to the total relaxation rate γrad/γ is known as the quantum
efficiency of the emitter. If the ZPL is transform limited, the efficiency of emission of indistin-
guishable photons in bulk material is ηem = γZPL/γ

Coupling the ZPL emission to a microcavity mode enhances the ZPL emission rate by FP.
There may also be some effect of the microcavity on the phonon sideband emission, which can be
partially suppressed by a reduced optical density of states [206, 71]. In general the total emission
rate of the cavity-coupled colour centre will be

γ′ = γrad + γnr = Fcav.γZPL + βγPS B + γnr (5)

where 0 < β < 1 represents the suppression of the sideband emission. The efficiency of
emission of the ZPL photons is now given by

ηem′ =
Fcav.γZPL

γ′
=

Fcav.γZPL

Fcav.γZPL + βγPS B + γnr
(6)

For large enough FP this efficiency can approach unity. For example in NV−, γZPL ' 3 MHz,
γPS B ' 80 MHz and we neglect γnr. In the absence of a cavity, ηem ' 0.04 but in a cavity with
FP = 100 one achieves ηem = 0.79, and FP = 1000 gives ηem = 0.97 (assuming conservatively
that β = 1). One can see from these examples that high efficiencies can be achieved with realis-
able microcavities. Equation 2 shows that for a cavity of mode volume V = λ3 the Purcell factor
is of order FP ' Q/10.

The increase in excitation efficiency ηex gained by increased homogeneous broadening is
more subtle. For a fixed wavelength of excitation laser, the efficiency with which the colour
centre will be excited is approximately the ratio of the homogeneous to total line width ηex =

γ/(γ + γinhom). For the transform limited ZPL the homogeneous line width is the same as the
total emission rate γ, which changes to γ′ in the cavity. Thus for an NV centre in which the
phonon sideband emission rate is unchanged by the cavity, we find that FP = 100 gives γ′/γ =

4.6 and FP = 1000 gives γ′/γ = 37. For inhomogeneous broadening of γinhom = 300 MHz the
excitation efficiency without a cavity would be ηex ' 21 %, rising to 55 % in a cavity of FP = 100
and 91 % for FP = 1000.

With these basic considerations in place, we now turn attention to the main strategies adopted
so far for cavity coupling of diamond colour centres. We begin by reviewing work on integrated
diamond photonics approaches with all-diamond resonators (section 5.1) and hybrid diamond-
GaP structures (section 5.1.3). We then look at recent work on coupling to open-cavity systems
(section 5.2). Throughout we focus on the particular challenges of the use of optical resonators
to enhance the spin-photon interface, considering the achievable Purcell factors when coupling
to zero phonon lines of colour centres. Other important considerations are the degree to which
the ZPL-cavity coupling can be achieved on-demand, including reproducibility and in-situ tuning
that will be highly advantageous in any scalable system (discussed in section 3). Efforts towards
optimal defect placement within these photonic structures will also be highlighted.
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5.1. Integrated Resonators

5.1.1. Photonic Crystal Cavities (PCCs)
A photonic crystal consists of a periodic dielectric structure, serving to create a photonic

band-gap, prohibiting the propagation of light of particular wave vectors. To form a PCC one
or more of these ‘lattice sites’ are modified or removed forming a local modification of the
band structure (a ‘photonic crystal defect’) that allows light to be confined [204]. Both one-
dimensional (referred to as nanobeam cavities) and two dimensional PCC architectures have
been used to enhance emission from colour centres in diamond. Early demonstrations took a
hybrid approach, whereby 2D-PCCs were fabricated from GaP, with pick-and-place techniques
employed to position NV centres in nanodiamond at the cavity mode [207, 208, 209]. However
the developments in single-crystal diamond fabrication have allowed for monolithic structures,
where periodicity is achieved through an array of air-holes in membrane thickness material, as in
figure 21(a). The high-refractive index contrast between air and diamond means the penetration
of the field into the surrounding crystal is low, leading to ultra-small mode volumes of the order
Vmode ≈ ( λn )3. Though FDTD simulations suggest these structures are capable of sustaining high-
Q modes [210, 211], the challenge is to maintain these properties in fabrication, which depends
strongly on the ability to obtain smooth, vertical side-walls for the air-holes.

Riedrich-Möller and co-workers [70, 71] have pioneered the FIB approach, demonstrating
both 2D-PCC and nanobeam structures with mode volumes of Vmode = 1.5 ( λn )3 (2D PCC) and
Vmode = 0.7( λn )3 (Nanobeam) respectively and Q-factors up to 700. These Q-factors are at least
one order of magnitude less than the idealised structures, a limit which is shown to be primar-
ily due to the side-wall tapering, but nevertheless provide Purcell factors of FP ' 35. The
as-fabricated cavity modes are spectrally very close to the targeted colour centre resonances,
red-shifted just a few nm. Tuning of the cavity resonances was achieved through repeated ther-
mal oxidation to reduce the structure dimensions, showing spectral blue-shifting of the cavity
mode by up to 15 nm without significant degradation of the Q-factor. SiV ensembles were used
to trial the emitter-cavity coupling process with the 2D-PCC showing a factor of 2.8 intensity
enhancement at the ZPL wavelength for light collected above the plane.

One of the most significant demonstrations of 2D-PCC structures in diamond was by Faraon
and co-workers [51] who fabricated PCC structures using O2 RIE and demonstrated low tem-
perature coupling of single NVs to the cavity modes with some of the highest Purcell factors
to date. Here a PCC with three missing lattice points (categorised as an M3 cavity), offered a
Vmode=0.88( λn )3. Q-factors of ≈ 3000 were shown, about half of the simulated value, correspond-
ing to a Purcell factor of FP = 260. Coupling to the ZPL of a single NV centre was demonstrated
at < 10K. Here tuning of the as-fabricated cavity resonance to the ZPL is achieved by the con-
densation of xenon gas on the surface of the cold cavity structure, thus red-shifting the mode
resonance with fine control by as much as 7 nm [212]. Lifetime measurements on the cavity
coupled ZPL showed a factor of 3 reduction on resonance as shown in figure 21(b). Taking into
account the Debye-Waller factor of 0.03, this lifetime reduction corresponds to Fcav = 70. Sin-
gle photon emission from the cavity-coupled ZPL was verified with a Hanbury Brown and Twiss
(HBT) measurement, with g(2)(0) = 0.38.

