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Abstract

This review provides a forward-looking perspective on chip-scale quantum sensors based on
integrated silicon carbide (SiC) photonic platforms. Although SiC quantum sensors, which utilize
atomic point defects such as silicon vacancies and divacancies, are powerful tools for nanosensing,
their performance in bulk-material configurations is often limited by factors such as poor photon
collection and inefficient optical control. The novelty of this work lies in its focused analysis of how
SiC photonic integration-leveraging components such as as waveguides, resonators, and
metasurfaces can overcome these fundamental limitations. We explore how these integrated
platforms enhance light-matter interactions, boost readout fidelity, and enable precise control over
quantum states, providing a direct pathway to surpass the sensitivity of current bulk-material
sensors. By synthesizing recent breakthroughs in SiC photonics with advances in materials science
and quantum control, we outline a scalable road-map for developing high-performance,
wafer-deployable quantum sensing systems for applications ranging from biomedical imaging to
navigation in harsh environments.

1. Introduction

Quantum sensors are revolutionizing metrology, offering unprecedented sensitivity for detecting a wide
range of physical quantities at the nanoscale, including magnetic fields, temperature, electric fields, and
strain [1, 2]. These devices exploit quantum coherence and spin-dependent transitions to achieve
measurements beyond classical limits, enabling breakthroughs in both fundamental science and applied
technology. Among various platforms, point defects-based solid state quantum sensors in wide bandgap
semiconductors, particularly color centers, have attracted significant attention due to their robust quantum
coherence and their potential for miniaturization and operation in diverse environments from cryogenic to
high temperature [3]. Their atomic-scale nature allows for nanoscale spatial resolution, while optical
addressability enables noninvasive readout in complex environments.

Silicon carbide (SiC) is emerging as a compelling material for these sensors, offering advantages over
diamond, such as wafer-scale fabrication, mature micro- and nano-fabrication techniques, available
micro-electronics, compatibility with existing silicon technology, and high-temperature operation [4-6]. As
a commercially available semiconductor, SiC bridges the gap between industrial scalability and quantum
performance, making it uniquely suited for scalable quantum technologies when real-world applications are
expected. Intrinsic point defects in SiC, such as silicon vacancy (V;) and divacancy (VsiV2), exhibit
spin-dependent fluorescence in the near-infrared region to near telecom, making them suitable for deep
tissue sensing and imaging in biomedical applications [7]. These defects combine long spin coherence times
with efficient optical spin initialization and readout, even at ambient conditions.

Harnessing the quantum properties of these SiC color centers enables highly sensitive detection of
magnetic fields and temperature, opening avenues for single-molecule sensing and advanced nano-
metrology in harsh conditions [8]. Such capabilities are particularly valuable for applications in extreme
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environments, including high-temperature industrial processes or in vivo biological sensing. Although
significant progress has been made in SiC quantum sensing, recent work demonstrating advanced protocols
such as the use of duplex qubits for enhanced performance [9], integrating these sensors with nanophotonics
and nanoelectronics on-chip is crucial to improve signal collection, improve performance, and realize
scalable, chip-based quantum systems with high spatial resolution [10, 11]. Photonic integration not only
boosts sensitivity but also paves the way for multiplexed sensor arrays and hybrid quantum systems.
Furthermore, the development of integrated sensor arrays opens up future possibilities for applying
advanced computational techniques, such as quantum machine learning, to process complex multisensor
data in real time [12].

This review analyzes the potential of integrated silicon carbide photonic platforms to advance chip-scale
quantum sensing. Focusing on silicon vacancy and divacancy centers for magnetic field detection, it outlines
key strategies and steps toward wafer-scale deployment [13]. By combining SiC’s quantum defects with
advanced photonic engineering, the goal is to develop practical high-performance sensors for applications
ranging from fundamental physics to industrial monitoring and biomedical diagnostics.

2. Solid-state spin defects for magnetometry

Solid-state defects have seen rapid development in the past two decades because of their unique properties,
which could offer a promising path toward scalable implementation of quantum information processing. In
the field of quantum sensing, a few prominent examples are the nitrogen vacancy (NV) in diamond and the
silicon vacancy or divacancy (Vg; or Vg VY ) in SiC, both of which have been employed for room temperature
magnetometry with a small sensing volume compared to the NV in diamond. These magnetometers belong
to the category of optically pumped magnetometers (OPMs), which can operate at room temperature.
Specifically, diamond and SiC can have high spatial resolution and can operate in large background fields
(Earth’s magnetic field), with SiC being more suitable for harsh environment operations at high temperature.

The magnetometer’s figure of merit is the magnetic sensitivity, defined as the minimal magnetic field that
can be detected by the sensor within a given measurement time. We will use this figure of merit in this
manuscript to benchmark current magnetometer demonstrations performance. In addition, the sensing
volume influences the sensitivity, and generally solid-state spin sensors in the ensemble are aimed at sensing
volume of (1072 m?) using bulk materials [14]. By increasing the sensing volume, the number of
interrogated spin sensors increases, and thus the sensitivity increases, while the spatial resolution reduces (see
figure 1). There is a trade-off on these figures of merit depending on the desired use or applications. Larger
sensing volume quantum sensors are desirable for applications such as magnetoencephalography for
large-scale object (mm) sensing, while single spin sensors are more applicable to the investigation of
molecular structures from micrometer to subnanometric scales [15]. However, increasing the sensitivity of
ensemble solid state spin magnetometry such as diamond and SiC, by increasing the sensing volume, is
limited by technical challenges such as achieving a uniform number of spin sensors across the volume with
an efficient optical/microwave interrogation, requiring generally high power and ultimately deteriorating the
spin properties due to dipolar interactions. On the other hand, photonics allows efficient use of micro- and
nanoscale sensing volume and resolution, preventing the improvement of sensitivity by increasing the
number of spin sensors. Photonics relies on achieving high-fidelity read-out of the spins within the confined
volume to enhance sensitivity, maintaining high spatial resolution [16].

In this paper, we will outline various nanophotonic approaches to increase the sensitivity of optical spin
defects quantum sensors in SiC with nano and microscale sensing volume, maintaining high spatial
resolution up to sub-nanometric resolution.

To date, NV in diamond and the Vg; V2 line (917 nm) in 4 H-SiC quantum sensors magnetometry
demonstrations have achieved sensitivities of the order of pT/ V/Hz [17] and nT/v/Hz [8, 18], respectively.

Quantum sensing based on solid state spins requires long spin coherence times for higher sensitivity,
which depends on the environment and can be controlled using spin manipulation mechanisms [3]. The
spin coherence is distinguished in two main components: the inhomogeneous dephasing time T3, which is
intrinsic to the spin qubit, and the homogeneous dephasing time T. In diamond and SiC spin color centers,
the electron spin T; and T are around a few hundreds of microseconds and few milliseconds [3], respectively
even at room temperature, in the best material conditions, as we will discuss in the following sections. Other
parameters are also relevant for the sensitivity enhancement based on the read-out method used.

In the following we will mainly focus on optical spin read-out, as it has been the most studied so far and
focus on DC magnetometry based on optical detected magnetic resonance (ODMR).

This sensitivity of solid-state defects magnetometer depends on the measurement protocol utilized, the
read-out methods, the number of solid-state defect sensors in the sampling material volume, the material
properties such as isotopic purification, doping, centerges, and non-radiative recombination traps, and
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Figure 1. Comparison of magnetic field sensitivity versus sensing volume for various quantum sensing technologies. The plot
includes data for atomic magnetometers, diamond NV centers (in bulk, nanodiamond, and integrated systems), and SiC color
centers (V2 and divacancy). The gray shaded area highlights the projected performance improvements for SiC sensors enabled by
integrated photonic structures such as resonant cavities, metasurfaces, and waveguides. The spatial resolution for different sensor
types is also indicated. Data sourced from [8, 19-31].

finally on the photons collection efficiency (CE) and Purcell’s enhancement of the emission of the solid-state
sensors [14]. The reported sensitivity is still several orders of magnitude below the state of the art of other
quantum sensors such as superconducting quantum interference devices (SQUIDs) and Alkali atom
ensembles in vapor cells (< fT/ VHz) [15] (see figure 1). The current sensitivity of room-temperature OPMs
based on atomic vapor is reported in [30, 31], the authors report sensitivities approaching 0.54 fT/ VvHz,
achieved with a very large sensing volume of 0.3 cm®. More typical, practical atomic magnetometers, as
reviewed by [32], tend to be in the 1-5 fT/+/Hz range. SQUIDs require a bulky and costly infrastructure
including cryogenic cooling. Hall and tunnel magnetoresistance sensors are widely spread in consumers’
electronic devices, e.g. smartphones, with a detection limit typically 1 nT/v/Hz. These magnetometers are
generally applied for large scale sensing.

There is a need to improve the sensitivity in diamond to the fT/v/Hz range for small and large sensing
volumes, and in SiC to reach diamond level and go beyond, but also to achieve parallel quantum sensing and
larger integration.

