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ABSTRACT: In the last two decades, bulk, homoepitaxial, and
heteroepitaxial growth of silicon carbide (SiC) has witnessed many
advances, giving rise to electronic devices widely used in high-
power and high-frequency applications. Recent research has
revealed that SiC also exhibits unique optical properties that can
be utilized for novel photonic devices. SiC is a transparent material
from the UV to the infrared, possess nonlinear optical properties
from the visible to the mid-infrared and it is a meta-material in the
mid-infrared range. SiC fluorescence due to color centers can be
associated with single photon emitters and can be used as spin
qubits for quantum computation and communication networks
and quantum sensing. This unique combination of excellent
electronic, photonic and spintronic properties has prompted
research to develop novel devices and sensors in the quantum technology domain. In this perspective, we highlight progress,
current trends and prospects of SiC science and technology underpinning the development of classical and quantum photonic
devices. Specifically, we lay out the main steps recently undertaken to achieve high quality photonic components, and outline some
of the current challenges SiC faces to establish its relevance as a viable photonic technology. We will also focus on its unique
potential to bridge the gap between classical and quantum photonics, and to technologically advance quantum sensing applications.
We will finally provide an outlook on possible alternative applications where photonics, electronics, and spintronics could merge.

Article Recommendations

Optoelectronics

E OO e e
Spin-photon

interface
Quantum Technologies

Optical Properties

e

Photonic Technologies

SiC
GS

KEYWORDS: photoluminescence, nonlinear optics, point defects in the bandgap, single photon source, quantum sensing,

quantum nanophotonics

B INTRODUCTION

This Perspective summarizes the properties of silicon carbide
(SiC), a material that uniquely enables the integration of
electronic, spintronic, and photonic functionalities within the
same platform.

SiC is a wide bandgap compound semiconductor with
extensive industrial applications. While silicon is the material
currently most used in microelectronics, advances in the
material quality, and the fabrication processes are pushing SiC
to surpass silicon for high power and high temperature
applications' ~ crucial for the future economy of zero-emission
electric vehicles.”

Photonics is currently less established in SiC than in a variety
of competing technologies and material platforms. In the
emerging area of photonic integrated circuits (PICs), consisting
of semiconductor wafers with optically active integrated
photonic devices, the first commercial PICs were based on
group III-V indium phosphide (InP) semiconductor wafer
substrates’ followed by the most widely used silicon. In addition,
there are many other contenders, such as Si;N,, AIN, diamond,
and lithium niobate (LN). Despite this, SiC is a very appealing
platform for photonics, with optical transparency in a large
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spectral region and its high second and third order nonlinear
optical properties make it an attractive material for integrated
architectures. Remarkably, despite its indirect bandgap, SiC was
actually the first material to be used as a commercial light
emitting diode (LED), holding a unique place in history for its
capabilities in the generation, detection, and manipulation of
light.

In the past decade, SiC has attracted the interest of the
quantum technology community, due to the availability of a
variety of point defects that can act as quantum emitters’ with
controllable electronic spins.”* Importantly, spin coherence for
these systems has been shown to be comparable or even superior
to more established quantum emitters such as the nitrogen-

vacancy (NV) center in diamond.” ™" Recently, simulations'”
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Figure 1. Overview of SiC optical properties and photonic and quantum technologies discussed in this paper. Optical properties: From top to bottom:
fluorescence emission due to donor and acceptor pairs or deep color centers within the bandgap. Nonlinear harmonic generation (third harmonic and
four wave mixing based on 2%, and second harmonic and SPDC based on 7). Photonic technologies: 1D triangular cross-section photonic crystal;
image reprinted in part with permission from ref 17. Copyright 2021 Institute of Physics under https://creativecommons.org/licenses/by/4.0/. 2D
photonic crystal; image reprinted with permission from ref 18. Copyright 2019 American Chemical Society. Microring resonator generating frequency
comb spectra. Spectra adapted with permission from ref 19. Copyright 2020 The Optical Society. Quantum Technologies: Using spin control of color
center combined with a photonic cavity spin-photon entanglement and multiphoton cluster states can be achieved. Suspended photonic crystal
nanobeam, obtained from photoelectrochemical etching in 4H-SiC, provides a platform for increasing the quantum sensing capabilities of integrated
divacancy color center. Image reprinted in part with permission from ref 20. Copyright 2020 American Chemical Society. Nanopillars*' and solid
immersion lenses®* in SiC are used to enhance the emission. Images reprinted in part with permission from ref21. Copyright 2017 American Chemical
Society. Images reprinted in part with permission ref 22. Copyright American Institute of Physics 2020. Orbital structures of color centers such as the
Cg;Vc and Vg; responsible for single photon emission. Images reprinted in part with permission from ref 23. Copyright 2013 Springer Nature. Images
reprinted in part with permission from ref 24. Copyright 2019 Springer Nature under the https://creativecommons.org/licenses/by/4.0/.

based on cluster correlation expansion techniques, SiC has optical properties.25 We will then discuss optical emission by
emerged to possess the longest coherence times among wide SiC defects such as donor—acceptor emitters,” used for light
bandgap nonchalcogenides materials. generation in white LEDs,”’ and point defects within the
This unique combination of properties makes SiC an excellent bandgap (color centers).28

platform to implement quantum photonic integrated chips We will then review the state of the art of SiC photonic
(QPICs). QPICs will host quantum emitters interfacing single components to be integrated in photonic circuits, specifically
photons with local quantum memories based on a register of waveguides, 1D and 2D photonic crystal cavities, microdisk and
individually controllable electronic and nuclear spins. The microring resonators, based on doped thin layers* and thin
emitted single photons can be processed on-chip by frequency layers of SiC on insulator (SiCOI).>**°

conversion (enabled by the strong nonlinear optical coef- The role of SiC in emerging quantum technologies”*" will be

ficients), routed through electrically controlled switches, the focus of the last section. We will describe the optically and
integrated filters, waveguides, directional couplers, and fiber

couplers. The preservation of optically encoded quantum states
in the circuits requires low losses and high material purity.
Despite the large variety of possible photonic material
platforms'® and the many materials hosting single photon
emission'* or the possibility to generate quantum states of light
via nonlinear interaction,"® SiC is really unique with respect to
the possibility to simultaneously integrate all the required
photonic, electronic, and spintronic circuitry. In contrast to
other optoelectronic platforms such as III-V semiconductors,

electrically driven quantum emitters originating from color
133273% and the current main challenges to achieve ideal
single photon emission in this material, including their emission
enhancement via material nanostructuring and their spectral and
charge control in electrical devices.” Specifically, we will explain
the role of SiC quantum emitters as spin-photon interfaces”*
for remote quantum entanglement,37 quantum gates,38 and
quantum photonics.”****°
applications and technologies in quantum sensing of the

centers

We will also introduce novel

. 41—47 . 48-50 S1-53
lithium niobate, Si;N,, and AIN, SiC enables the preservation of magne3t;cs ﬁgléd’ electric ﬁel.d, temperature, - and
spin quantum coherence, due to a diluted nuclear spin bath. strain.™ For quantum sensing applications, photonics can
Beyond the realm of quantum technologies, the integration of play a central role in enhancing the sensitivity and acquisition
spintronics, photonics, and electronics enabled by SiC can find time of otherwise weak quantum processes and to improve
applications, for example, in extending its neuromorphic integration and scalability of future devices.
computing capacity.'® In the conclusion, we critically analyze the challenges still
This paper provides an overview of the state-of-the-art remaining in this field, based on the results reported in the
research in the broad field of SiC classical and quantum literature, and provide an outlook of future research that can lead
photonics. to successful applications of SiC as a quantum and classical
We will first describe SiC material optical properties relevant photonics platform.
to its deployment in photonic devices, comprising of nonlinear A summary of the paper topics is presented in Figure 1.
1435 https://doi.org/10.1021/acsphotonics.1¢01775
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B MATERIAL OPTICAL PROPERTIES

SiC is a polymporphic material, existing in a large variety of
different crystal structures (polytypes). The hexagonal 4H-SiC
(bandgap 3.23 eV) and 6H-SiC (bandgap 3.0 eV) polytypes are
the most commonly available, together with the cubic 3C-SiC
(bandgap 2.36 V).

The hexagonal polytype, 4H-SiC, possesses a broad optical
transparency (0.37—5.6 um>’ "), and it is birefringent, with
ordinary and extraordinary refractive indexes measured in the
visible and near-infrared. For standard wafers grown on the c-
axis, the ordinary refractive index is in the plane of the wafer and
corresponds to TE polarization, while the extraordinary
refractive index is perpendicular to the plane of the wafer
along the main c-crystallographic axis and aligns with TM
polarization. Due to birefringence effects, phase-matching of the
ordinary and extraordinary refractive indexes can be achieved
with appropriate polarizations and propagation directions of the
light traveling in SiC crystals. In Figure 2, the relevant optical
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Figure 2. Visualization of the most typically quoted values of the
bandgap (BG), linear refractive index (n), nonlinear refractive index
(n,), second order nonlinear coefficient (d) of the main SiC polytypes
(3C-SiC, 6H-SiC, and 4H-SiC) at 1550 nm,"”*>**~%° diamond,*® Si,*
AN, $i;N,”" LN.%7! (*) Represents a predicted value for 3C-SiC
second-order nonlinearity. These are also the currently alternative
photonic platform to the most commonly used Si and groups III-V
materials (InP, GaAs,GaAs/AlGaAs). The mechanisms used for
generation of the quantum state of light in the different materials are
indicated as a result of their optical properties: spontaneous parametric
down-conversion (SPDC), spontaneous four-wave mixing (SFWM),
and color centers (CCs) responsible for single-photon sources (SPSs)
and spin—photon interface. Among these platforms, only Siand LN are
available as commercial wafer on-insulator SOI and LNOI, making
them currently more accessible for QPIC.

properties of the main material photonic platforms (except
groups III-V), such as linear refractive index (n), bandgap
(BG), and nonlinear second (d), and third order coefficient (n2)
are shown for comparison. While Si is the most used today due
to the commercial availability of silicon on insulator (SOI) and
the high n2 value, it does not possess second order nonlinearity
and, due to its small bandgap, is affected by two-photon
absorption at 1550 nm. The opposite occurs for lithium niobate,
which has an excellent second order nonlinearity and is
commercially available in thin films as lithium niobate on
insulator, while its third-order nonlinearity is 3X lower®® of SiC
and comparable with Si;N, and AIN.°" While single photon
emission based on color centers in lithium niobate has not been
observed so far, the incorporation of rare-earth ions into lithium
niobate integrated photonics can be achieved, possibly enabling
optical quantum memories and qubits within PICs.*”

1436

While SiC has a relatively low refractive index compared to Si,
it emerges as a material with a high second and third order
nonlinearity, enabling frequency conversion and optical
modulation, and a large bandgap providing the opportunity of
bandgap active emitters such as donor—acceptor defects and
color centers, which will be discussed in the following sections.