Nanobeam cavities have also been fabricated with O2 RIE using the Faraday cage technique
discussed in section 4.4. This process was first reported by the Lončar group at Harvard in 2012
[104], who have since fabricated cavities with Q-factors up to 8200 and mode volumes down
to Vmode = 2.26( λn )3 (FP = 280) at visible wavelengths [87]. A different approach reported by
the same group fabricates nanobeam structures from diamond membranes (≈ 250 nm) on silicon
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Figure 21: 2D photonic crystal cavity in diamond. (a) A FIB milled M7 (seven-hole defect) photonic crystal, (i) FDTD
simulations of the Ex and Ey profiles of the fundamental e1 mode, and (ii) SEM image of the fabricated cavity structure.
Reprinted with permission from Macmillan Publishers Ltd: Nature Nanotechnology [70], copyright 2012. (b) Data from
a RIE etched M3 (three hole defect) photonic crystal. Lifetime measurements of a single NV centre when its ZPL is (i) off

and (ii) on resonance with the photonic crystal mode, corresponding to a factor of ≈ 70 enhancement of the ZPL when
accounting for the branching ratio. Reprinted with permission from [51]. Copyright 2012 by the American Physical
Society.

Figure 22: FIB milled suspended nanobeam cavities in diamond. (a) FDTD simulations of the Ex and Ey profiles of the
fundamental e1 mode of the nanobeam cavity. (b) SEM image. Reprinted with permission from Macmillan Publishers
Ltd: Nature Nanotechnology [70], copyright 2012.
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Figure 23: Photonic crystal nanobeam cavities - illustration of suspended nanobeam structures fabricated through silicon
hard-masked RIE. The device is integrated with a microwave stripline for coherent spin control of the cavity coupled NV.
Reprinted by permission from Macmillan Publishers Ltd: Nature Communications [52], copyright 2015.

substrates. E-beam patterning in photoresist is followed by O2 RIE to transfer the PCC pattern
into the diamond membrane, before using a final isotropic etch acting only on the supporting
silicon to result in free-standing nanobeam structures [200]. Q-factors up to 6000 were reported,
and both red (7 nm) and blue (23 nm) shifting of the cavity resonances were achieved using
Xe condensation and thermal oxidation respectively. Coupling to a single NV centre at 4K was
demonstrated with a factor of 7 enhancement in the ZPL peak intensity on-resonance. This par-
ticular structure had Vmode=3.7( λn )3 and Q ≈ 1600.

Recently nanobeams fabricated by Li et al [52] have shown impressive Purcell factors when
coupled to a single NV at 18K. An initial deep etch of alternating O2 and Ar/Cl2 plasma recipes
(section 3.3) was used to create a diamond membrane of ≈ 200 nm thickness with smooth sur-
faces. Silicon hard-masking of a further O2 plasma etch was then used for pattern transfer (sec-
tion 3.2.1). Here Q-factors up to 9900 were demonstrated with Vmode=1.05( λn )3 (FP ' 720). Cou-
pling of a single NV centre with a measured Debye-Waller factor of 0.02 to a Q=3300 nanobeam
showed an almost three-fold reduction in the lifetime on-resonance, corresponding to Fcav = 62.
This device was integrated with a microwave-stripline resonator on silicon as shown in figure 23,
allowing for measurements of the spin coherence and revealing T2 ' 230 µs suggesting that the
spin coherence remains relatively unaffected by the fabrication of the resonator [52]. This is an
important result, and one of the only reports to date of cavity-coupled spin-control in diamond,
obtaining both a large Purcell factor and long spin coherence time, thus bringing together some
of the major elements needed for the development of efficient quantum network nodes based on
NV centres.

Colour centre placement in PCCs
The single colour centre coupling experiments discussed above have mostly relied on stochastic
approaches and post-selection of cavity structures to obtain single colour centres in proximity
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Figure 24: Strategies for incorporating defects with integrated devices. (a,b) A pre-registration strategy: (a) PL image
of an identified single emitter (b) SEM image of photonic crystal cavities milled around the defects with registration
markers for guidance. Reprinted with permission from [71]. Copyright 2014 American Chemical Society. (c) A pierced
AFM tip collimates a focused nitrogen ion beam which can be targeted at an integrated device, in this case a 2D-PCC.
Adapted from [72].

to the cavity mode. A scalable technology will look to increase the yield of successful emitter-
cavity structures through a more deterministic approach. Riedrich-Möller et al [72] have used
a pierced AFM tip, with a 30 nm aperture (introduced in section 3.2.1) to mask nitrogen ion
implantation into M1, M3 and M7 PCCs in diamond. The implantation energy of 5 keV was
chosen to achieve transverse spatial resolution of <15 nm combined with an implantation depth
of 8±3 nm. Coupling to NV centres was demonstrated in the M1 cavity, however the ion fluences
used were not sufficiently low to reach the single NV limit. Lee and coworkers [97] used delta-
doping (section 3.2.3) combined with a 1014cm−2 dose of 2 MeV electrons before annealing
[167] to place ensembles of NVs in in photonic stuctures. The NV layer was situated 100 nm
below the surface of the crystal and after nanobeam fabrication, cavities with minimum mode
volumes Vmode=0.47( λn )3 and Q-factors up to 24,000 were demonstrated (FP ' 3900). Lifetime
studies at 4K revealed Fcav=22 when coupled to a Q=7000 structure, the discrepancy explained
as resulting from the large number of NVs coupled to each cavity.

Deterministic construction of M1 and M7 PCCs around pre-registered single SiV centres
was reported by Riedrich-Möller et al, as seen in figure 24a,b [71]. Coupling of a single SiV
to a Vmode = 1.7 ( λn )3 and Q=430 cavity was demonstrated, attaining a 19-fold enhancement of
the measured ZPL fluorescence intensity at room temperature. HBT measurements elucidate the
internal dynamics before and after cavity fabrication, showing only a 2.5-fold reduction of the
fluorescence lifetime attributed to the low quantum efficiency of the SiV. The spatial mismatch
between emitter and cavity also reduces the expected Purcell enhancement by 60% with respect
to the idealised case.

