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ABSTRACT
Solid-state spin defects provide a versatile platform for quantum sensing with
nanoscale spatial resolution and room-temperature operation. Spin defects in di-
amond have enabled mature scanning-probe devices, while related defects in silicon
carbide and hexagonal boron nitride are being actively explored for scalable sensing
platforms. However, the sensitivity of practical and scanning-probe devices remains
below that of optimized bulk systems. Although optical fluorescence detection is
widely used, practical performance is often constrained by limitations in signal ac-
quisition and readout efficiency, motivating continued efforts to improve readout
technologies. This review surveys material platforms and optical and photoelec-
trical readout technologies for solid-state spin defects. We compare fluorescence-
and photoelectric-based detection schemes in terms of readout fidelity, sensitivity,
and scalability, and discuss how materials properties and carrier transport influence
practical performance. These perspectives provide guidelines for improving readout
efficiency and advancing high-sensitivity quantum sensors and scanning probes.
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1. Introduction

Quantum sensing has emerged as a powerful approach for detecting extremely weak
physical signals by exploiting quantum mechanical resources such as the quantum
coherence of spin states [1]. Owing to their high sensitivity and non-invasive opera-
tion, quantum sensors enable measurements that are difficult or impossible with con-
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ventional classical probes, particularly when nanoscale spatial resolution and room-
temperature functionality are simultaneously required. Among the various solid-state
implementations, spin defects in wide-bandgap materials are especially attractive be-
cause of their robustness, scalability, and reliable operation under ambient conditions.
Here, scalability mainly refers to ensemble scaling, namely the ability to increase the
number of sensing defects or sensing elements contributing to the detected signal
through materials growth and device fabrication. In this review, scalability refers to the
possibility of increasing the number of sensing defects or sensing elements contributing
to the detected signal through materials growth and device fabrication. Their atomic-
scale dimensions enable highly localized measurements with nanometer spatial reso-
lution, making them well suited for probing microscopic and spatially heterogeneous
phenomena in condensed-matter systems. Nitrogen-vacancy (NV) centers in diamond
represent one of the most mature and versatile platforms [1–3]. The NV electron spin
can be optically initialized and read out while maintaining long coherence times even
at room temperature, enabling sensitive detection of magnetic fields, electric fields,
temperature, and strain [4]. When incorporated into thin membranes or nanostruc-
tures, NV centers further function as scanning quantum probes that bring the sensor
into close proximity with a target sample [5–7]. Such platforms enable nanoscale mag-
netometry and current-density imaging with unprecedented spatial resolution [7–10].
Despite these advances and the recent commercialization of NV-based probes, the
sensitivity of practical scanning implementations remains significantly below the lim-
its demonstrated in optimized bulk materials. Commercial devices typically operate
at sensitivities on the order of µT/

√
Hz, whereas optimized sensors range from the

nT/
√
Hz regime for single-spin devices down to the fT/

√
Hz regime for bulk ensem-

ble systems under optimized conditions [11–13]. This performance gap persists even
though both bulk and scanning implementations rely on optical fluorescence readout.
In practice, device performance is influenced by several factors, including system-level
constraints in miniaturized geometries and limitations in signal acquisition. Although
fluorescence-based readout remains widely used and versatile, practical optical losses,
background signals, and experimental overheads can reduce signal-to-noise ratios and
scalability. Consequently, improving readout efficiency has become an important focus
for enhancing the sensitivity of practical quantum sensors.

Beyond diamond, alternative host materials are being explored to address scala-
bility and device-integration challenges. Silicon carbide (SiC) provides a particularly
attractive semiconductor platform compatible with wafer-scale growth and established
microfabrication processes, enabling large-area devices and straightforward electri-
cal integration. In contrast, hexagonal boron nitride (hBN) offers an emerging two-
dimensional host that allows atomically thin sensors and extreme sensor-sample prox-
imity, opening opportunities for surface-sensitive measurements. However, compared
with diamond and SiC, hBN-based spin defects remain at an earlier stage of tech-
nological maturity, particularly with respect to reproducible defect engineering and
electrical readout implementations. Because this review emphasizes readout engineer-
ing for quantum sensors and scanning applications, we focus on the more established
diamond and SiC platforms while discussing hBN as a promising future direction. To
address the limitations of fluorescence detection, increasing attention has been directed
to alternative readout mechanisms that convert spin information into electrical signals.
One such approach is photoelectric detection of magnetic resonance (PDMR), in which
spin-dependent photoionization processes generate a measurable photocurrent [14]. In
this technique, optical excitation is used to drive the photoionization process, while
the resulting signal is detected electrically. Thus, PDMR combines optical excitation
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with electrical readout. This mechanism is distinct from electrically detected magnetic
resonance (EDMR), where spin-dependent transport or recombination processes are
monitored electrically [15]. PDMR-based photocurrent detection can be implemented
using on-chip electrodes and compact electronics, enabling efficient signal collection,
reduced optical complexity, and potential compatibility with integrated and scanning-
probe architectures, depending on device implementation. Such approaches provide a
pathway toward scalable, chip-level quantum sensors with improved signal acquisition
and system robustness.

