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Optically addressable solid-state spin defects are promising candidates for storing and manipulating
quantum information using their long coherence ground-state manifold; individual defects can be entan-
gled using photon-photon interactions, offering a path toward large-scale quantum photonic networks.
Quantum computing protocols place strict limits on the acceptable photon losses in the system. These low-
loss requirements cannot be achieved without photonic engineering, but are attainable if combined with
state-of-the-art nanophotonic technologies. However, most materials that host spin defects are challenging
to process: as a result, the performance of quantum photonic devices is orders of magnitude behind that of
their classical counterparts. Silicon carbide (SiC) is well suited to bridge the classical-quantum photonics
gap, since it hosts promising optically addressable spin defects and can be processed into SiC-on-insulator
for scalable, integrated photonics. In this paper, we discuss recent progress toward the development of
scalable quantum photonic technologies based on solid-state spins in silicon carbide, and discuss current
challenges and future directions.
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I. INTRODUCTION

Quantum information processing (QIP) is among the
most rapidly developing areas of science and technology.
It is perhaps the final frontier in the quest to harness the
fundamental properties of matter for computation, com-
munication, data processing, and molecular simulation.
Any physical system governed by the laws of quantum
mechanics can in principle be a candidate for QIP; to date,
however, the most advanced QIP demonstrations have
been implemented via superconducting qubits [1], trapped
ions and atoms [2,3], and photons (via linear-optical quan-
tum computing) [4]. Recently, optically addressable crystal
defects have emerged as a novel platform for QIP [5–
8], interfacing some of nature’s best quantum memories
(a protected solid-state spin [9–11]) with a robust flying
qubit (photon) that can transport the quantum informa-
tion [12]. Notably, solid-state defects lend themselves to
on-chip integration, promising future scalability. Optically
addressable spin defects are thus noteworthy candidates for
several QIP proposals, including network-based quantum
computing [13–15], cluster state generation [16–18], and
quantum communications [19,20].
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In recent years, the field of defect-based QIP has
made extraordinary strides toward realizing such propos-
als. Breakthroughs include the demonstration of long-
distance entanglement of solid-state spins [12]; high-
fidelity single-shot readout (F > 0.9995) of a color-center
spin state and memory-enhanced quantum communication
[21]; nanophotonic quantum memories based on rare-earth
ensembles [22]; entanglement distillation between distant
electron-nuclear two-qubit nodes [23]; and a ten-qubit
quantum register based on nuclear spins coupled to a sin-
gle color center, with single-qubit coherence exceeding
one minute [10]. Although scalability is cited as a strength
of optically addressable spin defects, the field has yet to
demonstrate a breakthrough toward this end. So far, entan-
glement has been realized between at most two optically
connected color centers, whether in fiber networks [12]
or on a chip [24]. A central issue is the efficient interac-
tion between defects and photons. The photon emission of
a dipole source is difficult to direct into a single optical
mode, a prerequisite for photon interference. The result-
ing low collection efficiencies translate into prohibitively
low rates of higher-dimensional entanglement generation.
However, by integrating a defect with a nanophotonic cav-
ity, one can greatly enhance the photon emission rate into
the cavity mode via the Purcell effect, thereby funneling the
majority of emitted photonics into the desired optical chan-
nel. This powerful technique has, for instance, enabled
single-shot readout of single rare-earth ions [25,26], which
are too dim outside of a cavity to even observe individu-
ally. Many of the aforementioned recent breakthroughs in
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defect-based QIP have been enabled by integration with
nanophotonics [21,22,24].

Defect-based integrated quantum photonics [7,8] is thus
a recent and exciting union of two distinct and rapidly
developing fields: the study of quantum spintronics [5,6]
and the development of classical integrated photonics [27–
30]. In this paper, we discuss the challenges and prospects
for the field in context of the recent advances in silicon car-
bide (SiC). Silicon carbide hosts a wide range of optically
active defects [31] and is amenable to CMOS-compatible
photonics fabrication technologies [32–34], and is thus a
key candidate in implementing fully integrated quantum
photonic circuits. We begin with a brief summary of the
fundamental requirements and challenges of defect-based
QIP, followed by a summary of the state of the art in SiC
defects and in SiC photonics. We then discuss the feasi-
bility of overcoming key challenges to develop scalable
integrated quantum photonic circuits.

II. MOTIVATION FOR COMBINING SPIN
DEFECTS WITH NANOPHOTONICS

An optically addressable defect, illustrated in Fig. 1(a),
features a ground-state manifold with a long coherence
time that can emit spin-entangled photons. This mani-
fests as spin-dependent photon emission, where either the
polarization or frequency of the photon encodes the elec-
tron spin state (alternatively, time-bin entanglement can
be used [36]). The electronic spin can also be coupled

to one or more nearby nuclear spins [6,10,37]. Thus, the
defect can serve as a multiqubit register, for applications in
error-corrected quantum computation [as part of a quantum
photonic network, Fig. 1(b)] [15] or as a source of pho-
tonic cluster states [16,17] for quantum communications
and linear-optical quantum computing.