Recent work by Schukraft and coworkers explored the integration of colour centre placement
with the nanobeam fabrication process [149]. In this work, silicon hard-masks (introduced in
section 3.2.1) served a dual purpose, both for pattern transfer to fabricate the PCC and to mask
ion implantation, thereby reducing the number of lithographic steps. In addition to the larger
holes for photonic crystal fabrication, the silicon mask had a 40 nm aperture aligned with the
center of the cavity. The high-aspect ratio of this 40 nm aperture meant that the diamond did
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Figure 25: (a) Out-coupling scheme for nanobeam cavities. The tapered nanobeam waveguide is coupled to a tapered
fiber. (b-d) FDTD simulations of the mode intensity from the (b) waveguide through to the (c) interface and the (d)
optical fibre, showing the evolution and transfer of the mode. Reprinted with permission from [214]. Copyright 2015
Optical Society of America.

not etch efficiently at this position, but 100 keV nitrogen ions penetrated it effectively and were
implanted at a depth of 110 nm with anticipated straggle of 20 nm. Following earlier efforts
[201, 104], angular etching then yielded free standing nanobeams with triangular cross-sections.
The single NV-cavity yield was estimated to be an impressive 26% and some initial room tem-
perature NV coupling data were presented.

Out-coupling from PCCs
Of the PCCs, the nanobeam resonators are particularly well-suited to achieving efficient out-
coupling of photons (high ηco). Modulating the size of the periodic holes away from the centre
of the resonator allows for efficient coupling from the cavity to the waveguide mode [70, 213].
By using tapered nanobeam architectures in conjunction with tapered fibers, these photons can
then be connected to a wider photonic network, off-chip. This was demonstrated in principle
with silicon-nitride ridge waveguides by Tiecke and co-workers, reporting coupling efficiencies
up to 97% [214], shown schematically in figure 25a. Gradual tapering in the propagation direc-
tion enables the mode to be contained within the hybrid waveguide as shown in figure 25b-d,
whereby the mode is adiabatically transferred between the two optical structures. Recently, ta-
pered diamond ridge waveguides were coupled to SiN integrated waveguide architectures using
a pick-and-place method, with 106 counts/s out-coupling from a single NV in the waveguide
[176]. The out-coupling of NV waveguided emission to a tapered single mode optical fiber has
also been shown with an efficiency of 16-37% [215]. Whilst the first experimental values for
ηco from a single emitter to a network are still awaited, these demonstrations show that efficient
coupling to optical fibre systems should be possible.
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5.1.2. Whispering Gallery Resonators
Another popular approach to microcavitation is the use of whispering gallery mode res-

onators, relying on the total internal reflection at the interface to build up circulating modes [204].
This umbrella term encompasses microsphere, microtoroid, microdisk and microring structures,
many of which have been demonstrated in principle through hybrid approaches with NV cen-
tres in nanocrystals or pillars coupled evanescently to non-diamond resonators [216, 217, 218,
219, 220, 221, 195]. Exploiting the maturing chip-based fabrication methods, whispering gallery
resonators have found application within integrated diamond photonics. A prominent work on
diamond microrings was conducted by Faraon et al [102], fabricating resonators from 280 nm
diamond membranes with a 4.3 µm outer diameter, situated on an SiO2 substrate to confine the
mode in the vertical plane (section 4.4), as shown in figure 26a. These structures have larger
mode volumes than PCCs, with mode volumes in a range Vmode=17-32( λn )3 and Q up to 5000
(FP ' 20), limited by surface roughness. Low temperature coupling experiments demonstrated
resonant coupling to the NV ZPL. Fabrication of the resonator incorporated strain into the struc-
ture, such that the initial high density of NV defects became individually resolvable spectrally.
The device supports a plethora of resonances. Modes C1 and C2, as labeled in figure 26b, are
identified as two counter propagating modes of the ring resonator with Q = 4300 and 3800 re-
spectively, which were tuned through the ZPL resonances using the gas-condensation technique.
Lifetime measurements of the NV ZPL transition were taken as a function of mode detuning
(figure 26c) corresponding to more than a ten-fold enhancement of the ZPL transition intensity.

More recently, racetrack resonators have been fabricated by the Lončar group in Harvard [87]
using angular etching methods, with high Q devices shown for both the visible (Qtot = 5.9× 104)
and telecoms wavelengths (Qtot = 1.5 × 105). Monolithic microdisk resonators have also been
fabricated directly into single-crystal diamond through a quasi-isotropic plasma etching method
[222]. These exhibited similarly high Q = 1.1×105 and V = 11( λn )3 (FP ' 760) measured for λ
= 1500 nm. However, colour-centre coupling was not implemented in these works.

Out-coupling from WGM resonators
Out-coupling of photons from whispering gallery modes generally relies on coupling to adja-
cent waveguides via the evanescent field surrounding the resonator. Such an architecture was
demonstrated in diamond by Hausmann et al (figure 27a) [103]. In this work, isolated resonators
were shown to have an intrinsic Q up to 12600, whilst the overall waveguide coupled device
had Qtot = 3200. A single NV coupled to a resonator was demonstrated, with the photons col-
lected at grating out-couplers at the ends of the waveguide, and a measured efficiency of ηc =

0.1. Multiple resonances of the microring can be seen coupling to the PSB emission in figure
27b. Subsequently Faraon and coworkers also studied the coupling of the microring resonator
geometry to integrated diamond ridge waveguides. Resonant enhancement of the NV ZPL was
shown at cryogenic temperature, with most of the ZPL emission out-coupled from the grating
terminated waveguide [190]. Transmission measurements indicate Qtot = 5500, compared to Q
= 1.2 × 104 for an isolated microring. This waveguide coupled resonator system is almost at the
critical coupling regime where the intrinsic loss rate and the coupling rate are balanced. Low
temperature Purcell enhancements of up to 12 were demonstrated.

5.1.3. Hybrid GaP/Diamond Devices
Hybrid gallium-phosphide/diamond platforms have been developed as an approach to the out-

coupling of NV emission from chip-based integrated architectures. With a bulk semiconductor
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Figure 26: Microring resonators in single crystal diamond (a) SEM image of diamond microring on an SiO2 substrate (b)
Tuning of the counter-propagating modes C1 and C2 through the ZPL of the NV centres at cryogenic temperature. The
ZPL of NV1 is indicated. (c) The lifetime of NV1 as C1 and C2 are tuned through resonance. Reprinted with permission
from Macmillan Publishers Ltd: Nature Photonics [102], copyright 2011.