Here we distinguish ODMR, EDMR, and PDMR to avoid confusion among related
spin readout techniques. A representative comparison relevant to spin-defect quan-
tum sensors is summarized in Table 1. ODMR detects magnetic resonance through
spin-dependent optical observables, such as fluorescence, absorption, or polarization
signals [4,16,17]. EDMR is used here in a broader sense to denote resonance detection
through spin-dependent electrical observables, including current [18–22], photocurrent
[23–26], capacitance [27], and related responses [28]. PDMR refers to a photoelectric
readout scheme in which optical excitation drives spin-dependent photoionization;
the resulting signal is detected electrically, typically as a photocurrent [14]. Although
these approaches may share experimental components such as optical excitation or
microwave driving depending on the material platform, they are distinguished here by
their dominant readout mechanisms. In this review, we primarily focus on fluorescence-
based ODMR and PDMR as representative readout schemes for solid-state spin-defect
quantum sensors, while EDMR is included mainly to clarify the broader landscape of
electrical spin readout techniques.

This review surveys material platforms and readout technologies for solid-state spin
defects, with an emphasis on engineering optical and photoelectrical signal acquisi-
tion for compact, scanning-compatible devices. It is organized as follows. Section 2
introduces the material platforms, including NV centers in diamond, silicon vacancy
(VSi) defects in SiC, and boron vacancy (VB) centers in hBN. Section 3 describes
the operating principles of spin-defect sensors, including spin initialization, manipu-
lation, optical readout, and sensing performance. Section 4 discusses photoelectrical
detection techniques, carrier transport, contact engineering, and charge-state stabil-
ity. Section 5 presents scanning-probe fabrication methods and associated limitations.
Section 6 compares optical and photoelectrical readout schemes in terms of readout
fidelity, sensitivity, scalability, and practical constraints. Section 7 summarizes repre-
sentative demonstrations in diamond and SiC. Finally, Section 8 concludes the review
and outlines future directions.

2. Material Platforms of Spin-Defect Quantum Sensors

Quantum sensors are generally classified into three types according to Degen et al. [1]:

(1) Sensors that employ quantum objects or quantum states,
(2) Sensors that exploit quantum coherence,
(3) Sensors that utilize quantum entanglement.

While type-3 sensors may ultimately surpass classical sensitivity limits, this review
focuses on type-1 and type-2 sensors, which are more practical with current solid-
state systems.

The operation of all solid-state quantum sensors is predicated on three fundamental
steps: (1) The preparation of a well-defined quantum state (e.g. spin initialization via
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thermal polarization or optical pumping), (2) sensing via spin manipulation interact-
ing with external fields and (3) readout of the final quantum state (Fig. 1a, 1b). Spin
control frequently utilizes magnetic resonance techniques. For NV centers in diamond
and defects such as VSi in SiC, the readout is typically optical or photoelectrical.
Fig. 1c illustrates representative quantum sensing implementations based on optical
and photoelectrical detection schemes using confocal laser scanning microscopy and
scanning photocurrent microscopy, respectively. A focused laser is used for spin initial-
ization and readout, either optically via fluorescence or electrically via photocurrent.
The objective lens with the magnitude of 50 and NA of 0.7 focuses the excitation
beam onto a single or small ensemble of defects with a nearly diffraction-limited spot
diameter of ∼ 0.5 µm. The focal position is raster-scanned using a piezoelectric stage,
providing a typical travel range of up to 100 µm along the x, y, and z directions. The
upper left region schematically shows integrated electrodes for electrical readout and
a microwave antenna for coherent spin manipulation. The gap between the electrodes
are ∼ 10 µm. In the optical detection scheme, fluorescence emitted from the defect
is collected through a pinhole (diameter ∼ 50 µm) and detected using an avalanche
photodiode (APD). In contrast, for photoelectrical detection, a constant bias voltage
is applied across the electrodes, and the laser-induced photocurrent is measured using
a transimpedance amplifier followed by lock-in detection.