Nonlinear Optical Properties. SiC has been investigated
for nonlinear optical properties in the visible®® for many years
and more recently also in the near-infrared.®”’> These
properties are relevant for PICs in order to achieve light
confinement and propagation or storage, optical modulators,
and emission frequency conversion. In the hexagonal polytypes
4H and 6H, SiC crystallizes in the point group 6mm, while the
3C-crystal structure has a 43m symmetry, meaning they are
noncentrosymmetric and birefringent uniaxial crystals with
second-order nonlinear optical (NLO) effects.

Due to its birefringence, harmonic generation can be obtained
with specific polarization using phase-matching of the ordinary
and extraordinary refractive indexes. Second harmonic gen-
eration (SHG) has been demonstrated in all polytypes,®””*”>
harnessing its quadratic nonlinearity )(ijk(z) , with measured values
reported ~12.5 pm/V in the hexagonal polytypes® and
estimated by first-principles simulation to be as high as 30
pm/V in the 3C polytype.”> The third-order (Kerr’®””)
nonlinearity )(,-jk(3) (also known as nonlinear refractive index,
n,) is also important for its effects in optical propagation as
waveguiding,S 78 with a value of 8.6 X 107° m?/W at 2360 nm”®
and of 6.9 X 107"’ m?/W at 1550 nm'” for 4H-SiC. For 3C-SiC,
it has been estimated to be 4.87 X 107 m?/W at 1567 nm’’ and
measured 5.31 X 107 m?/W at 1550 nm.®* More recently, the
nonlinear refractive index coefficient of the order of 107'8—107"
m?/W>’ and nonlinear absorption coefficients (2 photon of the
order of ~107"—10""" m/W and 3 photon-absorption
coefficient of the order of 107%—10"*" m?/W?) for semi-
insulating 6H-SiC and 4H-SiC were measured from 400 to 1000
nm.”* Values of 1, above 1000 nm for all three polytypes are
estimated in.”” The wavelength dependence of the multiphoton
absorption is relevant for better femtosecond laser fabrication
and design of ultrafast all-optical switching in SiC.

By nanostructuring SiC and improving the quality factor (Q)
of the microring and microdisk resonators, NLO effects based
on second-order and third-order nonlinear coefficients have
been recently enhanced and observed (Figure 3a). Generally,
the NLO response of 3C, 4H, and 6H-SiC nanostructures
covering the optical spectrum from the visible through the mid-
infrared and far-infrared, could open up a wide range of
applications such as wavelength conversion, four-wave mixing
(FWM) observed in both 4H and 3C-SiC,**””*" second/third/
fourth-harmonic generation observed in 4H-SiC microdisk
resonators’” (Figure 3b—e), SHG, and difference frequency
generation (DFG) in 3C-SiCOI microring resonators and
waveguides,81 optical garametric oscillator (OPO) in 4H-SiC
microring resonators, %> parametric amplification in 4H-SiC
crystal,”” frequency comb generation'”** (achieved with the
lowest possible power generation efficiency after AlGaAs on-
insulator®; Figure 3f), self-phase modulation, and super-
continuum generation in 6H-SiC crystal®® from 1.3 to 2.4 yum.
Nonlinear optical properties in 4H-SiC have been also
investigated in the mid-infrared (mid-IR) where broadband
emission from 3.90 to 5.60 um’’ was obtained from DFG.
Phase-matched DFG was found to be possible in 4H-SiC up to
the far-IR (THz) region beyond 17 um.*” In the far-IR region
SiC also exhibits surface phonon-polariton (SPhP) sharp
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Figure 3. (a) Ilustration of the spectral coverage, from the visible to the far-infrared, of the nonlinear emission generation observed in 3C-, 6H-, and
4H-SiC. (b—e) Nonlinear frequency generation in microdisk resonators: second harmonic generation (SHG), third harmonic generation (THG), and
fourth harmonic generation (FHG) at 776.3, 517.5, and 388 nm, respectively. (f) Broadband Kerr frequency comb generations from 1300 to 1700 nm,
with a 13 mW pump at 1544.848 nm in high Q ~ 6.75 X 10° 4H-SiCOI microresonators. Images in (b) are reprinted in part with permission from ref
73. Copyright 2021 Springer Nature under the https://creativecommons.org/licenses/by/4.0/.
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Figure 4. Overview of novel schemes for SiC LED. (a) Schematic drawing of donor—acceptor pair recombination mechanism in 6H-SiC. After NUV
pump, the N—B pair will emit yellow light and N—Al will emit blue light. (b) Photoluminescence spectra of N—Al and N—B pairs under the excitation
of 375 nm laser. Their corresponding camera images are inserted under the spectral peak. Blue N—Al spectrum has a full width at half-maximum
(fwhm) of 69.7 nm and yellow N—B spectrum has fwhm of 115.6 nm. The large fwhm is beneficial to achieve high CRI for white light sources. (c)
Schematic diagram of the fluorescent 6H-SiC with porous surface layer. Three possible transitions in fluorescent 6H-SiC are shown: DAP
recombination (peak I1I) in the bulk layer, the transition through C-related (peak II) and oxygen vacancy-related (peak I) surface defects in the porous
layer. Schematic of the normalized emission spectra from porous layer (peaks I and IT) and fluorescent bulk layer (peak III). (d) Chromaticity diagram
showing the color of the light emitted from fluorescent flat (P1), porous sample before passivation (P2), and porous sample after passivation (P3), the
corresponding CRIis 53.8, 68.5, and 81.1, respectively. The inset figures are camera photos of observed luminescence in the corresponding flat, porous
sample before and after passivation. (e) Schematic diagram of the stacking structure of a white LED based on N—B and N—Al codoped {-SiC thin films.
(¢, d) Reprinted in part with permission from ref 27. Copyright 2017 Springer Nature under https://creativecommons.org/licenses/by/4.0/. (e)
Reprinted in part with permission from ref 95. Copyright 2019 American Chemical Society.

resonances at ~#10.9 ym (generally observed between 10 and 12 frequency, and a pole (point of extremely high permittivity) at
um®* ™). This emission has also been investigated by infrared- 12.55 pm, close to the TO phonon frequency. Because of this, by
visible sum-frequency generation microscopy in 6H-SiC nano- combining SiC as substrate with plasmonic antennas the
photonic structures.”’ The dielectric function for 4H-SiC radiation pattern is strongly modified in the mid-infrared region
exhibits a near-zero point at 10.3 um, close to the LO phonon close to the LO and TO. For plasmonic antennas with resonance
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Figure 5. (a) Overview of the main color centers studied in SiC V{, Vg, the divacancy VgV, the carbon antisite vacancy pair CgV, Vanadium (V)
impurities, and N Vg; as they appear in the hexagonal lattice of the 4H-SiC. (b) Their energy levels and charge states, with the quantum compatible
charge states in color code. Figure reprinted with permission from ref 32. Copyright 2021 Wiley-VCH under https://creativecommons.org/licenses/

by/4.0/.

approaching these two points, the SiC substrate controls the
radiation pattern.”” This effect can be used for controlling the
plasmon resonance of metamaterials.

Donor—Acceptor Pairs. SiC is an appealing material to
develop light sources. Its small lattice is mismatched to gallium
nitride (GaN), which has enabled it as an excellent substrate for
GaN-based, light-emitting diodes (LEDs). Additionally, it has
exceptional optoelectronic properties’>”” of its own, good
thermal conductivity,”* is abundant and stable in harsh
environments.

Despite its indirect bandgap, SiC has been known as an
optically active material with photoluminescence (PL) in the
bulk.” Light emission does not originate from the band—band
recombination, but from defects due to the presence of donor—
acceptor pairs,”® surface defects, and point defects within the
bandgap.”” Remarkably, the first blue li§ht-emitting diode
(LED), reported in 1907, was made of SiC,”* and greenish SiC
LED was demonstrated in ref 99. This is quite important for
white-light generation, as this is normally accomplished by
additively mixing three primary colors of red, green, and blue, or
at least two of them with a relatively lower color rendering index
(CRI). Therefore, the development of white LEDs based on
these primary colors emission from SiC has had more than one
century history.'”

By combining nalnostructuring10
acceptor emission (such as nitrogen—boron and nitrogen—
aluminum), white light-emitting diodes (LED) have been
produced.”” Recently, doping SiC heavily with donor—acceptor
pairs, such as nitrogen—boron pairs and nitrogen—aluminum
pairs, has been investigated to fabricate novel white light sources,
where SiC is working as a wavelength converter and substrate for

1 . .
with various donor—
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the near-ultraviolet LED as a pump.”*”® This fluorescent SiC (f-
SiC) based white LED is expected to have high efficiency, high
CR], and a long lifespan, even in a harsh environment. The
emission mechanism of N—Al and N—B pairs is shown in Figure
4a,b. The energy levels of Al, B, and N in the bandgap of 6H-SiC
produce the blue emission from the N—AI pair and a yellow
emission from the N—B pair. Thus, the mixture of them could
provide high CRI (Figure 4d) white light because of the wide full
width at half-maximum (fwhm), that is, 69.7 nm for N—Al and
115.6 nm for N—B. For the state of the art, the quantum yield of
the yellow N—B emission is about 30%, and the main limiting
factor is the Auger recombination because of the high
concentration doping of N and B.” The blue N—Al emission
is still much lower in efficiency compared to N—B emission.
Due to the rather low efficiency of blue emission from N—Al
pair, porous SiC is studied as an alternative for blue emission to
achieve high color index white light sources. Porous SiC is
fabricated by anode oxidation, the same method used for porous
Si fabrication. After optimization of anode oxidation parameters
and passivation parameters, strong blue emission is realized from
porous SiC.”” The emission of porous SiC is ascribed to surface
related defects. As shown in Figure 4c, there are two types of
defects, for example, C related surface states and oxygen
vacancies, which contribute to the green and blue peak,
respectively. When blue-emitting porous SiC is fabricated on
the surface of a yellow-emitting SiC Figure 4e, white light with
CRI as high as 81.1 is demonstrated, and shown in Figure 4d.
Color Centers. Recent advances in material purity control
have enabled the reassessment of intrinsic SiC point defects”*””
with a better assignment and understanding of their spin and
charge state properties. These defects or color centers include

https://doi.org/10.1021/acsphotonics.1c01775
ACS Photonics 2022, 9, 1434—1457


https://pubs.acs.org/doi/10.1021/acsphotonics.1c01775?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01775?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01775?fig=fig5&ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01775?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c01775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

the negatively charged silicon vacancy (V™) centers; 102710 the

divacancy,'” ™" consisting of neighboring C and Si vacancies;
the carbon antisite vacancy pair (C4Vc), a carbon atom
replacing a silicon vacancy close to a carbon vacancy.””''*~''*
Other extrinsic defects are the nitrogen vacancy (N¢Vg;)
centers;''°~'? transition metal impurities,120 such as chromi-
um,"?! molybdenum,lzz’123 and vanadium.'**'*® In addition,
other unknown origin emitters have been recently found in SiC
with emission in the near-infrared.'®

Most of the above defects have a spin state and can act as solid
state quantum bits and SPSs.®”'*VI0%1272128 Ope of the
mechanism to read out the spin state is via optically detected
magnetic resonance (ODMR), consisting in a spin-dependent
fluorescence in the presence of magnetic field and/or microwave
excitation. After initial optical excitation, the defect, generally a
triplet, is polarized in the ground spin state via spontaneous
emission of the spin conserving transitions between the excited
state and the ground state and the spin nonconserving
transitions to a nonradiative long life metastable state. An
overview of the main defects is shown in Figure S and a full
description of each of them is provided in ref 128 and references
therein.