Spin-entangled optical photons are ideal carriers of
quantum information for generating remote entanglement.
Their high energy renders them insensitive to decoher-
ence at room temperature (enabling routing of quantum
information via the same commercial fibers that route clas-
sical data) and makes it possible to measure them with
high quantum efficiency [38]. However, optical photons
are difficult to confine within an integrated circuit. In
contrast with microwave photons whose efficient confine-
ment in metal wires enables photolithographically defined
superconducting qubit circuits, optical photons are only
weakly confined in dielectric structures using refractive
index contrast. Distributed Bragg reflectors, such as pho-
tonic crystals, can be used to engineer a fully reflecting
boundary to confine and route light [39], but the high
photon energy dictates the small feature size of these con-
fining structures, requiring more sophisticated nanofab-
rication methods. Furthermore, since three-dimensional
photonic crystals [39] (which create a complete 4π stera-
dian bandgap) are not yet practical, all means to confine
light on a chip still rely on weak confinement via total
internal reflection along at least one spatial dimension.
Although a waveguide based on total internal reflection is
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FIG. 1. Quantum photonics with optically addressable spins. (a) A suitable defect features a spin-selective optical transition, where
a photon degree of freedom (i.e., polarization, frequency, or time bin) is entangled with a ground-state spin featuring a long coherence
time. The defect’s optical lifetime is determined by the magnitude of its optical dipole moment, which in turn is dictated by the orbital
structure of the excited and ground states. (b) A quantum photonic network consists of multiqubit registers, each consisting of an
optically addressable electron spin strongly coupled to nearby nuclear spins. The registers are integrated together in a network via
an efficient waveguide or fiber interface. The network is equipped with beamsplitters and switches (which may be one and the same
depending on the implementation) for long-distance entanglement and circuit reconfigurability. Low losses at all stages (including
efficient photon collection from the defect, low-loss photon propagation in the waveguide, and high detector efficiency) are essential
for fault-tolerant computation, efficient quantum simulation, and long-distance quantum communications. (c) Because of the weak
confinement of optical photons in dielectric structures, light from a quantum emitter does not couple efficiently to a simple dielectric
waveguide. Instead, a nanophotonic cavity or a slow-light waveguide mode must be used to enhance the emission into the waveguide
mode via the Purcell effect. Orbital graphic in (a) adapted from Ref. [35].
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a theoretically lossless and experimentally practical struc-
ture for routing photons on chip, it is not straightforward
to make a defect efficiently emit photons into the waveg-
uide in the first place. This can be intuitively understood
by decomposing the dipole radiation pattern in the plane-
wave basis and noting that only a modest fraction of
dipole emission goes into those plane-wave modes that get
totally internally reflected, while the rest are scattered into
a free-space continuum of modes. In order to increase the
fraction of photons emitted into the desired mode (referred
to as the β factor), one must rely on more advanced tech-
niques, through careful control over the electromagnetic
local density of states (LDOS). By embedding an emit-
ter into a nanophotonic cavity that is coupled strongly to
a waveguide, or by enhancing the LDOS in the waveg-
uide itself [40], it is possible to enhance the defect’s
single-mode emission while maximally suppressing all
other scattering [Fig. 1(c)]. Using this approach, β factors
approaching unity (to the point where they are negligi-
ble compared to other losses) have been achieved [21,25].
Since photon emission is reciprocal to photon absorp-
tion, a defect well coupled to a waveguide is equivalently
suitable for reflection-based spin-photon entanglement via
dipole-induced transparency [41].

The control of the LDOS of the quantum emitter not
only minimizes the undesirable interactions with free-
space modes, but also reduces the effects of other emitter
nonidealities caused by its interaction with the solid-
state environment. There are several mechanisms that
degrade a defect’s performance as a spin-photon inter-
face. First, environmental fluctuations induce decoherence
of the emitted photons, manifesting as the broadening of
optical linewidths beyond the Fourier-transform limit (thus
reducing the emitted photon indistinguishability). Second,
many emitters have nonradiative pathways, via for exam-
ple phonon-assisted spin-mixing transitions [42]. As a
result, most emitters have a nonunity quantum efficiency,
meaning not every excitation yields a photon. Third, cou-
pling of the optical transition to optical phonons creates
an additional decay pathway, whereby a photon is emitted
in combination with one or more phonons. This emission
is broad in spectrum (greater than 0.1 eV) and cannot
be used for entanglement purposes. The fraction of “use-
ful”—direct—emission into the zero-phonon line (ZPL) is
referred to as the Debye-Waller factor (DWF). The DWF
depends on the electronic orbital structure of the defect,
and thus varies greatly for different defect types. Modifi-
cation of the LDOS via, for example, integration of the
defect into a cavity, enhances the emission rate into the
ZPL via the Purcell effect, thus boosting the effective DWF
and the quantum efficiency of the defect. Furthermore,
since the emission enhancement is accompanied by life-
time reduction, the negative effect of spectral diffusion and
homogeneous broadening on photon indistinguishability is
also reduced.

The key purpose of combining a spin defect with pho-
tonic resonators is thus to increase its interaction with
indistinguishable photons to enable efficient entanglement
of remote defects. Here, “remote” signifies a distance
greater than approximately 10 nm [43], beyond which
direct dipole-dipole interaction between two defects is too
weak.

III. STATE OF THE ART IN SiC SPINTRONICS
AND PHOTONICS

A. Optically addressable spins in SiC

Silicon carbide, in its numerous polytypes, has proven
to be a versatile host to optically addressable, long-lived
spin qubits [5,6,31]. Here, we briefly review the devel-
opments in spin-based quantum technologies in SiC. We
focus on the two most well-studied color centers to date,
the silicon vacancy and the divacancy; we also highlight
several emergent defects, such as the chromium ion, that
may offer new functionalities. A summary of the proper-
ties of select defects in SiC is presented in Table I. We note
here that the more complex SiC polytypes like 4H and 6H
have multiple inequivalent lattice sites within a crystal unit
cell [illustrated in Fig. 2(a)]. Consequently, each defect in
Table I is a family of several defect types with similar but
not identical properties. In addition to inequivalent lattice
sites, rotational symmetries of the crystal give rise to multi-
ple orientations of the same defect, the properties of which
are otherwise identical.

1. The silicon vacancy

The negatively charged silicon vacancy (V−
Si, written VSi

henceforth), a single missing silicon atom with an extra
electron at the vacancy site, has been observed in the 4H,
6H, and 15R polytypes of SiC. Its electronic configuration
is modeled by five active electrons (three holes) resulting
in a unique spin- 3

2 system [75], which has enabled novel
sensing protocols [76,77] and the realization of a spin qudit
[78]. In single isolated defects, a spin-coherence time of
0.8 ms has been measured at 4 K [35]. In VSi ensem-
bles, a spin-coherence time as high as T2 = 20 ms has
been observed using dynamic decoupling techniques [47].
Numerous approaches to generate VSi have been stud-
ied, including irradiation using electrons [57,79], neutrons
[80], and protons [73]. In an effort to optimize VSi gen-
eration, the impact of different irradiation approaches on
spin coherence has been systematically investigated [81].
Direct laser writing [74], ion implantation [82], and proton
beam writing [73] have been investigated for deterministic
defect placement [Figs. 2(b) and 2(c)]. Recently, the the-
oretically predicted [83] excited state fine structure of the
VSi was experimentally confirmed in both inequivalent lat-
tice sites in 4H-SiC [35,48], enabling high-fidelity spin ini-
tialization [35] via the spin-selective intersystem crossing
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TABLE I. Optically addressable spin defects in SiC.

Inverse Measured Stark
ZPL lifetime linewidth shift Spin T2

Defect (nm) Polytype DWF (MHz) (MHz) (GHz) (ms) Refs.