Diamond is known to host a variety of defects and impurities that are advantageous
for quantum devices. Examples of such centers include the NV center [4], the ST1 cen-
ter [29] and the NiV center [30]. Among these candidates, the NV center is considered
the most promising for solid-state quantum sensing due to the extremely long coher-
ence times among solid-state electron spins [12,31]. To comprehend the operational
mechanisms of the NV quantum center, the spin Hamiltonian ((H)) can be delineated
by the following equation:

H = S⊤ ·D · S + geµBS ·B0, (1)

The first term is described as the zero-field splitting (ZFS) term of the NV electron
spin (S = 1), which depends on the electric field, temperature and pressure [4]. the
ZFS parameters of D and E are defined as D ≡ 2Dzz/3 ∼ 2.87 GHz , and E ≡
(Dxx +Dyy) /2, respectively. The second term describes the Zeeman interaction of NV
electron spins with a magnetic field, ge ∼ 2.003 and µB are g-factor of the NV electron
spin and the Bohr magneton, respectively. Consequently, the diamond NV quantum
sensor has the capacity to measure magnetic fields, electric fields, temperature and
pressure.

SiC is known to harbor a variety of defects that are for utilization in quantum
devices [32,33]. Among of them, VSi is the most extensively studied defect. The defect
has spin values of S = 3/2 (VSi) with its respective spin Hamiltonian exhibiting a
comparable character to that of the NV center in diamond [34,35]. The effect of spin
value on magnetic field measurement is discussed in Sec. 3.3 Since VSi is a single
vacancy, unlike NV centers which possess four quantization axes, its response to the
measured magnetic field is simpler. However, vector measurements require complex
protocols [36]. A significant discrepancy has been observed in their ZFS values: VSi

has a ZFS of approximately 35 MHz [37]. Although not discussed in this paper, in
magnetic field measurements using level anti-crossing, this small ZFS also means that
the required external magnetic field can be reduced by at least one order of magnitude
compared to NV center [38].

In addition to bulk hosts such as diamond and SiC, color centers in hBN have re-
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cently attracted considerable interest as an alternative platform for solid-state quan-
tum sensing. Owing to its atomically thin, van der Waals layered structure, hBN en-
ables defect spins to be positioned within a few nanometers—or even sub-nanometer
distances—from target systems. Such extreme proximity is particularly advantageous
for sensing weak magnetic or electric fields from low-dimensional materials, molecular
systems, and surface-bound phenomena, where the detectable signal strength scales
strongly with sensor-sample distance. Several optically addressable spin defects, includ-
ing boron-vacancy (VB) centers, have demonstrated room-temperature spin polariza-
tion, microwave manipulation, and ODMR-based readout. The two-dimensional ge-
ometry further offers opportunities for integration with heterogeneous material stacks
and nanofabricated devices, suggesting potential routes toward ultrathin and flexi-
ble quantum sensors. At present, however, the technological maturity of hBN-based
spin defects remains lower than that of diamond and SiC. In particular, reproducible
defect creation, spectral stability, and spin coherence times are still under active de-
velopment, and electrical readout schemes such as PDMR have not yet reached the
same level of implementation as in bulk semiconductor hosts. Consequently, while hBN
represents a promising future platform for surface-proximal and two-dimensional sens-
ing, the present review focuses primarily on diamond- and SiC-based systems, where
established optical and photoelectrical readout techniques already enable practical
scanning-probe operation.

Table 2 summarizes representative material properties of solid-state spin-defect plat-
forms, including the NV center in diamond, the VSi in SiC, and the VB center in
hBN. These parameters collectively determine the achievable spin-readout contrast,
coherence time, optical efficiency, and ultimately the magnetic-field sensitivity attain-
able in bulk crystals and device implementations. Among these platforms, diamond
NV centers currently provide the most balanced overall performance. Although the
Debye-Waller factor is relatively small (∼ 3 %) [39], NV centers exhibit high fluores-
cence count rates, large ODMR contrast (up to ∼ 40 %), and long room-temperature
coherence times [12]. In isotopically purified diamond, millisecond-scale T2 times have
been achieved, and further improvements can be realized through optimized mate-
rial engineering and donor control [12]. Together with excellent thermal stability and
mature single-crystal growth technology, these attributes establish diamond as the cur-
rent benchmark platform for high-sensitivity quantum sensing and a widely adopted
material for scanning-probe implementations.