Silicon Vacancy. Negatively charged silicon vacancy (Vg™)
centers are one of the most studied defects in
SiC,1011:2436,38.39,4245,51,53,102-104, 1297153 Thow are formed by
a missing silicon atom in the SiC lattice that captures an
additional electron. Spin-optical properties of Vg~ centers vary
slightly depending on the SiC polytype that is used and the
(nonequivalent) lattice site from which the silicon atom is
removed. Most studied are the two (three) distinct V™ centers
in 4H-SiC (6H-SiC) ."*”"** The optical properties of Vg~
centers are most studied in the 4H polytype, exhibiting a zero
phonon line (ZPL) emission at 862 nm for the V1 for the
hexagonal lattice site center, and 917 nm for the cubic lattice site
center, V2. In the 6H-SiC polytype, the V1, V2, and V3 centers
show ZPLs at 865, 887, and 906 nm, respectively.ls‘h155
Additionally, Vg~ centers have been observed in the 1SR
polytype.'**'*"1>¢ The spin quantum number of all V™ centers
is $=3/2.

Spin coherence times of 1.4 ms (20 ms) have been measured
for single defects®® in isotopically modified SiC (dynamically
decoupled ensembles and natural SiC'’). The magnetic dipole
orientations of all V™ centers is along the crystal c-axis, which is
convenient for maximizing signal strength in quantum sensing
based on well-orchestrated V™ center ensembles. In this regard,
most quantum sensing demonstrations have been performed
using the so-called V2 V™ center in 4H-SiC at 917 nm, as it
shows an ODMR signal even at room temperature (see ref 128
and references therein). Recently, similar signal strengths have
been obtained with V1 and V3 Vg~ centers in 6H-SiC.'**
Sensing and high-fidelity control of nuclear spins surrounding
individual Vg~ centers was also demonstrated, which is an
important ingredient toward quantum computing and quantum
memory applications.”**® To boost detected optical signal
strengths for those near-infrared emitters, most studies employ
optimized optical structures, such as solid immersion lenses or
nanopillars.

Divacancy. Divacancies (VV)'*™'% found in all polytypes,
in 4H-SiC exist in four configurations, depending on the
involved lattice sites, each identifiable by a different wavelength
for the ZPL (c-axis oriented: (kk) 1131 nm, (hh) 1132 nm, basal:
1108 nm, 1078 nm). Their emission in the 1100 nm range, while
not directly in the telecom band, is still advantageous in terms of
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fiber transmission, compared to the NV center in diamond (0.7
dB/km at ~1100 nm vs ~8 dB/km at 637 nm). Because of their
C,, symmetry with six active electrons, the VV in 3C-SiC and the
(hh) and (kk) sites of divacancy in 4H-SiC feature a *E excited
state, similar to the NV center in diamond, with six spin-selective
transitions (E,, E,, A}, Ay, Ey, E,). In the limit of low-strain, E,
and E, are “cycling” transitions, that maintain a purely m, = 0
character and can be used for spin-readout with minimal decay
probability into m,; = +1."°” PL excitation experiments"*’ on
individual VV have demonstrated narrow spin-selected optical
transitions in both 3C and 4H-SiC, with line widths of the order
of ~100 MHz for 4H-SiC (that can be reduced to ~20 MHz by
electrical control"”) and ~1-2 GHz for 3C-SiC (probably
related to much higher nitrogen concentration in the sample).
Remarkably, orbital mixing for the (hh) and (kk) VV in 4H-SiC
is about 1 order of magnitude smaller than for the NV center in
diamond,"”” which is expected to lead to smaller optically
induced spin-flips, potentially facilitating single-shot spin
readout and spin-photon interfacing experiments using a
photonic cavity.

The orbital and spin energy levels for the basally oriented (kh)
divacancy are quite different than what discussed above,
featuring a C,; symmetry with a spin-1 orbital singlet ground
state and orbital doublet excited state in the SiC electronic
bandgap. The quantization axis is tilted at an angle of 71° with
respect to the crystal ¢ axis.”® The C;, symmetry imparts
longitudinal (Dgg) and transverse (Egg) zero-field splittings, so
that the eigenstates are a superposition of S, basis states.*® In the
excited state, the C,;, symmetry results in a transverse crystal
field, which produces two widely separated 3A” and 3A” orbitals
(with only 3A’ producing detectable luminescence). Each
orbital has three spin sublevels, also featuring spin mixing due
the presence of longitudinal (Dygg) and transverse (Egg) zero-
field splittings. Spin-selective optical transitions between the
ground and excited state have been observed.*® Remarkably, the
basally oriented (kh) VV in 4H SiC has been shown to possess a
clock transition, with reduced sensitivity to magnetic noise, close
to zero magnetic field.">® This noise-protected qubit is achieved
by applying microwave dressing to its ground-state electron spin.
This has been exploited to demonstrate a record inhomoge-
neous dephasing time T,* of ~22 ms for the electronic spin in
SiC with natural abundance of nuclear spins and an associated
T, coherence time of 64 ms. Using avoided crossings between
the electronic levels of VV, a suppression of fluctuating charge
impurities and an increased coherence time at clock transition
were observed.'*” This result indicates the opportunity to design
single spin devices operating in these points.

Carbon Antisite Vacancy Pair. The CgV can be found in all
SiC polytypes and it can be converted from the Vy; by annealing
at 700—750°."%° The positively charged state Cy V™ was
initially identified''” in 4H-SiC. Its PL in ensemble is associated
with eight ZPLs due to four inequivalent sites with two excited
states and are also known as AB-lines (Al = 648.7 nm, A2 =
651.8 nm, A3 = 665.1 nm, A4 = 668.5 nm, B = 671.7 nm, B2 =
673 nm, B3 = 675.2 nm, B4 = 676.5 nm).”” This center has a Cj,
(C,;) symmetry for the axial (basal) configuration, and due to
the spin number S = 1/2, no ODMR has been observed yet. Its
neutral charge state is predicted to have an emission in the
infrared and S = 1 based on ab initio simulations,"'> however, it
is not accessible in n-type and p-type materials and it has been
studied recently in ultrapure isotope-enriched 4H—*SiC."'"
Using photons with a wavelength shorter than 539 nm, the
center can change its charge state from positive to neutral; as
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such, by careful design of the material purity, the CsVe' can be
controlled by optical excitation and converted from Ce V™.

Other Centers. While Vg centers and VV have been the most
studied centers in SiC for quantum technology, other centers are
currently attracting interest. Nitrogen vacancy (NV) or NV
centers exist also in all SiC poly’fypes.,l15_119‘160 with four
configurations featuring ZPLs closer to the telecom range,
between 1175 and 1250 nm. Coherent spin control has been
demonstrated for both ensembles and single NV centers, up to
room temperature."'” Given that, in the negatively charged state,
it has the same electronic structure as NV centers in diamond
(with a A, ground state and a °E excited state), one can expect
similar spin-photon interfacing protocols to be valid.

Recent work has demonstrated control of electronic spins
associated with transition metal impurities,'”’ such as
chromium,"*! r11olybclenum,122’123 and vanadium.'**'*® Vana-
dium (V*) is particularly appealing since it features ZPLs
directly in the telecom O-band, with excited state lifetimes on
the order of tens of nanoseconds, and a S = 1/2 electronic spin,
corresponding to a single unpaired electron coupled to the >'V
nuclear spin (I = 7/2). Single vanadium centers have been
isolated, and ODMR has been demonstrated.'** The T, spin
relaxation time appears to be in the ys time scale at T = 3.3 K, but
is expected to improve at lower temperatures. Interestingly, the
optical transitions are affected by mass shifts of nearby silicon
and carbon isotopes, which may provide a pathway toward
optically resolved nuclear spins.'** Longer spin relaxation time
scales have been demonstrated in experiments with ensemble
molybdenum impurities,'** reaching seconds at a temperature
of ~2 K.

A general theoretical framework to develop spin control and
spin-photon interfacing in these systems has been put
forward,"?° using group-theoretical considerations in the case
of a spin 1/2 single electron in a d-shell for C;, symmetry,
together with an analysis of nuclear-electron hyperfine
couplings, useful to implement quantum memory schemes.'®!

B PHOTONIC TECHNOLOGIES

Background of Fabrication Approaches. A crucial
prerequisite to the demonstration of integrated photonic devices
is the availability of thin (wavelength-scale) membranes with
well-controlled thickness, high material purity, and minimal
surface roughness.

Different techniques have been proposed for the fabrication of
high-quality SiC membranes, including the smart-cut process in
4H-SiC to achieve SiCOI,"'** 3C-SiC heteroepitaxially grown on
a Si substrate thinned down where the silicon is then
undercut,'®® photoelectrochemical etching of doped epilayers
of 4H-SiC,"** wafer bonding and thin down for both 3C and 4H-
SiC,zZ’w5 two-step reactive ion etching, and angle etching in 4H-
SiC.

4H-SiC epitaxial layers can only be grown on SiC substrates,
so that selective etching techniques, routinely used for example
in the III-V platform, are not available. One powerful approach
for photonics fabrication in SiC is based on the SiC-on-insulator
(SiCOI) technology that promises large-scale production
capabilities due to its industrial relevance and CMOS
compatibility.'”””> The first SiCOI structures were demon-
strated in 1997 using the smart-cut process,lé6 and SiCOI
nanophotonic structures were subsequently fabricated.”*”*"®”
Recently wafer-scale 4H-SiCOI was optimized by ion-cutting
and layer transferring”” and microring resonators with quality

1440

factors of 6.6 X 10* were achieved, providing a integrated
nonlinear photonic platform.**

Ion irradiation in the smart-cut process, however, induces
lattice damage which increases optical absorption within the
structure,”’ limiting the Q-factor below 10%, and is detrimental
for the quantum coherence properties of the targeted spin
centers.