V−
Si 862–917 4H, 6H, 15R 0.06–0.09 27 51 200 20 [35,44–54]

VSiV0
C 1078–1132 4H, 6H, 3C 0.07 11 20 850 64 [11,49,55–63]

NCV−
Si 1180–1468 4H, 6H, 3C · · · 75 · · · · · · 0.001 (T∗

2) [64–68]
Cr4+ 1042, 1070 4H 0.75 0.002 31 · · · 0.081 [69,70]
V4+ 1278–1388 4H, 6H < 0.50 0.9–14 750 · · · · · · [71,72]

pathways [42,83]. The observation of narrow optical tran-
sitions [35,48,52], as shown in Fig. 2(d), allowed for the
demonstration of highly indistinguishable photon emission
with above-resonant driving [52] [Fig. 2(e)], an important

step toward implementing cluster-state generation propos-
als [17,84]. The theoretically predicted first-order dc Stark
shift [85] has been observed in ensembles [53] as well
as in single defects [54]. The demonstrated tuning range
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FIG. 2. Optically active spins in SiC. (a) The 4H-SiC crystal lattice, showing the inequivalent configurations of the divacancy,
silicon vacancy (VSi), and chromium ion. (b) Patterning of VSi using a focused proton beam enables three-dimensional control over
placement of single defects and ensembles. (c) Direct laser writing of single VSi for on-demand color-center generation in SiC devices
under test. (d) Stable, nearly lifetime-limited optical emission from the VSi under above-resonant excitation. (e) The demonstration of
indistinguishable single-photon emission from the VSi. (f) The VSi remains spectrally stable even under high-amplitude, fast Stark shift
modulation, enabling the observation of optical Floquet eigenstates. (g) Advanced epitaxy techniques available commercially for SiC
made possible the integration of high-quality divacancy color centers into p-i-n junctions, enabling the demonstration of nearly 1 THz
of Stark shift. (h) By depleting the charge-trap environment via reverse bias in the p-i-n junction, linewidth narrowing from 1 GHz to
20 MHz is observed, approaching the transform limit. (i) Among the nascent optically addressable defects in SiC, the chromium ion
stands out for, among other characteristics, its high Debye-Waller factor of 75%. Reproduced from (b) Ref. [73], (c) Ref. [74], (d),(e)
Ref. [52], (f) Ref. [54], (g),(h) Ref. [63], (i) Ref. [70].
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of 200 GHz [54] is sufficient to overcome spectral inho-
mogeneity of defect ensembles [35], a prerequisite for
spin-spin entanglement of multiple VSi via photon inter-
ference. Furthermore, owing to the remarkable spectral
stability of the VSi optical transitions, spectrally recon-
figurable single-photon emission from the VSi has been
obtained via Floquet engineering [54] [Fig. 2(f)]. Integra-
tion into semiconductor devices such as the p-i-n junction
has enabled electrical readout of the spin state [86] and
electrical control of the charge state [87] at room tem-
perature. An essential next step toward realizing useful
quantum photonic devices with the VSi will be the demon-
stration of spectrally stable near-transform-limited defects
in nanostructures.

2. The divacancy

The neutral divacancy is composed of adjacent silicon
and carbon vacancies, denoted by VSiV0

C. The combination
of C3v symmetry, six active electrons, and spin-1 electronic
structure render the optical and spin properties of the defect
similar to the nitrogen-vacancy (NV) center in diamond.
However, the optical transitions are in the 1100 nm range,
which is more favorable than the diamond NV centers 637
nm emission for optical communications and for integra-
tion into nanophotonic structures; The DWF of 0.07 [61]
is also an improvement over the NV center. Single diva-
cancies with narrow optical linewidths and spin coherence
up to 1 ms have been observed in SiC crystals with-
out isotope purification [61]. Recently, the discovery of
dressed clock transitions have enabled the demonstration
of divacancy coherence of 64 ms in material with natural
isotope content [11]. Divacancy ensembles have been used
to achieve a high degree of polarization of the SiC nuclear
spin bath [58,60]. Ensemble entanglement with nuclear
spins at ambient conditions has been shown [59], as well as
the control of single divacancy-coupled nuclear spins [88].
Electrical and mechanical spin control of the divacancy
have been demonstrated [89–91]. In a major step toward
wafer-scale optical and electrical integration of color cen-
ters, commercial p-i-n junction SiC devices have been
engineered to host individually addressable divacancies
with nearly lifetime-limited optical transitions, millisec-
ond spin-coherence times, as well as optical and electrical
charge control [63]. Furthermore, these devices can pro-
duce a Stark shift as large as 850 GHz [Figs. 2(g) and
2(h)]. This is the first demonstration of such a combination
of state-of-the-art optically addressable spin-qubit proper-
ties in a single scalable semiconductor platform, opening
opportunities for multiqubit integration once combined
with LDOS-enhancing photonic structures.

3. Emerging defects

Numerous other defects in SiC are currently under
investigation for applications in quantum photonics. The

nitrogen-vacancy center (NCV−
Si) in SiC has been identi-

fied as a color center with a favorable emission frequency
near the telecommunications S-band [64–67]. Recently,
coherent spin control has been observed in NCV−

Si ensem-
bles [68]. Further studies are necessary to investigate the
cause of the low brightness of the NCV−

Si as compared to
its diamond counterpart; it may be due to a low quan-
tum efficiency (i.e., a large percentage of the excited state
decay is into the nonradiative intersystem crossing) or a
long-lived metastable state. Another defect, the chromium
ion (Cr4+), has been identified as a promising quantum
memory. Cr4+ has an optical excited state lifetime of 155
μs, and emits 75% of photons into the ZPL in the near-
IR [see Fig. 2(i)] [69,70]. This suggests that integration
of the Cr4+ into nanophotonic structures may enable a
large reduction of lifetime, which is essential for the effi-
cient readout of single spins without a cycling transition
[26]. However, the intrinsic optical and spin coherence of
Cr4+ defects remains an outstanding question; so far, only
high density Cr4+ ensembles have been studied, where
the optical linewidths are 104 times broader than life-
time limited, and the measured spin-coherence time of
81 μs is limited by spin-spin interactions in the ensem-
ble [70]. Finally, we highlight the vanadium impurity in
SiC, V4+, which is notable for its emission in the O-band
and unusual optical lifetime of 108 and 167 ns (for the
brighter inequivalent lattice sites) [72]. Particularly inter-
esting is the strong sensitivity of the V4+ optical transition
to nearby nuclear spins, suggesting potential applications
for optically resolved nuclear spin registers [72].