SiC hosts silicon-vacancy centers and offers a technologically mature semiconduc-
tor platform. The availability of large-diameter wafers and relatively low dislocation
densities make SiC promising for mass production. However, lower photon count rates
[40] and reduced ODMR contrast presently result in lower spin-readout performance
compared with diamond-based systems [41]. These limitations mainly arise from the
intrinsic optical and spin-dependent properties of VSi centers. Crystal can be an im-
portant factor for coherence properties such as T ∗

2 . However, the transition between
|ms⟩ = |+1/2⟩ and |−1/2⟩ of VSi centers can be exploited as a strain-insensitive spin
basis that exhibits T ∗

2 much longer than the transitions between |±1/2⟩ and |±3/2⟩
and less sensitive to the electron-irradiation dose, indicating a reduced sensitivity to
inhomogeneous broadening induced by local strain and crystal inhomogeneity [42]. On-
going improvements in material purity, defect engineering, and photonic integration
are expected to mitigate these limitations and enhance overall sensing performance.

Two-dimensional hBN has recently emerged as a promising host material due to its
atomically thin geometry, which enables extreme proximity between the spin sensor
and the target magnetic source. This feature is particularly advantageous for nanoscale
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and surface-sensitive scanning applications. At the same time, quantitative perfor-
mance metrics—such as coherence time, ODMR contrast, and sensitivity—remain less
mature than those of diamond and SiC, as reflected by the shorter coherence times
and lower readout contrast summarized in Table 2. Defect reproducibility, spectral
stability, and material uniformity therefore remain active research challenges.

Overall, the selection of the host material involves trade-offs among spin coherence,
optical readout efficiency, fabrication scalability, and thermal robustness. Diamond
remains the benchmark platform for high-sensitivity scanning magnetometry owing to
its superior combination of coherence and optical readout performance, while SiC offers
strong advantages for scalable semiconductor integration and hBN provides unique
opportunities for ultrathin, surface-proximal sensing architectures.

3. Material-Dependent Spin Initialization, Manipulation, and Optical
Readout

3.1. Initialization

Solid-state quantum sensors utilize electron and/or nuclear spins, with the initial step
being spin polarization (initialization). The simplest and most fundamental spin po-
larization mechanism is thermal polarization, where the spin population follows the
Boltzmann distribution. Although this mechanism describes the equilibrium spin pop-
ulation, it yields only below 1-% polarization at room temperature and typical mag-
netic fields. Therefore, thermal polarization is insufficient for high-sensitivity quantum
sensing. Consequently, most modern solid-state quantum sensors, such as NV centers
in diamond or VSi in SiC, employ active initialization methods of optical pumping to
achieve near-unity polarization.

In contrast, the proposed and demonstrated quantum sensors based on NV centers
in diamond and VSi in SiC can be initialized through optical pumping processes. This
represents a substantial benefit for solid-state quantum sensors, as they are capable of
functioning under ambient conditions over a broad temperature range. The subsequent
section elucidates the mechanism of spin initialization for NV and VSi electron spins
via optical pumping [4]. As illustrated in Fig. 2a, the energy levels of an NV center
are depicted without a static magnetic field. Following laser excitation, an electron in
the ground state (GS) (3A2) is excited to the excited state (ES) (3E). The electron
subsequently undergoes a relaxation process, either radiatively, returning to the 3A2

state (illustrated by red solid arrows) or non-radiatively, via a metastable state (1A1)
(depicted by black dashed arrows). These relaxation pathways are spin dependent:
when the NV electron spin is |ms⟩ = |0⟩, relaxation is primarily radiative. Conversely,
for |ms⟩ = |±1⟩, the electron preferentially relaxes through the non-radiative pathway.
Once an electron relaxes to the 1A1 state, it predominantly relaxes to the |0⟩ in the
3A2 state. The electron spin can be initialized into the |0⟩ state with a high degree of
fidelity (i.e. 90 % or more) by repeating the cycle of photoexcitation and relaxation.

VSi is classified as a spin defect with S = 3/2 [34] and it has been observed that GS
and ES possess spin sublevels |ms⟩ = |±1/2⟩ and |±3/2⟩, respectively. The transition
diagram of VSi (V2) is illustrated in Fig. 2b [43]. As observed in the NV center in
diamond, following photoexcitation (O1 or O2), an electron undergoes either a direct
transition with photoemission or a non-radiative transition via metastable states (MS1

or MS2) to the GS. For initialization by laser irradiation, the transition probability of
each transition, including the metastable states, is important. The lifetimes (transition
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rates) were measured at 5.5 K, as shown in Fig. 2b [43]. The lifetimes from MS2 to
the GS (γ′3, γ

′
4) are very long compared to those from MS1 (γ3, γ4) and the former

show laser power dependence. Because of 1/γ3 < 1/γ4, the transition tends to be
preferentially towards |±1/2⟩. Since γ′3 (= γ′4) becomes large under high-laser-power
conditions, the spin polarization after initialization shows laser power dependence.

