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Coherent interfaces between optical photons and long-lived matter qubits form a key resource for a broad range of
quantum technologies. Cavity quantum electrodynamics (cQED) offers a route to achieve such an interface by enhanc-
ing interactions between cavity-confined photons and individual emitters. Over the last two decades, a promising new
class of emitters based on defect centers in diamond has emerged, combining long spin coherence times with atom-like
optical transitions. More recently, advances in optical resonator technologies have made it feasible to realize cQED in
diamond. This article reviews progress towards coupling color centers in diamond to optical resonators, focusing on
approaches compatible with quantum networks. We consider the challenges for cQED with solid-state emitters and
introduce the relevant properties of diamond defect centers before examining two qualitatively different resonator
designs: micrometer-scale Fabry–Perot cavities and diamond nanophotonic cavities. For each approach, we examine
the underlying theory and fabrication, discuss strengths and outstanding challenges, and highlight state-of-the-art
experiments. © 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

The last two decades have seen an explosive growth in quantum
technologies, with remarkable advances in cryptography [1–4],
computing [5], and metrology [6]. Motivated by the success of the
classical internet and the promise of quantum-secured commu-
nication, considerable interest has arisen in developing so-called
quantum networks [7,8]. Such networks comprise nodes capable
of storing and processing quantum information, connected by
quantum-coherent photonic channels, and could enable distrib-
uted quantum computing [9–11], quantum-enhanced clock
synchronization [12–14] and interferometry [15,16], as well as
long-distance quantum communication [17–19].

Optical photons play a critical role in quantum networks
because they interact very weakly with surrounding media, making
them the ideal carrier of quantum information over long distances.
However, these weak interactions pose a significant impediment
for engineering gates between photons, and make it difficult to
interface photons with information storage and processing nodes.
Cavity quantum electrodynamics (cQED) offers a paradigm to
overcome these challenges: by confining photons inside a high
quality factor optical resonator, vastly enhanced interactions
with material systems can be obtained [20–25], enabling a broad
range of relevant quantum information tasks [26–28]. For exam-
ple, cavity-coupled emitters can be used as bright sources of the
indistinguishable photons [29,30] needed for photonic quantum
computation [31,32], or even employed to mediate interactions
between photons [33]. The most exciting opportunities emerge
when the material system possesses long-lived internal degrees of

freedom, such as electron or nuclear spin sublevels, in addition
to its optical transitions [an example is shown in Fig. 1(b)]. Such
long-lived states can be used to realize a quantum memory for
light [34–37], spin–photon entanglement [38–43], spin–photon
switches [44,45], or quantum gates between asynchronous pho-
tons [46–48]. While some of these capabilities can be realized
without cavities (e.g., using optically dense ensembles [49,50]),
cQED can enhance the efficiency of probabilistic protocols,
and even enable near-deterministic interactions between single
photons and individual quantum bits.

The likely impact of cQED systems on quantum networks is
exemplified by their potential role in quantum repeaters, which
compensate for photon loss to enable transmission of quantum
states or secret keys over long distances [17–19]. The simplest
repeater schemes distribute entanglement via a chain of spins
linked by photonic channels [17], generating a resource that can
be purified [51–53] and used to teleport quantum information
[54,55] or generate a secret key [56]. Such schemes often employ
heralded entanglement generation [57–64], which exploits entan-
glement between spins and indistinguishable outgoing photons,
such that a detected photon could have originated from either of
two distant spins. Conditioned on one ore more detection event(s),
the spins are projected onto an entangled state, and photon loss
errors result only in reduced success probability. Cavity coupling
can vastly increase the efficiency of these protocols by increasing
photon emission rates into a well-defined cavity-coupled mode
[20,65]; for strongly coupled cQED systems, even determinis-
tic remote entanglement generation can be possible [27,66]. In
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Fig. 1. (a) Schematic of diamond cQED system. Cavity photons are
coherently coupled to the color center at rate g and can scatter out of the
cavity at rate κs , or into a collected mode at rate κc . Optical decoherence
of the color center occurs at rate γ . Indistinguishable photons in the
collected mode are matched into a single-mode fiber with efficiency η2.
(b) Detailed diagram for one instance of relevant cQED energy levels,
comparing coherent coupling rates (green) to decoherence rates (gray,
red). Quantum information (blue oval) is stored in the color center spin
states |g↓, 0〉, |g↑, 0〉, where g (e ) indicates the ground (excited) state,
↑, ↓ indicate spin, and the final integer indicates cavity photon number.
|e , 0〉 couples spin-selectively to |g↑, 1〉 at rate g , leading to an effective
cavity-enhanced emission rate0. The cavity dissipates at overall decay rate
κ = κs + κc , and the emitter dephases at overall rate γ , which comprises
desired emission (γ0), undesired decay (γ1), and pure dephasing (γd ).

the longer term, one-way repeater schemes promise much faster
communication by transmitting entangled multi-photon states
that encode quantum information in a photon-loss-tolerant
structure [67,68], potentially incorporating error correction [69],
and without the need for long-term quantum memory [70–72].
In this context, cavity-coupled emitters play an essential role: by
maintaining a coherent quantum memory during repeated inter-
actions with light, an emitter can generate entanglement between
sequentially emitted photons [73–76] and be used for efficient
re-encoding at one-way repeater stations [77]. While these are
just a subset of quantum repeater and networking functionali-
ties being actively pursued, they illustrate the key role played by
cavity-coupled spin–photon interfaces in near-term quantum
information applications [78].

A wide variety of physical platforms for realizing cQED are
currently being explored, aimed at achieving interaction rates
between the quantum emitter and cavity mode that exceed relevant
losses. Cavity-enhanced interfaces between optical photons and
individual quantum emitters began with neutral atoms [25] and
quickly expanded to other systems including quantum dots [79],
molecules [80], and trapped ions [81,82]. In particular, there has
been a recent interest in cavity coupling to atom-like solid-state sys-
tems [83,84], most notably defects in diamond [85–87], but also
rare-earth ions [88,89], defects in silicon carbide [90], and poten-
tially others [91]. These defect-based systems aim to combine the
atom-like advantages of a predictable structure, optical selection
rules, and long spin coherence times with a robust solid-state
platform compatible with integration into micro- or nano-scale
cavities. The various host materials and defect structures carry
different strengths, as discussed in recent reviews [83,84]. Here, we
focus on the most well-studied platform for defect-based, optically
active spin qubits: diamond.

Indeed, diamond’s large bandgap and nearly nuclear-spin-free
lattice make it an appealing host for such defects [92]. Of these, the
best known is the nitrogen-vacancy (NV) center, which exhibits
long spin coherence times, access to nearby nuclear spins for ancilla

qubits [93], and well-understood spin-selective optical transi-
tions [94,95]. Due to these properties, cavity-coupled NVs form
the basis for many quantum information proposals [10,96–98].
Moreover, even without cavity coupling, NVs have already been
used to achieve landmark proof-of-principle quantum network
experiments demonstrating loophole-free Bell inequality violation
[99], unconditional teleportation [100], entanglement distillation
[53], and entanglement distribution faster than entanglement
loss [101], all of which would exhibit vastly improved efficiency
using cavity coupling. At the same time, novel defects such as the
silicon vacancy (SiV) have been found to exhibit superior optical
properties [87] and the potential for long spin coherence times
[102–104]. These advances have helped to motivate development
of cQED systems in diamond.

This paper reviews recent progress in coupling individual dia-
mond defects to optical resonators, focusing on cQED platforms
with a clear potential for quantum applications. Over the last
decade, diamond defects have been coupled to a wide range of
photonic and plasmonic systems, and we refer the reader to excel-
lent reviews [85,86,105] for an overview. Here, we focus on two
approaches with the strongest near-term promise for quantum net-
working applications. One avenue employs external Fabry–Perot
microcavities [106,107] surrounding the defect center. While
early work with defects in nanodiamond laid crucial groundwork
[108–112], the chief advantage of Fabry–Perot microcavities for
quantum networking applications is that they can enclose relatively
thick (∼µm) diamond membranes [113] where defect centers are
far from charge noise at surfaces [114]. This opens the possibility to
work with highly sensitive NV centers and create a cQED platform
that leverages nearly two decades of advances in NV quantum
science. The second approach we consider fabricates high quality
factor optical resonators from diamond itself [115,116]. While
hybrid platforms combining diamond with other nanofabricated
materials hold great future promise for advanced functionality and
scale-up [117–121], we focus on the recent achievements and near-
term potential of all-diamond devices, which have the advantage
of maximizing cavity mode overlap with defects, and have recently
seen breakthroughs in fabrication techniques that have enabled
major cQED milestones to be reached [122–124]. An essential
element of this recent success has been the use of novel diamond
defects that are largely insensitive to proximal surface noise [87].
For each of these two methodologies, we review the underlying
theory and fabrication considerations, highlight state-of-the-art
achievements, and discuss the outstanding challenges. Indeed,
recent progress in these two approaches has put the diamond defect
community on the precipice of realizing key steps toward quan-
tum networking enabled by an efficient and coherent photonic
interface.

2. CAVITY QED WITH SOLID-STATE EMITTERS

Cavity QED enhances the coherent coupling rate between a quan-
tum emitter and cavity-confined photons, thereby improving the
efficiency with which indistinguishable photons (within the same
spatial, spectral, and temporal mode) can interact with individual
color center quantum memories. This can approach a determin-
istic process when the emitter–photon interaction rate exceeds
cavity losses and dephasing of the emitter optical transition. In this
section, we examine the figures of merit for cQED with imperfect
emitters, and consider different regimes for quantum applications.
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In the absence of a cavity, emitter–photon interactions scale
with the spontaneous emission rate γ0 along the desired optical
transition. In the case of color centers (see Section 3), this is typ-
ically a transition within the zero phonon line (ZPL), and the
rate γ0 is often weak compared to the overall rate of dephasing of
the optical transition (γ ). The total dephasing rate γ comprises
both γ0 and all other decay pathways (γ1), including nonradiative
decay or emission into the phonon sideband (PSB), as well as pure
dephasing (γd ), withγ = γ0 + γ1 + γd [Fig. 1(b)].