Figure 27: Outcoupling from microring resonators via a ridge waveguide (a) SEM image of the microring and waveguide
integrated architecture. Grating couplers are located at the each end (detailed inset). Schematic of NV location and out-
coupled collection indicates with the room temperature spectrum shown in (b). The NV spectrum is overlaid with the
microring resonances. The Raman line is indicated by R. Reprinted and adapted with permission from [103]. Copyright
2012 American Chemical Society.
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Figure 28: GaP-on-diamond integrated architecture. (a) Schematic diagram of GaP (orange) waveguide coupled disk
resonator on diamond (white). NV located in proximity to the GaP microdisk is excited as shown, with waveguide
coupled fluorescence collected from the grating (b) SEM image of the system. Reprinted with permission from [199].
Copyright 2016 by the American Physical Society.

band-gap of Eg = 2.26 eV and high refractive index n = 3.3, a GaP layer bonded to a diamond
photonic structure [194], shown schematically in figure 28a, can act as an efficient waveguide,
whilst being transparent to NV emission. In addition GaP also displays electro-optical properties
and may enable in-situ tuning, switching and routing in an integrated device [197, 198]. Further
advantages lie in the availability of uniform thickness, large area wafers, circumventing one of
the outstanding challenges of integrated all-diamond approaches (section 3). For colour centre
coupling however, the emitter and mode maxima are situated in different materials, reducing the
coupling strength. Early hybrid structures demonstrated with NV emission coupled to GaP ridge
waveguides at cryogenic temperatures [192] and room-temperature coupling to Q > 2.5 × 104

GaP microdisks [193]. Later Fu and coworkers investigated GaP microrings and microdisks
on diamond, demonstrating low temperature coupling to NV ensembles, with photons extracted
through tapered fiber coupling. Only a modest change in the PL lifetime was observed, attributed
to ensemble averaging and spatial mismatch [196].

Further work by Thomas et al [197] demonstrated the coupling of diamond microdisks to
integrated ridge waveguides and their use to out-couple fluorescence from NV centre ensembles.
Grating couplers were used to extract the fluorescence at either end of the waveguide. Loaded Q-
factors are measured up to Qtot ' 3800, combined with mode volumes of Vmode ∼3.5( λn )3 (FP '

80). Recent work by Gould et al [198, 199] demonstrated waveguide-coupled disk resonators,
directional couplers and grating couplers, all based on the hybrid GaP-diamond system, shown in
figure 28a,b. In this work low temperature coupling to single NV centres was also reported with
device mode volumes similar to previously fabricated devices with Vmode ∼ 3.5( λn )3 [197], and
improved Q-factors of Q ' 8200, such that an optimised FP = 180 is expected. It is noted that
with the NV centres situated around 20 nm away from the GaP interface, the measured lifetimes
of 8.7 ns are shorter than those in bulk diamond even in the absence of a cavity resonance, due
to the higher local optical density of states created by the nearby GaP. On-resonance with the
microdisk modes, the lifetime reduces to 4.7 ns, corresponding to Fcav = 26. The fluorescence
was out-coupled through the waveguide mode with an efficiency of ηco = 0.09.
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5.2. Open Cavities

The open cavity has recently emerged as a viable photonic interface for a host of emitters
in the solid state [206, 223] including colour centres in diamond. These Fabry-Pérot-type res-
onators, most commonly in a planar-concave configuration of opposing, highly reflective mirrors
as in figure 29(d), offer an attractive alternative to integrated diamond based photonic approaches.
By decoupling the resonator geometry from the diamond structure, the challenges of precision
formation of structures in diamond are considerably mitigated, and both the lateral spatial posi-
tioning and the emitter-cavity resonance can be tuned in-situ. The geometry supports modes that
comprise confined Gaussian beams (and their transverse harmonics) such that emission couples
efficiently to external optics.

To a first approximation the Q-factor of an open cavity scales with the mirror separation, such
that the cavity finesse F , determined by the round trip absorption, scattering and transmission
losses, remains constant. The Purcell factor of an empty cavity is related to the geometry [224]
by:

FP =
6λ
π

F
√

2RL − L2
(7)

where L is the cavity length (mirror separation plus a field penetration depth of ∼ λ into either
mirror), and R is the radius of curvature for the concave mirror.

5.2.1. Fabrication of Open Cavities
Dielectric mirrors deposited using the ion beam sputtering technique on super-polished pla-

nar and large radius-of-curvature substrates can achieve losses down to a few parts-per-million,
bringing F ∼ 106. For micro-mirrors the principal challenge is the fabrication of a smooth
concave surface of the required radius of curvature R, so that additional scattering losses can be
avoided. Methods for doing so have previously involved microsphere templates, bubble cleav-
ing, wet etching and transfer printing [225, 226, 227, 228]. More recently CO2 laser ablation
[229, 224, 230, 231] and FIB milling [232, 233], have become prominent. Of these methods
CO2 laser ablation has been popular due to the ultra-smooth finish it can produce on a concave
silica surface as a result of the melting (known also as ‘reflowing’) of a thin surface layer. A cav-
ity finesse of F = 1.7×105 has been achieved [234] which, if combined with realistic dimensions
R = 10µm and L = 2µm, could provide for Purcell factors as large as FP ' 50, 000.

Despite the CO2 laser wavelength of 10 µm, radii of curvature as small as 5 µm have been
produced, although the nature of the ablation process is such that combining these small R with
cavity lengths short enough for stable cavity modes is challenging and requires additional pro-
cessing steps [231]. FIB-milling can also achieve sub-nanometre roughness due to an intrinsic
polishing effect [235], and so far cavities with F ' 40,000 have been achieved with this method.
Minimum ion beam diameters below 10 nm combined with precise control of dwell time and flex-
ible patterning software allow nanometre precision over the mirror shape to be achieved [233].
Such flexibility and control offers considerable scope for the further optimisation and engineer-
ing of open cavity systems.