3.2. Optical Readout

Optically detected magnetic resonance (ODMR) of NV centers is a well-established
technique in which spin-dependent intersystem crossing leads to spin-dependent flu-
orescence contrast under microwave excitation. The basic energy-level structure and
readout mechanism have been extensively reviewed elsewhere [4] and are not repeated
here. Instead, we focus on how materials properties influence the achievable ODMR
contrast. The ODMR contrast of single NV centers directly reflects the intrinsic spin
and charge properties of the defect, whereas ensemble measurements are additionally
affected by dipolar interactions, inhomogeneous broadening, and orientation averaging.
Consequently, single-defect contrast provides a clearer metric for evaluating material
quality. NV centers can be created either by nitrogen ion implantation followed by
annealing or during CVD growth. Ion implantation typically introduces vacancy clus-
ters and complex defect structures near the NV center, which degrade spin coherence
and charge stability, resulting in reduced ODMR contrast compared with high-purity
CVD-grown material [44,45]. Charge-state engineering further plays a critical role. In-
corporation of phosphorus donors during CVD growth stabilizes the NV−charge state,
increasing the steady-state NV− population under optical excitation. Under such con-
ditions, nearly 100% NV− occupancy has been reported [46], compared with ∼ 50-70 %
in intrinsic diamond [47]. Using n-type phosphorus-doped diamond, single-NV ODMR
contrasts as high as ∼ 37 % have been achieved [12]. Surface termination and near-
surface defects also strongly influence ODMR performance by affecting both charge
stability and spin coherence through electric and magnetic noise sources [48]. These
observations highlight that ODMR contrast is governed not only by the intrinsic defect
physics but also by materials quality and device processing.

The principle of ODMR for the SiC VSi defect is analogous to that of the NV center,
but its S = 3/2 spin makes the situation more complex. The application of a magnetic
field in the direction of the c-axis gives rise to the splitting of each Kramers doublet
because of the Zeeman effect, thereby yielding two observable transitions (|−1/2⟩ ↔
|−3/2⟩ and |+1/2⟩ ↔ |+3/2⟩) [49], where. the ODMR contrast is reduced by half due
to the presence of two distinct populations. In the case of fields misaligned with the
c-axis, up to six ODMR signals can be detected.

The decrease in the ODMR contrast in the presence of a magnetic field is at-
tributable to the S = 3/2 configuration. This is not exclusive to the contrast and
the signal intensity also diminishes in pulse measurements such as Rabi, T1 and T2
measurements. To overcome this disadvantage, the measurements were performed on
each of the two split signals (in the case of a parallel magnetic field) and the signals
obtained were summed. This process has been shown to restore the signal intensity to
its original value in the absence of a magnetic field [43].
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3.3. Manipulation

3.3.1. Continuous wave magnetic resonance

The continuous-wave magnetic resonance, including the ODMR and PDMR protocols,
exhibits sensitivity to magnetic fields with a frequency in the DC ∼ kHz range. In this
section, the NV quantum sensor is employed as a case study, given its analogous
functionality to the SiC quantum sensor. The Hamiltonian of the NV center, in the
presence of a magnetic field Bz along the NV axis is

HI = DGSS
2
z + γeBzSz. (2)

where DGS is the ZFS, Sz is the z component of the electronic spin and γe = geµB
is the gyromagnetic ratio of the NV center. The resulting Zeeman splitting leads to
resonance frequencies

ω± = DGS ± γeBz. (3)

The lifted energy levels are measured as follows: the continuous illumination of a laser
excites the electronic state, which subsequently undergoes relaxation to the |0⟩ state.
Simultaneous irradiation with the continuous microwaves whose magnetic field com-
ponent is perpendicular to the NV axis has been shown to induce transitions between
the |0⟩ and |±1⟩ states, provided that the microwave frequency, ω, matches either of
the resonant frequencies, ω± (see further details in Sec. 3.3.2). Consequently, the res-
onant frequencies, ω±, can be determined by observing the reduction of fluorescence
in ODMR or the change in the photocurrent in PDMR.

While the basic detection mechanism is well established, the achievable CW
magnetic-field sensitivity is strongly governed by material properties. To first order,
the sensitivity can be approximated as

ηCW ∝ ∆ν

C
√
R
, (4)

where ∆ν is the resonance linewidth, C is the ODMR contrast, and R is the detected
photon rate [1,2]. All three parameters are highly sensitive to crystal growth method,
defect density, strain homogeneity, and charge-state stability.