The existing solid-state defect-based magnetometry mainly on the diamond and emerging in SiC [6, 14],
has the advantage of room temperature operation, can be miniaturized, and can operate in large background
fields. However, they predominantly rely upon discrete and bulk crystal and optical components, which
suffer from technical bottlenecks such as low photon collection/detection efficiency due to excitation and
collection from the top of the sensor and limited optical/microwave (MW)/radiofrequency (RF) access and
controls in the vicinity of the solid-state defects, in addition to inefficient excitation. Using bulk diamond
with large ensemble of NV centers the sensitivity is increased as well as the sensing volume (figure 2). To
build compact, practical, and scalable sensors for applications such as, for instance, in vehicle and biomedical
systems, diamond sensors are miniaturized by combining optical fibers and complementary
metal-oxide—semiconductor (CMOS) architectures, as recently reviewed in the perspective of [33].
Integrating a bulk diamond and the essential components for NV control and measurement such as
microwave generator, optical filter, and photodetector, in a 200 x 200 xm footprint using standard CMOS
technology, quantum magnetometry was demonstrated with a sensitivity of 32.1 T/+/Hz [34]. When
miniaturized their sensitivity drops at the best realization to levels of 344 pT/v/Hz [25] for a fiber integrated
with bulk diamond (sensing volume 0.32 mm?) to 250 n'T/+/Hz for the CMOS-NV sensor prototype
300 x 80 um? area [27], depending on the sensing volume. Using magnetic flux concentrators and NV bulk
diamond portable miniaturized magnetometer has reached sub-nT/ v/Hz [26]. However, these
demonstrations tend to rely on bulk optics, which are typically limited to scales of several centimeters. The
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best miniaturized NV-diamond fiber magnetometer relies on the utilization of bulk diamond material [25].
Another approach to improve the sensitivity of diamond magnetometers is based on optimizing laser
excitation and absorption for example using a high-finesse bulk optical cavity combined with pump-probe
experiments, it significantly enhances the stimulated emission or absorption by the color centers, yielding in
diamond an ODMR contrast for NV of over 42% , with a sensitivity of 7.5 pT/ V/Hz [35], while similar
miniaturized cavities can yield sensitivity of 28 pT/v/Hz [28]. Similarly, using strong coupling to a dielectric
microwave cavity could overcome the optical photon shot noise limitations of conventional fluorescence
readout and provide sensitivity of magnetic sensing of 3.2 pT/v/Hz [29].

While similar miniaturization can also be applied to bulk silicon carbide, more quantum sensor
integration design directly in the material/device, incorporating key optical and optoelectronic components,
is necessary to push this technology to the next level of development for future deployment in real-world
applications requiring real time diagnostics and in-situ monitoring [33]. For example, one approach is to
integrate sensor devices on-chip, based on recent advances in photonic integration in quantum photonic
information and computing processing [36, 37]. While diamond-based magnetometry is very advanced and
in some cases can be more practical than SQUIDs, which require cryogenic temperature, the difficulty to
achieve high sensitivity via miniaturization, mainly suffers from the lack of diamond itself
CMOS-microelectronics compatibility and lack of wafer scale diamond on insulator photonics, for its
broader and actual sensor integration deployment. One step in this direction has been to demonstrate
quantum sensing based on a large ensemble of NV centers in diamond small Q-factor (=1000) microring
resonators [22], where the ODMR contrast reached 25%, the maximum so far detected for ensemble of NVs
close to the theoretical value for single NV of 30%, reaching sensitivity of 1 T/ vHz (1 nT/ v/Hz theoretical).

A primary limitation in solid-state spin-defect quantum sensing is achieving robust and scalable device
integration. A promising solution is the silicon-carbide-on-insulator (SiCOI) integrated photonics platform,
which offers distinct advantages for creating chip-scale quantum sensors based on silicon vacancies and
divacancies. SiC is an industrially mature semiconductor, with current wafer scale production already
reaching ‘quantum grade’ readiness. Being CMOS compatible, SiC enjoys fabrication scalability, controllable
p- and n-doping, and the capability of integrating optoelectronic (photodetectors) and photonic
components for linear and nonlinear light-matter interactions. SiCOI furthermore offers a powerful
platform for photonic integration, where implementation of large-scale circuits for both leveraging
light-matter interaction and on-chip photonic manipulation and processing can be achieved. Low-losses
(2dB cm™!) and high uniformity thickness SiCOI fabrication methods have been optimized to achieve wafer
scale fabrication processing using dopant-selective photo-electrochemical etching to leave an epitaxially
defined intrinsic layer of high purity compatible with color center emission. Photonics fabricated in such
SiCOI showed an high yield of optical elements [38].

3. Silicon vacancy

Among a variety of color centers hosted by the hexagonal 4 H-SiC, this review initially focuses on the
negatively-centerged silicon vacancy (Vyg; ) as it is one of the most extensively studied spin defects for
room-temperature quantum sensing applications in SiC. Its well-centeracterized properties make it an ideal
case study for illustrating the principles of spin-based sensing and the potential benefits of photonic
integration, before introducing other key defects such as the divacancy. Here we focus on the
negatively-centerged silicon vacancy (Vg;) centers at the cubic lattice site, known as V2 line, which
corresponds to a zero phonon line (ZPL) at 916.4 nm [39], spin S = 3/2 [40, 41] and with a Debye—Waller
factor of 8%—9% [42], (see figure 2(a)). V2 has been a use case for room-temperature magnetic field sensing
[43] using bulk irradiated hexagonal SiC with a high concentration of these color centers, more specifically
the 4 H-SiC has been used, as also reviewed in [6]. The V2 line has been intensively investigated as a qubit
spin-photon interface in the more recent years(Vy; ) centers [40—42, 44—67]. The spin Hamiltonian of an § =
3/2 electron spin defect within a nuclear spin bath can be written as:

Fgin =g 1S -Bo+D | 82 - ———~ +E(S§ —s§) +378: Ay T, (1)
j

where g is the isotropic center specific Lande factor (g = 2.0028), up is the Bohr magneton, By is the external

magnetic field, D and E are the is the crystal field splitting tensors, accounting for the zero magnetic field

splitting for the axial (along the spin polarization axis z) or the off-axis component of the spin defect

operator § = (S, S;,, S.), respectively. A is the hyperfine tensor that describes the central spin coupling to

many nuclear spins indexed by j with spin operators IA] The first term represents the electron Zeeman
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Figure 2. (a) Crystallographic sites of V1 and V2 centers in 4 H-SiC. (b) Simplified energy level diagram illustrating the optical
spin polarization cycle of the Vg; defect. Off-resonant optical excitation populates the excited state (ES), leading to
photoluminescence (PL). A non-radiative intersystem crossing (ISC) to a metastable state (MS) preferentially populates the

ms = £1/2 spin sublevels in the ground state (GS). (c) V2 center energy levels showing spin transitions relevant for
magnetometry. (d) Zeeman splitting of spin levels under an applied magnetic field. (e) Simulated CW-ODMR spectra showing
the change in PL at zero field and in the presence of a magnetic field. This is one of the the simplest and main mechanism for
quantum sensing in SiC.

interaction with the external magnetic field By, the second and third terms are the axial and off-axis
zero-field splitting (ZFS), and the fourth term is the hyperfine interaction. Other spin interactions such as
the quadrupole and the nuclear Zeeman interactions, are also involved in the spin centers interaction with
the nuclear spin environment.

For the Vy; the optical spin polarization is enabled by the intersystem crossing (ISC) with a combination
of optical driving, spin—orbit coupling (SOC), and interaction with vibrational modes [58] (see figures 2(b)
and (¢)).

Optical pumping results in a preferential population of either the m; = +3/2 or m; = £1/2 states,
depending on SiC polytype and the V; crystallographic site.

Specifically, for the 4 H-SiC polytype V2 line, it was shown that the radiative relaxation giving rise to V2
emission from the excited state (ES) to the ground state (GS) is a spin-conserving process, e.g. the electrons
with a spin m, = +1/2(+3/2) in the ES will decay only to the m; = £1/2(£3/2) level in the GS [56].
However, there is a competing non-radiative relaxation process mediated by a metastable (MS) or shelving
state with m; = +1/2, located between the ES and the GS. In this process, electrons in the ES from
ms = +1/2(£3/2) would decay first to the MS, and finally to m; = 4-1/2 level in the GS, due to the SOC,
electrons with spin m; = +3/2 experience spin flip decay into the MS. This process called ISC produces a
population imbalance at the GS after multiple optical excitations (figure 2(b)).

The ZFS frequency (vzgs) of the Vg; V2 is 2D = 70 MHz. In the presence of an axial magnetic field at
room temperature, By, along the c-axis, which is also the V2 crystallographic axis, the Zeeman frequency
splitting varies linearly with the magnetic field, for small magnetic fields as v = vzps & gug/hBo. gup/h =
28.032 MHzmT ! is the electron gyromagnetic ratio. A MW/RF excitation provides an induced transition
between magnetic field-related Zeeman sublevels of the V2 with Am, = £1 (figure 2(c)). The resonance
frequencies of the RF excitation are linearly dependent on the external on-axis magnetic field for low values
of the magnetic field, By.