B. SiC photonics

Wafer-scale growth and processing of 4H and 6H poly-
types of SiC was developed in the 1990s for applications
in high-power electronics. Soon after, 4H- and 6H-SiC-on-
insulator (SiCOI) were demonstrated [92] using the same
ion-implantation (Smart-Cut) method that is used to pro-
duce silicon-on-insulator (SOI) wafers. This technology
enabled the first demonstration of photonic crystal cavities
in SiC (Fig. 3) [93,94]. As the development of photon-
ics in Smart-Cut 4H-SiC continued [95] and Smart-Cut
SiCOI became optimized on a wafer scale [96], the intrin-
sic optical absorption of the SiC thin films was identified
as the limiting factor for high-Q SiC photonics, limiting
waveguide losses to > 5 dB/cm [97]. Although further
optimization of the implantation conditions may remedy
the low material quality [95], it is unclear whether the
Smart-Cut method is suitable for producing films of SiC
with the same nearly pristine crystal quality as silicon-
on-insulator. The difference between Smart-Cut SOI and
SiCOI stems from the drastically different thermal prop-
erties of silicon and SiC: the lattice of silicon will soften
and heal at the modest temperatures achievable in standard
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[Song et al., Opt. Express 19 (2011)] [Fan et al., Opt. Lett. 45 (2020)] [Lukin et al., Nat. Photonics 14 (2019)] [Guidry et al., Optica 7 (2020)]

[Guidry et al., Optica 7 (2020)]
[Cardenas et al., Opt. Express 21 (2013)

[Song et al., Optica 6 (2019)]

FIG. 3. Timeline of SiC photonics development. First demonstration of a SiC photonic device using the Smart-Cut approach with
6H-SiC [93]. Soon after, suspended resonators in 3C-SiC-on-Si were demonstrated [98]. Strong intrinsic absorption of low-quality
Smart Cut and heteroepitaxial 3C films was hypothesized to limit the achievable Q factors. Using thicker 3C-SiC epilayers or thinning
down bulk-crystal 4H-SiC, enabled record Q factors in 3C-SiC [101,102], ultra-high Q photonic crystal cavities [33], and low-loss
4H-SiC-on-insulator waveguides [32]. Recently, devices with Q factors exceeding 106 were shown, enabling the demonstration of
optical parametric oscillation and microcomb formation [34]. Reproduced from Refs. [32–34,93,98,102].

quartz furnaces. SiC, in turn, is one of the most refrac-
tory materials, subliming at 2700 ◦C. Repairing the lattice
in postprocessing without destroying the substrate is thus
likely impossible.

Another approach to SiC photonics took advantage of
the heteroepitaxial growth of 3C-SiC films on silicon.
A variety of 3C-SiC-on-Si photonic devices have been
demonstrated, including photonic crystal cavities [98,99]
and whispering-gallery-mode resonators [100]. However,
this approach also suffers from substantial intrinsic mate-
rial absorption, due to the high density of crystal defects
near the growth interface caused by the Si-SiC lattice mis-
match. Recently, a technique based on film transfer and
back-side polishing introduced the 3C-SiC-on-insulator
platform and enabled waveguides with losses down to
1.5 dB/cm, still likely limited by material absorption
[101,102].

It is in the quantum context that the material quality of
SiC thin films falls under the highest scrutiny: the coher-
ence properties of color centers are highly sensitive even
to low densities of unwanted defects. Indeed, in the first
demonstration of SiC color centers coupled to a nanopho-
tonic resonator—using photonic crystal cavities fabricated
in 3C-SiC-on-Si—the color-center optical coherence was
shown to be severely degraded by the lattice mismatch
between Si and SiC [103]. Similarly, color centers with

good optical coherence have not been observed in Smart-
Cut SiCOI, a consequence of the lattice damage induced
by Smart-Cut ion implantation: the dose required in the
Smart-Cut process (1016 − 1017 ions/cm2) exceeds the
dose used to generate spatially resolvable single defects
by 4 orders of magnitude. Incidentally, similar challenges
arose in the development of thin-film diamond quantum
photonics. In diamond, the absence of high-quality thin
films prompted the development of bulk-carving methods,
such as angle etching [104], for fabricating nanophotonic
devices. The same technique has recently been demon-
strated in SiC [105]. An alternative bulk-carving technique
has been developed for 4H-SiC, relying on the advanced
SiC homoepitaxy technology and doping-selective photo-
electrochemical etching [106]. This method enabled the
first demonstration of Purcell enhancement of emission
from VSi ensembles in 4H-SiC photonic crystal cavities
[106]. Recently, using the same photonics platform, coher-
ent spin control of a single divacancy integrated into pho-
tonic crystal cavities was realized [107] [Figs. 4(c)–4(e)].

Leveraging the wafer-scale production of 4H-SiC and
the advanced grinding and polishing equipment developed
for processing it, a method for fabricating “quantum-
grade” 4H-SiC-on-insulator was recently introduced [32].
This method enables 4H-SiCOI substrates with the same
crystalline quality as bulk SiC crystal. Using 4H-SiCOI
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ics with defects. (a) An array
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through the color-center reso-
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integrated with single diva-
cancies. (d) Divacancy emis-
sion spectrum on and off res-
onance with the cavity, show-
ing enhancement of 53 times.
(e) Coherent spin control of
the cavity-integrated divacancy.
Reproduced from (a),(b) Ref.
[32], (c)–(e) Ref. [107].

produced this way, ultra-high-quality (Q) factor photonic
crystal cavities (Q = 6.3 × 105) have been fabricated [33].
4H-SiCOI also enabled quantum photonic devices with
single color centers in a CMOS-compatible architecture
[32] [Figs. 4(a)–4(b)]. Unfettered by the material absorp-
tion limit of previous approaches, integrated SiC photonics
with propagation loss below 0.5 dB/cm (corresponding to a
Q factor exceeding 1 million) have become possible. Low-
loss microring resonators were used to demonstrate opti-
cal parametric oscillation and microcomb formation [34],
establishing SiC as a promising material for integrated
nonlinear photonics. Recently, the intrinsic absorption of
4H-SiC was measured to be as low as 0.02 dB/cm in an
unoptimized sublimation-grown sample [34], suggesting
that integrated photonics in SiC with Q factors of at least
107 are possible.