When an emitter is placed inside of an optical cavity, the local
photonic density of states can be strongly enhanced at the cavity
resonance frequency, enabling rapid emitter–photon interactions
when the cavity is tuned to the emitter optical transition. This
enhancement can be characterized using the Purcell factor

P =
0

γ0
, (1)

which compares 0, the new rate of emission via the cavity, to γ0,
the original free-space emission rate along the relevant transi-
tion. Note that definitions of the Purcell factor vary, especially for
non-ideal emitters, and we have chosen this definition to clearly
differentiate the regimes of cQED with broadened emitters. When
the emitter is on resonance with the cavity, and the cavity decay
κ is the dominating rate, 0 ≈ 4g 2/κ . Here, g = Eµ · EE0/~ is the
rate of interaction between the dipole moment Eµ of the optical
transition of interest and the cavity mode vacuum field EE0 at the
emitter location. Notably, since γ0 ∝µ

2, µ drops out of P , and
for an optimally oriented and located emitter, the Purcell factor is
determined entirely by the properties of the cavity [65,125]:

P =
3

4π2

(
λ

n

)3 (Q
V

)
, (2)

where Q =ω/κ is the quality factor of the cavity,ω is its resonance
frequency, λ is the corresponding wavelength in free space, n is
the index of refraction within the cavity (assumed constant), and
the cavity mode volume V emerges from E0 ∝ 1/

√
V [126]. The

scaling of P ∝ Q/V naturally motivates the use of high quality
factor cavities with minimal mode volume.

P quantifies the enhancement of radiative emission on reso-
nance with the cavity. However, for most solid-state emitters, the
resonant optical emission γ0 accounts for only a fraction of their
total decay processes γ0 + γ1, implying that P does not describe
the increase in the overall excited-state decay rate. Furthermore, P
does not specify the absolute probability of coherent atom–photon
interaction per attempt; this depends on the cooperativity C ,
where

C =
4g 2

κγ
=P

(
γ0

γ

)
≡
0

γ
. (3)

Here, the final equivalence (valid in the large-κ limit), gives a physi-
cal picture of C : the cooperativity compares the rate of radiation
via the cavity to all emitter dephasing mechanisms. More generally,
when C > 1, the coherent coupling between the emitter and cavity
photons is stronger than the decoherence mechanisms, leading to
near-deterministic atom–photon interactions [25,78].

Unlike the Purcell factor P , the cooperativity C captures the
effects of the sub-optimal optical characteristics of solid-state emit-
ters. In the case of an ideal, radiatively broadened two-level system,
γ0/γ = 1, and C =P exactly. However, in the case of solid-state

emitters, where typically γ0/γ � 1, a cQED system can have a
Purcell factor P > 1 but still be in the regime C < 1. There are
scenarios where this intermediate regime can offer useful enhance-
ments. For highly broadened emitters (γ � κ), such as diamond
defects at room temperature, the cavity can funnel otherwise
broadband emission into the relatively narrow resonator mode,
creating a frequency-tunable source of narrow-band single photons
[108,112,127–129]. More typically, low-temperature solid-state
cQED systems operate in the κ� γ limit, with emitters still dom-
inated by pure dephasing γd � γ0, γ1. In this case, the brightness
of the optical transition of interest is enhanced by P , and when
0 becomes larger than γ1 + γ0, the lifetime of the emitter begins
to decrease significantly, increasing the overall rate of photon
emission. However, as long as C < 1, the emitter linewidth is still
determined primarily by γd , requiring detection during a short
time window δt ∼ 1/γd to render the photons indistinguishable
[130,131]. Nevertheless, as the cavity-coupling rate 0 increases,
so does the probability of photon emission within δt . Hence
Purcell-enhanced emission, in combination with spin-selective
optical transitions [132–138], coherent qubit manipulation
[102,132], and efficient outcoupling [107,139,140], could already
greatly enhance the rate of remote entanglement generation
[53,58,62,98,99,101].

In contrast, the high cooperativity regime C > 1 corresponds
to conditions of near-deterministic interactions, where the emit-
ter has a high probability to interact with a cavity photon before
it dephases. High cooperativity is a prerequisite for protocols
involving deterministic, cavity-mediated quantum information
processing with spins and photons [27,46,78]. For example, in
the high-cooperativity regime, single, indistinguishable cavity
photons can be generated on demand [29]. Since this interaction is
coherent and reversible, single photons injected into the cavity can
also be completely absorbed by the emitter, enabling transduction
of quantum states from light to matter [25,27,141]. Alternatively,
the spin state of a single quantum emitter can fully modulate the
amplitude or phase of a photon reflected from the cavity, enabling
deterministic interactions with (or among) transient photons
[46,142,143]. Finally, strongly coupled cavity photons can be used
to mediate spin–spin interactions in a cavity or between distant,
resonant cavities, enabling implementation of near-deterministic
distributed quantum logic operations [9,26,27,144,145]. Notably,
the efficiency and fidelity of such near-deterministic proto-
cols can generally be improved by increasing C , motivating the
development of cQED systems that can reach C � 1 [78].

A final consideration in cavity engineering is the efficient in-
and out-coupling of light. In particular, the cavity-confined mode
must be engineered to critically or over couple into a propagat-
ing mode that can be guided into a single-mode fiber with high
efficiency [Fig. 1(a)]. This is equivalent to the condition κc ≥ κs ,
where κc + κs = κ and κc and κs are the cavity leakage rates into
the collected and scattered modes, respectively. Beyond ensuring
efficient photon collection, κc ≥ κs is a prerequisite for certain
deterministic quantum logic operations between spins and pho-
tons [46,78]. Once coupled out of the cavity via κc , the photons
should be mode matched with high overlap η into a single-mode
fiber, either for detection or for distribution to distant quantum
network nodes.

In summary, in order to achieve high cooperativity, the coher-
ent interaction between the emitter and cavity photons must be
made stronger than all decoherence mechanisms by maximizing
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the ratio Q/V while minimizing undesirable dephasing γ1 + γd .
Accomplishing this is a central challenge of experimental cQED,
and requires careful consideration of both cavity and emitter
properties.

3. CHOOSING AN EMITTER

There exist a multitude of crystallographic defects with optical
transitions within the bandgap of diamond [92], some of which
have optically accessible spin degrees of freedom. An important
class of defects comprises an impurity atom and single vacancy
[150], of which the most studied are the negatively charged NV
[Fig. 2(a)] and negatively charged SiV centers [Fig. 2(d)]. In addi-
tion, several emerging color centers have recently gained traction in
the field, such as the neutral charge state of the SiV (SiV0), as well
as negatively charged group-IV defects based on heavier impurities
such as the germanium-vacancy (GeV), tin-vacancy (SnV), and
lead-vacancy (PbV) centers. An ideal emitter for quantum infor-
mation applications would combine deterministic fabrication with
coherent, bright optical transitions that couple to long-lived spin
states. This section provides a survey of such properties as well as
other experimental considerations that are relevant in choosing a
color center.

A. Fabrication

Efficient cavity coupling requires accurate emitter place-
ment within the cavity mode as well as high optical coherence.
Simultaneously achieving these requirements poses a significant
challenge, and has spurred development of advanced techniques
for emitter creation [151].

The best placement accuracy is obtained using ion implantation
and annealing [152–154]. Standard blanket implantation forms
a two-dimensional layer of impurities at a depth determined by
the acceleration energy [155], while three-dimensional precision
can be achieved using a focused ion beam (FIB) [156–159], or
via blanket implantation through a lithographically aligned mask
[160–163]. Combining shallow masked implantation and dia-
mond overgrowth [164] could further aid 3D localization by
limiting implantation straggle. Subsequent high-temperature,
high-vacuum annealing repairs lattice damage and mobilizes
vacancies to form the desired color center with sub-unity conver-
sion efficiency [153,165,166]. Particularly for larger implanted
species, annealing at higher temperatures (>1200◦C) or pressures
may be important to mitigate unwanted defects formed due to
implantation damage [167,168].

In contrast to implantation, fabrication techniques based on
as-grown impurities offer less control over position but generate
defects with better optical properties. This was clearly illustrated
by a recent study comparing as-grown and implanted NV centers
in the same sample, where the former displayed superior optical
coherence [Fig. 2(b) [147]]. As-grown NV centers can be formed
using the non-negligible native nitrogen impurity levels present in
electronic-grade diamond. Other impurities can be introduced in
high-pressure, high-temperature (HPHT) [169–171] or chemi-
cal vapor deposition (CVD) diamond synthesis [172,173], and
delta-doping techniques have been used to further localize emitters
into a single layer [174,175]. In addition, precise boron doping has
been critical in engineering the Fermi level of diamond to stabilize
the SiV0 charge state [103]. Following impurity incorporation,
techniques such as electron irradiation [176–178] or laser writing
[179] can be used to generate vacancies, which, upon annealing,

(a) (b) (c)

(e)(d) (f )

Fig. 2. (a) NV center structure and low-temperature emission spectrum (spectrum adapted with permission from Ref. [146], copyright Wiley-VCH
Verlag GmbH & Co. KGaA). (b) Representative NV photoluminescence excitation (PLE) data at 4 K for each nitrogen isotope (green: 14NV; orange:
15NV). The sample is implanted with 15N, and the 14N are as-grown impurities. Individual scans of the ZPL reveal the linewidth free from spectral
diffusion. The summation of many repeated scans shows spectral diffusion (adapted with permission from Ref. [147], copyrighted by the American
Physical Society). (c) Decoherence of an NV electronic spin at 3.7 K with tailored decoupling sequences employing pulse numbers from N= 4 to
N=10,240 (adapted with permission from Ref. [148] in accordance with creativecommons.org/licenses/by/4.0/legalcode). (d) SiV center structure
and low-temperature emission spectrum. (e) Linewidth of a representative implanted SiV at 4 K inside a nano-waveguide measured by PLE spectroscopy
(blue points: data; red line: Lorentzian fit). Inset: histogram of emitter linewidths in nanostructures. Most emitters have linewidths within a factor of four
of the lifetime limit (94 MHz) (adapted with permission from Ref. [149], copyrighted by the American Physical Society). (f ) Spin coherence of an SiV
electronic spin at 100 mK using CPMG sequences with N = 1, 2, 4, 8, 16, and 32 pulses. The longest measured T2 time is 13 ms for N= 32 (adapted with
permission from Ref. [102], copyrighted by the American Physical Society).
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can combine with implanted or as-grown impurities to form
emitters.