Continuous-wave optically detected magnetic resonance (CW-ODMR) is one of the fundamental
magnetic field sensing techniques in SiC and diamond defects, and even if not the most sensitive, however, its
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simplicity surpasses other methods based on pulsed MW/RF sequences. This is described in the following
and represented in figures 2(d) and (e). It is based on changing the fluorescence intensity when an applied RF
field is resonant with a ground-state spin transition, typically of magnetic quantum number

ms = +1/2 <+ m; = £3/2 . Here laser excitation continuously polarizes the V; centers into the less
fluorescent m; = £1/2 GS, while the RF-tuned near resonance with one of the m; = £1/2 <> m; = +3/2
transitions drive the Vg, population into the more fluorescent m; = +3 /2 state (enhancing the emitted
light). A change in the local magnetic field shifts the resonance feature with respect to the RF, causing a
change in the detected fluorescence. The ground-state transition energies are a function of the ambient
magnetic field through the Zeeman effect. Thus, the ambient magnetic field is measured through the
ground-state transition energy change when it is applied the RF frequency, through a change in the
photoluminescence intensity (figures 2(d) and (e)). By scanning the value of the axial magnetic field, two sets
of ODMR signals with linear behavior can be used for quantum sensing (figure 2(e)). In the simplest
CW-ODMR implementation, the RF frequency is swept across the entire V; resonance spectrum, allowing
all resonance line centers to be determined.

4. Modified divacancy

The divacancy and modified divacancy centers in SiC are the other most studied centers, that also hold
promiises for their implementation in quantum sensing and as spin-photon interface, and can operate also at
room temperature. Another prominent color centers in SiC such as the NV [6] is only mentioned here as
fewer publications are focused on quantum sensing; while the vanadium in SiC [11] is considered more
promising for quantum communication and computing due to low temperature operation. The divacancy
centers in SiC (Vg VY, g = 2.0030) [4, 68-73], are an uncenterged complex consisting of neighboring C and
Si vacancies and have a residual S = 1. They have been studied for single photon emission and single spin
manipulation owing to their long spin coherence times [73] and can be optically [69] and electrically [74]
controlled to reduce the quantum electric and magnetic noise, showing record minutes long spin coherence
[75], therefore are posed to achieve disruptive opportunities in quantum sensing, quantum network and
long distance entanglement distribution [76]. There are four types of confirmed divacancies PL1-PL4, with
PLI1, PL2 (1130 nm) along the c-axis, PL3, PL4 (1078 nm) in the basal plane [68, 69]. For S = 1 the spin the
Hamiltonian reduces to [69]

Flopin =8 1168 B+ DS+ (S1 = 8}) + 8- Ay T, @)
i

These Hamiltonians form the theoretical foundation for spin-based quantum sensing. The crucial term for
magnetometry is the Zeeman interaction, ggS - By, which describes the energy shift of the spin sublevels in
proportion to an external magnetic field By. ODMR measures this shift by monitoring the defect’s
fluorescence while sweeping a MW frequency to drive transitions between the spin states. A change in the
magnetic field alters the resonance frequency, which is detected as a change in photoluminescence. The
sensitivity of this measurement, as formulated in align (3), is directly linked to the Hamiltonian’s parameters.
Specifically, the gyromagnetic ratio, gup /b, dictates the magnitude of the frequency shift per unit of
magnetic field, thus fundamentally connecting the sensor’s response to the intrinsic quantum properties of
the spin defect.

For Vg;V2 the c-axis defects have E = 0 while the lower-symmetry basal defects have significant values for
E [77, 78]. In addition so called ‘modified divacancy’ were discovered such as PL5 (1041.9 nm) and PL7
assigned as basal [4, 68, 69] and PL6 (1037.7 nm) assigned along the c-axis. Recently by electron
paramagnetic resonance methods, it was determined that PL5 and PL6 are slightly deviated from axial
symmetry [80]. For PL5 the zero field splitting D = 1.328 GHz and E = 13 MHz, while for PL6 D =
1.357 GHz and E = 6 MHz [80]. Unlike the usual divacancy PL1-PL4 centers, which are not detected at room
temperature and exhibit PL quenching [81] requiring re-pumping, the PL5-PL7 centers have stable PL
emissions and high brightness single photon emission at room temperature [68, 82], with spin coherent
control even above 550 K and temperature sensing up to 450 K have been demonstrated [83, 84]. PL6 can be
a single center with 150 kcounts s~! at room temperature, up to 460 kcounts s~ [85], without any photonic
structure. They can be created by C-ions implantation [68, 82], electron irradiation [80], focused helium ion
beam (He FIB) (figure 3(a)) [79], and direct laser writing [86]. These defects show much higher ODMR
contrast even at room temperature than the other divacancy [82] and comparable/higher of the single NV
center in diamond, as shown in figures 3(b) and (c) for the ODMR of PL6 and PL4 (the change of PL
intensity under resonant conditions is up to 30% for PL6 [82]). The PL6 has been studied under resonant
excitation showing two transitions from the ground to the ES (Ex y), shown in figure 3(d). The effect of PL6
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Figure 3. (a) Confocal fluorescence scan showing an array of divacancies created by a focused He ion beam. Individual PL4 and
PL6 centers are identified. (b), (c) Low-temperature ODMR spectra of single PL6 and PL4 centers, respectively. (d) Energy level
diagram for the PL6 center, showing two optically addressable transitions with orthogonal polarizations. (e) Photoluminescence
excitation (PLE) spectra of a single PL6 center, highlighting the E, transition. (f) Ramsey interference fringes for a single PL6
center, demonstrating coherent spin manipulation. Reproduced from [79], with permission from Springer Nature.

fabrication approaches on the spectral broadening and spin dephasing T3 is shown in figures 3(e) and (f).
However currently their identification is still debated. They were initially assigned theoretically to divacancy
located at or near Frank-type stacking faults [87], where a band gap narrowing effect due to stacking faults,
could provide robustness against photoionization and room temperature stability. This model is not
experimentally confirmed [80] and by correlating stacking faults imaging with single PL5-6 detection, it is
shown that these modified divacancy can be present outside of stacking faults [85]. Since many different
kinds of c-axis and basal-type divacancy exist in a divacancy ensemble without an external magnetic field,
several ODMR resonances from these divacancy overlap. Therefore, a relatively large bias magnetic field must
be used. Due to the divacancy lack of trigonal pyramidal symmetry, only two resonance frequencies can be
detected in the ODMR spectrum corresponding to m; = 0 <> m, = %1, these frequencies are at zero field: for
PL6 1.3514 GHz, for PL5 there are two resonances at 1.3757 GHz and 1.3437 GHz, for PL7 the resonance is at
1.333 GHz.

5. Magnetic field sensitivity based on CW ODMR

The magnetic field sensitivity is limited by shot noise, and it is given by [18]

Wih o Av
3v/3 g8 Cow—opmrVR’

3)

T)CW—ODMR =

where Av is the full width at half maximum (FWHM) of the ODMR linewidth, Ccw—opmr = |APL/PL| is
the ODMR normalized fluorescence contrast, due to the PL variation in presence and without presence of
the MW/RF excitation and R is the rate of detected/collected photons from the defect ensemble. R is
dependent on the CE, CE, and in the number of spin quantum sensors interrogated in the material, N, as this
directly related with the interrogated volumes or the spin sensors density. While N can be theoretically
increased, in practice there are limitations on how many spin sensors can be created in a small volume, as
they interact due to their close proximity inducing dephasing from dipolar coupling and thus reducing the
T5; increasing the detection volume to accommodate more spins with the same density can be impractical
due to high excitation power required and non-uniform MW and magnetic field interaction as well as
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non-uniform spin sensors over a larger volume. The pre-factor in align (3) originates from the steepest slope
of the ODMR resonance line shape when assuming a Lorentzian resonance profile. The theoretical sensitivity
can be optimized by factors depending on the specific spin defects ensemble properties and the operating
experimental conditions such as:

4\/5 L Av (QR(W>a 5)
3V3 8 Cowopun (W), 5) /R (Popr)

; (4)

TICW—ODMR =

where P, is the optical excitation power, W is the MW or radio-frequency power. The Av and the
Ccw—opMr 1n practice depend on the Rabi frequency, Qr (W) o< v/ W, and the ratio s = %, between the
optical power used and optical saturation power, Py, [24]. Further the detected/collected photon rate R
depends on the photonic environment, as it will be discussed in sections 6.5, 6.6 and 6.10.

6. Sensitivity optimization strategies

Improving the sensitivity beyond the state of the art essentially hinges on the following factors based on
align (3): increasing Ccw—opmr and reducing Av, material purification and defects fabrication
improvement, extension of the coherence time T, increase of the the photon v CE and photon emission rate
out of the material, reducing volume and power of the optical excitation, control the centerge state of the
color center and its spectral emission stabilization by tailoring the optical excitation.