C. Comparison with diamond quantum photonics

The key color-center quantum photonic demonstrations
(such as single-shot readout of spin [108,109], cavity
integration of emitters with narrow optical transitions
[21,110,111], cavity-mediated spin-spin interactions [24],
and nuclear spin quantum register [10]) have so far been
in the diamond platform, specifically with the NV cen-
ter and the silicon-vacancy color center. Both of these
color centers possess at least one optical transition that
does not suffer from nonradiative spin-flip processes. The
cyclicity of such a transition was utilized for single-shot
readout of spin, even without photonic cavity integration
[108,109]. A similar cycling transition has not yet been
definitively demonstrated in a SiC color center, although
a potential candidate in the kh divacancy has been iden-
tified [62]. However, a cycling transition is not required

020102-7
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for single-shot readout if cyclicity can be enhanced with
a photonic cavity via the Purcell effect [26]. So far, only
centrosymmetric color centers in diamond have been inte-
grated into nanophotonic structures while retaining narrow
linewidths [111–113]. Although inversion symmetry is not
in principle a prerequisite for defect insensitivity to elec-
tric fields [85], integration of a noncentrosymmetric defect
into a nanostructure while preserving its spectral stability
is yet to be demonstrated. It should be noted that crys-
tals without inversion symmetry such as SiC do not host
inversion-symmetric defects.

With regard to photonic devices, state-of-the-art micror-
ing resonators in SiC and diamond are currently compa-
rable [34,114], whereas the photonic crystal nanocavities
in SiC are superior due to the wider range of device
designs accessible in the thin-film platform [33,104]. There
are some key differences between diamond and SiC with
regard to the intrinsic material properties. The larger
bandgap of diamond results in a wider transparency win-
dow into the ultraviolet range. Although the SiC bandgap
is narrower, it strikes a balance between optical trans-
parency (which spans the visible frequencies) and ease of
doping, enabling semiconductor structures such as p-i-n
junctions. The SiC χ(3) nonlinearity is an order of mag-
nitude stronger than that of diamond, lowering the power
requirement for generating optical parametric oscillation
and optical frequency combs [34,114]. SiC also possesses
a strong χ(2) nonlinearity of 12 pm/V [115], which is
absent in diamond due to the inversion symmetry of its
lattice.

IV. TOWARD MULTINODE QUANTUM
PHOTONICS WITH DEFECTS

A. Optimizing the single quantum node

1. Emitter-cavity coupling

As motivated in the Introduction, the density of states of
a defect’s electromagnetic environment must be modified
in order to enhance and direct its photon emission, suggest-
ing a nanophotonic cavity coupled to an optically active
spin qubit as the basic building block of a defect-based
integrated quantum photonic device. Despite remarkable
progress in the development of the cavity-defect node,
there remains a large performance gap between integrated
quantum photonic devices and their classical photonic
counterparts. To date, the state-of-the-art photonic crystal
cavities in silicon [116] and whispering gallery resonators
in silica [117] have Q factors of 107 and 109 (108 for a fully
integrated device [118]), respectively. In contrast, photonic
devices integrated with spin defects have so far demon-
strated Q factors in the 103–104 range. It is not surprising
that spin-defect photonics are orders of magnitude behind,
since the quantum material platforms (i.e., diamond, YSO,
YVO, YAG, and SiC) are relatively new to the photonics

scene. From this perspective, SiC-on-insulator is uniquely
suited for bridging the classical-quantum photonics gap.
SiCOI is already in the top three platforms for demon-
strating high Q/V photonic resonators, after silicon-on-
insulator [116] and lithium niobate-on-insulator [119]. The
high refractive index of SiC (n = 2.6) allows for the
fabrication of resonators based on two-dimensional pho-
tonic crystal cavities, the class of nanophotonic devices
with the highest Q/V ratio to date [116]. The impact of
bridging the classical-quantum photonics gap will be an
orders-of-magnitude improvement in readout fidelity and
entanglement generation rates over current state-of-the-art
spin-qubit photonic demonstrations. Furthermore, it will
unlock new regimes of spin-qubit operation, including
generation of transform-limited (and thus indistinguish-
able) photons from rare-earth ions [25] and strong coupling
of a color center to a cavity [21]. In SiC, these advances
could likely be implemented with defects such as the Cr4+

ion, the divacancy, and the silicon vacancy.
What Q/V is sufficient, then? Naturally, the answer will

depend on the defect used and the application. A defect
with a lower branching ratio into the enhanced transi-
tion (for example, due to a small DWF or low quantum
efficiency) will require greater Q/V to achieve the same
Purcell enhancement. From the photonics perspective, the
emitter-cavity node is sufficiently optimized once the frac-
tion of emitter excitations that do not result in a photon
emitted into the cavity becomes negligible compared to
other system losses, and the spin state readout fidelity
exceeds the fidelity of other single-register qubit opera-
tions. For readout, the presence of a cycling transition
would relax the Q/V requirements [21,26]. In selecting
a promising quantum emitter, the brightness of a defect
plays a role. High brightness can be an indicator of high
quantum efficiency and the presence of cycling transitions.
Low brightness, however, does not necessarily mean the
contrary, since the presence of a long-lived metastable
state can result in low count rates even if the nonradia-
tive decay rate into the metastable states is slow. Thus, in
contrast with single-photon source applications, the defect
brightness is not the key metric in spin-based quantum
technologies.

2. Mitigating emitter degradation in nanostructures

Another challenge for defect-based quantum photon-
ics is mitigating the degradation of optical properties of
defects in nanostructures. Often, defects with narrow, sta-
ble transitions in bulk material degrade severely when a
material interface is nearby. The common understanding
is that the linewidth degradation is caused by spectral
diffusion (i.e., rapid temporal fluctuations in the defect’s
optical transitions due to fluctuating charges on the nearby
surfaces). So far, the greatest success in nanophotonic
integration has been had with centrosymmetric defects in
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diamond such as the silicon vacancy [21,111,112], the ger-
manium vacancy [112], and the tin vacancy [113]. And
yet, even these defects that should be maximally insen-
sitive to environmental fluctuations display spectral diffu-
sion that by several times exceeds the transform-limited
linewidth, likely as a result of strain introduced during
growth and fabrication, which lifts the symmetry of these
defects and renders them sensitive to the electric field to
first order [111–113]. The problem of spectral stability
must be solved before the spin-defect quantum photonics
technology becomes scalable.

Unlike many intrinsic properties of defects over which
the experimentalist has no control, spectral diffusion in
nanostructures is an extrinsic property and is amenable to
systematic material science engineering. Surface passiva-
tion, either chemical or plasma assisted, is one technique
that has been successfully used to increase the photon
or phonon lifetime in nanoresonators [120,121], but has
not yet been explored for defect stabilization. A compre-
hensive study that seeks to understand rather than simply
eliminate spectral diffusion is needed to resolve this prob-
lem globally. For example, a comparison of the spectral
diffusion of different defect types in the same environment
can help elucidate the degradation mechanisms.