Less-damaging thin-film epitaxy techniques using wafer
bonding have been applied in both 3C-SiC*”*"'** (leading to
microresonators in 3C-SiC with Q above 10°) and 4H-
SiC'*?751% to achieve SiCOL In 4H-SiC this technique
maintains the pristine “quantum-grade” quality of bulk
epitaxially grown 4H-SiC. In 4H-SiC thermally oxidized SiC is
fusion-bond to a SiO,-on-Si handle wafer, and the SiC layer is
subsequently thinned down to a few 100 nm thickness using
industry-compatible grinding and chemical-mechanical polish-
ing steps. In the end, nanophotonic structures are created using
electron-beam lithography and SF¢/O, plasma etching. With
this method, wafer-scale 4H-SiCOI have been obtained.”

Another approach to create suspended membranes in
addition to removing part of the Si substrate, is based on
photoelectrochemical etching of doped epilayers of 4H-
SiC.'”!”% This approach may induce material degradation
and porosification. A further approach is based on a two-step
reactive ion etching and angle etching in 4H-SiC.**

3C-SiC can be grown on a Si substrate, in principle allowing
the possibility to create membranes by material-selective
etching. Suspended membranes obtained from 3C-SiC on Si,
however, suffer from the low quality of the SiC/Si interface, with
losses of 21 dB/cm at 1550 nm wavelength.163

Waveguides. Waveguides are core components of PICs and
have a relevant role in QPICs, to transfer quantum information
from a quantum node to another'®” or to store information in a
cavity, such as a ring resonator, where nonlinear properties are
enhanced and frequency conversion can occur. They can confine
light and propagate light simply by total internal reflection in a
high refractive index material. The first attempt to fabricate
waveguides in SiC dates back to 1991,""" where light
confinement was achieved in a thin 3C-SiC layer transferred
onto a sapphire substrate. 4H-SiCOI based on smart cut,”® and
3C-SiC heteroepitaxially grown on a Si substrate with silicon
undercut'®® were initially used for waveguides fabrication and
testing, suffering of high losses. Recently suspended waveguides
were obtained in 3C-SiC combined with post fabrication
thermal annealing in high temperature oxygen atmosphere and a
new etching process. Here the annealing reduced significantly
the surface roughness and the crystal defect density such as
stacking faults and antiphase boundaries at the SiC-Si interface,
overall reducing the waveguide loss to 7 dB/cm.'”

High nonlinearity and low loss were found also in waveguides
and ring resonators fabricated in amorphous SiC (a-SiC) grown
directly on silica, using plasma-enhanced chemical vapor
deposition, with loss as low as 3 dB/cm,”” providing a very
scalable material growth.

High quality SiCOI obtained by wafer bonding and thin down
for both 3C and 4H-SiC*"'%® has achieved waveguides losses as
low <0.4 dB/cm."”

Using angle etching techniques to fabricate triangular
waveguides, color centers were integrated within the waveguide
with similar optical and spin-properties of the pristine material,
permitting quantum gates operation using nuclear spins coupled
with single Vg spin defects.”® The triangular waveguides
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geometry has been studied for the future aim to fabricate high
cooperativity photonic cavities."”

1D-2D Photonic Crystal Cavities. Photonic crystals
cavities were among the first photonic devices to be explored
in silicon carbide due to their ability to confine light in
subwavelength volumes, thus enhancing the light and matter
interaction. The exploration started in smart-cut layers of 6H-
SiC,'*7'7317* heteroepitaxially grown 3C-SiC on silicon,'”*'7°
and amorphous SiC layers deposited on silicon.'”” These
platforms were used for implementation of the 2D hetero-
structure and L3 photonic crystal cavities with quality factors up
to Q ~ 10000, and the 1D nanobeam cavities with Q ~ 70000,
suitable for nonlinear optics (SHG'*) and optomechanics. Here,

3
the nanoscale mode volumes of V ~ %(%) achieves the light—

matter interaction at levels unreachable in macroscopic devices.
However, as the field started focusing on color center photonics,
these substrates proved unfit for hosting optically stable emitters
with narrow line widths. In particular color center emission
enhancement was first achieved in 3C-SiC photonic crystal and
the optical and spin properties of the color center integrated in
nanophotonics were found to be deteriorated compared to the
pristine material."”® Remarkable results have been achieved with
1D photonic crystal cavities fabricated via doping selective
photoelectrochemical etching in 4H-SiC, enabling the first
demonstration of Purcell enhancement of emission from Vy;
ensembles.'”” Using the same photonic crystal fabrication
method, coherent spin control of a single VV integrated into
photonic crystal cavities was realized with a coherence time of
7.3 ps, which is however lower than in pristine material (1
ms).'*® Using improved SiCOI platform,”””> and angled
etching,"”” photonic crystal with quality factors in the range
5000—630000 were fabricated, and they were further explored
for quantum photonics, isolating sin§1e Vg,*” nonlinear optics,”
and coherent spin manipulations.'®

Microring Resonators. Microring resonators, together with
waveguides, are essential components in PICs for field
enhancement, spectral filtering and thus frequency conversion
efficiency enhancement. Kerr nonlinearity was enhanced by
suspended microring resonators achieving FWM in 3C-SiC on
Si substrate.”* Quality factors were in the range 11000—24000.
Recently, a quality factor of 3C-SiC suspended microring
resonators of over 41000 were achieved with postfabrication
thermal annealing to minimize optical propagation losses.'””
FWM was also achieved in Q &~ 70000 microring resonators
obtained in amorphous a-SiC on silica.'®’ Using a low-
temperature hydrophilic bonding process followed by chem-
ical-mechanical polishing, 3C-SiCOI were prepared obtaining Q
~ 30000. Only recently, electro-optical modulation was
achieved in microring resonators and waveguides with
integrated electro-optical phase-shifters.'*”'®* The first proto-
types of angle-etched microring resonators have been recently
demonstrated using Faraday-cage etching method'** measuring
resonances with quality factors of 3500.

Using 4H-SiCOI obtained from smart cut wafer the highest Q
of microring resonators obtained is 7.3 X 10%’ while using
wafer bonding and thinning down technique microring
resonators were fabricated with Q &~ 7.8 X 10°*’ Q ~ 1.1 X
10° to achieve for the first OPO in SiC,"” and Q ~ 5.6 X 10° to
study the quantum effects in soliton microcombs.** Dual-pump
OPO has been demonstrated also in smart-cut 4H-SiCOI ring
resonators;”” thermal effects on optical power absorption and
thermal tuning broadband solitons were studied. Third-order
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nonlinearity in 4H-SiC is polarization-dependent and all the
above FMW processes were demonstrated with TE polarized
light or ordinary polarization. Recently extraordinary polar-
ization (TM polarized light) FWM has been demonstrated to be
more efficient than the ordinary polarization.””

Microdisk Resonators. Microdisk resonators support
whispering gallery modes with volumes of several or more
cubic wavelengths. Among their advantages is the multitude of
TE and TM polarized resonances which can be used to couple to
emitters of various orientations at visible and NIR wavelengths.
Initially fabricated in 3C-SiC based on thin-film epitaxy
techniques on silicon undercutting the underlying silicon
substrate, 1 %1918¢ with 2 maximum Q factor around Q ~
25000. Microdisks in 4H-SiC were first fabricated through
photoelectrochemical etching in p-doped SiC'®” with quality
factors approaching Q ~ 10000 at 2 um diameters which
enhanced the emission of the intrinsic material PL in the 600—
900 nm range. Similar devices were subsequently implemented
in 3C-SiC on silicon using plasma and gas phase etching,'*®
where experimental differentiation between TE and TM
polarized modes was achieved. In further efforts to integrate
emitters with microdisks in 3C-SiC, surface oxidation induced
single photon emitters were precharacterized and aligned with
the device pattern resultin§ in up to 1900 quality factor
whispering gallery modes.'® Increasing the diameter of the
device above 10 ym reduced losses to Q ~ 50000, however,
the increased mode volume rendered these devices less
appealing for emitter integration due to the overall reduction
in light—matter interaction strength. Integration with an external
nanodiamond has also been explored to enhance diamond color
center emission in a hybrid device.'” Microdisk resonators were
fabricated in 4H-SiCOI using smart cut and achieving quality
factor around 5000."”" Microdisk resonators with over 7 million
optical Q based on 4H-SiCOI wafer-bonding and thinning
techniques, as described below, have been used to enhance
second and third order harmonic generation and frequency
combs and they are among the most promising nonlinear optical
devices in this material.”” The applications of SiC microdisk
resonators include probing of the breast cancer cells'”> and
torsional resonators.'”’ Microdisk resonators in SiC have also
application in opto-mechanics'”*™'*® due to SiC excellent
mechanical properties reaching high mechanical Q ~ 10° and
high (3—30 MHz) frequency. This permits sufficient strong
opto-mechanical mode coupling to observe thermal Brownian
motions of mechanical modes at room temperature.'”’

Silicon Carbide on Insulator (SiCOl): Toward Inte-
grated Chips. A strong research effort is currently devoted to
the creation of integrated photonics chip comprising different
elements on a SiCOI platform.

Using the wafer bonding and thinning down technique
described above, Lukin et al. integrated single quantum emitters
(silicon vacancy centers) into suspended nanophotonic SiC
resonators.”” Thanks to the low waveguide loss (<0.5 dB/cm),
record cavity photonic crystal quality factors of up to Q ~ 1.5 X
10* were achieved, leading to a 120-fold improvement of the
fluorescence rate of a single emitter.

The unparalleled and unique versatility of the SiCOI
approach is further highlighted using SiC microring resonators
in nonlinear optics experiments. Initial experiments showed
second harmonic generation efficiencies of up to 360%/W,
suggesting that on-chip quantum frequency conversion from the
emission wavelength of silicon vacancy centers to the telecom
range could be achieved with pump powers below 1 mW.
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Figure 6. Summary of the most recent photonic cavities in SiC, from top left to the right and below: 4H-SiCOI 1D suspended nanobeam array
photonic crystal, reprinted with permission from ref 39. Copyright 2020 Springer Nature; suspended microring resonator obtained undercutting
silicon from 3C-SiC thin film hepitaxially grown and optimized with high temperature annealing in oxygen, adapted with permission from ref 172.
Copyright 2020 The Optical Society; microring resonator fabricated with an optimized smart cut technique in 4H-SiC, reprinted with permission from
ref 59. Copyright 2019 The Optical Society; 3C-SiCOI microdisk resonator reprinted with permission from ref 168. Copyright 2019 The Optical
Society; 4H-SiCOI photonic crystal cavity reprinted in part with permission from ref 75. Copyright 2019 The Optical Society; 4H-SiCOI microring
resonators obtained by wafer bonding, undercutting and thinning reproduced with permission from ref 39. Copyright 2020 Springer Nature; 4H-
SiCOI ring resonator reproduced with permission from ref 19. Copyright 2020 The Optical Society; 4H-SiC microdisk resonator, reprinted with
permission from ref 73. Copyright 2021 Springer Nature under https://creativecommons.org/licenses/by/4.0/.