B. Optical Properties

Cavity-coupled quantum information technologies require a high
rate of emission on a coherent optical transition. For diamond
defects, such transitions lie within the ZPL. Moreover, to elimi-
nate thermal broadening of the ZPL itself, experiments must be
conducted at cryogenic temperatures (typically at∼10 K or below
[180,181]). The ZPL radiative emission rate (γ0) is determined by
a combination of the excited state state lifetime (τ ), Debye–Waller
factor (ξ ), and quantum efficiency (QE) according to

γ0 =
ξ

τ
QE, (4)

neglecting for simplicity any fine structure within the ZPL (see
Table 1 for a comparison of emitter properties). While emitter life-
times vary by less than an order of magnitude, the Debye–Waller
factor, or the fraction of radiative emission that occurs within
the ZPL, is much lower for the NV than for group-IV emitters
[182,183]. This is due to a change in the NV electronic wavefunc-
tions (or charge distributions) between the ground and excited
states, such that photon emission is accompanied by a significant
shift in nuclear coordinates.

Quantum efficiency refers to the radiative fraction of total
excited state decay, which can also include direct phonon relax-
ation [180,190]. In general, QE is challenging to extract directly
from emitter brightness due to confounding factors such as the
presence of metastable dark states and imperfect calibration of
collection and detection efficiencies. Instead, QE can be most
precisely estimated by measuring the response of the emitter’s
excited state lifetime to a controlled change in the local pho-
tonic density of states [191]. This technique has been used to
show that the NV QE is close to unity in bulk diamond [192].
Unfortunately, this method is not as precise for emitters with QE
substantially less than one, since their lifetimes do not depend
as sensitively on their local photonic environment. This is the
case for the SiV center [149], which is believed to have QE≈ 0.1
at 4 K (see supplementary material in [193]). Indeed, the SiV’s
relatively short and temperature-dependent lifetime of∼1.6(1.0)

Table 1. Summary of Emitter Properties (see text for
details)

Defect Symmetry
ZPL

Wavelength
DW

Factor (ξ )
Lifetime

(τ ) ~1GS/kb
a

NV C3v 637 nm 0.03 [118] 11–13 ns
[132,184]

N/A

SiV D3d 737 nm 0.7 [185] 1.6–1.7 ns
(4 K)

[172,166,176]

2.4 K [135]

GeV D3d 602 nm 0.6 [169] 6 ns [186] 7.3 K [186]
SnV D3d 619 nm 0.6 (5 K)

[187]
4.5–4.8 ns
[137,138]

41 K [167]

PbV D3d
b

520–552 nm
[188,189]

unknown > 3 ns
[188,189]

200–270 K
[188,189]

SiV0 D3d 946 nm 0.9 [103] 1.8 ns
[103]

N/A

aTemperature corresponding to exponential suppression of phonon-induced
spin dephasing.

bPbV symmetry is unconfirmed experimentally.

ns at 4(300) K [180] is consistent with strong nonradiative proc-
esses. On the other hand, the GeV center has a slightly longer,
temperature-independent lifetime of 6 ns that is very sensitive to
its local photonic environment [186], and single GeVs can induce
coherent extinction of waveguide transmission [121,186]. These
measurements suggest a relatively high QE & 0.4. However, this
estimate is in conflict with a QE< 0.1 extrapolated using detected
count rates from GeV centers in bulk diamond [194]. There is even
more uncertainty regarding the QE of other emerging color centers
including the SnV, PbV, and SiV0; however, it is worth noting that
photon count rates in experiments involving SnV and SiV0 are
consistent with a high QE comparable to that of the NV center
[103,167].

Another consideration in choosing an emitter is the ZPL
emission frequency. Working at longer wavelengths simplifies
nanofabrication by allowing larger feature sizes with lower sensitiv-
ity to surface roughness. Furthermore, the GeV, SnV, and PbV ZPL
wavelengths occur in the 520-620 nm range, where it is challenging
to obtain stable, high-power lasers.

In addition, resonant cavity coupling relies on the spectral
stability of the emitter, which is strikingly different for the NV
center compared to group-IV defects owing to their different
symmetries. While all of these color centers occur along the 〈111〉
family of crystal axes, the nitrogen of the NV center sits in place of
a missing carbon atom, resulting in a defect with C3v symmetry.
Its lack of inversion symmetry permits inequivalent electric dipole
moments in the ground and excited states; consequently, the NV
center ZPL frequency is strongly impacted by electric field noise
on nearby surfaces, causing spectral diffusion, or variation in
frequency over time, particularly when illuminated by the green
light used to reinitialize the negative NV charge state [184,195].
This effect is especially severe for implanted NV centers in nanos-
tructures, which typically exhibit spectral diffusion of many GHz,
far beyond the ∼15 MHz lifetime limit [196], corresponding to
significant dephasing γd . Encouragingly, NV centers formed from
native nitrogen impurities and electron irradiation have achieved
spectral-diffusion linewidths of<250 MHz in a few-micrometers-
thick diamond membrane [114]. Moreover, by applying pulses of
green light until the NV transition matches a desired frequency
[196], the effects of pump-induced spectral diffusion can be mit-
igated, and the majority of single-scan linewidths are below 100
MHz in such membrane samples [114]. Conversely, the electric
field sensitivity of the NV can be viewed as a resource for tuning
the ZPL frequency via the DC Stark effect, which has been used
to actively compensate for both spectral diffusion and spectral
mismatch of different defects [197–199].

In contrast to the NV center, group-IV defects take a split-
vacancy configuration described by the point group D3d , which
includes inversion symmetry, leading to a vanishing permanent
electric dipole moment. Such defects are insensitive to surface
noise to first order; indeed, both as-grown [172] and implanted
[149] SiV centers can display nearly lifetime-limited linewidths,
even in nanostructures [149,159] [Fig. 2(e)]. Other group-IV
color centers such as the GeV [136,186], SnV [138], and SiV0
[103] exhibit similar spectral stability, although this has not
yet been observed in nanofabricated cavities. The insensitiv-
ity of group-IV emitters to electric fields precludes Stark shift
tuning of the ZPL frequency; instead, two-photon Raman tran-
sitions [193,200] and dynamic control of the strain environment
[201,202] are promising approaches for wavelength tuning and
spectral stabilization.
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Finally, it is desirable to minimize inhomogeneous broaden-
ing, or the variation in ZPL emission frequency from emitter to
emitter. The inhomogeneous distribution scales with implantation
damage, increasing with the size and energy of the ion, but can be
mitigated to varying degrees via post-implantation treatment. NV
and SiV centers can exhibit inhomogeneous linewidths down to
0.17 nm [154] and 0.03 nm [149], respectively, when annealed
at high temperatures. Much larger linewidths of 30 nm have been
observed for implanted SnV centers [138], although subsequent
HPHT annealing was shown to achieve distributions down to 6
nm [167]. Furthermore, the spectral features attributed to the PbV
ZPL around 520 nm exhibit a narrow distribution of only 0.12
nm; however, unidentified emission lines over a ∼100 nm range
could be evidence of a much larger inhomogeneous distribution
or intermediate defect formation [188], meriting further inves-
tigation. In practice, it is likely that a combination of improved
inhomogeneous broadening and spectral tuning will be necessary
to realize spectrally indistinguishable emitters.

C. Spin Properties

Many quantum information applications rely on spin–photon
transduction via state-selective optical transitions within the
ZPL [132,134,136–138]. These spin states, in combination
with proximal nuclear spins coupled by magnetic dipolar inter-
actions, can serve as an additional resource for storing or processing
information [203] and performing local error correction [204].

In practice, the NV and SiV0 spins are easiest to work with due
to their orbital singlet, S = 1 ground states. A spin qubit can be
realized between the ms = 0 and either of the ms =±1 spin states,
which are naturally separated in energy by a zero-field splitting.
Coherent spin manipulation can be achieved via microwave fields
[205], and NV centers have demonstrated the longest coherence
times for a single electron spin qubit in any system (T2 > 1 s)
[Fig. 2(c)] [148]. So far, only ensemble spin resonance has been
demonstrated for the novel SiV0 center; nevertheless, these
defects display coherence times as long as T2 = 255 ms at 4 K
[103,206,207].