The approach toward understanding spectral diffusion
and resolving it will likely be specific to each quan-
tum material platform. In the case of SiC, surfaces may
potentially be passivated with a graphene layer, which
can be readily grown on hexagonal SiC [122]. Although
the strong optical absorption of graphene renders this
an impractical solution when combined with photonics,
it would constitute a valuable proof-of-concept demon-
stration of passivation-enabled compensation of spectral
diffusion. An entirely different method to achieve near-
surface emitter stabilization in SiC may take advantage of
charge depletion using advanced doping epitaxy available
in SiC [63]; implemented successfully in bulk material,
the charge depletion technique has yet to be investigated
in nanostructures. We note here that charge depletion can
be directly integrated with existing nanophotonic architec-
tures, as has been done in other platforms [123]. Although
the high temperature required for dopant activation in SiC
[124] would necessitate definition of the diode structure
prior to the fabrication of the SiCOI material stack [32],
it is a technologically straightforward process. Another
active approach to mitigating the effects of spectral dif-
fusion may be via optimized optical excitation of the
emitter, either via time-dependent drive [125] analogous
to radio-frequency modulation demonstrations to extend
defect spin coherence [126], or via optimized steady-
state illumination [127]. Fortunately, the challenge of sta-
bilization of defects in nanostructures is as formidable
as the possible strategies for overcoming it are numer-
ous.

B. Scaling-up quantum photonic processors

When designing a nanophotonic defect-based quantum
node, it is crucial to look ahead toward multinode scala-
bility. This introduces two additional single-node system
requirements. First, since the nodes must be spectrally
identical during operation, the single node must be spec-
trally tunable to overcome inherent variations in resonator
frequencies and the inhomogeneous broadening of defects.
Second, the node must have an efficient waveguide inter-
face, in order to transfer the emitted photons into the
internode link with very high efficiency. The exact effi-
ciency requirements will depend strongly on the applica-
tion. Quantum communication and simulation will likely
place a less stringent requirement than fault-tolerant quan-
tum computation, where proposals require no more than
10% cumulative loss at all stages of the circuit [14,15].

The spectral tuning of cavities and color centers has
seen excellent progress in a variety of platforms. For cavity
tuning, the primary technique has been cryogenic gas con-
densation [24]: a heated gas tube delivers argon or xenon
gas to the sample that then condenses on the cold sample
surface, red shifting the cavity frequency. Since condensed
gas can be selectively and gradually removed via heating
by a milliwatt laser, one can tune individual cavities onto
resonance by applying the appropriate laser pulse. Numer-
ous other techniques have also been employed, includ-
ing atomic layer deposition [128], laser-assisted oxidation
[129], and index-shifting materials [130]. In all, cavity
tuning is amenable to further optimization and numer-
ous routes to multinode scalability exist. We note that,
although in principle the electro-optic effect allows fast
modulation of cavity resonance, the Stark effect in emit-
ters is typically much stronger and thus if rapid modulation
is desired, it will likely be advantageous to modulate the
emitter with respect to the cavity rather than vice versa.
Defect tuning has been demonstrated using both Stark shift
[32,63] and strain [131], with several demonstrations of the
tuning range far exceeding the inhomogeneous broaden-
ing. Fast, high-amplitude spectral modulation of quantum
emitters has been shown [54,62]. One caveat, however, is
that current tuning demonstrations are limited to compen-
sating one degree of freedom, whereas spectral inhomo-
geneity in defects is higher dimensional in nature (a vector
for the electric field and a tensor for the strain). Thus, for
most defects (an exception are defects with degeneracy
broken by spin-spin interactions only, like the VSi [83]), a
single tuning degree of freedom is only sufficient to make
one optical transition degenerate [131]. Thus, if a proto-
col makes use of multiple optical transitions of a single
defect, each additional transition must be controlled with
an independent tunable laser, which is not scalable [111].
Cavity-assisted Raman emission can allow us to overcome
this limitation [132]. Overall, while engineering challenges
are still ahead, there is already a framework for building
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a fully tunable quantum node and a clear path toward
scalability.

In addition to spectral tuning, an efficient cavity-
waveguide interface is the second essential requirement
for multinode devices. To achieve this, the cavity must be
designed to be significantly over coupled to the waveguide
(i.e., cavity loss into the waveguide must dominate over
other loss channels), implying that ultimately the actual Q
factor will be much lower than the highest Q attainable
in the platform. Consequently, this places an even greater
requirement on the intrinsic cavity Q/V to maintain the
same Purcell enhancement. Furthermore, once the photon
has entered the waveguide, great attention must be paid to
any losses that the photon may experience as it propagates
between nodes.

At this point, it is important to note a distinction
between the principles of scalability for classical com-
puters and quantum photonic processors. Classical tech-
nologies based on semiconductor transistors progressed
through “scaling down,” where the individual node size
has been reduced further and further to accommodate
greater computing power, until the limiting factor has

become the wires rather than the transistors themselves. In
contrast, a defect-based quantum photonic computer does
not fundamentally enjoy gains from small overall size (as
long as the photon emission-enhancing component max-
imizes the large Purcell factor through high Q/V). Com-
pared to the resistive losses that limit classical computers,
short-distance optical communications (fibers or waveg-
uides) are effectively lossless. The speed of a defect-based
quantum computer will not be limited by the internode-
link communication rates (photon transit time), but by the
(much slower) physics of the quantum node, namely, the
spin manipulation and readout of the defect-cavity sys-
tem. This difference in paradigms is especially relevant in
context of the distinct challenge of device yield present
in defect-based quantum photonics, since the technolog-
ical complexity of the single node precludes fabricating
quantum nodes with a yield exceeding 99%. This suggests
that scaling up will require a degree of device postse-
lection and reconfigurability, as is already done on other
platforms such as trapped atoms [136]. In light of the
above considerations, integration via off-chip fiber inter-
connects should not a priori be excluded in the near future

(a) (b) (c)

(d) (e)
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Superconducting nanowires

Electrodes

Fast cryogenic 2×1 switch
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Beamsplitter
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FIG. 5. Approaches to scaling-up spin-based quantum photonic technologies. (a) Diamond nanophotonic cavity with a single silicon-
vacancy defect and an adiabatically coupled fiber interface [133]. (b) Free-space coupled Fabry-Pérot microcavity enhancing the
emission of a NV center in diamond [134]. Inset: the concave mirror can also be fabricated directly on the tip of a fiber [135]. (c)
Pick-and-place heterogeneous on-chip integration of diamond microchiplets containing silicon- and germanium-vacancy centers on
top of aluminum nitride photonic waveguides [112] (image courtesy of Noel Wan). (d) A heterogeneous approach without pick-and-
place can be realized by using a secondary layer of photonic interconnects to postselect working quantum nodes [32]. (e) A conceptual
diagram demonstrating how the example photonic network shown in Fig. 1(b) could be realized in a fully monolithic platform. In order
to account for nonunity fabrication yield, N redundant nodes are fabricated in the place of one node, and a N × 1 switch (composed
of cascaded 2 × 1 switches) selects one working node. Reproduced from (a) Ref. [133], (b) Refs. [134,135] (d) Ref. [32].
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(before the increasing number of quantum nodes makes it
impractical).