In the following we discuss the optimization of all the above factors to improve sensitivity, in particular
focusing on the role of photonics for future endeavors. We envision the development of chip-scale
magnetometry systems that combine ODMR methods with a range of photonic integration components to
significantly improve some of these factors, in particular optical and MW excitation and absorption, CE and
fluorescence emission enhancement.

6.1. ODMR contrast and spectra

To improve the sensitivity, the ODMR contrast and spectra are to be optimized. The ODMR signal optical
contrast, Ccw—opmg, should be as high as possible to facilitate optical readout and enable practical
implementations. Ccw—opmr is @ direct measure of the quality of the spin-photon interface of the defect
reduced by the existence of non-radiative pathways such as the ISC, which are required to enable optical spin
polarization in the GS. Given the strong ISC in Vy;, the resulting optical contrast is below 0.4% (at
off-resonant excitation and without any contrast-enhancing techniques), which is low in comparison to the
contrast of other defects such as the NV center in diamond or the PL5/PL6 [7, 60, 82].

The ODMR contrast can be greatly enhanced of more than one order of magnitude by using resonant
and non-resonant nanophotonics as it will be discussed in sections 6.5 and 6.6.

The ODMR linewidth,Av, is a result of competing spin-spin interaction mechanisms that result in a
broadened or narrowed spectrum. Decoherence of the vacancy spins caused by the dipolar interaction with
fluctuating nearby nuclear or electron spins broadens the ODMR linewidth. This so-called inhomogeneous
broadening is a result of the spatial variation of the effective magnetic field due to the dipolar contribution
from the spin bath. A spatially-varying magnetic field will result in a superposition of spin resonances, which
broadens the ODMR linewidth. Av is fundamentally limited by the inhomogeneous spin dephasing time,
T;[14], and it is Av o< 1/T5, which in the case of SiC is due to the fluctuating magnetic field from the
nuclear-spin-carrying isotopes of the host crystal such as 2°Si and '*C in addition to other electron spins due
to other defects or nitrogen interstitial associated to doping [88]. The linewidth Av can also be broadened by
the RF power being delivered to the sample in the ODMR experiment [89]. We discuss approaches to reduce
the broadening of the ODMR linewidth and improve the ODMR contrast.

6.2. Coherence time improvement via material purification, thermal annealing and spin defects
fabrication

Careful material purity control and spin-defect fabrications are necessary to reduce the impact of these
sources of decoherence. Nuclear spin purification during growth is used in research laboratories to reduce
nuclear spin decoherence [90]. One order of magnitude improvement of T; for the Vs; was achieved by
nuclear spin isotopic purification [91]. Post-irradiation optimal thermal treatment can be used to reduce the
excess of other defects generation [92] such as the EH3 centers, a type of deep-level defect, located
approximately 0.7 eV below the conduction band minimum band structure, introduced through ion
implantation or neutron irradiation. EH3 centers are associated with silicon vacancies or defect complexes
involving interstitial.
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The coherence time and spin dephasing time for ensemble in isotopic purified SiC can be realistically
improved, however more systematic approaches in color center fabrication, annealing, and surface defects
quenching are needed; currently, only few studies have addressed the improvement of the spin coherence in
ensemble via defects engineering and design [93]. The suppression of undesired spin defects, that can be
generated during fabrication and can quench both the emission and reduce the spin coherence, is still a
challenge. Utilization of low nitrogen doping and low defect concentration in isotopically purified SiC wafers
to obtain high-quality SiC epilayers, combined with annealing and quenching of electron-irradiated samples
or direct laser writing of the silicon vacancy [94] and laser annealing [95], could improve the spin coherence
time T, and the spin-read out fidelity. Ramsey interferometry for single He™ implanted V2 centers have
shown dephasing time T = 34 &+ 4 us [66], while using focused He-beam the spin-echo coherence was
extended to 194 ps with 160 gauss magnetic field and T; = 3 s for PL6 (figure 3) [79].

Spin defect fabrication methods are key to reducing decoherence [96, 97]. A factor of 10 improvements
can be achieved in CW-ODMR simply by improving the fabrication methods using specific ions and the
post-fabrication process [97, 98]. Using femtosecond laser written internal micro-optical structures on
pre-existing Vg; in ensemble, 2.5 higher saturated fluorescence than untreated samples and 1.7 spin read out
sensitivity enhancement was achieved [99]. It is expected that using laser writing [86, 100] or low mass He
ions to create vacancies [98] could be beneficial for the fabrication of the qubits. It has been shown that using
proton beam high concentrations of Vg; with higher ODMR contrast of 0.8% could be achieved [101].

Efforts in material purification, spin-qubits fabrication, and post-fabrication improvement are ongoing.
These material process optimizations mostly benefit the sensitivity in magnetometry based on pulsed
schemes as directly dependent on T%, such as Ramsey methods, as described below.

In general, the key material/fabrication approaches to be sought after are to use methods less damaging
to create qubits and fabricate nanostructures around them without reducing the spin coherence time,
improving optical and MW fields, coupling efficiency with the qubits and improve the collection/detection
efficiency. Nuclear spins purification to improve the coherence time is a less necessary approach for quantum
sensing as the process makes the material more expensive and not scalable as not compatible with industrial
processing.

6.3. RF and optical excitation power optimization

The CW-ODMR method suffers mainly from the RF and optical power used. The CW ODMR signal
depends on the MW power W and the laser optical power, P that is supplied to the sample. The maximum
amplitude of the ODMR when in resonance has been determined as [43, 89]

1 1
X X 9
14 Py /Popi 14 W, (Popt) /W

Ar(W) (5)

where P, = lel is the centeracteristic optical power density, where k is a proportionality coefficient defining
the spin-pumping rate kPop1,,,—+1/, from spin sublevels m, = 4-1/2 to m; = £3 /2, with n,,, _ 4, the
population of sublevels m; = +1/2. T is the spin-lattice relaxation time occurring after sublevels

ms = +1/2 are excited to m, = 3 /2. The centeracteristic MW power is determined to be

1+ Popt /P
W, (Popt) = i Olzt/ ° ) (6)
x (%) 1T
where X is a coefficient related to the Q-factor of the RF resonator providing power W = B%, with B; the
radio frequency generated magnetic field. The FWHM of the ODMR resonance is determined as
h w
Av =FWHM = (7)

X 1,
g/-LB’IE'< W, (Popt)

and it is generally fit by a Lorentzian distribution.

For Vy; the high RF power is broadening the Av, reducing the sensitivity, while high RF power improves
the contrast Ccw—opmr [89] up to saturation of the transition. In figures 4(a) and (b) the effect of the RF
power and optical power on the V2 magnetic field sensitivity for two differently annealed samples is shown,
demonstrating that more than a factor of 10 sensitivity improvement can be achieved by careful optimization
of the optical and RF power and of the annealing. It was found for the V§; that the FWHM is essentially
independent of the optical power and the contrast increases with the optical power [18]. An optimal MW
power and optical power are expected to achieve the best sensitivity. Similarly, it was found for PL6 modified
divacancy where the ODMR contrast and FWHM are determined for different optical power and Rabi
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Figure 4. (a) and (b) Shot-noise sensitivity of an ensemble of V2 centers as a function of optical power for an annealed and a
quenched SiC sample, respectively. (c) ODMR contrast for an ensemble of modified divacancies at a magnetic field of 3.25 mT.
(d) Experimental magnetic field sensitivity for PL6 centers as a function of laser power and microwave-driven Rabi frequency. (a)
and (b) Reprinted figure with permission from [18], Copyright (2021) by the American Physical Society. (c) and (d) Reprinted
figure with permission from [102], Copyright (2020) by the American Physical Society.

frequency (figure 4(c)). The Rabi frequency Qr = £2 B, = 82,/ W, where B, is the RF magnetic field,
linearly increases as a function of the square root of the MW power, W [102], therefore optimal Rabi
frequency should be used to optimize the contrast and the spectral broadening (figure 4(d)). It is found that
higher laser power tends to reduce the contrast and Av is independent from the laser power or increase with
laser power, while the ODMR contrast and FWHM increases with the Rabi frequency (higher MW power)
[102]. The theoretical approach is also needed to guide the optimization of RF and laser power for SiC.
Optimal optical and MW power using bulk components can improve the magnetic field sensing sensitivity
by a factor of 10 [102]. Optimal CW-ODMR sensitivity is approximately achieved when optical excitation,
MW drive, and T; dephasing contribute roughly equally to the resonance linewidth. In this
low-optical-intensity regime, the detected fluorescence rate per interrogated spin center is significantly low. It
is therefore expected that improving the optical and MW excitation via photonics and integrated MW
cavities will require less power as better excitation can be achieved.