Subsequent improvements in nanofabrication reduced wave-
guide loss to 0.38 dB/cm, resulting in quality factors exceeding
one million, which enabled efficient FWM and generation of
telecom-wavelength—frequency combs with pump threshold
levels comparable to silicon nitride devices.” Those results
showed further that the intrinsic optical absorption of 4H-SiC is
well below 0.1 dB/cm. In more recent work, the fabrication of a
ring resonator a Q = 5.6 X 10° has been reported, with losses 0.08
dB/cm.** Arecord Q = 6.75 X 10° was recently demonstrated on
a 4H-SiCOI platform microdisk resonators, enabling multiple
order frequency generation, cascaded Raman lasing, broadband
Kerr frequency combs from 1300 to 1700 nm.”” It will be
interesting to explore whether those loss levels can be reached
toward achieving ring resonators with quality factors exceeding
10".

To use SiCOI devices for quantum communication, where
optical losses need to be minimized, as amplification is not
possible, one crucial challenge is to improve coupling efficiencies
from on-chip waveguides to optical fibers, gpotentially using
adiabatic transitions in tapered waveguides.'”*'"”

A summary of various photonic cavities recently fabricated in
SiC and SiCOI as comparison with progressively higher quality
factor (in the near telecom or telecom wavelength) is provided
in Figure 6.

B QUANTUM PHOTONIC TECHNOLOGIES

Single Photon Emitters. Most of the color centers
described above have been optically addressed at the single
defect level showing single photon emission.”'*'**® The
brightest SPSs in SiC have been observed in the visible range
(649—677 nm) assigned to CqVc™ in 4H-SiC, cubic 3C-SiC
nanoparticles,””” and 3C-4H SiC nanotetrapods.””’ Fully
polarized SPSs in a broader visible region (545 to 750 nm)
were formed also bZ annealing,202 oxidation at 800° in SiC
polytypes substrates,”** by wet-oxidation 4H-SiC MOSFETs,***
their physical origin appears at the SiC/SiO, interface,”’” while
they have unknown structure assignment; also a 3C polytype
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inclusion during epitaxial 4H-SiC growth has not been excluded.
Their unknown origin limits their on-demand localized
engineering and their spectral diffusion is a limitation for
application in quantum technologies. Due to the variety of SiC
emitters in this spectral region, their spectral purity and
integration within photonic cavities has not yet been fully
investigated. The Vy; has been studied as a SPS in 4H-SiC*"3*
for all its optical transitions associated with the cubic and
hexagonal sites, known as V1, V1’, and V2, depending on their
location in the lattice and degeneracy of the excited state. For
this defect, the verification of the single photon indistinguish-
ability has been demonstrated, regardless of the lack of the
center inversion symmetry, using solid immersion lenses.’® The
use of this defect for spin-photon interface will be discussed in
the next section. The spectral broadening of this emitter has
been measured to be 24 and 40 MHz, which is close to its
Fourier-transform limited lifetime of 22.5 MHz.>® To further
narrowing its line width, a combination of charge depletion in
ultrapure material and annealing can also be used, also
improving spin measurements fidelity. The neutral VV was
also characterized as a SPS in 4H-SiC at 20 K,'®” however, due to
the low count rate, photon collection enhancement, and control
is here essential. The ZPL line width of these emitters is close to
their lifetime limit, which is &#11 MHz, with a measured spectral
broadening from 80 MHz'"” to a lowest of 20 MHz.** A SPS in
the near telecom region in 3C-SiC,*°® with an optical transition
lifetime less than 1 ns, room temperature operation, and high
saturation count rate has been studied, however, the unknown
origin not related to known defects, but rather to exciton
recombination process of electrons and holes, the unknown
spectral broadening can limit its application in quantum
technologies. Array of nitrogen-vacancy NV were created
and room temperature SPS demonstrated,'"”""® showing full
emission and excitation polarization for on-axis emitters and a
high single-photon purity. A low-temperature SPS from shallow
(100 nm from the surface) implanted neutral vanadium (V) was
observed using in-resonance excitation'”* and its spectral
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stability assessed, showing the absence of spectral jumps with a
750 MHz line width (much larger that the lifetime limit ~1
MHz), broadened by electrons and nuclear spins in the local
environment.

From the point of view of SPSs, SiC has not yet achieved the
same single-photon purity and indistinguishability of the current
state of the art groups III—V quantum dots in micropillars.

In this respect, the current challenges are related mostly to
defects spectral broadening due to doping and nanofabrication
residual charge traps, however electrical and doping control
together with passivation methods are available to reduce these
effects and further increase the coupling, photon collection
efficiency, and spin-coherence within a planar photonic crystal.
One of the main open problems of SiC SPSs is the yield of
fabrication and accuracy in localization of the color centers by
using current low energy focused ion beams®” or laser writing
techniques.””***” One of the clear advantages of SiC SPSs is in
their optoelectronic properties used to control color centers,”*
ranging from electrical excitation, electrical spectral tuning and
broadening control, as shown in currently achieved SiC
quantum-LED.*'*7>"?

Collection Enhancement and Control. The high
refractive index of SiC (n ~ 2.6) limits free-space out-coupling
of the centers emission due to large total internal reflections at
the bulk material/air interface. Micro- and nanophotonic
structures are therefore essential for their application to
quantum technology. We discuss here solid immersion lenses
and nanopillars used to improve the collection efficiency of SPSs
in SiC.

Solid Immersion Lenses and Nanopillars. In the past
decade, nano- and micropillars are being used extensively for
enhancing SPS for quantum emitters such as color centers in
diamond and for some of the low brightness color centers in SiC
such as the Vg7, VoV @) and NV (*"*" and erbium.*"
The primary goal is to improve the collection efficiency for
detection of single emitters’’ and for quantum sensing
applications in ensemble emitters.”’> The experimental
fluorescence enhancement values observed compared to bulk
are around a factor of 10 and at the most of 20, while numerical
models %enerally predict a much higher enhancement, up to 100
t0200.”"® One of the challenges is the positioning of the emitters
inside the nanopillars, as the maximum fluorescent enhance-
ment is observed for pillar diameters approximately half of the
emission wavelength and for the dipole positioned at about half
wavelength from the top. Limiting factors are the emitters broad
emission at room temperature, as the nanopillar enhancement is
wavelength-dependent, and the dipole emission, which is
generally out of plane.”’® Further enhancement could be
achieved by adopting metal-dielectric pillar resonators.”'® In
particular, out of plane dipoles coupled to nanopillars may in
principle achieve a free space enhanced collection efficiency up
to 40—60%, but their single fiber coupling performance may be
not optimal as the nanopillars transmission mode does not
overlap well with the propagation mode of a single-mode fiber.
Other nanostructures could be used for improving single mode
fiber collection efficiency such as optimized inverted nano-
cones.”!”

Solid immersion lenses are typically a good choice to limit the
impact of total internal reflection. Solid immersion lenses have
also used to enhance optical collection from V(™) and a scalable
method to fabricate them, based on resist reflow and etching, has
been demonstrated,””* while with a lower fluorescence
enhancement compared to nanopillars.”!
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Integration in Electronic Devices: Charge-State Control
and Spectral Stability. In contrast to diamond which hosts
similar SPSs and spin-defects, SiC is a technologically mature
semiconductor, with established recipes for growth, doping, and
fabrication of power-electronics devices. Integration of quantum
spintronics with microelectronic functionalities opens the way
to novel opportunities not available in diamond. Integration of
spin centers into the intrinsic region of a p-i-n diode, for
example, enables deterministic control of the center different
charge states, each with its unique spin and optical proper-
ties.” " Similarly to previous experiments on NV centers in
diamond,*'® this could be used, for example, to switch between a
S =1 spin state that allows interfacing to photons and nuclear
spins, to transfer quantum states from a quantum network to the
quantum memory, and an § = O state which, by removing
coupling to nuclear spins, protects the quantum states from
external noise transmitted through the electron spin. Electrical
control of the charge state of single Vg has been proven,”
permitting to enhance electrically the photon emission rate and
establishing a route to deterministically control the charge state.
A recent experiment with VV* has shown that, when operating
the p-i-n diode at cryogenic temperature, one can observe broad
Stark-shift tuning (>850 GHz) of the spin-selective transitions
in the ZPL and a >50X line width narrowing, close to the lifetime
limit, by depleting charges from the environment. This is a
crucial result to preserve the coherence of the spin-photon
interface, since it removes requirements on the physical
parameters of the wave functions of the spin centers to couple
weakly to electric fields, which is hard to control. These
capabilities are only available in a wide bandgap semiconductor
such as SiC, that can support the high electric field required to
deplete charges. Specifically in SiC, this occurs for an electric
field ~1 MV/m* if compared to 4H- and 6H-SiC, with a
breakdown voltage of 2—4 X 10* MV/m, which is about 8X
higher than Si and GaAs.”"”

Spin-Photon Interface. Networked approaches to quan-
tum information processing, consisting of small quantum
modules connected by photonic channels, are receiving
considerable interest for quantum communication and comput-
ing. This paradigm, with quantum modules operating as
quantum repeaters, can mitigate the issue of bit-rates decreasing
exponentially with distance (due to optical losses) in quantum
communication. Depending on the protocol to be used,**°
photons only have to travel half the distance of the network link,
which greatly increases the success-per-attempt, and con-
sequently the overall bit rate. On the other hand quantum
repeaters comprise a memory, mitigating the requirement for a
correlated arrival of photons on a beam splitter. A future
Quantum Internet would cascade several quantum repeaters,
leading to a subexponential decay of the bit-rate with distance
and paving the way for global sharing of quantum information.
In the field of quantum computing, networking small quantum
processing units through noisy and nondeterministic photonic
channels is one of the most promising approaches toward noisy
intermediate-scale quantum (NISQ) machines,”*"*** poten-
tially even stretching to fault-tolerance. While several designs are
currently being explored, implementations based on interfacing
photons to individual solid state spins*** have been particularly
successful due to the long spin coherence times that can be
achieved in host materials with low nuclear spin concentrations.