The linewidth ∆ν is fundamentally limited by the inhomogeneous dephasing time
T ∗
2 , but in ensemble measurements it is often dominated by spatial variations in lat-

tice strain and defect-induced electric-field fluctuations. Recent advances demonstrate
that CW-based NV magnetometry can approach the pT/

√
Hz regime when employ-

ing a narrow-linewidth ensemble (∼ 28 kHz) with long dephasing time (T ∗
2 ∼ 8.5

µs) and optimized optical readout [50]. Such narrow linewidths are achievable only in
high-quality CVD-grown diamond with excellent strain homogeneity and low residual
defect density. In contrast, strain inhomogeneity significantly broadens the ODMR
linewidth. For example, in 10-MeV electron-irradiated HPHT diamond, irradiation-
induced vacancy/interstitial complexes generate spatially varying lattice strain, lead-
ing to MHz-scale broadening; a maximal ODMR splitting of ∼ 6 MHz was observed
at high fluence (≈ 1018 cm−2) [51]. These results directly illustrate that CW-ODMR
performance is strongly governed by crystal growth conditions and defect engineering.

In SiC, similar material-dependent behavior has been observed for VSi defects. For
DC magnetic-field sensing, the nuclear-spin environment strongly limits the inhomo-
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geneous dephasing time T ∗
2 . Isotope purification (0.15% 13C and 0.01% 29Si) has been

shown to increase T ∗
2 at room temperature by approximately one order of magnitude,

from ∼0.4 µs to ∼4 µs in the {±1/2,±3/2} spin basis [42]. Furthermore, the silicon-
vacancy center in SiC provides an alternative spin basis {−1/2,+1/2} that is largely
disentangled from the zero-field splitting and therefore relatively insensitive to strain.
In isotopically purified material, this strain-insensitive basis has demonstrated T ∗

2 ≈
20 µs [42]. These material improvements have enabled DC magnetic-field sensitivities
down to ∼4 nT/

√
Hz [41], highlighting the critical role of isotope engineering and

defect-basis selection in determining CW sensing performance.

3.3.2. Rabi oscillation

The Rabi measurement quantifies the amplitude and frequency of oscillating magnetic
fields [52,53]. The Hamiltonian with static Bz and oscillating Bx with a frequency ω
is

HII = DgsS
2
z + γeBzSz + γeBx cos (ωt)Sx, (5)

where Sx is the x component of the electronic spin. When the resonant condition
ω ∼ ω+ is met, the Hamiltonian on the rotating frame can be simplified to the following
form:

HII
rot =

Ω

2
(|0⟩ ⟨−1|+ |−1⟩ ⟨0|) , (6)

where γeBx is denoted as Ω. The time evolution of the initial state |0⟩ is expressed as

∣∣ψII(t)
〉
= cos

(
Ω

2
t

)
|0⟩+ i sin

(
Ω

2
t

)
|1⟩ , (7)

which leads to the oscillating probability observing |0⟩:

pII|0⟩(t) =
1

2
+

1

2
cos (Ωt) . (8)

This equation suggests that both the amplitude Bx and frequency ω of the magnetic
field can be obtained when the resonant frequency ω is tuned to ∼ ω. The pulse which
brings |0⟩ into |+⟩ = (|0⟩+ |1⟩)

√
2 is called a π/2-pulse, whereas the pulse which

brings |0⟩ into |1⟩ is called a π-pulse. These pulses are used in the following sensing
protocols.

In practice, Rabi fringes decay over time, and both the achievable contrast and the
effective decay time are strongly influenced by material properties. The Rabi contrast
depends critically on stable spin initialization and readout. Donor doping can stabi-
lize the negative charge state and suppress paramagnetic defect formation, thereby
enhancing the oscillation amplitude. For example, a Rabi contrast as high as 37% has
been reported in donor-engineered diamond [12], demonstrating the direct impact of
defect and charge-state control on coherent manipulation fidelity. In ensemble mea-
surements, the apparent Rabi decay is often dominated not by intrinsic relaxation
but by a spatial distribution of the Rabi frequency Ω across the sensing volume. Such
inhomogeneity arises from variations in microwave-field strength, defect density, and
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strain. This effect becomes particularly significant in GHz-field sensing, where ensem-
ble inhomogeneous linewidth and microwave-field gradients directly limit performance.
Heterodyne detection schemes have been proposed to mitigate this limitation and effec-
tively extend the observable Rabi decay time [54,55]. In bulk diamond containing four
crystallographic NV orientations, only a subset of centers contributes constructively
under a given bias field configuration. Preferential alignment during CVD growth re-
duces orientation averaging and significantly improves ensemble Rabi contrast [56–58].
These observations indicate that Rabi-based sensing performance is governed not only
by intrinsic spin coherence but also by charge engineering, microwave-field uniformity,
and crystallographic control.