In contrast, color centers based on negatively charged group-IV
defects exhibit a doubly degenerate ground state in both orbit
and spin (S = 1/2), with orbital degeneracy lifted by 1GS due
to a combination of spin–orbit interaction and dynamic Jahn–
Teller effect [135,208]. In an external magnetic field aligned
with the 〈111〉 axis, the lowest energy spin-1/2 manifold can be
addressed using highly cycling, spin-selective optical transitions
[134,135,209,210]. The major challenge in working with the
spins of negatively charged group-IV defects is rapid ground-state
dephasing caused by single-phonon transitions between orbital
states. This motivates qubit operation at temperatures well below
~1GS/kB (see Table 1) to reduce phonon occupation, thereby
exponentially increasing spin coherence times. As a result, the
SiV exhibits a four to five order-of-magnitude increase in spin
coherence times at T< 500 mK [T2 > 10 ms [102], Fig. 2(f )]
compared to 4 K (T2 ∼ 100 ns [211]). A complementary approach
for improving spin coherence involves increasing the ground-
state splitting through the application of strain [201,212]. For
instance, strain tuning of SiVs in nanostructures has demonstrated
an order-of-magnitude increase in orbital splitting, resulting in the
highest reported SiV coherence time at 4 K of T2 = 250 ns [212].
Moreover, defects based on heavier group-IV ions exhibit larger
1GS, which could facilitate operation at higher temperatures.

Indeed, the PbV orbital splitting is estimated to be in the THz
regime, suggesting the possibility of long-lived spin coherence at 4
K [188,189].

A final consideration is the ability to couple to proximal nuclear
spins of either the defect impurity or 13C carbon isotopes in dia-
mond. Impressively, the NV center has been used to control a
10-qubit quantum register with coherence times of > 75 s [93].
Single-site nuclear spin manipulation has also been demonstrated
with the SiV [104,122], but multi-nuclear-spin registers have not
yet been realized.

D. Discussion

Thus far, state-of-the-art cavity experiments with diamond defects
have used either the NV or SiV. While the NV center is the best
understood defect, exhibiting excellent spin coherence, its optical
properties are poor. In particular, the difference in permanent
electric dipole moments between the ground and excited states
degrades optical coherence for near-surface emitters. Open Fabry–
Perot microcavities containing bulk-like diamond membranes
are therefore especially promising for these color centers, as they
can be situated far from interfaces (see Section 4). In contrast,
the SiV has poor spin properties at 4 K, requiring operation at
dilution refrigerator temperatures to realize a long-lived spin qubit,
but has superior optical coherence. Crucially, its inversion sym-
metry inhibits sensitivity to surfaces, allowing for incorporation
into heavily fabricated nanoscale resonators with high Q/V (see
Section 5).

In addition, we discussed the potential of emerging group-IV
color centers. Negatively charged group-IV emitters based on
larger ions appear to share the attractive optical properties of the
SiV with the added potential for improved spin coherence times at
4 K, although these emitters are harder to fabricate and are not as
well understood. The recently discovered SiV0 could potentially
combine excellent optical and spin properties at liquid helium tem-
peratures, but it requires specially doped diamond to stabilize the
neutral charge state and is one of the least explored of the defects
considered here. Finally, recent progress in ab initio [208,213,214]
and machine learning [215,216] techniques suggests it may soon
be possible to predict new emitters with properties superior to
those discussed in this section.

4. OPEN FABRY–PEROT MICROCAVITIES

Early cQED experiments were performed using cm-scale Fabry–
Perot cavities with Gaussian modes defined by two spherical
mirrors [21,217]. Such cavities take advantage of absorption-
limited dielectric mirror coatings to achieve very high reflectivity
[218,219], and offer full spatial and spectral tunability by posi-
tioning the mirrors, but their cm-scale size leads to large mode
volumes and limited scalability. By miniaturizing the spherical
mirrors, these drawbacks can be mitigated, with micrometer-scale
geometries achieving mode volumes on the order of λ3 [220].
Moreover, the small size of the micromirrors enables parallelized
fabrication processes [220–222] and direct integration with optical
fibers [107,223].

So far, open microcavities have been coupled to a multitude of
quantum systems including atoms [224], ions [82,225], molecules
[80,226], quantum dots [227], rare earth ions [228], optome-
chanical systems [229], and color centers in both nanodiamonds
[108–112,127] and diamond membranes [129,230–232]. Early
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results with diamond defects utilized nanodiamonds containing
single NV centers at elevated temperatures [108–110] to observe
funneling of the broad emission into the narrow resonator mode
(see Section 2). However, NVs in nanodiamonds are poorly suited
to spin–photon interfaces, as their optical properties are degraded
by nearby surfaces, motivating the development of a membrane-
in-cavity geometry in which emitters can exhibit coherent optical
transitions at 4 K [114]. Nevertheless, despite substantial progress
in both mirror and diamond fabrication, obtaining C > 1 for
a color center in a membrane-in-cavity system has not yet been
achieved. In this section, we outline the theoretical and experimen-
tal progress toward this goal, followed by a near-term outlook for
the field.

A. Geometry

For coupling to defects in a diamond membrane, most experiments
employ a half-symmetric geometry [Fig. 3(a)] formed by a macro-
scopic flat mirror and a microscopic spherical mirror with radius
of curvature R , fabricated either on the tip of an optical fiber or
planar substrate [Fig. 3(b)]. Diamond defects are contained within
a membrane of thickness td bonded to the flat mirror. The spacing
between the spherical and flat mirrors determines the cavity length
L .

As discussed in Section 2, it is desirable to obtain a high ratio
of cavity quality factor Q to mode volume V . The mode volume
is V ≈ πω2

0 L eff/4, where ω0 is the cavity waist, and L eff is the
effective cavity length expressed in terms of an equivalent distance
in diamond [233], L eff = (2/n2

d |Ed |
2)
∫

cav n2(z)|E (z)|2dz. Here,
n(z) and E (z) are the refractive index and electric field at position
z in the cavity, and nd and Ed are the index and maximum electric
field in diamond, respectively. In principle, Q/V can be largely
independent of L eff because the photon lifetime—and thus Q—
typically increases linearly with cavity length when losses occur at
mirrors and interfaces. Consequently, the figure of merit becomes

Fig. 3. (a) Schematic of a fiber cavity (adapted with permission from
Ref. [113], copyrighted by the American Physical Society). (b) Scanning
electron microscope (SEM) image of a laser-machined fiber tip (adapted
with permission from Ref. [107], copyrighted by IOP Publishing and
Deutsche Physikalische Gesellschaft, reproduced by permission of IOP
Publishing, CC BY-NC-SA). (c), (d) Refractive index n (black, right
axis) and electric field strength (orange, left axis) for (c) an air-like mode
and (d) a diamond-like mode (adapted from Ref. [233] in accordance
with creativecommons.org/licenses/by/3.0/). (e) Membrane-in-cavity
mode structure, exhibiting large avoided crossings between diamond
(yellow) and air (blue) modes (adapted with permission from Ref. [129],
copyrighted by the American Physical Society).

Q/V ∝F/(λω2
0), where the finesseF isπ divided by the effective

per-pass losses in the cavity. Nevertheless, in practice, it is easiest to
simultaneously achieve a small waist ω0 and high finesse F using
short microcavities (see discussion of losses below). Consequently,
maximizing Q/V for open-geometry cavities typically involves
minimizing losses and reducing R (sinceω0 ∝

√
R for R� L), as

well as L , td , and electric field penetration into the mirror coatings.
A final geometric consideration is collection efficiency, which is

determined by the overlapη between the transmitted cavity electric
field and that of a single-mode fiber. Micromirrors fabricated on
planar substrates allow introduction of optical elements to maxi-
mize fiber coupling of outcoupled light [234], but in turn require
challenging optical routing in a cryostat, although novel alignment
techniques may alleviate some of this difficulty [235]. In contrast,
mirrors fabricated directly on the tips of optical fibers feature direct
coupling from the cavity to the propagating fiber mode. This cou-
pling is maximized by precisely centering the mirror on the fiber
core, while matching the fiber and cavity mode diameters and min-
imizing wavefront curvature [107,236]. For such cavities, there
exists a trade-off between obtaining a small mode waist (requiring
small R) and maximizing η due to wavefront curvature mismatch.
Nevertheless, power coupling efficiencies of η2 > 85% have been
demonstrated with empty fiber cavities [107].

B. Mode Structure

The diamond membrane strongly modifies the cavity mode struc-
ture and losses compared to those of an empty or “bare” cavity.
This behavior is well captured by a simplified one-dimensional
model of the cavity electric field with nodes at the mirror interfaces
[113,233]. The field at the air–diamond interface is therefore
completely determined by the membrane thickness td , which sets
the relative energy density in the air and diamond regions via the
electromagnetic boundary conditions. A field node at this interface
leads to an “air-like” mode, where the intensity is higher in the air
versus the diamond region by a factor of nd [Fig. 3(c)], while an
anti-node leads to a “diamond-like” mode where the opposite is
true [Fig. 3(d)].

The mode types are readily identified from cavity transmission
spectra [Fig. 3(e)]. The canted periodic structure can be under-
stood by considering the limit of a perfectly reflective air–diamond
interface (i.e., nd→∞), in which case the cavity is divided into
“air” and “diamond” modes [blue and yellow lines in Fig. 3(e)].
The frequency spacing of these modes depends on the diamond
thickness and cavity length according to 1νdi = c/(2nd td ) and
1νair = c/(2(L − td )). With finite nd , these modes are coupled
to one another, leading to the large avoided crossings observed in
the spectrum, where diamond-like modes have a shallow slope, and
air-like modes have a steeper slope [113]. The sensitivity of field
localization to frequency and diamond thickness offers an extra
layer of tunability to the open-cavity geometry.