The requirements for an on-chip integrated spin-photon
quantum module are as follows:
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Figure 7. Spin-photon interfacing. (a) Schematic toward interfacing (frequency-encoded) photonic cluster states with spin-based quantum memories.
The stationary multiqubit system comprises a single Vg; center in SiC, coupled to nearby nuclear spins, here indicated by a *Si spin. The V; center’s
robust spin-photon interface allows generation of multiphoton quantum states, for example, encoded in spectral-temporal modes. (b) Typical
spectrum of a single V; center in high quality 4H-SiC. The two resonant emission lines in the ZPL are associated with spin-conserving transitions in the

spin subspaces m; = +- (A,) andm, = i% (A,). Quite remarkably, nearly transform limited line widths are obtained, despite strong above-resonant

excitation conditions. (c) Two-photon interference beat note in a Hong-Ou-Mandel-type experiment. Via coherent spin control, subsequently emitted
photons have alternating color (as indicated in (a)). The beat note frequency equals the frequency difference between the A; and the A, optical
transitions. Nonunity contrast is almost exclusively explained by nonideal spin manipulation. Image reprinted with permission from ref 36. Copyright
2020 Springer Nature under https://creativecommons.org/licenses/by/4.0/.

e An electronic spin with long coherence time, which can be
initialized, manipulated, and readout (ideally in a single
shot) with high fidelity. It should include the capabilities
to address additional qubits, such as nearby nuclear spins
to enable quantum error correction, entanglement
purification, and quantum computational tasks.
Coherent spin-photon interfacing requires spectrally
stable, coherent spin-selective optical transitions, as
close as possible to the lifetime limit. Photon distribution
in (fiber) optical networks requires access to the O, C, and
L telecom wavelength bands (1260—1360 and 1530—
1625 nm). This may be achieved with systems that emit
directly at those wavelengths or via noise-free quantum
frequency conversion devices. The latter one could also be
used advantageously to compensate wavelength differ-
ences among different emitters.”**

The possibility to develop a high-quality nanophotonic
platform to enhance the light—matter interaction at the
level of single quanta, for example, a deterministic (high-
cooperativity) interaction between a single spin and a
single photon without degrading the emitter optical and
spin properties. In particular, optical cavities are required
to increase photon generation rates and to improve
collection efficiency. For an emitter coupled to a cavity,
the spontaneous emission rate is enhanced and the
lifetime is shortened by the Purcell factor F, ~ Q/V,
where Q is the cavity quality factor and V is the mode
volume. Scalability considerations require this platform to
embed all standard integrated photonic circuitry and to be
fully compatible with industrial nanofabrication stand-
ards.

SiC provides long spin coherence time in a technologically
mature platform, with several spin centers holding the promise
to fulfill the requirements above. SiC is thus emerging as a viable
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material for the implementation of quantum spin-photon
interface protocols””'* for remote entanglement and quantum
networl<s,24’31’36’225 quantum computing,7’226 and quantum
sensing, 3414345107

Resonant spin-photon interfacing has been studied exten-
sively with the lower excited state manifolds of the V1 and V2
silicon vacancy (Vg;) centers in 4H-SiC.>*3%*91% The V1 (V2)
optical emission is characterized by an excited state lifetime of
5—6 ns' P3P and a ZPL peak at 862 nm (917 nm) with a
Debye—Waller factor of 6—8% .>*'** For both defects, optical
transitions between the ground state and the lower excited state
have been identified to be spin-conserving and linearly

424148 +

. . 1 3

polarize As the spin states m; = =~ and m, = += are
2 s 2

pairwise degenerate, a typical resonant absorption spectrum

shows two distinct lines. They are labeled A, for the transition
linking the m, = i% and A, for the m, = i% subspace, see
Figure 7b. The spin-selectivity of the optical transitions has
enabled high-contrast quantum state readout, while additional
nonradiative decay channels involving metastable states show
little spin selectivity and have thus been used for deterministic
spin initialization with fidelities up to 97.5% .**'** In the
perspective of developing quantum optical networks with Vg;
centers, the rather strong coupling from the excited to the
metastable states leads to a low cyclicity of the optical transitions
(<10), which may be detrimental toward achieving single-shot
readout and the emission of multiphoton states. However, this
issue can be solved with the successful integration of Vg into
nanophotonic resonators that enhance the optical emission rates
far beyond the intersystem-crossing rates.

The combination of high-fidelity initialization and readout has
subsequently allowed to observe coherent dipolar interactions
between a single V1 Vg, center and a single weakly coupled **Si
nuclear spin.2 Subsequently, a waveguide-integrated V2 center
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was used to control two nearby *Si nuclear spins with gate
fidelity well-above 90%.*

A vparticularly interesting property of Vg~ centers in n-type
SiC with low nitrogen concentration ([N] <2 X 10" cm™) is
their excellent spectral stability at cryogenic temperatures, which
is on-par with state-of-the-art inversion symmetry defects in
diamond, that is, the measured line widths are near transform
limited and free of spectral diffusion.”* Initially, it has been
suspected that this is due to a near-identical electron density in
the V;~ center ground and lower excited states, which eliminates
coupling to stray electric fields in an elegant fashion."*® With this
model, strong optical transitions are still achieved due to an
alternating sign in the ground and excited wave functions.
However, subsequent measurements showed that the absorp-
tion wavelength of Vg~ centers can be tuned via electric
fields*”**” with tuning coefficients close to the one of NV
centers in diamond. This, therefore, requires more thorough
studies to explain the excellent spectral stability of V™ centers.
Regarding the short time-scale line width of Vg~ centers, a
sizable broadening was only observed at temperatures T > 5 K
for V1 and T > 20 K for V2 due to acoustic phonon scattering
with higher lying electronic states.’®**

Remarkably, Morioka et al. showed further that even high-
power above-resonant excitation does not induce any
degradation of optical properties.”® They used repeated
picosecond excitation pulses and collected consecutively
emitted ZPLs photons, which were subsequently used in
Hong-Ou-Mandel type experiments. They showed two-photon
indistinguishability exceeding 90%, which is comparable to the
quantum dot,”****° diamond,**’ and single-molecule plat-
forms.”*" Additionally, they took advantage of the Vg, center’s
unique spin-photon relation to spin-control the color of
consecutively emitted photon pairs with high fidelity (Figure
7c). This proved that Vg centers provide a coherent interface for
generation of spin-photon entanglement and multiphoton
cluster states, encoded in the frequency and time domains.
Moreover, additional spin-photon entanglement generation
schemes have been proposed.'*”'*® Combined with coherent
multiqubit spin control,”* the system possesses all the
requirements toward generation of network-relevant highly
entangled states comprising multiple stationary spin qubits and
multiphoton (cluster) states”*” (Figure 7a). The remarkable
spectral stability of Vg~ centers makes them also a prime
candidate for integration into nanofabricated devices®”'®® in
which electric field fluctuations are usually more prominent than
in pristine bulk crystals. In this regard, a recent work showed Vy;
centers retain the excellent spin-optical properties even after
defect generation using ion bombardment and after integration
into nanophotonic waveguides.”®

The successful integration of Vg centers into resonant
enhancement structures will be crucial toward their usability
in quantum applications. On one side, such resonators can
increase the Debye—Waller factor from 6 to 8% to several 10%,
thus maximizing the chance that a spin-photon entanglement
generation attempt is successful. This is particularly important
for the generation of multiphoton cluster states where multiple
successive attempts have to be successful. Additionally, resonant
enhancement of the radiative channels is required to improve
the cyclicity of the optical transitions toward achieving single-
shot spin state readout.”>” In this regard, it shall be mentioned
that one of the “built-in” features of V§; centers in 4H-SiC seems
to be the separation of the optical lines by close to 1 GHz.”*'*!
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This limits the maximum Purcell enhancements that can be
achieved before the optical lines show spectral overlap.

Further, a scalable integration of Vg centers into nano-
fabricated devices will likely require external spectral tuning
mechanisms to precisely match the resonant emission lines and
line widths of multiple emitters. In this regard, recent studies
showed that Vg centers possess a remaining electric field
sensitivity, such that intense electric fields can be used to tune
the emission lines by 200 GHz,*”'*° which exceeds the
inhomogeneous spectral distribution by at least 1 order of
malgnitude.24’36’15 In addition, Lukin et al. showed that, by
modulating the electric field faster than the excited state lifetime,
arbitrary spectral features could be engineered,” providing a
powerful method to match spectral features not only with other
Vy; centers, but also other different optically active quantum
systems in a hybrid quantum network.

At the same time, it should be noted that a successful
integration of V§; centers into resonant enhancement structures
seems to be critical in order to increase fluorescence rates and
single-shot spin state readout fidelity for application-relevant
tasks. In this sense, significant lifetime shortenings have already
been observed for V1’ centers integrated in photonic crystal
cavities. So far, cavity experiments have focused only on the
emission from the higher excited state manifold of V1’714 for
which spin-selective excitation has not yet been demonstrated.
Future research will be outlined to enhance the emission from
the lower-lying V1 and V2 excited state manifolds.

Network-relevant SiC spin-photon interfaces are also
available using divacancy centers. Their energy level structure
is similar to NV centers in diamond,">” which allows them to
take advantage of well-established protocols and routines, and
novel system-specific protocols have been proposed.”** The use
of divacancy centers may even appear favorable compared to NV
centers in diamond, considering their near-telecom emission
wavelength and the higher cyclicity of the optical transitions.">
Divacancies have already been integrated into nanophotonic
structures, achieving a Purcell enhancement of about 50 with an
impressive increase of the DWF from 5% to 75%.”° Although in
these first nanostructures, narrow line widths have not been
reported, several improvements can be made in the SiC host
material, defect generation, and reduction of crystal damage
during nanofabrication. It may also be interesting to combine
these cavity structures with p-i-n diodes to reduce optical line
widths.*” While resonantly enhanced emission from divacancies
will eventually lead to single-shot spin state readout, this
milestone has already been achieved using optically induced
spin-to-charge conversion.” In this scheme, photoionization of a
single VV from the neutral (spin S = 1) charge state to its
negative and dark charge state, enables mapping the defect spin
to the charge state, that can be read-out with a fidelity of 80% in a
single-shot and without the need of a photonic cavity.” The
negative charge state of the VV is dark, and as such, if the spin
state is prepared in the m, = 0, by probing the defect with a 1131
nm in resonance excitation, no emission is observed. The
process is possible because resonance excitation at 1131 nm of
the neutral VV can initialize the spin in the m_ = 0 via selective
spin transitions and a nonradiative transition to a metastable
state, while it is not sufficient to induce charge conversion. When
combined with a red-shifted 1151 nm excitation, the defect is
converted into to its dark state via a two-photon process. This
work by Anderson et al.” also demonstrated a record electron
spin coherence time of S s, placing the divacancy in a leading
position for entanglement distribution in quantum network or
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for ultrahigh sensitivity magnetic sensing. The demonstration of
small quantum information processing units, for example, based
on multiple long-coherence nuclear spins, requires the capability
to control additional qubits. Protocols to control weakly coupled
nuclear spins through dynamical decoupling sequences on the
electronic spin, initially demonstrated for NV centers in
diamond, have recently been extended to the VV in SiC.”*® As
divacancies can be operated at elevated temperature up to T = 10
K before experiencing degradation of optical coherence,"’
multinuclear spin registers should be addressable using standard
cryogenic equipment without any heating issues associated with
microwave and radio frequency control. Overall, Vg and
divacancy centers show very promising features that may be
relevant for the development of next-generation spin-photon
interfaces for quantum network tasks. For both systems,
nanointegration has demonstrated first successful results, and
near-term research will focus on system integration into
photonic crystal resonators while maintaining spin-optical
coherence.