In this context, we comment on the current leading
approaches toward multinode scalability.

1. Integrated nanophotonic devices with a fiber interface

This approach relies on a nanophotonic cavity for
enhancing the light-matter interaction, but routes the pho-
tons from the cavity directly into a fiber for off-chip
processing [Fig. 5(a)] [21,110,111]. This approach natu-
rally enables 100% device yield within a quantum network
via postselection: individual devices are characterized and
working devices are integrated together via (low-loss)
fiber interconnects. Because the nanophotonic waveguide
and optical fibers are effectively lossless at the relevant
length scales, photon loss is incurred exclusively at the
fiber-waveguide interface, with demonstrated efficiencies
as high as 96% [110].

2. Fabry-Pérot microcavities

Recently, photonic resonators based on concave dielec-
tric mirrors have enabled breakthrough demonstrations of
cavity-integrated light-matter interactions [137]. In this
approach, a concave mirror is fabricated [138] either in
bulk silica [134] or, notably, directly on the tip of a fiber
[135], and forms a distributed Bragg reflector microcavity
with the buried Bragg mirror beneath the active quantum
medium, incorporating the defect in between [Fig. 5(b)].
As with fiber-coupled on-chip nanophotonic cavities, unity
yield is achieved by postselection; the fiber-tip scans the
surface to isolate a suitable defect, and the cavity resonance
is tuned by controlling the fiber height piezoelectrically.
Notably, this technique can in principle be applied to any
defect that can be integrated into a smooth, thin mem-
brane [134,139,140]. The fiber Fabry-Pérot microcavity is
in a sense a distillation of the fiber-coupled nanophotonic
cavity approach, as the cavity output mode is Gaussian
and can efficiently be coupled into single-mode fibers. The
efficiency is limited by losses in the optical components
required for coupling the photons into the single-mode
fiber, reflection losses at surfaces, and a slight modal mis-
match between the cavity and fiber modes. Recently, a total
coupling efficiency of 68% into the fiber mode has been
demonstrated [141].

3. Pick-and-place heterogeneous on-chip integration

This approach aims to address the concern of yield in
a fully integrated fashion, by transferring quantum nodes
onto an integrated photonic circuit after characterization.
Pick and place is a particularly promising technique in
material platforms not suitable for standard photonics pro-
cessing: for instance, it has recently enabled large-scale
on-chip integration of diamond color centers with alu-
minum nitride interconnects [Fig. 5(c)] [112]. Although

promising for fully chip-scale integration, pick and place
currently suffers from high experimental losses in the adi-
abatic transfer of photons from the transferred quantum
material to the integrated photonic circuit (transmission of
34% [112]), suggesting that the transfer efficiency to the
internode link may be a serious impediment for scalabil-
ity. Although highly efficient interlayer adiabatic transfer
is possible (approaching 99% [142]), it relies on long,
well-aligned (200 μm) tapers that are difficult to achieve
using a pick-and-place technique [but are possible with
heterogeneous integration of multiple thin-film layers; see
Fig. 5(d)]. Thus, we see an efficient waveguide interface as
the key challenge in developing pick and place as a method
for multinode QIP.

V. PERSPECTIVE ON FULLY INTEGRATED
QUANTUM PHOTONICS

Most advanced spin-defect experiments to date rely on
the strategy of coupling emitted photons into an optical
fiber as soon as possible (approaches 1 and 2 above).
However, for applications other than fiber network com-
munications, a photon in a fiber is not an advantage over
a photon in an integrated waveguide: practical realization
of the key components for quantum networks identified
in Fig. 1 actually plays to the strengths of integrated
photonics rather than fiber optics. Integrated photonics
have already achieved system complexity beyond what
can be practically realized in macroscopic fiber-based
devices, integrating hundreds of elements with mean fideli-
ties of linear components exceeding 99.9% [4]. On-chip
integration of single-photon detectors has seen remarkable
progress in recent years [38,143,144], and integration with
photonic resonators will likely enable narrowband inte-
grated single-photon detection with efficiencies exceeding
99% in the near future. In our view, the chip-integrated
approach is the most promising for large-scale quantum
systems. This architecture is illustrated in Fig. 5(e), using
the example photonic network introduced in Fig. 1(b).

In this fully monolithic realization of chip-integrated
spin-based quantum technologies, the photon never leaves
the chip, never couples into a fiber or passes through lossy
bulk active elements, and is not subject to system fluc-
tuations inherent in a large-scale macroscopic system. In
fact, the photon never leaves the waveguide into which the
quantum node emitted it, because switching, interference,
and detection can all be realized in a waveguide geome-
try [4,144]. Compact and efficient on-chip photon detectors
can be placed anywhere in the integrated circuit to convert
a (fragile) quantum signal into a (robust) classical signal
that can be routed off chip via standard CMOS electron-
ics such as vias and buried electrical layers, aiding in the
realization of circuit connectivity. The relative simplicity
of the integrated approach is a source of optimism for
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FIG. 6. Quantum information processing with spectrally reconfigurable defects. (a) By rapidly modulating an optical transition,
engineering of exotic photon emission spectra from color centers was demonstrated [54]. Via optimized Stark modulation (insets), the
VSi has been engineered to emit photons in a superposition of 4 (top) and 2 (bottom) colors. (Reproduced from Ref. [54]). Based on this
approach one may design nearly arbitrary reconfigurable connectivity via spectral overlap, by independently controlling color centers
interacting together via photon-photon interactions through the resonator. This proposal is illustrated in (b),(c) where nine emitters
are prepared in Floquet states to create a specific connectivity via spectral overlap. (d) A concept figure of the possible experimental
implementation of this approach.

satisfying the extremely low loss requirements of useful
quantum photonic computation.