Based on available mirrors, open cavities can in principle
achieve an extraordinary finesse of ∼105 or more [218,219].
In practice, it is very challenging to achieve such high values in
membrane-in-cavity systems. Losses due to scattering or absorp-
tion at the air–diamond interface display exquisite sensitivity to the
field amplitude at this position; such losses are consequently maxi-
mized for diamond-like modes and minimized for air-like modes
[113]. Models including known surface roughness [113,233]
exhibit smaller surface losses than seen in experiments [113,230],
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(c)

(d)

(b)(a)

Fig. 4. (a) Cavity finesse as a function of axial mode order.
Drops in finesse arise from perturbative coupling to lossy higher-
order modes caused by the Gaussian shape of fiber mirror (adapted
with permission from Ref. [239] in accordance with creativecom-
mons.org/licenses/by/3.0/). (b) Confocal microscope image of an etched
diamond membrane with false color added. The white arrow indicates
the path along which the height profile was measured (adapted with
permission from Ref. [114], further permissions related to the mate-
rial excerpted should be directed to the ACS). (c) PL spectra around
the NV ZPL transition frequency for different air-gap detunings 1L .
Each resonance corresponds to the ZPL emission of a single defect. (d)
Photoluminescence decay curves of “ZPL2” from (c) following pulsed
excitation at different cavity lengths. The inset shows the normalized
decay curves corresponding to a reduction in lifetime from 12.6 to 7.06
ns (parts (c) and (d) were adapted with permission from Ref. [230] in
accordance with creativecommons.org/licenses/by/4.0/legalcode).

indicating significant contributions from absorption at the dia-
mond surface. In contrast, bulk membrane absorption can be
neglected for electronic grade samples [237].

Other sources of loss stem from non-ideal cavity geometry, as
the finite extent of the micromirror can lead to clipping losses for
large mode diameters (which increase with cavity length) [107].
Such losses are exacerbated when the cavity mode couples to
higher-order transverse modes, which can result from deviation of
the micromirror from an ideal spherical shape [238] [Fig. 4(a)] and
deviation of the flat mirror from an ideal plane [239].

C. Fabrication

Scalable quantum technologies based on open microcavities
require deterministic and repeatable fabrication processes for
both the micromirror and diamond membrane. Micromirror
fabrication seeks to produce shallow parabolic dimples with
micrometer-scale radius of curvature, while maintaining nearly

atomically smooth surfaces compatible with high-finesse dielec-
tric coatings. So far, the most popular methods for machining
mirror templates are based on laser ablation, FIB, and silicon
etching. Laser ablation using a CO2 laser results in controlled
creation of Gaussian-shaped dimples with low surface roughness
(0.2 nm-rms) [240–242]. Recently, the inclusion of additional
nanofabrication steps achieved an effective R < 5 µm (based on
the frequency spacing between higher-order transverse modes),
with ablation depths of only ≈ 1 µm [243]. In contrast, FIB
milling has been used to fabricate dimples with very small radii
of curvature and precisely controlled geometry at the expense of
higher surface roughness (0.3− 0.8 nm-rms [109,221,244]). This
method produced dimples with effective R = 4.3 µm and depths
of only 230 nm [244]. Finally, silicon etching has been used to gen-
erate large arrays of ultra-smooth (0.2 nm-rms) mirror templates
[245,246]. So far, this technique has produced relatively large radii
of curvature (R > 100 µm), but smaller geometries may be pos-
sible. Once fabricated, mirror substrates are subsequently coated
with low-loss dielectric mirrors. After deposition, it is possible to
integrate microwave striplines for spin control directly into the flat
mirror substrate while maintaining a high cavity finesse [247] [see
Fig. 4(b)].

The second fabrication requirement is a process capable of
producing ultra-smooth, micrometer-thick diamond membranes
containing individual defects with bulk-like optical properties.
The starting point for such a membrane is typically a commercially
available∼100 µm thick electronic grade diamond plate. Etching
hundreds of micrometers to obtain a single membrane constitutes
a long and wasteful process; consequently, membrane substrates
are generally obtained from bulk samples by either laser slicing
and polishing (resulting in td ∼ 10 µm) or via a novel implanta-
tion process [232,248]. The latter technique involves implanting
He atoms to form an amorphous subsurface layer, which is con-
verted to graphite by subsequent annealing. The diamond is then
overgrown with pristine single-crystal diamond, and released at
the graphitic layer with electrochemical etching, yielding td ∼
100 nm −1 µm. Both techniques produce a surface roughness of
a few nm, but thus far membranes based on laser-sliced substrates
have achieved the best results for surface losses [129] and fabrica-
tion of individually addressable defect centers [114,129,230] (see
Section 3). Membrane substrates can then be bonded to carrier
wafers via van der Waals forces for further processing. Thinning
and smoothing of both surfaces is achieved through an inductively
coupled plasma reactive ion etching (ICP RIE) process, which
cycles between ArCl2 and O2-based recipes [249–252], obtaining
a final surface roughness as low as∼0.1 nm− rms [253]. Once the
desired device thickness is achieved, the sample can be transferred
using a micromanipulator [230] or in a water droplet to the flat
mirror substrate. Recent results show that it is also possible to con-
duct the final etch through a quartz mask after bonding the sample
to the mirror, reducing membrane handling [114] [Fig. 4(b)].

D. State of the Art

Despite considerable experimental progress, there has been only
one demonstration of a single emitter in a diamond membrane
coupled to an open microcavity at low temperature [230]. In this
experiment, an implanted NV center was coupled to a F = 5,260
air-like mode [Fig. 4(c)] resulting in a ZPL enhancement of
P ≈ 30, an excited-state lifetime reduction by a factor of 2.0, and
46% of photons emitted into the ZPL. Furthermore, the tunability
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of the system was illustrated by a variation in excited-state lifetime
as a function of cavity length [Fig. 4(d)]. While this experiment
represents a major milestone in coupling open cavities to diamond
defects, it achieved an estimated cooperativity of only C ≈ 0.03.
This value is strongly impacted by an increase in spectral diffusion
from 100 MHz to 1 GHz associated with thinning the membrane
to td < 1 µm, and could potentially be improved by an order of
magnitude by using a slightly thicker sample containing NVs
formed by native nitrogen and electron irradiation [114,147] or by
using more stable group-IV defects. Furthermore, reduced losses at
the diamond interface would increase the cavity finesse and permit
coupling to diamond-like modes. Such improvements recently led
to the coupling of a single GeV center to a finesse 11,000 diamond-
like mode of an open microcavity [129]. Finally, cavity mode
volume could be reduced by decreasing the mirror radius of cur-
vature using a combination of laser ablation and nanofabrication
techniques [243].

Beyond fabrication, there are additional technical barriers lim-
iting emitter–cavity coupling strength. Resonant coupling requires
stabilization of the cavity length to well within a linewidth, on
the order of 10 pm for state-of-the-art mirrors. For instance,
the liquid helium cryostat used in the aforementioned NV
experiment induced vibrations of 24 pm-rms in the passively
stabilized cavity, representing a significant fraction of the 60 pm
cavity linewidth [254]. Consequently, many avenues for increas-
ing stability have been explored such as rigid mounting [236],
external vibration isolation [255], thermal feedback of the mir-
ror coatings [236,256], as well as active locking methods such
as Pound–Drever–Hall [236,257], side-of-fringe [232], and
Hänsch–Couillaud techniques [80,258].

E. Outlook

Recent experimental milestones suggest that it should soon be
possible to couple bulk-like emitters in diamond membranes to
high-finesse open microcavities. This is particularly promising for
achieving C > 1 for an NV center, which has been a long-standing
challenge due to the degradation of emitter optical properties
in nanofabricated resonators (see Section 5). Furthermore, the
narrow cavity linewidths afforded by open cavities offer an oppor-
tunity for spin-selective enhancement, opening the door for
high-fidelity spin measurement [259], as well as schemes for quan-
tum communication, computation, and metrology [10,260,261].
Finally, while scaling to multi-cavity systems remains an active area
of research [262], progress in parallelized open-cavity fabrication
techniques [222] shows the potential for larger-scale technologies.

5. NANOPHOTONIC CAVITIES

In contrast to open-geometry cavities, nanophotonic resonators
can readily achieve sub-micrometer mode volumes by using
refractive-index contrast to confine light to volumes of order
(λ/n)3 or smaller [263–266]. Additionally, nanophotonic struc-
tures are naturally desirable for long-term scalability, since they
can be fabricated en masse and utilize on-chip photon rout-
ing [267,268]. For a general, platform-agnostic overview of
nanophotonic systems, we direct the reader to an alternate review
[269].

With its high index of refraction n = 2.4, diamond is a natu-
ral candidate for such systems, and in the absence of scattering
or absorption losses, diamond nanophotonic resonators could

theoretically achieve P ∼ 105 [270], or Q/V0 > 106, where
V0 = V (n/λ)3 is the mode volume relative to a cubic wavelength
in the diamond. A wide variety of cQED structures have been
fabricated in diamond [271], including whispering gallery mode
resonators [272,273], ring resonators [116,274], and photonic
crystal cavities (PCCs) [115,275–277]. Here, we focus on the
unique technical considerations involved in realizing and utilizing
nanophotonic structures for cQED in single-crystal diamond, and
related experimental progress therein.

A. Fabrication Techniques

The typical approach for nanoscale fabrication of high-quality
photonic devices begins with single-crystal thin films (∼100 nm)
grown heteroepitaxially, such as silicon-on-insulator, which can
then be processed into undercut photonic structures using stand-
ard lithography and wet-etching techniques [278]. Unfortunately,
this relatively straightforward approach to engineer optically
isolated photonic structures does not translate effectively to the
fabrication of diamond. Despite immense progress in the field
of diamond growth, heteroepitaxial single-crystal thin films of
diamond cannot yet be produced with defects at or below the
parts-per-billion level, as required for quantum optical experi-
ments involving single emitters [279–283]. Additionally, diamond
is resilient to all forms of wet etching. Instead, less controllable
plasma-based dry etching techniques [284] must be used in com-
bination with sophisticated lithography masks [272,285]. Initial
successes in nanofabrication of diamond [e.g., see Figs. 5(a) and
5(b)] overcame these challenges using creative techniques to
engineer nanoscale diamond membranes with sub-micrometer
thickness, either via ion-beam implantation and liftoff or mechani-
cal polishing and subsequent reactive-ion-etch thinning, but both
techniques struggled with low resulting cavity and emitter quality
[274,275,286–289].