Out-coupling of photons from open cavities is generally through one of the mirrors, which is
coated with fewer Bragg pairs to provide slightly lower reflectivity. Concave mirrors have been
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Figure 29: Open Cavity fabrication. (a) SEM image of an array of concave features milled via the FIB method. Repro-
duced with permission from [232]. (b) A cross-sectional SEM image of a single concave mirror with radius of curvaature
R = 10 µm. The alternating layers of high and low index dielectric layers are apparent and retain the geometry of the
underlying structure. (c) A concave feature fabricated onto a fiber end facet with CO2 laser machining. Reproduced with
permission from [224]. (d) Finite difference time domain simulation of the electric field intensity in the open-cavity ge-
ometry. The high and low index layers of the DBR are indicated in purple and grey respectively. There are four antinodes
of the electric field between the surfaces in this instance, whilst penetration of the mode into the mirror substrates can
also be observed. Reproduced with permission from [236].
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produced in large arrays on silica substrates (figure 29(a)) for coupling to free-space optics, and
on cleaved optical fiber facets as in figure 29(c). This latter approach has been popularised in
recent years by members of the atom optics community where they are known as ‘fibre cavities’,
and may in the future allow direct integration with a large-scale fiber network. It is important
to note however that the relatively low numerical aperture of optical fibres provides a limiting
factor to the mode volume of fibre cavities that can achieve high out-coupling efficiency ηco.

5.2.2. Colour Centre Coupling to Open Cavities
There have now been several proof of principle demonstrations of colour centre coupling to

the open cavity system. These have primarily been conducted at room temperature with both en-
sembles and single colour centres in nanodiamond [237, 238, 239, 240, 241]. For applications in
quantum networks, it is required that these operate in a cryogenic environment for the enhance-
ment of coherent ZPL emission. Towards this goal, Johnson and coworkers demonstrated the
tunable coupling to the ZPL transitions (fig. 30a) of a single NV centre in nanodiamond at 77K
[236]. FIB milled cavities were used with a radius of curvature of 7.6 µm, to accomplish mode
volumes down to 4.7 λ

n
3 and FP ' 50. A comparison of the in-cavity and free space emission

spectrum of the same NV centre at 77K is shown in figure 30b. The enhanced intensity of the
ZPL transitions can be observed, whilst the broad PSB emission no-longer couples to the external
optics for the in-cavity emission. The enhancement is quantified by a 40% increase in the decay
rate (Fcav ' 10), and providing a factor 6.25 enhancement in the measured ZPL intensity (figure
30c). This is shown to have an explicit mode-volume dependence, demonstrated by coupling
a series of subsequent TEM00 modes to the ZPL as the cavity length is tuned. Single photon
emission into the cavity mode is shown in figure 30d.

These coupling experiments have so far been exclusively carried out using colour centres in
nanodiamond to facilitate their inclusion between the mirror substrates, with separations up to a
few microns. Whilst electron spin-coherence times for NV-defects in CVD nanodiamonds have
been demonstrated to approach those seen in bulk [242, 243, 244], there has been only one report
of optical transitions in nanodiamond approaching the transform limit [245]. Therefore the use
of single crystal diamond membranes is an important direction for applications in quantum net-
works. Janitz and coworkers presented a demonstration of such a system through an investigation
into the effects of including a diamond membrane of thickness >10 µm within a high finesse fibre
based open cavity [246], shown in figure 31a. Crucially, the incorporation of the membrane did
not significantly compromise the finesse of the system, measured through transmission experi-
ments in figures 31b,c, with F still in excess of 104. A more recent experiment demonstrated
the cryogenic implementation of a membrane-cavity in a closed-cycle cryostat, maintaining F
> 104 with only passive vibration isolation [247].

Successful implementations to date of cavity enhanced zero-phonon lines for both the NV
and SiV in diamond are summarised in table 1 and figure 32.
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Figure 30: Tunable coupling to the zero-phonon line of a single NV in nanodiamond at 77K. (a) 2D spectral plot showing
tuning of the cavity mode (indicated by the white arrow) across the strain-split doublet of a single NV. (b-d) A direct
comparison of in-cavity (blue) and on-substrate (black) emission can be observed by studying the emitter with and
without the hemispherical substrate. (b) PL spectrum (c) Lifetime measurements at Vmode = 4.7 λ

n
3 corresponding to a

40% reduction in lifetime. (d) Photon intensity correlation measurements showing single photon emission from (i) the
cavity coupled zero-phonon line and (ii) out of cavity spectrum. Reproduced with permission from [236].

Figure 31: Diamond membrane in an open cavity.(a) Schematic diagram: measured transmission (solid) and reflection
(dashed) for the (b) bare cavity and and (c) membrane-in-cavity case, as a function of cavity length. There is a slight re-
duction in the finesse upon the inclusion of the membrane, reducing the Q-factor at this length. Reprinted with permission
from [246]. Copyright 2015 by the American Physical Society.
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Table 1: Cavity enhanced zero-phonon lines in diamond ( *nanodiamond)

Cavity Colour Centre Q V( λn )3 Fcav (measured) Author

Photonic Crystal Cavities
2D PCC NV 3000 0.88 70 Faraon et al 2012. [51]
2D PCC SiV (300K) 430 1.7 19 Riedrich-Möller et al 2014. [71]
2D PCC SiV ensemble (300K) 400 1.5 2.8 Riedrich-Möller et al 2012. [70]

Nanobeam NV 3300 1.05 62 Li et al. 2015 [52]
Nanobeam NV ensemble 7000 0.47 26 Lee et al. 2014 [97]
Nanobeam NV 1630 3.7 7 Hausmann et al. 2013 [200]

Whispering Gallery Resonators
Microring NV 5500 15 12 Faraon et al. 2013 [190]
Microring NV 4300 17-32 12 Faraon et al. 2011 [102]
Microdisk SiV ensemble (300K) 2200 9.6 1.3 Lee at al. 2012 [69]

Hybrid Resonators
GaP microdisk NV 8200 3.5 26 Gould et al. 2016 [199]

Open Cavities
FIB cavity NV* 3000 4.7 10 Johnson et al. [236]

Figure 32: State of the art cavity enhanced ZPL measurements in diamond, summarising table 1. The measured Purcell
enhancement is plotted as a function of the Q/V ( λn )−3 figure of merit for comparison between resonator geometries.
All measurements are at cryogenic temperatures unless otherwise stated. The open shapes represent single colour centre
coupling, whilst the filled shapes show ensembles. Reference [97] achieves only a modest Fcav, despite a high Q/V
metric. This is attributed to a mismatch of the narrow cavity mode to the broader ensemble of ZPL transition frequencies.
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6. Conclusions and Future Outlook