3.3.3. Ramsey Interferometry

The Ramsey interferometry is sensitive to the energy splitting ω because of the accu-
mulation of the relative phase between |0⟩ and |1⟩ [59]. In the first step of the protocol,
the state is prepared to be the sensing state

∣∣ψIII
s

〉
upon the application of a π/2-pulse

(Rπ/2) to the initial state of |0⟩:

∣∣ψIII
s

〉
= Rπ/2 |0⟩ = |+⟩ = |0⟩+ |1⟩√

2
, (9)

Subsequently, the sensing state acquires a phase under the Hamiltonian HI within a
duration of t:

∣∣ψIII
s′
〉
=

|0⟩+ e−iω−t |1⟩√
2

. (10)

Using a second π/2-pulse, the relative phase is mapped onto the measurable population
difference.

|ψm⟩ = Rπ/2

∣∣ψIII
s′
〉

=

(
1 + e−iω−t

)
|0⟩+

(
1− e−iω−t

)
|1⟩

√
2

. (11)

The probability of observing |0⟩ is

pIII|0⟩(t) =
1

2
+

1

2
cos (ωt) , (12)

from which the amplitude of the target magnetic field can be obtained as the sine
fringe frequency.

In Ramsey magnetometry, the DC magnetic-field sensitivity scales approximately
as

ηRamsey ∝ 1

γeC
√
NT ∗

2

, (13)

indicating that improvements in the inhomogeneous dephasing time T ∗
2 directly trans-

late into enhanced sensitivity [1,2].
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In diamond, the Ramsey linewidth is primarily governed by the 13C nuclear spin
bath and paramagnetic impurities. Its dependence on 13C concentration has been ex-
tensively studied, showing that T ∗

2 can reach ∼ 30 µs at a reduced 13C abundance of
0.03% [60,61]. Further improvement can be achieved through controlled phosphorus
donor doping, where donated electrons suppress the formation of paramagnetic va-
cancy complexes; under optimized conditions, T ∗

2 values approaching ∼ 1.5 ms have
been reported [12]. For ensembles, T ∗

2 is often limited by nitrogen-related paramag-
netic defects. Systematic studies indicate that T ∗

2 spans approximately 0.1 - 10 µs for
nitrogen concentrations in the 1-50 ppm range at room temperature [62]. For shallow
NV centers, additional degradation arises from surface band bending and termination
chemistry, which affect charge stability and introduce electric and magnetic noise. With
appropriate donor doping, near-surface NV− centers (∼ 5 nm depth) with T ∗

2 ≈ 0.81
µs have been demonstrated [63].

Similar material-dependent limitations are observed in SiC-based defects. In VSi cen-
ters, the nuclear spin environment strongly influences T ∗

2 . Isotope purification (0.15%
13C and 0.01% 29Si) increases T ∗

2 at room temperature by approximately one order
of magnitude, from ∼ 0.4 µs to ∼ 4 µs in the {±1/2,±3/2} basis [42]. Moreover, the
strain-insensitive {−1/2,+1/2} spin basis enables further improvement to T ∗

2 ≈ 20
µs in isotopically purified samples [42]. These advances have enabled DC magnetic-
field sensitivities down to ∼ 4 nT/

√
Hz [41]. Overall, Ramsey magnetometry directly

converts materials improvements in nuclear-spin purification, defect control, and sur-
face engineering into enhanced DC sensitivity, making T ∗

2 a key figure of merit for
comparing diamond and SiC quantum sensors.

3.3.4. Spin echo

The fundamental premise of the spin echo protocol is the cancellation of the DC
magnetic field noise by applying a π-pulse in the middle of the Ramsey measurement.
A DC magnetic field is canceled over the echo sequence because the first and second
phase accumulations have opposite signs. In other words, if the magnetic field signal
is synchronized with the sequence, the phase proportional to Bz is accumulated.