Rather than membrane-based fabrication, underetching of
structures defined in bulk, electronic-grade, single-crystal sub-
strates [291] has recently enabled high-quality nanophotonic
devices [Figs. 5(c)–5(m)]. Unlike most nanoscale membrane
structures, devices undercut from bulk substrates can achieve high
quality factors due to their optical isolation from the bulk, and
are compatible with annealing and acid-cleaning post-processing
steps required for incorporation of high-quality single emitters
(Section 3). Underetching was first implemented by using an
angled etch to undercut one-dimensional structures predefined
with electron-beam lithography and top-down etching, leaving
behind freestanding diamond nanobeams with triangular cross
sections [Fig. 5(h), steps I–III]. The angled etch was initially
accomplished by placing samples inside a triangular Faraday cage
within the reactive-ion etcher [270,292]. More recently, a sim-
ilar angled etch has been achieved using ion-beam milling at a
well-controlled angle of incidence, resulting in more reliable etch
profiles [293]. Both of these techniques have proven extremely
effective for fabricating freestanding one-dimensional PCCs out of
electronic-grade diamond substrates, such as those shown in Figs.
5(c)–5(i), with high ratios of Q/V0 > 104 [123,270].

Underetched devices can also be fabricated out of bulk single-
crystal diamond using a selective crystallographic etch to achieve a
flat lower surface, as illustrated in Fig. 5(l) [272,294]. This etching
technique was initially developed to fabricate high Q/V0 whisper-
ing gallery mode resonators [Fig. 5(m)] [272,273], and has now
been adapted to fabricate freestanding PCCs with rectangular cross
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Fig. 5. Diamond nanophotonic devices. (a) Mode simulation and (b) SEM of 2D PCC fabricated from an ultra-thin diamond membrane (reprinted
with permission from Ref. [286], copyrighted by the American Physical Society). (c) SEM of an array of freestanding PCCs created by angled reactive ion
etching, highlighting (d) 1D PCC region, (e) support anchor connecting waveguide to substrate, and (f ), (g) tapered waveguide region for adiabatic single-
mode fiber coupling (reprinted with permission from Ref. [140], copyrighted by the American Physical Society. (h) Fabrication procedure for angle-etched
devices (steps I–III), including targeted implantation through a mask (IV) and microwave electrode deposition (V–VI) (reprinted with permission from
Ref. [123], copyrighted by the American Physical Society). (i) SEM of resulting devices with gold coplanar waveguide for microwave spin control (false
color added, adapted with permission from Ref. [122], copyrighted by the American Physical Society). (j) Rectangular cross-section PCC fabrication pro-
cedure using an anisotropic crystallographic etch and (k) SEM of a freestanding 2D PCC (reprinted with permission from Ref. [290], AIP Publishing). (l)
Optimized procedure to fabricate microdisk resonators using the crystallographic etch and (m) resulting high Q/V0 device (reprinted with permission from
Ref. [272], AIP Publishing).

sections [295], enabling two-dimensional PCCs in single-crystal
diamond [Figs. 5(j)–5(k)] [290]. While the crystallographic-etch
technique is somewhat less mature than the angled etch, it allows
for rectangular device geometries similar to conventional photonic
platforms. This should enable fabrication of waveguides with arbi-
trary relative spacing, allowing for implementation of freestanding
diamond-waveguide-based beam splitters and electromechanical
switches for on-chip photon routing [267,268]. Furthermore,
this technique has a largely unexplored parameter space available,
making it possible to optimize the mask and etching procedure to
achieve a wide variety of surface properties [272,296].

In order to utilize low-mode-volume cavities for cQED exper-
iments, color centers must be placed at the mode-field maximum
of the cavity with sub-100 nm precision. This has been accom-
plished with SiV centers using a variety of techniques (Section
3), including delta doping [297], FIB implantation [157–159],
and blanket ion implantation through lithographically aligned
masks [160–162]. By implanting several ions and utilizing spectral
selection of individual emitters, these techniques have enabled

deterministic nanoscale PCC coupling of single SiV centers
[122,193,298].

Once fabricated, nanoscale cavities can be optically interro-
gated using free-space optics [116,286] or a transient coupler such
as a tapered fiber [270,299]. Coupling can also be made indirectly
by means of a waveguide in which the PCC is integrated [e.g.,
see Figs. 5(c), 5(d), 5(i)]. In this case, the cavity design is adjusted
to damp preferentially into the diamond waveguide mode (see
Section 2, [263]), which can subsequently be outcoupled into a
single-mode fiber by various techniques. Even a small defect in
the waveguide, such as a deliberately introduced notch, induces
scattering into free-space modes that can be coupled into a single-
mode fiber via a high-numerical-aperture objective, albeit with
limited η2

∼ 1% efficiency [193,200,297]. Alternatively, grating
structures [274,300] can enable η2

∼ 10% coupling efficiency
by improving mode matching, and can be made broadband using
optimized photonic design principles [301].

Nanophotonic structures can also be directly integrated
into single-mode fiber networks. This has been done extremely
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efficiently using adiabatically tapered diamond waveguides cou-
pled to similarly tapered optical fibers using van der Waals forces,
yielding efficiencies close to unity [140,302]. Currently, this tech-
nique requires precise nanopositioning of the adiabatically tapered
fiber, which can be challenging and costly to implement in cryo-
genic conditions where experimental access is limited [123,298].
Instead, permanent and efficient integration into large-scale pho-
tonic circuits will likely be necessary to scale up nanophotonic
cQED experiments. The first steps in this direction have recently
been demonstrated using a pick-and-place technique to integrate
diamond structures with aluminium nitride photonic circuits,
enabling access to group-IV color centers in 72 separate diamond
nanophotonic waveguides [121].

B. Practical Considerations for Scalability

A high overall yield of devices usable as coherent spin–photon
interfaces is necessary for quantum networking with several nodes
[123,285]. Beyond deterministic incorporation of defect centers,
the monolithic nature of nanofabricated diamond structures cre-
ates additional yield-limiting challenges for color center cQED
experiments. Due to imperfections in device fabrication, the res-
onance wavelength of nanophotonic diamond cavities must be
fine-tuned in situ in order to precisely match the low-temperature
ZPL emission wavelength of an individual color center. Unlike the
open Fabry–Perot cavity (Section 4), in which cavity frequency can
be controlled by changing the cavity length, nanophotonic cavities
cannot be tuned by mechanical displacement. Instead, diamond
nanophotonic cavities have been tuned by condensing gas on the
nanostructure at cryogenic temperatures [193,270,297,303],
which increases the local index of refraction, red shifting the
optical mode. This effect can then be reversed selectively and
precisely by using laser light to boil away gas that has already been
deposited, leading to a well-controlled net red shift of individual
device frequencies by several percent of the resonance wavelength
[123,298]. Although effective, this technique is relatively slow and
adds significant experimental overhead in cryogenic engineering.

The ability to tune the emission frequency of a color center in
situ is another requirement for integration into quantum networks
(Section 3). Recent nanophotonics experiments have focused on
group-IV color centers because they are relatively insensitive to
electrical noise from nearby nanostructured surfaces. However,
this electric field insensitivity means they also cannot be manip-
ulated by DC Stark shifts. One successful approach has used
two-photon Raman transitions to overlap the emission frequencies
of two SiV centers that initially differed by several GHz [193].
When employed in combination with cavity coupling, such
Raman transitions have enabled widely tunable, cavity-enhanced
single-photon emission spanning the entire inhomogeneous
distribution of the SiV center [200] [Figs. 6(e)–6(h)]. However,
wideband tuning via the Raman approach requires driving fields
with substantial strength that may introduce heating and charge
instability [123,193]. Alternatively, color center transitions can
shift with strain, and electro-mechanical tuning has recently
enabled deterministic emitter resonance matching and active
locking for compensation of spectral diffusion (reduction of
γd ) inside nanoscale diamond waveguides, two key criteria in
building large-scale networks out of solid-state defects [202].
However, incorporating similar nanomechanical capacitors with
freestanding diamond PCCs remains an outstanding challenge.

Incorporation into nanostructures also poses challenges for
the spin degrees of freedom of defect centers, where long spin
coherence times observed in bulk diamond [148] are reduced by
nearby surfaces and impurities introduced by implantation and
fabrication [253,305]. Furthermore, state-of-the-art coherence
times are achieved using lengthy dynamical-decoupling pulse
sequences that typically require power delivery on the scale of
several watts [93,102,148,211,306]. Coherent spin control has
been accomplished for NV centers inside diamond nanostruc-
tures in a helium flow cryostat [304]. However, in the case of SiV
centers, experiments are typically limited by the sub-milliwatt
cooling power of dilution refrigerators at 100 mK temperature
[102]. Additionally, lattice strain is required to allow the magnetic
dipole transition between spin states for group-IV color centers
[102,123,135], reducing the yield of suitable emitters in devices
without strain-tuning capabilities.