Colour centres in diamond have in recent years revealed considerable potential for use as
nodes in quantum networks. The NV centre has been well established as one of the pre-eminent
solid state qubit systems, and pioneering experiments have demonstrated the first building blocks
of a quantum network in which entanglement between stationary NV nodes is generated through
quantum interference of spontaneously emitted photons. The NV displays remarkable coher-
ence of the ground state electron spin, particularly with the application of dynamical-decoupling
radio-frequency control sequences to alleviate decoherence from the spin-bath, and the advent
of isotopically pure 12C diamond materials. The optical properties are one of the major impedi-
ments to further scaling up of NV networks, with only ≈3% of the emission in the ZPL severely
limiting the entanglement generation rate. The SiV has emerged as a second candidate qubit,
with spin-dependent optical transitions and around 70% of the emission originating the ZPL.
The electron spin of SiV can be manipulated using picosecond laser pulses, but its coherence
time is currently much shorter at ∼100 ns. Work is ongoing to extend this coherence, but the
degree to which this can be achieved is for now an open question.

The application of these colour centres in a quantum network will require an efficient pho-
tonic interface between the node and the network channels for the communication of optically
coherent, indistinguishable photons. This is a particularly demanding requirement for the NV,
in which the ZPL transition energies are highly sensitive to external electric fields and strain
in the diamond lattice. The requirement of indistinguishability between nodes has necessitated
external electrostatic tuning to ensure resonance and additional optical control fields to sustain
the negative charge state under resonant excitation. In this respect the SiV displays much bet-
ter properties. Its split-vacancy configuration possesses inversion symmetry which renders the
SiV transitions largely unperturbed by fluctuating electric fields. This brings two benefits: that
there is a large degree of uniformity between defects which may eliminate the requirement for the
tuning of defects into resonance, and improved robustness to integration into photonic structures.

Non-resonant photonic structures have provided a good preliminary strategy to improve the
collection of indistinguishable photons, and the solid-immersion lens in particular has facilitated
the first demonstrations of a NV-based quantum network. In pursuit of larger-scale networks,
resonant structures offer greater enhancement rates for indistinguishable photons to increase
the entanglement generation rate. Several architectures are being explored towards this goal,
the most impressive colour centre coupling results so far having originated from the photonic
crystal cavity structures, namely the 2D-PCC and nanobeam structures. Ultimately, monolithic
all-diamond resonators offer a route towards fully scalable chip-based devices, but substantial
challenges remain regarding the yield with which such devices can be fabricated and the need to
tune each cavity independently to the desired resonance. Hybrid approaches with piezoelectric
materials such as GaP may offer a route forwards in this regard. With recent demonstrations of
diamond integrated superconducting single-photon detection [177], one can start to envisage that
a fully integrated device architecture may become a reality.

In the nearer term, newly emerging open cavities provide the distinct advantage of in-situ
alignment and tuning, and relaxed requirements for the positioning of colour centres within op-
tical microstructures. The retention of highly coherent electron spins and optical transitions for
colour centres positioned in diamond microstructures is nevertheless an ongoing challenge, with
no one method providing a complete solution as yet. Rapid progress continues to be made in
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several areas however, with new and refined techniques for diamond etching, control of surface
chemistry, colour centre implantation, and lattice damage removal appearing on a regular basis.
At this rate of progress it appears likely that quantum networks of colour centres containing mul-
tiple nodes may be realised in the next few years.
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[52] L. Li, T. Schröder, E. H. Chen, M. Walsh, I. Bayn, J. Goldstein, O. Gaathon, M. E. Trusheim, M. Lu, J. Mower,
M. Cotlet, M. L. Markham, D. J. Twitchen, D. Englund, Coherent spin control of a nanocavity-enhanced qubit in
diamond, Nature Communications 6 (2015) 6173. doi:10.1038/ncomms7173.

[53] K.-M. C. Fu, C. Santori, P. E. Barclay, R. G. Beausoleil, Conversion of neutral nitrogen-vacancy centers to neg-
atively charged nitrogen-vacancy centers through selective oxidation, Applied Physics Letters 96 (12) (2010)
121907. arXiv:1001.5449, doi:10.1063/1.3364135.
URL http://scitation.aip.org/content/aip/journal/apl/96/12/10.1063/1.3364135

[54] T. Gaebel, M. Domhan, C. Wittmann, I. Popa, F. Jelezko, J. Rabeau, A. Greentree, S. Prawer, E. Trajkov, P. Hem-
mer, J. Wrachtrup, Photochromism in single nitrogen-vacancy defect in diamond, Applied Physics B 82 (2) (2006)
243–246. doi:10.1007/s00340-005-2056-2.

[55] P. Siyushev, H. Pinto, M. Vörös, A. Gali, F. Jelezko, J. Wrachtrup, Optically Controlled Switching of the Charge
State of a Single Nitrogen-Vacancy Center in Diamond at Cryogenic Temperatures, Physical Review Letters
110 (16) (2013) 167402. doi:10.1103/PhysRevLett.110.167402.

[56] V. M. Acosta, C. Santori, A. Faraon, Z. Huang, K.-M. C. Fu, A. Stacey, D. a. Simpson, K. Ganesan,
S. Tomljenovic-Hanic, a. D. Greentree, S. Prawer, R. G. Beausoleil, Dynamic Stabilization of the Optical Res-
onances of Single Nitrogen-Vacancy Centers in Diamond, Physical Review Letters 108 (20) (2012) 206401.
arXiv:1112.5490, doi:10.1103/PhysRevLett.108.206401.

[57] Y. Chu, N. de Leon, B. Shields, B. Hausmann, R. Evans, E. Togan, M. J. Burek, M. Markham, A. Stacey, A. Zi-
brov, A. Yacoby, D. Twitchen, M. Loncar, H. Park, P. Maletinsky, M. Lukin, Coherent Optical Transitions in
Implanted Nitrogen Vacancy Centers, Nano Letters 14 (4) (2014) 1982–1986. doi:10.1021/nl404836p.
URL http://pubs.acs.org/doi/abs/10.1021/nl404836p

[58] H. F. Fotso, A. E. Feiguin, D. D. Awschalom, V. V. Dobrovitski, Suppressing Spectral Diffusion of Emit-
ted Photons with Optical Pulses, Physical Review Letters 116 (3) (2016) 033603. arXiv:1512.05754,
doi:10.1103/PhysRevLett.116.033603.