Quantum Sensing. Due to their long spin coherence times
at room temperature and near-infrared emission, Vg; centers
have been predicted to be a viable candidate for quantum
sensing.235 A key feature of Vg centers is that when used in
ensemble all align with the same magnetic dipole orientation
(along the crystal c-axis),'””"*® in contrast for example to NV
centers in diamond, which can be oriented along four different
axes. This greatly enhances the ODMR contrast and thus the
sensitivity. However, recent research has also identified various
other promising candidates, such as the VV center and stacking
fault related color centers.”*® Their higher spin contrast can
compensate for the fact that those centers occur along multiple
orientations.

SiC photonics is essential in quantum sensing applications to
enhance the final sensitivity of the devices, for example by
improving li;ght extraction from the material using, for example,
nanopillars™” or if integrated in a cavity to improve the ODMR
contrast, for example, for the optical in resonance excitation of
the V1 line in the Vg.** It is expected that SiC photonics
integration will play a relevant role also in quantum sensing”*®
by the enhancement of the signal-to-noise ratio of the optical
spin read-out achieved, for example, by a 2D photonic crystal
cavity into resonance with the color centers ZPL,**" to enhance
the overall sensitivity by increasing coupling to a single mode
fiber, to increase speed and magnetic imaging resolution.
Photonic cavities can advance quantum sensing at cryogenic
temperatures, and a recent study suggests that the VV spin
properties are maintained at low temperature.240 Cryogenic
sensors are currently needed in sectors such as aerospace,
defense, energy, and scientific research for sensing fluids at
cryogenic temperatures.241

Due to the demonstrated biocompatibility of SiC,*** one the
applications is in biological sensing. In this regard, SiC
nanoparticles with spin defects can play a relevant role for
enhanced sensitivity and high localization. Efforts are ongoing to
study SiC nanoparticles hosting color centers. Using synchro-
tron-based Bragg coherent X-ray diffraction it has been shown
that in SiC nanoparticles annealing reduces the strain due to the
formation of the various spin defects such as the V; and the
VV.** In addition, SiC nanoparticles as small as 3 nm have
shown room temperature ODMR of the VV with a contrast of
3.5%, paving the way for novel spin sensing nanoprobes.”** This
combined with superesolution imaging”*® could advance
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current spin nanoscopy or nanomagnetic resonance imaging
methods.

Sensing Magnetic Fields. Magnetic field sensing is typically
based on measuring the shift of various energy levels in the
presence of an external magnetic field. The most common
approaches rely on spin-dependent fluorescence emission rates
and controlled mixing of spin populations via microwave
drive."*"?**~*** In this respect, one main challenge for single Vg,
center is the rather low spin-dependent optical fluorescence
contrast and the comparably dim photo emission.*'~*
Although some improvements have been achieved by
integrating Vg; centers into nanopillars,”' sensing schemes are
still limited to DC magnetic fleld measurements. Ensemble-
based sensors achieve sensitivities in optically detected magnetic

-1
resonance schemes of ~10 WT-v/Hz .** It is projected that
improvements in spin manipulation techniques and isotopically
engineered SiC samples can improve the sensitivity to

~300 nT/~/N -\/Hz_l, with N being the number of active

defects in the ensemble. A sensitivity of 50 nT -vHz
recently achieved.”*’

To improve on those results, other SiC color centers are
studied. Room-temperature ODMR has been observed for PL1
(hh)*' V'V, with spin contrast ~4%. VV configurations close to
stacking faults (PL5—7 centers)*** feature high ODMR contrast
on the order of 20—25% and good photon emission rates,””'
which is comparable to NV centers in bulk diamond. Very
recently, an unidentified center in SiC was created by carbon
irradiation and high temperature annealing (1300°). It shows a
prominent ZPL at 1007 nm and ODMR at room temper-
ature.'”® NV, (™) centers in SiC also feature a room-
temperature ODMR signal, albeit with low contrast.""” One
common advantage of all these centers is their near-infrared
emission wavelength, which could play a quite significant role in
magnetic sensing for biological applications due to the higher
transparency of biological tissue compared to the visible range.>”

Ensemble-based ODMR techniques require homogeneous
spin manipulation throughout the entire sensor volume. Usually,
this requires designing complex microwave antennas and/or
shaping microwave drive pulses using optimal control
algorithms.”**”** The need for microwave drive was completely
removed by taking advantage of the piezo-electric properties of
SiC in order to drive spins with acoustic waves.”** Another
microwave-free approach was demonstrated by Simin et al., who
reported all-optical magnetic field sensing with Vg; centers in
isotopically purified 4H-SiC.”> The scheme requires a well-
adjusted offset magnetic field, such that the defects are operated
at a spin level anticrossing. At this point, close to 100%
fluorescence contrast was observed for small changes in the

magnetic field. Initial field sensitivities of ~100 nT-+/Hz “are
projected to be improved by 6 orders of magnitude using light-
trapping waveguides. Remarkably, this sensing scheme was
demonstrated for temperatures in excess of T = 500 K, which
promises robust quantum sensors in harsh environments and
space applications. Moreover, SiC hosts a large variety of defects
covering zero field splitting (ZFS) from a few MHz to several
GHz"** and multiple “quantum-grade” polytypes can be stacked
together.'°>*°! This makes it possible to develop a multidefect
sensor that covers a wide range of offset magnetic fields, thus
further increasing the area of applications.

A major challenge associated with optical sensing schemes is
that the signal quality is directly limited by the sensor’s optical

-1
‘was
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Figure 8. Magnetic field sensor based on PDMR with V§; centers in 4H-SiC. (a) Relevant energy level scheme of Vg; centers. Spin-conserving optical
excitation from the ground state (GS) to the excited state (ES) is indicated by a red arrow. Spin-dependent intersystem crossing occurs via metastable
states (MS). (b) Upon two-photon absorption, the system is ionized and loses its electron to the conduction band (CB). (c) The system can return to
its original charge state by capturing an electron from the valence band (VB), leaving a hole. The electron—hole pair can be separated, leading to a
photocurrent. (d) SEM image of the sensing device (false color coded). The zoom-in shows the relevant sensing area, which has been etched to obtain
an optical opening. (e) Comparison of traditional ODMR and PDMR Zeeman splitting signals, showing a near-perfect overlap. Image reprinted with
permission from ref 47. Copyright 2019 Springer Nature under https://creativecommons.org/licenses/by/4.0/.
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detection efficiency. Optical power loss is due to Fresnel
reflection at the SiC crystal surface, material absorption, and
limited light collection efficiency. In addition, especially for near-
infrared emitters in SiC, photodetector efficiency is generally
fairly low. At this point, the semiconductor properties of SiC can
demonstrate their unique potential and strengths. Recent work
demonstrated room-temperature photoelectric detection of
magnetic resonance (PDMR).*” As shown in Figure 8a—c, the
technique relies on spin-dependent photoionization processes,
that is, upon two-photon optical excitation, a color center may
lose one electron to the conduction band, and subsequently
return to its original charge state by capturing an electron from
the valence band. The created electron—hole pair is then
converted to an electrical current in a metal—semiconductor-
metal junction, and directly measured after an on-chip
transimpedance amplifier (see Figure 8d). So far, the principal
functionality of the scheme was demonstrated (Figure 8e), and
future research will be outlined to boost the sensitivity beyond
previous diamond-based concept studies.”**™***

Further steps toward ultra compact and robust sensors have
been pioneered by Cochrane et al, who demonstrated
electrically detected magnetic resonance (EDMR) close to
zero magnetic fields.””” The sensor is based on measuring
changes in the electric current in a SiC p—n junction. Early
demonstrations with a sensor setup covering only about 1 cm?

showed a sensitivity of 440 nT-+/ Hz_l, and further optimiza-

tions are predicted to result in ~1 nT-VHz _1.

Sensing Temperature, Strain, and Electric Fields. Due to
their infrared optical emission, thermometry with nanoscale
color centers in SiC holds great promise for in situ monitoring of
biological intracellular processes. Traditional schemes are based
on measuring a temperature-dependent change in the ground
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and excited state ZFS. Kraus et al. demonstrated that Frenkel
pairs (Vg—Si;) show a ground state ZFS shift of up to —1.1
MHz/K, which can be directly observed in ODMR experi-
ments.*” On the other hand, V¢, centers in SiC show a significant
temperature-dependent change in the excited-state ZFS. Initial
experiments inferred the ZFS by applying external magnetic
fields in order to identify the anticrossing at which a change in
fluorescence emission is observed.>*> Furthermore, recent low-
temperature experiments on Vg centers in high-quality SiC
showed that the temperature-dependent excited-state ZFS can
be inferred directly by measuring the optical absorption line
separation of the spin-dependent transitions.”® As the ground
and excited state g-factors of Vg centers are identical,** the
optical line separation is not affected by magnetic fields, such
that the method can be applied in arbitrary external magnetic
fields. An interesting feature of Vy; centers is that their ground
state ZFS is insensitive to temperature changes, thus permitting
to implement a sensor that can unambiguously and
independently infer both temperature and magnetic fields.
Electric field and strain sensing with color centers is
traditionally based on inferring ZFS shifts, which are usually
more prominent in the excited state manifolds. Both Vj;
centers'”*® and divacancy centers in SiC can be used for
sensing electric and strain fields, however, the latter shows much
higher sensitivity (up to twice as much as NV centers in
diamond), which makes them preferable for those measure-
ments. By measuring changes in the absorption line frequencies
and ground state ZFS of divacancy centers, Falk et al.
implemented strain and electric field sensors.”*® Microscopic
electric field and strain sensors have been subsequently realized
using VV and Vy; centers in 4H-SiC. The demonstrated methods
use the fact that the fluorescence emission pattern of any defect
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depends strongly on its electronic charge environment, which
influences the wave functions of the ground and excited states.
By measuring the related energy level shifts, one can then gain
access to the microscopic electronic (and strain) environment
and the available electron density. To control and readout the
charge state, all-optical schemes are sufficient,”>>"** resulting in
sensitivities of 41 + 8 (V/cm)z'\/H__1 for AC electric
fields.”!