6.4. Pulsed RF and optical excitation

The ODMR resonance broadening issues are not present in pulsed ODMR schemes at the expense of
complexity, longer acquisition time, and higher optical and MW power. Pulsed approaches by themselves can
improve the sensitivity of a factor of 10 as shown in the early days for NV in diamond [103] and the best
sensitivity values for diamond were achieved with pulsed sequences, which are however generally more
complex and require overhead time for initialization and read-out. The Ramsey pulse scheme is relevant for
V2: after the optical initialization by a 30 us laser pulse, which places the spin states m; = +1/2 in an equal
mixture, an RF 7 pulse is applied to excite the spins from —1/2 — —3/2 and create a population difference
between 1/2 and —1/2 spins. A standard Ramsey sequence is run between 1/2 and —1/2 spins to have a free
evolution decay for a time of 1/2 spins. A final RF 7 pulse is applied to excite the spins from —1/2 — —3/2
and read out the population difference between 1/2 and —1/2. A benefit of this method is that the sensitivity
is limited by the T’ of the transitions and is not affected by power broadening, as in the CW ODMR method.
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Specifically, for the V2 center this method can utilize significantly longer coherence times of the —1/2 — 1/2
transition. The shot-noise-limited in this case is given by [8],

h 1 (t] + 74+ fR)
gupAm CRamsey\/IT]ei(T/T;) T

. (8)

TIRamsey =

where Amj is the spin difference between the two states, Cramsey is the Ramsey-ODMR fluorescence contrast,
N is the rate of collected/detected photons per pulse, T is the free evolution time, and #;  are the initialization
and read-out time of the Ramsey sequence. This sensitivity is one order of magnitude better than ncw_opmr.
The shot noise sensitivity for V2 is estimated for bulk optics as per the experiment [8] at 200 pT//Hz.

6.5. Rate of the detected photons enhancement

The rate of the detected/collected photons R o< CE - QE - F,, from the defect ensemble is limited by the
shelving time in the MS state or its quantum efficiency (QE) and is further reduced by the suboptimal CE of
the emitted photons, even using a high numerical aperture (NA) objective, as it is usually done with bulk
optics. CE is generally limited by the dipole orientation of the emitter in the crystal, providing a specific
spatial emission pattern which is only in part collected. A substantial fraction of fluorescence that is radiated
is also trapped inside the high-refractive-index diamond or SiC substrate (#igiamond = 2.4, #isic = 2.6) by total
internal reflection, or radiated with a reduced effective numeral aperture. The emitter quantum efficiency is
QE= ﬁ, where Vrad nonrad are the radiative and non-radiative decay rates of the emitter, this last
includes generally a non-radiative ISC state. In addition, the detected photon rate can be improved by
engineering the center radiation emission by modifying the local density of states in the environment where
it is radiating, thus accelerating the emission rate [104]. This is usually achieved with a photonic or
plasmonic cavity. This emission rate modification is quantified by Purcell’s enhancement F,, = 7‘““” = ::,.rl.t
[105], where Ynano,bulk are the emitters’ radiative decay rates in the nanostructure or in the bulk whlch are
the inverse of the optical lifetime, T,k /nano- Thus, the Purcell’s enhancement quantifies the ES’s lifetime
reduction. The sensing volume refers to the physical space within which the spin defects can detect external
perturbations, such as magnetic fields, temperature, or rotation. In the context of nanophotonic quantum
sensing, the sensing volume is critical for applications requiring micro- to nanoscale spatial resolution.
Resonant nanophotonic structures, such as cavities, metasurfaces, and slow-light waveguides, are designed to
optimize the use of compact sensing volumes. These structures enhance spin-optic coupling and improve
readout fidelity, enabling high sensitivity even in confined volumes. Photonics and micro-cavities enhance
the absorption signal by concentrating electric field energy density, making them suitable for small sensing
volumes. Plasmonic cavities and metasurfaces allow scalable sensing volumes while maintaining high
sensitivity through sub-wavelength structures.

To significantly boost the CE in magnetometry applications, a chip-scale integrated SiC photonics
platform presents a powerful solution. By fabricating waveguides and resonant structures directly within the
SiCOI material, photons emitted by the V2 or PL6 centers can be efficiently coupled and routed on-chip. For
instance, grating couplers can be optimized to extract light emitted in a specific direction, overcoming the
limitations of total internal reflection in bulk SiC. Furthermore, integrating photonic crystal cavities or
micro-ring resonators with the V2 centers can enhance the interaction between the emitted photons and the
spin defects, leading to Purcell’s enhancement of the emission rate and increased photon collection. This
integrated approach not only minimizes losses due to free-space propagation and collection optics but also
enables compact, scalable designs suitable for arrayed sensors and multiplexed readout, crucial for advanced
magnetometry applications.

6.6. Micro and nanostructures
Engineering far-field radiation patterns for improved photon collection has been an area of significant effort
using bulk optics combined with micron and sub-wavelength nanostructures on bulk diamond and SiC.
Hemispherical solid immersion lenses (SILs) depicted in figure 5(a), provide an enhancement of 3—4.4
for Vs; [106] and a factor of 5 for PL6 (single PL6 > 550 kcountss—!); a factor of 9 enhancement including
plasmonic effect within SIL, reaching up to > 1 Mcountss~! for a single PL6 at saturation is demonstrated
[107]. It has been shown that the ODMR contrast and spin coherence are generally preserved in the
micro-nano-structures but the contrast is generally not always enhanced [107, 108]. SILs are favorable for
emitters dipole in plane, as such not ideal for the Vg;.
Micropillars with sub submicron diameter [112] have shown a maximum fluorescence CE enhancement
of a factor of 20 (7) for the ensemble of Vg; (NV in SiC, N¢Vg;), and a factor of 14 (8) for single N¢Vy;
in SiC nanopillars [109], as shown in figures 5(b) and (c). It has been demonstrated that micro pillars with
submicron diameter can achieve a maximum CE of 40%—45% using individual pillars [113, 114], compared
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Figure 5. (a) SEM images showing scalable fabrication of SiC solid immersion lenses (SILs). (b) SEM images of an array of SiC
nanopillars and a single pillar. (c) Simulated collection efficiency for a nitrogen-vacancy center in a SiC nanopillar, showing
dependence on the emitter’s dipole orientation. (d) Plasmonic planar antenna design for enhancing V2 center fluorescence, with a
comparison of photon count rates from bulk SiC, a SIL, and the antenna. (e) Simulation of the electric field profile within a single
SiC pillar and a lattice of pillars with varying periodicities. (f) Calculated decay rate of a V2 center in a SiC pillar lattice, showing
enhancement due to Mie resonances. (a) Reproduced from [106]. CC BY 4.0. (b) and (c) Reprinted with permission from [109].
Copyright (2025) American Chemical Society. (d) Reprinted with permission from [110]. Copyright (2024) American Chemical
Society. (e) and (f) © [2023] IEEE. Reprinted, with permission, from [111].

to ~ 0.5% using the microscope objective only, if the localization of the emitters in the pillars is well
controlled and the pillars size is designed. The CE, however depends on the emitter’s dipole orientation and
location in the material, as such nanopillars are more favorable for emitters dipole oriented vertically along
the pillar’s axis as shown experimentally by [109]. Generally, nanopillars contribute to a theoretical F, ~ 2.3,
which is rarely observed experimentally due to the need of exact positioning of the emitters dipole in the
micropillars (approximately placed at A/2 from the top or in the middle of the nanopillars) [113], as such
other plasmonic resonators can be combined to reach theoretical F, = 7 — 8 [104].

Other approaches rely on the use of 12.5 ym SiC membranes, combined with surface plasmon generated
by gold film coplanar waveguides located at 15 nm from the PL6 emitters, with a factor of 7 enhancement of
the fluorescent CE for single PL6 (> 1 Mcountss™! at saturation for single PL6 with NA = 1.4) [115]. While
the spin coherence is not degraded in the thin film, the co-planar waveguide increases the Rabi frequency up
to 14 times due to improved MW power excitation/delivery.

Another simple approach is to use dielectric microcavities based on thin film SiC providing a 1.6-fold
improvement in magnetic field sensitivity [116].

Using a planar cavity optical antenna based on a 135 nm-thin membrane of 4H-SiC silver-coated as
shown in figure 5(d), a broadband resonance yields a mean (maximum) count rate enhancement factor of 9
(15) for single V2 with saturation count rate of 119 kcountss~! [110] (figure 5(d)). Planar optical antennas
are providing the best enhancement if combined with microscope objectives, compared with nanopillars and
SILs, which depends on the exact positioning of the emitters. Using a pillar lattice array instead of a single
pillar (figure 5(d)), it is theoretically shown that a fluorescence enhancement of a theoretical factor of 30
could be achieved for the V2 line [111] due to Mie-superposition of the electric dipolar and magnetic
quadrupolar electromagnetic Mie-scattering moments of the structure and it is less reliant on the dipole
positioning and favorable for dipoles oriented in plane (figure 5(d)). All these approaches are however not
always scalable or less integrable on chip.