[59] H. Bernien, L. Childress, L. Robledo, M. Markham, D. Twitchen, R. Hanson, Two-Photon Quantum Interfer-
ence from Separate Nitrogen Vacancy Centers in Diamond, Physical Review Letters 108 (4) (2012) 043604.
arXiv:arXiv:1110.3329v1, doi:10.1103/PhysRevLett.108.043604.

[60] A. Sipahigil, M. L. Goldman, E. Togan, Y. Chu, M. Markham, D. J. Twitchen, a. S. Zibrov, A. Kubanek, M. D.
Lukin, Quantum Interference of Single Photons from Remote Nitrogen-Vacancy Centers in Diamond, Physical
Review Letters 108 (14) (2012) 143601. arXiv:1112.3975, doi:10.1103/PhysRevLett.108.143601.
URL http://link.aps.org/doi/10.1103/PhysRevLett.108.143601

[61] C. K. Hong, Z. Y. Ou, L. Mandel, Measurement of Subpicosecond Time Intervals between Two Photons by
Interference, Physical Review Letters 59 (18) (1987) 523–523. doi:10.1103/PhysRevLett.58.523.

[62] D. L. Moehring, P. Maunz, S. Olmschenk, K. C. Younge, D. N. Matsukevich, L.-M. Duan, C. Monroe, Entangle-
ment of single-atom quantum bits at a distance, Nature 449 (7158) (2007) 68–71. doi:10.1038/nature06118.
URL http://www.nature.com/doifinder/10.1038/nature06118

[63] T. Müller, C. Hepp, B. Pingault, E. Neu, S. Gsell, M. Schreck, H. Sternschulte, D. Steinmüller-Nethl, C. Becher,
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[71] J. Riedrich-Möller, C. Arend, C. Pauly, F. Mücklich, M. Fischer, S. Gsell, M. Schreck, C. Becher, Deterministic
Coupling of a Single Silicon-Vacancy Color Center to a Photonic Crystal Cavity in Diamond, Nano Letters 14 (9)
(2014) 5281–5287. doi:10.1021/nl502327b.
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[119] F. Fávaro de Oliveira, S. A. Momenzadeh, Y. Wang, M. Konuma, M. Markham, A. M. Edmonds, A. Denisenko,
J. Wrachtrup, Effect of low-damage inductively coupled plasma on shallow nitrogen-vacancy centers in diamond,
Applied Physics Letters 107 (7) (2015) 073107. arXiv:1507.00890, doi:10.1063/1.4929356.

[120] J. P. Hadden, J. P. Harrison, a. C. Stanley-Clarke, L. Marseglia, Y.-L. D. Ho, B. R. Patton, J. L. OBrien, J. G.
Rarity, Strongly enhanced photon collection from diamond defect centers under microfabricated integrated solid
immersion lenses, Applied Physics Letters 97 (24) (2010) 241901. doi:10.1063/1.3519847.
URL http://scitation.aip.org/content/aip/journal/apl/97/24/10.1063/1.3519847

[121] S. Castelletto, J. P. Harrison, L. Marseglia, a. C. Stanley-Clarke, B. C. Gibson, B. a. Fairchild, J. P. Hadden, Y.-
L. D. Ho, M. P. Hiscocks, K. Ganesan, S. T. Huntington, F. Ladouceur, a. D. Greentree, S. Prawer, J. L. O’Brien,
J. G. Rarity, Diamond-based structures to collect and guide light, New Journal of Physics 13 (2) (2011) 025020.
doi:10.1088/1367-2630/13/2/025020.

[122] L. Marseglia, J. P. Hadden, a. C. Stanley-Clarke, J. P. Harrison, B. Patton, Y.-L. D. Ho, B. Naydenov, F. Jelezko,
J. Meijer, P. R. Dolan, J. M. Smith, J. G. Rarity, J. L. OBrien, Nanofabricated solid immersion lenses registered to
single emitters in diamond, Applied Physics Letters 98 (13) (2011) 133107. doi:10.1063/1.3573870.

54



[123] T. M. Babinec, J. T. Choy, K. J. M. Smith, M. Khan, M. Loncar, Design and focused ion beam fabrication of
single crystal diamond nanobeam cavities, Journal of Vacuum Science & Technology B: Microelectronics and
Nanometer Structures 29 (1) (2011) 010601. doi:10.1116/1.3520638.

[124] I. Bayn, B. Meyler, A. Lahav, J. Salzman, R. Kalish, B. a. Fairchild, S. Prawer, M. Barth, O. Ben-
son, T. Wolf, P. Siyushev, F. Jelezko, J. Wrachtrup, Processing of photonic crystal nanocavity for quan-
tum information in diamond, Diamond and Related Materials 20 (7) (2011) 937–943. arXiv:1012.5878,
doi:10.1016/j.diamond.2011.05.002.

[125] J. O. Orwa, C. Santori, K. M. C. Fu, B. Gibson, D. Simpson, I. Aharonovich, A. Stacey, A. Cimmino, P. Balog,
M. Markham, D. Twitchen, A. D. Greentree, R. G. Beausoleil, S. Prawer, Engineering of nitrogen-vacancy color
centers in high purity diamond by ion implantation and annealing, Journal of Applied Physics 109 (8) (2011)
083530. doi:10.1063/1.3573768.

[126] J. Orwa, A. Greentree, I. Aharonovich, A. Alves, J. Van Donkelaar, A. Stacey, S. Prawer, Fabrica-
tion of single optical centres in diamonda review, Journal of Luminescence 130 (9) (2010) 1646–1654.
doi:10.1016/j.jlumin.2009.12.028.

[127] J. Michl, T. Teraji, S. Zaiser, I. Jakobi, G. Waldherr, F. Dolde, P. Neumann, M. W. Doherty, N. B. Man-
son, J. Isoya, J. Wrachtrup, Perfect alignment and preferential orientation of nitrogen-vacancy centers during
chemical vapor deposition diamond growth on (111) surfaces, Applied Physics Letters 104 (10) (2014) 102407.
doi:10.1063/1.4868128.