Additionally, another method for 2D vector electric field
sensing with sensitivities down to 1 V/cm. The method takes
advantage of the fact that VV centers exhibit bright and dark
fluorescence emission depending on their charge state (neutral
or negative). Using Electrometry by Optical Charge Conversion
(EOCC) to dynamically control the charge state of VV centers,
in conjunction with homodyne detection schemes, Wolfowicz et
al. demonstrated that the rate of photoinduced charge
conversion is sensitive to electric fields.”® A likely explanation
for this phenomenon are changes in the various ionization and
capture cross sections of the defect.

B CONCLUSIONS AND OUTLOOK

In this section, we give a brief outlook about what the current
research challenges are for the field of SiC classical and quantum
photonics, in particular, with respect to integrated photonics,
single photon sources, spin-photon interfacing, and quantum
sensing.

Photonic Technologies. While SiC has been for many
years a material mostly used for power electronics applications,
its excellent optical properties are currently being harnessed to
develop photonic components. The main limitation toward
large-scale photonic integrated circuits in SiC is the difficulty to
obtain optical-grade thin membranes with minimal roughness,
low absorption and uniform thickness across a large area. As we
have discussed, a promising route being taken by different
groups is to develop large-scale, high-quality SiC on insulator
(SiCOI), though different techniques such as smart-cut or wafer
bonding/thinning. SiCOI obtained by these techniques has
already been used to fabricate high quality photonic resonators
for classical PIC. For SiCOI fabricated using the smart-cut
technique, the quality factor of resonators is limited to 10°
unloaded and 10* when spin defects are integrated. This is
currently in-par with other platforms such as diamond in regards
to spin defects integration.'*°

While this effort is at the moment mainly limited to academic
research, recently SOITEC, a company commercializing SOI,
has announced the fabrication of high-quality SiC wafers
obtained with smart cut, to reduce the carbon footprint of
growing SiC epilayers, applying the same approach as SOL>* It
can be thus be foreseen that SiCOI production will soon be
scaled up to an industrial level, providing a major boost to
further development of photonic components.

Several types of nonlinear devices have been already
demonstrated in SiCOI, in particular for frequency conversion,
frequency comb generation and electro-optical modulation. An
ongoing challenge is the integration of multiple components on
the same chip, to deliver complete photonic circuits.

One interesting opportunity is the integration of photonics
with electronics on the same platform. In particular, the
utilization of CMOS electronics within integrated photonics is
akey for further advances in PIC. This has in fact been one of the
major element for the progress of Si PICs.”*’ In a recent
demonstration in Si the photonics-electronics integration
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enables electrical control of a coupled ultrahigh-quality-factor
nanocavity system on a silicon chip, transferring the confined
photons from one to another cavity.”** A similar idea could be
applied to SiC. In this respect the main advantage of SiC
compared to Si would be the high breakdown voltage (which
would enable for example larger frequency tuning ranges of
resonators by applying larger electric fields), strong thermal
conductivity, lower absorption, good thermal stability, and
broadband transparency. In addition to electronics and
photonics integration as in Si, SiC also promises spintronics
integration and could stimulate other applications, for example,
in neuromorphic computing.

Quantum Photonic Technologies. Given the recent
advances in material growth and nanofabrication,*®'*’
SiCOI*"**' s uniquely placed for bridging the classical and
quantum photonics gap for QPICs.

The SiCOI platform could offer the possibility to integrate
quantum emitters that provide high-quality spin-photon
interfaces and quantum memories, with electrical control of
their emission frequency and their spectral stability. The
quantum emitters could be embedded in high-quality resonators
with high Purcell factor, to boost the fraction of radiation into
the coherent zero-phonon line, usable for quantum interference
experiments. The collected emission could then be guided
through different on-chip photonic components providing
nonlinear frequency conversion, electrical modulation and
filtering. We therefore believe that SiCOI is uniquely positioned
to enable all-integrated quantum information devices, where all
processing is done on-chip.

Further progress could pave the way for future photonic spin-
photon interface quantum networks architecture®®® and
integrated photonic circuits.”***®” Near-future developments
will certainly focus on demonstrating several functionalities on
one chip, such as generation of entanglement among multiple
emitters in cavities via on-chip photonic interference, on-chip
light generation and quantum frequency conversion, as well as
on-chip integration of superconducting nanowire single photon
detectors (SNSPDs).***

As for the classical applications described above, the
integration of electronics with photonics could have a major
impact for quantum technology, for example, for tuning the
frequency of spin-selective optical transitions and preserving
their spectral stability.*” This caé)ability is otherwise only
available in the III-V platform,2 ® which is, however, less
appealing from the spintronics point of view due to short spin
coherence times induced by a large concentration of nuclear
spins.

Single Photon Sources. The visible SPSs in SiC are among
the top brightest quantum emitters in any bulk material at room
temperature, and their spectral emission should be further
controlled either electrically or by passivation methods to
achieve indistinguishability and frequency conversion for
quantum communication applications.”>*?>*°**'® Their full
identification and charge state conversion should be pursued for
applications in electrical control and detection. Due to the
variety of possible quantum emitters in the visible in SiC, the
challenges are to isolate and better determine the origin for their
on demand en§ineering and control, particularly in nanocrystals
of SiC.>°%****7% While color centers are currently mainly
investigated for QPIC, due to high nonlinear second and third
order coefficients, SiC photonic cavities could be used to create
quantum states of light based on spontaneuos parametric down-
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conversion (SPDC) and spontaneous four-wave mixing
(SFWM) in SiC as an alternative quantum source of light.**

Spin-Photon Interface. Several challenges are still out-
standing in relation to the implementation of spin-photon
entanglement for future SiC-based quantum networking
devices.

One of the challenges is the spectral stability of the spin-
selective atomic-like optical transitions typically used for spin-
photon interfacing. As SiC is a noncentrosymmetric crystal, it
does not possess color centers with inversion symmetry (as for
example group-IV vacancy systems in diamond), that are
insensitive to electric fields by group theory considerations. As
such, color centers in SiC are generally much more prone to
spectral diffusion. However, single photon indistinguishability
has been demonstrated using spin conserving transitions in the
Vs, and regardless of its low brightness, among all the color
centers, it is one of the best candidates for spin-photon interface
applications. The other challenge is material damage induced by
the color centers creation and by photonic structures fabrication,
which cannot be fully recovered by annealing within the
temperature ranges where the desired color centers can survive.
A crucial target is the creation of color centers with the same spin
coherence properties of naturally occurring emitters, as well as
their integration in photonic components, while preserving the
same optical and spin properties they possess in pristine
material. Integration of Vg into a photonic structure, while
preserving its spectral stability and spin coherence has been
recently demonstrated together with quantum gates operation
within photonic waveguides.”® At the same time, the
deterministic creation of the V; with the same spin and spectral
properties as the as-grown emitters has been achieved.”® Next
steps will include more deterministic creation of color centers
within photonic waveguide/cavities maintaining the high
spectral stability and long spin coherence to achieve spin-
photon entanglement, quantum operation and strong light
matter interaction enabling single-shot read out and demon-
stration via coupled spin-photon interface 2D photons cluster
states.””!

To implement quantum communication networks single shot
read-out and single mode coupling with high efliciency of the
integrated color centers to fiber should be achieved. Single-shot
spin readout is a key element to achieve entanglement
distribution and quantum error correction, which are essential
to practically realize quantum networks. Single-shot spin read
out also provides an increased signal-to-noise ratio for quantum
sensing.

Deterministic single-shot readout of individual electron spins
in Vg, regardless of the spin selective transition, may be difficult
to achieve due to the absence of a highly cycling spin selective
optical transition without spin-flips in the excited stated.

On the other hand, as discussed above, single-shot read-out
has been achieved for the divacancy (VV) by using spin-to-
charge conversion.” This spin read-out protocol also opens the
opportunity to be extended to electrical detection, potentially
bridging the gap between classical electric devices in SiC such as
MOSEFET and single-charge quantum devices.

Quantum Sensing. The current SiC photonics technology is
already capable of being utilized to enhance the signal-to-noise
ratio, integration, and sensitivity of future devices for quantum
sensing: specifically for magnetic sensing due to the special
dipole orientation of the Vj; or the very long coherence time of
up to 5 s of the divacancy.” As an example, all-optical magnetic
sensing in SiC photonic confinement could achieve up to 6
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orders of magnitude improvement of the current sensitivity of
100 nT/v/Hz.”>® Some of the remaining challenges are the
fluorescence enhancement of color centers emission into single
mode fibers and waveguides. Alternatively SiC can offer
electrical read out of the spin under all-optical excitation in
harsh environment. SiC photonics could in particular enhance
electric and temperature sensing due to the material more
favorable emission dependence on temperature and electric
fields. Finally, the recent discovery of stimulated emission
associated with single VV” and their spin transition could be
utilized in the laser-threshold magnetometry promising pT/
VHz sensitivity.””> Another approach for increasing the spin
read-out contrast for magnetometry in SiC defects such as VV,
could be based on achieving strong coupling in high-Q
macroscopic microwave cavities,””**”* which has recently
shown a 97% ODMR contrast of ensemble of NV center in
diamond microwave read-out and few pT//Hz sensitivity at
room temperature.275

Other Quantum Photonic Technologies. Further improve-
ments in the fabrication of nanocavities with high quality factors
and small mode volumes, combined with the advances in color
center integration, will lead to cavity quantum electrodynamic
effects in the strong coupling regime.276 Here, light—matter
interaction has an intensity that overcomes the losses to the
environment. Multiemitter cavity systems have also been
proposed as a path to reaching this regime.””” Here, the ideal
platforms would be the ones with little to no strain unaffected by
inhomogeneous broadening, such as those recently demon-
strated in triangular SiC devices.”® The emergent polaritonic
physics of strongly coupled systems will have applications in
quantum light generation,””**’” quantum simulation,”****' and
low-power optical switching.”** By using weakly pumped FWM,
heralded single photons and energy-time entangled pairs can be
generated. Recently using FWM in SiC integrated ring
resonators, the quantum optics of the soliton microcomb has
been studied,®* paving the way for multimode quantum resource
using optical combs.””
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