6.7. Integrated waveguides

The collection of the emitted light by color centers in bulk and their coherent, resonant optical excitation is
inefficient for several factors. A primary factor is that their dipolar emission pattern is generally a poor match
to free space collecting optics, such as microscope objective or even nanopillars, thus the CE is limited to
40%—-60%. This is especially true for the V2 line of silicon vacancy in 4H-SiC, whose dipole (TM polarized)
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Figure 6. (a) ODMR spectrum of two V2 centers within a photonic waveguide. (b) Photon saturation curve for a single V2 center
in the waveguide. (c) Confocal scan image of a PL6 center integrated into a waveguide. (d) Top-down collection map of PL6
fluorescence. (¢) ODMR spectra of the waveguide-integrated PL6 center, showing hyperfine coupling to a '*C nuclear spin at
different magnetic fields. (f) Rabi oscillations of a PL6 spin in a membrane versus in a waveguide. (a) and (b) Reprinted with
permission from [119]. Copyright (2024) American Chemical Society. (c)—(f) Reproduced from [120], with permission from
Springer Nature.

emission is strongest in the plane, while the emission towards the vertical direction is the weakest. In
addition, significant total internal reflection at the SiC-air interface is an additional detriment. In contrast,
color centers embedded in engineered on-chip waveguides or cavities can directly emit into waveguided or
spatially confined optical spatial modes with very high efficiency [117]. This will help improve the photon
CE by orders of magnitude in the ODMR, which is a key factor limiting sensitivity. The photonics in-plane
geometry allows seamless coupling of the emitters to the waveguides through evanescent fields, enabling
low-loss on-chip photon routing and modular interconnects for scalable architectures. Efforts are ongoing to
integrate the V2 line in photonics. Single V2 created by He ions implantation has a long spin coherence time
of 1.4 ms, which is preserved in triangular cross section waveguides to 840 ns, with a high optical spectral
stability of 29—40 MHz [66]. T, = 9.4 + 0.7 us of single V2 was determined in the waveguide, which is only
twice shorter than deep-bulk defects in the same sample. Therefore, the spin dephasing of the V2 can be
somehow preserved in the fabricated waveguides. These triangular cross-section waveguides can be directly
applied to bulk substrates of any polytype [118]. It was shown that the coupling efficiency, CE, of the V2
centered in the waveguide into the fundamental TE waveguide is a function of the waveguide width and can
be as high as 82% [119] and it is generally >40%. In this case the V2 center dipole is parallel to the top
surface of the waveguides as the sample was grown along the a side with a slightly higher nitrogen
concentration, and V2 was created using electron irradiation, as such the position of the emitter in the
waveguide is not controlled. In a waveguide the R & CE - 1 - nout - QE, which include the waveguide
transmission losses (1) and the out-coupling efficiency (1ou). While by designing the waveguide and
positioning the V2, it is possible to achieve higher coupling efficiency, CE, it is also necessary to collect the
photons out of the waveguide. Several approaches can be used to extract photons from waveguides such as
grating couplers with outcoupling efficiencies of 83%, 3D tapered waveguide-to-fiber couplers and tapered
fibers with 7oyt = 93%. The V2 emission integrated in the waveguide was collected by tapered fiber with 93%
CE, where exhaustive simulations on the critical parameters of fiber/waveguide interface to reduce
transmission losses, 7, were performed. In the waveguide it has been observed a photon count enhancement
of 20-fold compared to V2 in bulk material (140 kcountss™" for single V2) and an ODMR contrast above 4%
[119] (see figures 6(a) and (b)). The spin coherence of V2, T, = (42.5 & 5.3) us in absence of any externally
applied magnetic field, large compared to previously reported values for bulk emitters.

A modified divacancy PL6 was integrated into a waveguide in SiCOI, excited in the confocal
configuration, while the emission was collected using grating couplers [120] (figures 6(c) and (d)). The
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quantum emitter was integrated in the waveguide developing a nanoscale positioning technique via direct
camera imaging and pattern recognition achieving a positioning accuracy of a single close to 10 nm. Within
the waveguide an electron-nuclear quantum register based on PL6 was achieved as shown by the ODMR
spectra and Rabi Oscillation in figures 6(e) and (f). The T of the PL6 in the waveguide was 0.94+ 0.17 us,
comparable to the values before the integration in the membrane as the SiC wafer was a basic commercial
sample [120].

It is therefore expected that with careful design of the waveguide and grating couplers in SiCOI with
higher purity material, high CE and detection can be achieved to improve the photon detection rate R even
without the use of Purcell’s enhancement.

6.8. Resonant photonic cavity

With resonant nanophotonic structures one can modify the rate of radiative emission through
density-of-states engineering, thus increasing F,, while simultaneously increasing the CE. The magnetic field
sensitivity thus scales with /F, x CE. The Purcell’s factor in a resonant cavity is determined by the specific
nanophotonic structure, effective mode volume V¢ (order of 0.1(\g/ ncavity)S , Ao free-space wavelength
associated with the transition [121]), quality factor Q up to 10° — 107 for photonic crystals and ring
resonators, resonance wavelength Ac,yiry and refractive index of the cavity at resonance #cayity, Such as [122]:

L2
g

3 Acavity | °

szizxgx <Ca‘my) < DW x 5Cos¢ + 1. 9)
4T Vet Mcavity E

max

If the cavity is coupled with a quantum emitter, F;, is generally reduced by the spatial overlap and spectral
matching between the emitter and the cavity mode, respectively, equal to one in the case of perfect coupling.
E ’ is
the electric field intensity at the color center, and @ is the angle between the orientation of color center dipole
and the electric field. ‘Jiz accounts for the spatial overlap of the electromagnetic field in the cavity with the

‘max

DW factor quantifies the spectral overlap, ’Emu’ is the maximum electric field of the resonator mode,

one of the color centers.

In the case of several color centers in the cavity the enhancement scales with the density of color centers
in the cavity mode volume.

To achieve high Purcell’s enhancement high Q and small V¢ are therefore preferred. Vg; has already been
integrated in photonic chips based on SiCOI without deteriorating its quantum properties [64].

Two V2 emitters were coupled to a microdisk resonator with loaded cavity Q = 1.3x 10° integrated with
a waveguide, obtaining a detection rate of 800 000 cts s~ at saturation in the cavity corresponding to a
40-fold increase compared to bulk emitters [123] (figures 7(a) and (b)).

The local electric-field intensity inside a photonic cavity scales as Uc%, where 7. is the input
power-coupling efficiency with the cavity.

The photonic integration therefore allows more efficient excitation of the quantum emitter. In fact
R«x %:m [24], where € is the fraction of excitation photons converted to fluorescence photoelectrons, and
Epp is the excitation photon energy. The photonics improves the & factor, thus providing higher detected
photons. Additionally, the excitation intensity is localized in a smaller material volume, thus interrogating
fewer centerges and spins near the quantum emitter, thus reducing spin and spectral dephasing mechanism
and improving the photoemission stability and the spin-coherence time.

6.9. Photonic microcavity

Photonic microcavities are structures that confine light to small volumes (12x \*) using highly reflective
mirrors and moderate Q =~ 10 000-70 000, increasing the interaction time between light and matter within
the cavity. Common examples include Fabry—Perot cavities, that offer easy tunability of the spatial and
spectral position of the cavity resonance. Microcavities can boost the photon emission rate from V2 line,
leading to improved signal-to-noise ratios and higher sensitivity. Hessenauer et al [124] demonstrated cavity
enhancement of V; centers in 4 H-SiC using a fiber-based Fabry—Perot microcavity with Q = 74 000.
Compared with integrated structures, fiber-based Fabry—Perot cavities offer the possibility of easy tunability
of the spatial and spectral position of the cavity resonance. Their work uses a tunable, fiber-based cavity to
couple to the zero-phonon line of the V2 silicon vacancy. This setup allows for precise control of the cavity
resonance and efficient coupling to the emitter, and they demonstrated the capability to reduce the
photoluminescence lifetime with 13.3-fold Purcell enhancement of the ZPL of a single emitter, a key step for
future improvement of SiC magnetometry. This approach demonstrates the potential of microcavities to
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enhance the performance of SiC-based quantum sensors, paving the way for more sensitive and compact
devices.