These challenges have prompted the use of lithographically
aligned gold striplines in close proximity to the PCC [Fig. 5(i)].
Such devices have enabled high-fidelity coherent control of an SiV
center and nearby 13C nucleus with coherence times > 1 ms and
> 100 ms, respectively, at millikelvin temperatures [122]. Despite
this success, residual heating from microwave pulses is believed
to limit operational fidelity [124], motivating the development
of superconducting microwave striplines on diamond. As an
alternative to microwave manipulation, all-optical spin control
using two-photon transitions is possible [307,308]. However, such
techniques have yet to yield control fidelities comparable to the
microwave approach and have not yet been implemented in nanos-
tructures, which may also be particularly susceptible to heating
from optical control fields [309]. One final approach is coherent
electromechanical driving, which has recently been accomplished
using a piezoelectric surface acoustic wave actuator [310]. It is
likely that some combination of advances in strain engineering
and low-power, on-chip microwave electronics will be required to
scale up diamond nanophotonic cQED experiments at cryogenic
temperatures.

C. State of the Art

The first proof-of-principle experiments almost 10 years ago
showed Purcell enhancement of NV and SiV ZPL transitions
in nanophotonic resonators [116,277,286,304,311,312] [see
Fig. 6(a) for an example]. However, these experiments were lim-
ited to the C < 1 regime due to emitter dephasing inside heavily
fabricated structures, which remains an outstanding challenge for
NV centers [286]. Instead, the use of environmentally insensitive
SiV centers enabled pioneering experiments in the C & 1 regime,
which was experimentally verified using the coherent extinction
of resonant transmission through the cavity [Fig. 6(b)], as well as
radiative broadening of the SiV optical transition [193,297].

Technical improvements, including more accurate emitter
positioning using lithographically aligned masks [123], more
reliable angled-etch procedures using ion-beam milling [293], and
operation at millikelvin temperatures to eliminate residual ther-
mal decay and decoherence effects [102,193], have now enabled
nanophotonic SiV cQED devices in the C � 1 regime [Fig. 6(c)],
[124]. This has allowed the first experimental observation of
photon-mediated interactions between two emitters inside a cavity
using SiV centers [298] [Fig. 6(d)], offering a potential pathway
towards deterministic quantum logic gates between color centers
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Fig. 6. State-of-the-art diamond nanophotonic cQED experiments. (a) Cavity enhancement of NV center ZPL, showing Purcell-reduced excited-state
lifetime (reprinted from Ref. [304] in accordance with creativecommons.org/licenses/by/4.0/legalcode). (b) Schematic for characterizing nanophotonic
SiV cQED parameters by coherent transmission and reflection from SiV–cavity system (reprinted from Ref. [193] in accordance with creativecom-
mons.org/licenses/by/4.0/legalcode). (c) Strongly coupled SiV–cavity system (reprinted with permission from Ref. [124]). (Top) reflection spectrum
of cavity without (blue, κ = 21.6± 1.3 GHz) and with (red, g = 8.38± 0.05 GHz) SiV coupling. (Bottom) natural linewidth measurement at large
cavity detuning (γ = 0.123± 0.01 GHz), yielding C = 105± 11. (d) Coherent cavity-photon-mediated interaction between two SiV centers tuned
into resonance using an external magnetic field (reprinted with permission from Ref. [298]). (e) Level structure and (f ) experimental demonstration of
cavity-enhanced SiV Raman emission over∼100 GHz range, with Raman (R) and spontaneous (S) emission components labeled, (g), (h) showing trans-
fer of emission spectrum from S to R under suitable cavity detuning (reprinted with permission from Ref. [200], copyrighted by the American Physical
Society). (i) SiV spin-dependent cavity reflection (reprinted with permission from Ref. [122], copyrighted by the American Physical Society) enables (j)
observation of spin quantum jumps and single-shot spin readout with fidelity F = 0.9998+0.0002

−0.003 in 30 µs and (k) spin–photon entanglement with state
fidelity F ≥ 0.944± 0.008 (reprinted with permission from Ref. [124]).

similar to those employed in superconducting microwave quan-
tum processors [313]. Translation of these techniques to the optical
domain will require further improvements in device cooperativity
[78] along with implementation of optimized heralded schemes to
overcome cavity loss [314].

Coherent spin–photon interfaces have been achieved by
combining these high cooperativity devices with microwave
spin control of SiV centers and nearby nuclear spins [102,122].
Additional technical advances, such as vector magnetic field con-
trol and precise optimization of SiV-cavity detuning, have given
access to SiV spin states with high cavity reflection contrast and
cycling transitions [Fig. 6(i)] [123]. These elements allow for
extremely high-fidelity single-shot spin readout [Fig. 6(j)] and
spin–photon entanglement [Fig. 6(k)] [124].

The current generation of diamond nanophotonic cavities
are among the state of the art across all experimental platforms
in several key quantum networking criteria: atom–photon coop-
erativity (C > 100) [124], spin coherence times (TSiV

2 > 1 ms,
T

13C
2 > 0.2 s) [122], spin readout and spin–photon entangle-

ment fidelity (Fr = 0.9998+0.0002
−0.0003, Fe ≥ 0.944± 0.008) [124],

and emitter tunability (∼100 GHz) [200,202]. These develop-
ments have very recently culminated in the first experimental
demonstration of a memory-enhanced quantum communication
protocol [124]. Diamond nanophotonic cavities are now being
used for implementation of novel protocols in quantum optics
and information science reaching beyond the diamond photonics
community, signaling the maturity of the field and its potential to
play a prominent role in construction of quantum technologies.

D. Outlook

Despite immense progress in the field, diamond nanophotonics
has yet to approach the peak of its potential. A number of outstand-
ing challenges remain to be tackled. First, truly scalable fabrication
will require development of wafer-scale quantities of thin-film
diamond [279–283,315,316] for rapid and reliable processing into
PCCs. Second, in the short term, current techniques for under-
etching structures in diamond can still be improved, as quality
factors of nanoscale PCCs are still limited by scattering losses intro-
duced by imperfections in device fabrication [270,272]. Finally,
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integration of diamond PCCs with more sophisticated nanopho-
tonic circuits will be required to truly leverage the advantages of
nanophotonics for large-scale systems [121,317]. Efficient incor-
poration of detectors [318,319], routing elements such as beam
splitters and switches [267,268], control and tuning electronics
[123,202], and frequency converters to telecommunications
wavelengths [320,321] remain long-term goals for diamond
nanophotonic cQED systems.

6. CONCLUSION

This review has considered two approaches for cavity coupling of
diamond defects with complementary strengths. Fabry–Perot-style
cavities offer compatibility with bulk-like defects, making them
suitable for use with NV centers in currently available materi-
als [114]. Moreover, their very high quality factors > 106 allow
linewidths smaller than the fine structure splittings of the NV
center, enabling the spin-selective cavity enhancement employed
in proposed protocols for qubit readout and quantum networks
[10,259,260]. Finally, cavity mirrors formed on the tips of optical
fibers couple directly to propagating fiber modes, simplifying out-
coupling. Diamond nanophotonic approaches, on the other hand,
achieve nanoscopic mode volumes while maintaining good quality
factors, leading to the strongest Purcell enhancements. While NV
centers broaden problematically in such structures, the SiV retains
good optical coherence, and newer defects may prove similarly
insensitive to nanofabrication [87]. The different capabilities of
the two platforms make them suited to complementary goals in
quantum information science.

In the longer term, both cavity platforms will require improve-
ments and additional capabilities to realize practical applications
of quantum networks. Many technical challenges require further
attention, including inhomogeneous broadening on emitter
optical transitions and intra-cavity control over spins. Beyond
improving the properties of the cQED platform itself, other
advances will be needed to incorporate them into quantum net-
works. Since diamond defects emit primarily in the visible and
NIR, conversion to telecom wavelengths will be necessary for
long-distance networks. Already, 17% conversion efficiency has
been achieved for the NV center [320], and even employed to
demonstrate spin–photon entanglement at 1588 nm [322]. A final
challenge is scaling up: while initial quantum repeater demonstra-
tions could be achieved with single cavity-coupled defects (with a
few auxiliary nuclear spin qubits), more advanced applications—
for example, those employing error correction—will likely require
an increased number of qubits per node. While some on-chip inte-
gration may be possible for arrays of open microcavities [222,262],
nanofabricated approaches offer a clear opportunity to combine
cavity-coupled qubits with integrated photonics routing structures
[274,317,323] for large-scale on-chip applications [119–121].

In conclusion, while challenges still lie ahead, recent advances
in cavity coupling of diamond defects have demonstrated the fea-
sibility of realizing a coherent interface between single photons and
long-lived solid-state spins. Such a platform places the field on the
cusp of finally realizing many of the ideas that first inspired interest
in diamond defects, and it may someday form the fundamental
building block for practical quantum network applications.
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Lončar, “Controlling the coherence of a diamond spin qubit through its
strain environment,” Nat. Commun. 9, 2012 (2018).

213. C. J. Ciccarino, J. Flick, I. B. Harris, M. E. Trusheim, D. R. Englund,
and P. Narang, “Strong spin-orbit quenching via the product Jahn-
Teller effect in neutral group IV artificial atom qubits in diamond,”
arXiv:2001.07743 (2020).

214. I. Harris, C. J. Ciccarino, J. Flick, D. R. Englund, and P. Narang, “Group
III quantum defects in diamond are stable spin-1 color centers,”
arXiv:1907.12548 (2019).

215. K. T. Butler, D. W. Davies, H. Cartwright, O. Isayev, and A. Walsh,
“Machine learning for molecular and materials science,” Nature 559,
547–555 (2018).

216. J. Schmidt, M. R. G. Marques, S. Botti, and M. A. L. Marques, “Recent
advances and applications of machine learning in solid-state materials
science,” npj Comput. Mater. 5, 83 (2019).

217. S. Haroche, “A short history of cavity quantum electrodynamics,” in
Conference on Coherence and Quantum Optics (Optical Society of
America, 2007).

218. G. Rempe, R. J. Thompson, H. J. Kimble, and R. Lalezari,
“Measurement of ultralow losses in an optical interferometer,” Opt.
Lett. 17, 363–365 (1992).