[128] M. Lesik, J.-P. Tetienne, A. Tallaire, J. Achard, V. Mille, A. Gicquel, J.-F. Roch, V. Jacques, Perfect preferential
orientation of nitrogen-vacancy defects in a synthetic diamond sample, Applied Physics Letters 104 (11) (2014)
113107. doi:10.1063/1.4869103.

[129] E. Neu, P. Appel, M. Ganzhorn, J. Miguel-Sánchez, M. Lesik, V. Mille, V. Jacques, A. Tallaire, J. Achard,
P. Maletinsky, Photonic nano-structures on (111)-oriented diamond, Applied Physics Letters 104 (15) (2014)
153108. doi:10.1063/1.4871580.

[130] T. Ishikawa, K.-M. C. Fu, C. Santori, V. M. Acosta, R. G. Beausoleil, H. Watanabe, S. Shikata, K. M. Itoh, Optical
and Spin Coherence Properties of Nitrogen-Vacancy Centers Placed in a 100 nm Thick Isotopically Purified
Diamond Layer, Nano Letters 12 (4) (2012) 2083–2087. doi:10.1021/nl300350r.

[131] E. Neu, C. Hepp, M. Hauschild, S. Gsell, M. Fischer, H. Sternschulte, D. Steinmüller-Nethl, M. Schreck,
C. Becher, Low-temperature investigations of single silicon vacancy colour centres in diamond, New Journal
of Physics 15 (4) (2013) 043005. arXiv:1210.3201, doi:10.1088/1367-2630/15/4/043005.

[132] A. M. Edmonds, M. E. Newton, P. M. Martineau, D. J. Twitchen, S. D. Williams, Electron paramagnetic resonance
studies of silicon-related defects in diamond, Physical Review B - Condensed Matter and Materials Physics 77 (24)
(2008) 1–11. doi:10.1103/PhysRevB.77.245205.

[133] U. F. S. D’Haenens-Johansson, A. M. Edmonds, B. L. Green, M. E. Newton, G. Davies, P. M. Martineau, R. U. A.
Khan, D. J. Twitchen, Optical properties of the neutral silicon split-vacancy center in diamond, Physical Review
B 84 (24) (2011) 245208. doi:10.1103/PhysRevB.84.245208.

[134] S. Pezzagna, B. Naydenov, F. Jelezko, J. Wrachtrup, J. Meijer, Creation efficiency of nitrogen-vacancy centres in
diamond, New Journal of Physics 12 (6) (2010) 065017. doi:10.1088/1367-2630/12/6/065017.

[135] J. Meijer, B. Burchard, M. Domhan, C. Wittmann, T. Gaebel, I. Popa, F. Jelezko, J. Wrachtrup, Genera-
tion of single color centers by focused nitrogen implantation, Applied Physics Letters 87 (26) (2005) 261909.
arXiv:0505063, doi:10.1063/1.2103389.

[136] C. Santori, P. E. Barclay, K.-M. C. Fu, R. G. Beausoleil, Vertical distribution of nitrogen-vacancy centers in
diamond formed by ion implantation and annealing, Physical Review B 79 (12) (2009) 125313. arXiv:0812.3905,
doi:10.1103/PhysRevB.79.125313.

[137] B. Naydenov, F. Reinhard, A. Lammle, V. Richter, R. Kalish, U. F. S. DHaenens-Johansson, M. Newton,
F. Jelezko, J. Wrachtrup, Increasing the coherence time of single electron spins in diamond by high tempera-
ture annealing, Applied Physics Letters 97 (24) (2010) 242511. doi:10.1063/1.3527975.

[138] C. Wang, C. Kurtsiefer, H. Weinfurter, B. Burchard, Single photon emission from SiV centres in diamond pro-
duced by ion implantation, Journal of Physics B: Atomic, Molecular and Optical Physics 39 (1) (2006) 37.
doi:10.1088/0953-4075/39/1/005.
URL http://iopscience.iop.org/0953-4075/39/1/005

[139] S. Tamura, G. Koike, A. Komatsubara, T. Teraji, S. Onoda, L. P. McGuinness, L. Rogers, B. Naydenov, E. Wu,
L. Yan, F. Jelezko, T. Ohshima, J. Isoya, T. Shinada, T. Tanii, Array of bright silicon-vacancy centers in dia-
mond fabricated by low-energy focused ion beam implantation, Applied Physics Express 7 (11) (2014) 115201.
doi:10.7567/APEX.7.115201.

[140] C. Arend, J. N. Becker, H. Sternschulte, D. Steinmüller-Nethl, C. Becher, Photoluminescence excitation and spec-
tral hole burning spectroscopy of silicon vacancy centers in diamond, Physical Review B 94 (4) (2016) 045203.
arXiv:1603.04295, doi:10.1103/PhysRevB.94.045203.

[141] R. E. Evans, A. Sipahigil, D. D. Sukachev, A. S. Zibrov, M. D. Lukin, Narrow-Linewidth Homogeneous Optical

55



Emitters in Diamond Nanostructures via Silicon Ion Implantation, Physical Review Applied 5 (4) (2016) 044010.
arXiv:1512.03820, doi:10.1103/PhysRevApplied.5.044010.

[142] S. Pezzagna, D. Rogalla, D. Wildanger, J. Meijer, A. Zaitsev, Creation and nature of optical centres in dia-
mond for single-photon emissionoverview and critical remarks, New Journal of Physics 13 (3) (2011) 035024.
doi:10.1088/1367-2630/13/3/035024.

[143] J. R. Rabeau, P. Reichart, G. Tamanyan, D. N. Jamieson, S. Prawer, F. Jelezko, T. Gaebel, I. Popa, M. Domhan,
J. Wrachtrup, Implantation of labelled single nitrogen vacancy centers in diamond using [sup 15]N, Applied
Physics Letters 88 (2) (2006) 023113. doi:10.1063/1.2158700.

[144] D. J. Twitchen, M. E. Newton, J. M. Baker, T. R. Anthony, W. F. Banholzer, Electron-paramagnetic-resonance
measurements on the divacancy defect center R4/W6 in diamond, Physical Review B 59 (20) (1999) 12900–
12910. doi:10.1103/PhysRevB.59.12900.
URL http://link.aps.org/doi/10.1103/PhysRevB.59.12900
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