6.10. Plasmonic cavities

Plasmonic cavities leverage the interaction between light and free electrons in metals, typically gold or silver,
to confine light to sub-wavelength dimensions. When light interacts with a metallic nanostructure, it excites
collective oscillations of electrons known as surface plasmons. These plasmons can create extremely small
and intense electromagnetic fields, concentrating light into volumes far smaller than the diffraction limit (as
small as 107%(Ag/ncavity)?), for optical fields confined in the gap between two closely spaced plasmonic
resonators, opposite to photonic cavity, which are diffraction limited. This strong field enhancement makes
plasmonic cavities ideal for boosting light-matter interactions, increasing the emission rate of nearby
quantum emitters like silicon vacancies, and improving the sensitivity of quantum sensors in sub-diffraction
volume. In fact, the spontaneous emission enhancement due to a plasmonic cavity mode is

F, = 2%2 WET?/VM V?ﬁ (%)3’ where Wi and W) are the stored electric and magnetic energies, respectively
[125], a similar expression of a photonic cavity, except that Q < 100 — 1000 is generally small due to metallic
losses, permitting a broad emission enhancement, while V. can scale with the plasmonic cavity dimensions.
In addition, nanoantennas can shape the far-field emission of the optical emitter dipole and create a
directional pattern that maximizes power within a given NA [126]. The trade-oft is that plasmonic cavities
often have high losses due to the inherent absorption in metals, which can limit their overall efficiency, and
have a low Q. Due to highly localized plasmonic modes, spin defects must be in nanometric proximity to the
plasmonic structure for emission enhancement to be significant, which is challenging with the use of bulk
diamond or SiC, where the placement of defects close to the surface (within 100 nm) significantly reduce
their spin coherence. However recently integrating the Vy; in a silver SiC plasmonic nanocavity with Q ~ 800

Acavi . . o . .
and mode volume 0.45(5<™)?, an experimental F,, = 48 was achieved to excite in resonance spin selective

Neavity

transition of the Vg; V1 lines (figures 7(c) and (d))[127].

6.11. On-chip on resonance photonic cavity

On-chip photonic structures allow as well resonant excitation of color centers with spatial separation of the
resonant pump. In resonant excitation, a 3 C-SiC photonic crystal cavities with a modest Q = 1550 with
integrated divacancies provided a factor of 30 increase in the PL and ODMR contrast and a 705-fold
reduction in excitation mode volume compared to bulk material, overcoming the spectral inhomogeneous
broadening of the emitter [129]. The ODMR enhancement under resonant excitation is due to higher PL
count rates and due to an increase of the rate of optically induced spin polarization in divacancy GS as a
result of the excitation enhancement provided by the resonant cavity mode. These small mode volumes and
excitation intensity enhancements can greatly improve quantum sensing based on on-chip defects, rather
than using a bulk material waveguide that traps light [130]. Purcell’s enhancement of F, = 50 was measured
for divacancy in the photonic crystal cavity, providing a higher Rabi oscillation contrast and extended spin
coherence [122]. The coupling of PL4 divacancy with tunable microring resonators with Q = 1261 in
thin-film 4 H-SiCOI nanophotonics provided a Purcell factor enhancement of F,, = 5, which confined
coherent photons within the coupled waveguide, resulting in a 2-fold increase in the ODMR contrast [128]
compared to collection from the confocal objective, as shown in figures 7(e)—(j). On-chip waveguide and
resonators can selectively couple different emission branches of the modified divacancy based on emission
polarization and mode matching with the waveguide and thus improve the spin-read out fidelity compared
to out of plane collection [79]. On-chip SiC-based electro-optic modulator can enable cavity tuning, pulsed
pumping and implementation of Ramsey interferometry in ODMR [131, 132]. The design and fabrication of
an optimized 4 H-SiC electro-optic modulator at 920 nm in the V2 line emission with a propagation loss of
less than 0.3 dB cm ™! was demonstrated in a SiCOI waveguide coupled with micro-ring resonators [132]. As
such, we anticipate significant improvements in the excitation efficiency and ODMR contrast, which will
translate into improvements in magnetic field sensitivity in on-chip magnetometry.

6.12. Metasurfaces

Metasurfaces are artificially engineered structures decorated by sub-wavelength resonators designed to
provide collective electromagnetic properties not available in bulk materials. These properties arise from the
collective response of close nanoresonators, rather than the intrinsic properties of the constituent material.
For quantum sensing, metamaterials can be used to create highly efficient light-trapping structures or to
manipulate the emission properties of color centers, enhancing both excitation and CE. A metasurface is
designed to scatter light impinging from the far-field and act as nanoantenna coupling the light emitter in
the near field to the far-field with the desired properties. The quantum emitter should be localized in the
near field of the nanoantennas. The metasurfaces are also driven by the near field quantum emission in
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Figure 7. (a) SEM of a microdisk resonator coupled to a waveguide. (b) Photon detection rate demonstrating Purcell
enhancement for the V2 zero-phonon line (ZPL). (c) Design of a plasmonic cavity integrated with V1 and V1’ Vg; centers. (d) PL
spectra of Vi centers showing a 48-fold Purcell enhancement with resonant excitation. (e) Confocal map of a microring cavity
with grating couplers. (f) Emission collected from four distinct grating couplers, showing PL4 center light routed through the
waveguide. (g) PL spectra showing emission enhancement when the cavity is tuned on-resonance with the PL4 ZPL. (h) Lifetime
measurements showing a Purcell factor of 5 for the cavity-coupled PL4. (i) ODMR spectra showing a 2-fold contrast enhancement
when collected through the resonant microring. (j) Rabi oscillations showing enhanced contrast for the cavity-coupled PL4 spin.
(a) and (b) Reproduced from [123]. CC BY 4.0. (¢) and (d) Reprinted with permission from [127]. Copyright (2024) American
Chemical Society. (e)—(j) Reprinted with permission from [128]. Copyright (2025) American Chemical Society.

addition to the incident far field light. A quantum metasurface therefore is broadly defined as a
two-dimensional arrangement of nanoantennas driven by localized quantum sources located in the near
field, providing emission enhancement via the Purcell’s effect, and engineered to provide spectral and
directional shaping of the emitted light [133]. Purcell’s enhancement of quantum emitters in metasurfaces is
typically achieved using various resonance phenomena such as plasmonic, Mie-resonance, bound states in
the continuum (BIC) [134], lattice resonances. These metasurfaces exhibit sharp Fano resonances in the their
reflection and transmission properties at specific wavelength as per design, that modifies the local density of
state resulting in photoluminescence enhancement and far-field emission directionality of an integrated
dipole. Example of metasurfaces are hyperbolic metamaterials (HMM), a highly dispersive metal-dielectric
nanoscale hybrid structures, made of alternating ultrathin films of metals and dielectric materials. HMM
create an effective highly anisotropic material with hyperbolic dispersion, supporting optical modes with
ultrahigh K-vectors, thus useful to control the emission of atomic dipoles. Their employment in conjunction
with NV in nanodiamonds has shown ODMR with narrower resonances and better signal to noise ratio
[135]. For perpendicular dipole orientation relative to the interface, the HMM-coupled antenna resonator
could lead to a large spontaneous emission enhancement with a Purcell’s factor of the order of 250, along
with a very high average total overall collected photon rate of about 80 at 900 nm close to the V; emission as
previouslu modeled [136]. Optically addressable spin defects ensemble of negatively centerged boron
vacancy defects in hBN were coupled to BIC metasurface, resulting in a 25-fold increase in
photoluminescence intensity and spectral linewidth below 4 nm of the coupled emitters [137]. The ODMR
of the spin defects was demonstrated in the metasurface with increased spin read-out efficiency, however the
current experiments are not providing clear advances in quantum sensing applications.

7. Magnetometry based on V2 and PL6 in SiC

In this section we will first review the current state of the art of SiC quantum magnetometers based on V2
and PL6 lines, compare them with the NV in diamond and then we will discuss foreseeable improvements
based on integrated photonics.
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7.1. Current performance of SiC magnetometers

For practical applications such as brain-wave sensing, achieving a sensitivity on the order of fT/v/Hz within a
small volume is critically important. For V2 magnetometry, a preliminary experiment has demonstrated
room-temperature sensitivity of 50 nT/ v/Hz [18]. In this experiment conditions [18], the shot-noise-limited
sensitivity was 3.5 % The V; was created by neutron irradiation and subsequent annealing at 600 °C for

4 h, then thermally quenched by quickly removing them from the furnace at the end of the anneal and
immersing them in a water bath. Thermal quenching reduces the formation of carbon-antisite defects or
other defects from the Vg; during the time the samples returns to room temperature. A concentration of
10'°Vs; cm? is estimated. This annealing improves up to Ccw—_opmr & 1.8%, with the optical power of

400 mW and RF power of 1 W, the Av < 7 MHz (T} ~1/m Av = 44 ns) and the brightness R

~2 x 10" countss™! (~3 yW photoluminescence detected). The short T3 is here possibly due to the
neutron irradiation producing high defects density and the starting material being a high-purity
semi-insulating SiC substrate. Using isotopically purified 4 H-SiC epilayers (**C = 0.15% and #’Si = 0.01%,
natural isotopic abundance is Si = 4.7%, 1*C = 1.1%), irradiated with electrons at 1 MeV with doses from
10" to 10*° cm 2, followed by thermal annealing at 700 °C, reference [91] has improved the V2 T5 = 5.7 us
for optimal dose of 107 cm™2 (2.2 us at doses of 10*” cm~2). This would result in a shot-noise-limited
sensitivity of ~ 27 pT/v/Hz, if the same contrast and count rate could be achieved in the same material.
However, the contrast was only 0.06% thus the shot-noise-limited sensitivity could be improved to 5 1
nT/v/Hz. Further improvement was achieved of T} > 20 us for the transition (—1/2,1/2) due to further
suppression of strain induced dephasing for the specific transition, in this case with a contrast of 0.06% and a
shot-noise-limited sensitivity of ~ 200 pT/v/Hz. For V2 the current shot-noise sensitivity based on bulk
optics is estimated at 2 n'T//Hz [8]. The highest measured sensitivity reached using the V2 line in bulk

4 H-SiC epilayers of 20 um-thick has been 4 n'T/v/Hz [8] limited by the magnetic field noise and
laser-amplitude noise, thus better magnetic isolation and laser-amplitude noise reduction should lead to
greater improvement using the Ramsey scheme. Here isotopically purified 4 H-SiC epilayers [91] with T =
5.7 us, were used and the ensemble of V; was created by irradiating the material with the highest doses of the
electron beam of 3x 10" e-/cm ™2, followed by annealing in air at 700°C for 2 h. The excitation laser
illuminates the Vg; along the emission direction for optical absorption and collection, which is perpendicular
to the 4 H-SiC c-axis. The Vy; is detected by a lock-in amplifier and the spin control is achieved using CW
ODMR and Ramsey sequence.