219. C. J. Hood, H. J. Kimble, and J. Ye, “Characterization of high-finesse
mirrors: loss, phase shifts, and mode structure in an optical cavity,”
Phys. Rev. A 64, 033804 (2001).

220. M. H. Bitarafan and R. G. DeCorby, “On-chip high-finesse Fabry–Perot
microcavities for optical sensing and quantum information,” Sensors
17, 1748 (2017).

221. P. R. Dolan, G. M. Hughes, F. Grazioso, B. R. Patton, and J. M. Smith,
“Femtoliter tunable optical cavity arrays,” Opt. Lett. 35, 3556–3558
(2010).

222. C. Derntl, M. Schneider, J. Schalko, A. Bittner, J. Schmiedmayer,
U. Schmid, and M. Trupke, “Arrays of open, independently tunable
microcavities,” Opt. Express 22, 22111–22120 (2014).

223. A. Muller, E. B. Flagg, J. R. Lawall, and G. S. Solomon, “Ultrahigh-
finesse, low-mode-volume Fabry–Perot microcavity,” Opt. Lett. 35,
2293–2295 (2010).

224. J. Gallego, W. Alt, T. Macha, M. Martinez-Dorantes, D. Pandey, and D.
Meschede, “Strong Purcell effect on a neutral atom trapped in an open
fiber cavity,” Phys. Rev. Lett. 121, 173603 (2018).

225. M. Steiner, H. M. Meyer, C. Deutsch, J. Reichel, and M. Koehl, “Single
ion coupled to an optical fiber cavity,” Phys. Rev. Lett. 110, 043003
(2013).

226. D. Wang, H. Kelkar, D. Martin-Cano, T. Utikal, S. Götzinger, and V.
Sandoghdar, “Coherent coupling of a single molecule to a scanning
Fabry–Perot microcavity,” Phys. Rev. X 7, 021014 (2017).

227. D. Najer, I. Söllner, P. Sekatski, V. Dolique, M. C. Löbl, D. Riedel, R.
Schott, S. Starosielec, S. R. Valentin, A. D. Wieck, N. Sangouard, A.
Ludwig, and R. J. Warburton, “A gated quantum dot strongly coupled
to an optical microcavity,” Nature 575, 622–627 (2019).

228. B. Casabone, C. Deshmukh, S. Liu, D. Serrano, A. Ferrier, T. Hümmer,
P. Goldner, D. Hunger, and H. de Riedmatten, “Dynamic control
of Purcell enhanced emission of erbium ions in nanoparticles,”
arXiv:2001.08532 (2020).

229. N. E. Flowers-Jacobs, S. W. Hoch, J. C. Sankey, A. Kashkanova, A. M.
Jayich, C. Deutsch, J. Reichel, and J. G. E. Harris, “Fiber-cavity-based
optomechanical device,” Appl. Phys. Lett. 101, 221109 (2012).

230. D. Riedel, I. Sollner, B. J. Shields, S. Starosielec, P. Appel, E. Neu,
P. Maletinsky, and R. J. Warburton, “Deterministic enhancement

https://doi.org/10.1103/PhysRevX.2.031001
https://doi.org/10.1103/PhysRevLett.95.063003
https://doi.org/10.1364/OE.24.027715
https://doi.org/10.1364/OE.24.027715
https://doi.org/10.1126/science.aah6875
https://doi.org/10.1103/PhysRevLett.123.033602
https://doi.org/10.1088/0957-4484/21/27/274008
https://doi.org/10.1038/nature10401
https://doi.org/10.1103/PhysRevLett.97.083002
https://doi.org/10.1103/PhysRevLett.107.266403
https://doi.org/10.1103/PhysRevLett.108.206401
https://doi.org/10.1103/PhysRevLett.108.206401
https://doi.org/10.1103/PhysRevLett.121.083601
https://doi.org/10.1103/PhysRevLett.121.083601
https://doi.org/10.1103/PhysRevB.97.205444
https://doi.org/10.1103/PhysRevX.9.031022
https://doi.org/10.1126/science.1139831
https://doi.org/10.1038/nnano.2014.2
https://doi.org/10.1103/PhysRevLett.92.076401
https://doi.org/10.1103/PhysRevLett.92.076401
https://doi.org/10.1103/PhysRevB.98.235140
https://doi.org/10.1103/PhysRevX.8.021063
https://doi.org/10.1103/PhysRevLett.113.263602
https://doi.org/10.1103/PhysRevLett.113.263601
https://doi.org/10.1038/ncomms15579
https://doi.org/10.1038/s41467-018-04340-3
https://doi.org/10.1038/s41586-018-0337-2
https://doi.org/10.1038/s41524-019-0221-0
https://doi.org/10.1364/OL.17.000363
https://doi.org/10.1364/OL.17.000363
https://doi.org/10.1103/PhysRevA.64.033804
https://doi.org/10.3390/s17081748
https://doi.org/10.1364/OL.35.003556
https://doi.org/10.1364/OE.22.022111
https://doi.org/10.1364/OL.35.002293
https://doi.org/10.1103/PhysRevLett.121.173603
https://doi.org/10.1103/PhysRevLett.110.043003
https://doi.org/10.1103/PhysRevX.7.021014
https://doi.org/10.1038/s41586-019-1709-y
https://doi.org/10.1063/1.4768779


Review Vol. 7, No. 10 / October 2020 / Optica 1250

of coherent photon generation from a nitrogen-vacancy center in
ultrapure diamond,” Phys. Rev. X 7, 031040 (2017).

231. S. Hausler, J. Benedikter, K. Bray, B. Regan, A. Dietrich, J. Twamley, I.
Aharonovich, D. Hunger, and A. Kubanek, “Diamond photonics plat-
form based on silicon vacancy centers in a single-crystal diamond
membrane and a fiber cavity,” Phys. Rev. B 99, 165310 (2019).

232. M. Salz, Y. Herrmann, A. Nadarajah, A. Stahl, M. Hettrich, A. Stacey, S.
Prawer, D. Hunger, and F. Schmidt-Kaler, “Cryogenic platform for cou-
pling color centers in diamond membranes to a fiber-based microcav-
ity,” Appl. Phys. B 126, 131 (2020).

233. S. B. van Dam, M. Ruf, and R. Hanson, “Optimal design of diamond-
air microcavities for quantum networks using an analytical approach,”
New J. Phys. 20, 115004 (2018).

234. L. Greuter, S. Starosielec, D. Najer, A. Ludwig, L. Duempelmann, D.
Rohner, and R. J. Warburton, “A small mode volume tunable microcav-
ity: development and characterization,” Appl. Phys. Lett. 105, 121105
(2014).

235. D. Riedel, S. Flågan, P. Maletinsky, and R. J. Warburton, “Cavity-
enhanced Raman scattering for in situ alignment and characterization
of solid-state microcavities,” Phys. Rev. Appl. 13, 014036 (2020).

236. J. Gallego, S. Ghosh, S. K. Alavi, W. Alt, M. Martinez-Dorantes, D.
Meschede, and L. Ratschbacher, “High-finesse fiber Fabry–Perot cav-
ities: stabilization and mode matching analysis,” Appl. Phys. B 122, 47
(2016).

237. I. Friel, S. L. Geoghegan, D. J. Twitchen, and G. A. Scarsbrook,
“Development of high quality single crystal diamond for novel laser
applications,” Proc. SPIE 7838, 783819 (2010).

238. J. Benedikter, T. Huemmer, M. Mader, B. Schlederer, J. Reichel, T. W.
Haensch, and D. Hunger, “Transverse-mode coupling and diffraction
loss in tunable Fabry–Perot microcavities,” New J. Phys. 17, 053051
(2015).

239. J. Benedikter, T. Moosmayer, M. Mader, T. Hümmer, and D. Hunger,
“Transverse-mode coupling effects in scanning cavity microscopy,”
New J. Phys. 21, 103029 (2019).

240. K. M. Nowak, H. J. Baker, and D. R. Hall, “Efficient laser polishing of sil-
ica micro-optic components,” Appl. Opt. 45, 162–171 (2006).

241. D. Hunger, C. Deutsch, R. J. Barbour, R. J. Warburton, and J. Reichel,
“Laser micro-fabrication of concave, low-roughness features in silica,”
AIP Adv. 2, 012119 (2012).

242. T. Ruelle, M. Poggio, and F. Braakman, “Optimized single-shot laser
ablation of concave mirror templates on optical fibers,” Appl. Opt. 58,
3784–3789 (2019).

243. D. Najer, M. Renggli, D. Riedel, S. Starosielec, and R. J. Warburton,
“Fabrication of mirror templates in silica with micron-sized radii of
curvature,” Appl. Phys. Lett. 110, 011101 (2017).

244. A. A. P. Trichet, P. R. Dolan, D. M. Coles, G. M. Hughes, and J. M. Smith,
“Topographic control of open-access microcavities at the nanometer
scale,” Opt. Express 23, 17205–17216 (2015).

245. G. W. Biedermann, F. M. Benito, K. M. Fortier, D. L. Stick, T. K. Loyd,
P. D. D. Schwindt, C. Y. Nakakura, R. L. Jarecki, and M. G. Blain,
“Ultrasmooth microfabricated mirrors for quantum information,” Appl.
Phys. Lett. 97, 181110 (2010).

246. G. Wachter, S. Kuhn, S. Minniberger, C. Salter, P. Asenbaum, J. Millen,
M. Schneider, J. Schalko, U. Schmid, A. Felgner, D. Hüser, M. Arndt,
and M. Trupke, “Silicon microcavity arrays with open access and a
finesse of half a million,” Light Sci. Appl. 8, 37 (2019).

247. S. Bogdanovic, M. S. Z. Liddy, S. B. van Dam, L. C. Coenen, T. Fink, M.
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