SiC-on-insulator is a promising candidate to realize
a fully integrated defect-based quantum photonic pro-
cessor, using high Q/V photonic crystal cavities, fast
cryogenic optical modulators, and integrated detectors.
In order to overcome the challenge of nonunity yield,
each quantum node may consist of N redundant cavity-
coupled spin-defect elements coupled to a bus waveg-
uide. Using this configuration, one can achieve postselec-
tion without any additional cavity-waveguide losses, by
tuning all but one working node away from the quan-
tum network operation frequency. If necessary, a similar
approach can be employed for postselection of detec-
tors (which are to be integrated with low-Q resonators
or long waveguides to maximize photon absorption prob-
ability). Each node is electrically interfaced to tune the
defect optical transition and to coherently manipulate the
spin. Fast cryogenic modulators and switches based on a
directional coupler or resonator drop-filter configuration
can be integrated directly into the SiC platform, taking
advantage of its electro-optic effect. Cryogenic integration
based on this approach has only recently been demon-
strated [145]. To increase the bandwidth and decrease
the footprint, an additional electro-optically active layer,
such as barium titanate (BaTiO3) [145], can be sput-
tered and patterned in an adiabatic taper atop the SiC

waveguide to minimize scattering loss. Finally, regard-
less of the optical frequency of operation of the quantum
processor, efficient frequency conversion to the telecom-
munications band using the strong intrinsic second-order
nonlinearity of SiC (12 pm/V) [115] would prepare the
optically encoded quantum information for long-distance
communication.

In the development of scalable quantum photonic
circuits, an emerging technique to device engineer-
ing—photonics inverse design [146–148]—will likely
play an important role. The near-unity fidelities achieved
with traditional photonics design, as mentioned above,
are limited to simple photonic building blocks such as
a directional coupler. However, for more complex tasks,
inverse design offers a novel approach for performing
targeted optimization against multiple metrics, including
robustness to fabrication imperfections (thus improving
the yield) and fabrication constraints [149]. For example,
a traditional adiabatic taper between photonic layers [142]
is extremely sensitive to misalignment, precluding efficient
interlayer coupling in pick and place; this limitation is an
opportunity to apply inverse design. The powerful func-
tionality of inverse design has been used to demonstrate
efficient mode conversion [150] and free-space coupling
[151], even under stringent fabrication constraints [152].
The simultaneous inverse design of photonic structures
and embedded color centers may enable a fully solid-state
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implementation of a quantum simulator recently proposed
for trapped atoms [153].

Finally, we briefly address some new approaches to QIP
that may be enabled with recent advancements in color-
center control and integrated photonics. The recent propos-
als in quantum simulation based on Floquet state engineer-
ing for the superconducting qubit platform [154,155] may
find similar implementation in color-center photonics. By
coupling an array of emitters to a single nanophotonic res-
onator, it may be possible to encode arbitrary couplings
between them in the frequency basis, taking advantage of
nontrivial, multipeaked emission spectra to connect multi-
ple emitters in nontrivial topologies, as shown in Fig. 6. A
similar drive-optimization approach may also be used to
overcome inhomogeneous broadening in emitter ensem-
bles where individual emitters cannot be controlled but
rather a single, global drive signal must be used [54].

VI. CONCLUSION

In summary, spin-based photonic technologies for quan-
tum computing will likely operate in the network architec-
ture (Fig. 1) and will require the integration of spin-qubit
registers with high-quality photonic structures and efficient
photon detectors to reduce the total photon loss below
the demanding thresholds for quantum computing [15].
While there may be numerous approaches for achieving
this goal, we believe that a fully chip-integrated quantum
photonic platform holds the most promise, as this approach
is most scalable and avoids additional coupling loss from
waveguide interconnects. SiC has emerged as a promising
platform for realizing this technology, with demonstra-
tions of wafer-scale integration of high-quality emitters
into semiconductor junctions [63], isotopic engineering for
nuclear spin registers [88], indistinguishable single-photon
emission [52], and a quantum-grade SiC-on-insulator plat-
form for fabrication of photonic devices [32]. However,
several key results must be demonstrated to confirm its
promise, starting with the integration of large arrays of
tunable narrow-linewidth emitters into nanostructures.
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grated lithium niobate electro-optic modulators operating
at cmos-compatible voltages, Nature 562, 101 (2018).

[28] Martijn J. R. Heck, Jared F. Bauters, Michael L. Daven-
port, Daryl T. Spencer, and John E. Bowers, Ultra-low
loss waveguide platform and its integration with silicon
photonics, Laser Photon. Rev. 8, 667 (2014).

[29] Junqiu Liu, Hao Tian, Erwan Lucas, Arslan S. Raja, Grig-
ory Lihachev, Rui Ning Wang, Jijun He, Tianyi Liu, Miles
H. Anderson, and Wenle Weng, et al., Monolithic piezo-
electric control of soliton microcombs, Nature 583, 385
(2020).

[30] Junqiu Liu, Guanhao Huang, Rui Ning Wang, Jijun He,
Arslan S. Raja, Tianyi Liu, Nils J. Engelsen, and Tobias
J. Kippenberg, High-yield wafer-scale fabrication of
ultralow-loss, dispersion-engineered silicon nitride pho-
tonic circuits, arXiv preprint arXiv:2005.13949 (2020).

[31] Stefania Castelletto and Alberto Boretti, Silicon carbide
color centers for quantum applications, J. Phys.: Photonics
2, 022001 (2020).

[32] Daniil M. Lukin, Constantin Dory, Melissa A. Guidry, Ki
Youl Yang, Sattwik Deb Mishra, Rahul Trivedi, Marina
Radulaski, Shuo Sun, Dries Vercruysse, and Geun Ho
Ahn, et al., 4h-silicon-carbide-on-insulator for integrated
quantum and nonlinear photonics, Nat. Photonics 14, 330
(2020).

[33] Bong-Shik Song, Takashi Asano, Seungwoo Jeon,
Heungjoon Kim, Changxuan Chen, Dongyeon Daniel
Kang, and Susumu Noda, Ultrahigh-q photonic crystal
nanocavities based on 4h silicon carbide, Optica 6, 991
(2019).

[34] Melissa A. Guidry, Ki Youl Yang, Daniil M. Lukin, Ashot
Markosyan, Joshua Yang, Martin M. Fejer, and Jelena
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