The use of single V2 in non optimized and commercial bulk SiC for quantum sensing has been just
demonstrated [138], realizing 0.33 Hz high-resolution nanoscale nuclear magnetic resonance (NMR) with
sensitivity of 358 uT/ v/Hz, more than two times larger than the theoretical value due to experimental
imperfections and low ODMR contrast. Nevertheless, this resolution signals opportunity to measure
chemical structure’s molecular dynamics at the single-molecule level. Combining these sensors with
integrated photonics an improved sensitivity can be achieved and can enable spatially separated sensors in
parallel for large scale NMR Other examples of magnetometry using V; or other coler centers in SiC based
on other approaches such as all-optical or all electrically detected spin read-out were recently reviewed by [6,
10] and can currently provide sensitivities in the range of 30-100 nT//Hz.

For PL6 the ODMR contrast is around 23%, for PL5 18%, and for PL7 7%. The spin coherence time T,
were in the range of 18-25 s and T; < 1us using C-ions implantation [82], while using focused He-beam
the spin-echo coherence T, was recently extended to 194 us [79] with 160 gauss magnetic field and T = 3us.

We here note that PL6 has been used for magnetometry with a sensitivity of 4 . T/+/Hz [102], currently
limited by the low concentration of ensemble due to the current fabrication approaches and the generally
shorter coherence time compared to the Vg;. Due to being robust at high temperature, the PL6 are
nevertheless successfully used to study ferromagnetism in 2D materials [139]. Single PL6 for magnetometry
has not yet been investigated and could yield opportunities in integrated photonics.

7.2. Comparison with diamond NV centers

The diamond NV’s highest pulsed magnetometry sensitivity of 0.9 pT/v/Hz was achieved by applying a
magnetic flux concentrator to enhance the local magnetic field by more than a factor of 200 (from 300
pT/+/Hz), using 200 mW of optical power and 20 mW of MW power [140], while in the DC sensitivity for
diamond NV of 2.6-6 pT/v/Hz was achieved with a diamond volume of (0.5 mm)? with NV center
ensembles with an ODMR linewidth of Av = 28 kHz and T3 = 8.5 us and a factor of 2.67 contrast
enhancement using 100 mW optical power [24]. In addition to the use of MW cavities, other strategies for
enhancing NV magnetometry are based on the light-trapping diamond waveguide based on the total internal
reflection of the input laser in the diamond slab that allows for increased pump laser absorption and photon
collection, with possible improvement of R ~ 10> counts s ! (~300 ;W photoluminescence detected),
achieving a magnetic sensitivity of 290 pT/+/Hz [130]. This approach eliminates the need for excitation from
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Table 1. Summary of the shot noise theoretical and measured DC sensitivity (CW ODMR) for V2 and PL6 in 4 H-SiC, NV in diamond.

Shot noise Measured
T FWHM C R Sensitivity ~ Sensitivity
Material (us) (MHz) (%) (counts/s) (nT/v/Hz) (nT/+/Hz) References
4H-SiICV2  0.044 7 1.8 2x10° 35 50 [18]
4H-SICV2  5.7(7.5) 0.06 0.06 3 x 102 2(02with 4 (8]
Ramsey)
4H-SiCPL6 0.5 11.9 1.8 1.0x 10" 500 4000 [102]
Diamond NV 8.5 0.03 10.7 1x 10V 0.003 0.0026-0.006 [24]
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Figure 8. (a) Projected shot-noise-limited sensitivity for V2 centers in 4H-SiC, based on current bulk optics performance
combined with material improvements to 75 and ODMR contrast, Ccw—opwmr. Stars indicate experimentally achieved
sensitivities from references [8, 18]. (b) Projected sensitivity for V2 centers in 4 H-SiC assuming integration with a photonic
cavity. The projection includes improvements in ODMR contrast (Ccw—opmr) and photon detection rate (R) due to the cavity,
alongside expected enhancements in spin coherence time (T5) [66].

the top of the sample. Similar studies using enhanced absorption of the optical [130] and MW power [24],
which can improve the ODMR contrast, have not yet been performed in V2 in 4 H-SiC, but it is expected
that optimizing the optical and MW power [14] an order of magnitude improvement of the SiC sensitivity
should be achieved in the bulk material.

In the case of SiC, all the above strategies can in fact be implemented to achieve higher sensitivity,
however, these approaches are still bulky and less suitable for many applications of magnetic sensing. While
using SiCOI waveguides with integrated V2 spin defects [120] could yield a relevant photon excitation and
CE enhancement. In table 1 the experimental parameters to achieve the sensitivity for the above
magnetometry demonstrations are listed, showing as one of the main limitations for bulk-SiC V2 to improve
sensitivity is the low ODMR contrast compared to NV in diamond, while for bulk-SiC PL6 is the low
ensemble of the defects that can be generated.

7.3. Projected sensitivity with integrated photonics
With further material and defects fabrication optimization also based on isotopic purification, in the case of
V2, it could be possible to increase T5 = 10 us level [141] using electrons irradiation and achieve shot-noise
limited sensitivity of 15 pT/ VvHz.

Improving the optical excitation using a photonic cavity, Ccw_opmr can be improved by a factor up to
10. The photonic waveguide cavity can improve the photon CE to at least CE = 80% and achieve the current
demonstrated Purcell enhancement of 50 in the moderate Q = 1000-5500 cavity, for an overall factor of 30
increase in R = 6 x 10 countss~! [122, 129], thus with the state of the art 4 H-SiCOI photonic resonators
with Q = 10° [142], an additional factor of 10 improvement could be expected for R, thus R > 10'3(10%)
counts/s can be an achievable target for V2 (PL6).

When all the above strategies are combined, the shot-noise-limited sensitivity for V2 can be improved to
S pT/\/m (T% = 15 us, C = 3%, R = 10'° photons/s) (see figure 8(b)). For PL6 using integrated photonics
to improve the Ccw_opmr of a factor of at least 2 and R of a factor of 5 [128], combined with the current
Ty =3 us [79], the sensitivity could be of $12 nT/vHz (T3 =3 us, Ccw—_opMr = 5%, R =5 x 107
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photons/s)). Spin dephasing of T5 = 70-160 us and 375 us were achieved in natural abundance and
isotopically purified divacancy in 4 H-SiC, respectively [90].

8. Conclusions

In this paper, we have presented the advantages of using integrated photonic waveguides and resonant
cavities for improving the magnetic sensitivity of SiC-based optical spin qubits. Leveraging state-of-the-art
SiCOI photonics, combined with ongoing improvements in spin defect fabrication and material
optimization, offers a clear path toward next-generation quantum sensors. The integration of quantum
defects like the V; and modified divacancy with photonic structures represents a crucial step toward practical
devices that combine high sensitivity with scalable fabrication. With continued improvement of SiCOI
photonic resonators toward higher Q-factors, on-chip quantum sensing can achieve a clear advantage over
bulk-material demonstrations. In this view, sensitivities approaching the pT/v/Hz level are achievable within
a small sensing volume, even in the weak coupling regime, providing a scalable and industrially compatible
solution for quantum sensing applications. This performance level would enable detection of weak
biomagnetic signals and nanoscale magnetic phenomena previously inaccessible to conventional sensors.

However, several challenges and trade-offs must be addressed. Enhancing radiative transitions via
photonic structures can sometimes reduce spin contrast at room temperature, particularly for off-resonant
excitation schemes [16]. This trade-off requires careful engineering of the photonic environment to balance
brightness enhancement with the preservation of high spin-readout fidelity. Furthermore, while emerging
platforms like quantum plasmonics and metasurfaces offer unique advantages in extreme field confinement,
their practical benefit for quantum sensing is still under investigation. The fundamental physical limits of
emission enhancement also warrant consideration; while plasmonic nanocavities can theoretically offer
much higher photon rates than dielectric cavities, they suffer from higher losses [143]. Future research
should therefore explore hybrid photonic-plasmonic resonators and other innovative designs that combine
the best aspects of different platforms to push the performance of integrated quantum sensors while
maintaining practical operating conditions.
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