The spin-echo protocol suppresses quasi-static magnetic-field noise and reveals the
intrinsic coherence time T2 of the defect spin. The achievable AC magnetic-field sen-
sitivity therefore scales approximately as

ηEcho ∝
1

γeC
√
NT2

, (14)

making T2 the key materials-dependent figure of merit in echo-based sensing [1,2].
In diamond, the echo decay is governed primarily by coherent coupling between the

NV electron spin and the surrounding 13C nuclear-spin bath [64]. Systematic studies
show that T2 spans from ∼10 µs to 1.8 ms as the 13C concentration is reduced from
∼10% to ∼0.3%, exhibiting an approximately inverse dependence on nuclear-spin den-
sity [60,61]. Phosphorus donor doping can further extend T2 to ∼2.4 ms by suppressing
paramagnetic vacancy complexes [12]. For near-surface NV centers, electric and mag-
netic surface noise becomes increasingly important; however, recent work demonstrates
that surface-induced strain engineering combined with weak DC magnetic fields can
significantly enhance coherence even for ∼1 nm-deep NV centers in 12C-enriched di-
amond [65]. These results illustrate that nuclear-spin purification, defect control, and
surface engineering directly determine the achievable echo coherence.
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Similar material-dependent behavior is observed in SiC-based spin defects. In
natural-abundance 4H-SiC, single VSi centers exhibit echo signals persisting for at
least 200 µs at room temperature [40]. Ensemble measurements report T2 = 47± 8 µs
[66]. Theoretically, millisecond-scale T2 is expected in SiC due to reduced nuclear-spin
flip-flop interactions arising from the binary lattice structure and the energetic sepa-
ration of 29Si and 13C spin baths at moderate magnetic fields (B ≳ 300 G) [67,68].
Consistent with these predictions, T2 values of 1.2 - 1.3 ms have been experimentally
demonstrated for ensemble divacancies in natural-abundance SiC at 20 K [69].

Overall, echo-based sensing directly converts improvements in nuclear-spin environ-
ment and defect engineering into extended T2, thereby enhancing AC magnetic-field
sensitivity. Comparison of diamond and SiC indicates that both platforms can reach
millisecond-scale coherence under optimized conditions, though via distinct materials
mechanisms.

3.3.5. Dynamical decoupling

As an extension of the echo sequence, a narrower bandwidth of the target signal
frequency can be obtained using dynamic decoupling (DD) protocols [70]. The DD
sequence is comprised of a train of π-pulses which are equally spaced by τ , thereby
suppressing noises at all frequencies except for the harmonics of τ . The DD sequence
has been subject to several variations, including Carr-Purcell-Meiboom-Gill (CPMG)
[71,72], periodic dynamical decoupling (PDD) [73] and XY8 [74]. Because these se-
quences are insensitive to magnetic noise other than the harmonics of τ , the coherence
time can be extended significantly. However, the achievable effective coherence time
to TDD

2 remains fundamentally limited by materials-dependent factors. Pulse imper-
fections arising from microwave-field inhomogeneity, dielectric loss, and heating be-
come increasingly important at large pulse numbers. In high-defect-density samples,
residual magnetic noise from paramagnetic impurities limits the ultimate extension
of coherence. Thus, improvements in nuclear-spin purification, defect density reduc-
tion, and microwave engineering are essential for realizing the full potential of DD
protocols. Moreover, the tunable frequency response of DD sequences enables noise
spectroscopy, providing a powerful tool to characterize spin impurities and materials
quality in diamond and SiC [66,75].

3.3.6. Quantum heterodyne detection

Quantum heterodyne detection (Qdyne) has been demonstrated to enable ultrahigh-
frequency resolution that exceeds the limit set by the coherence time of the color
center. Qdyne utilizes a stroboscopic (under-sampling) principle, whereby the phase
of the fluorescence signal is recorded at fixed, equally spaced time intervals. This sam-
pling technique has been shown to cause aliasing, thereby enabling the accumulation
of phase shifts to accurately determine the frequency of the target oscillating sig-
nal [76,77]. Although Qdyne overcomes the coherence-limited frequency resolution of
conventional pulsed sensing, the signal-to-noise ratio per unit time remains governed
by materials-dependent parameters such as the contrast C, coherence time T2, and
spin-relaxation time T1. Long-term frequency stability further requires suppression of
charge-state fluctuations, thermal drift, and defect-induced noise. Consequently, even
in advanced protocols such as Qdyne or coherently averaged synchronized readout
(CASR), ultimate performance is bounded by spin coherence, relaxation, and materi-
als stability. These considerations highlight that while sophisticated control protocols
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can surpass apparent coherence limits in frequency resolution, their practical sensitiv-
ity and stability remain intrinsically tied to materials engineering.

3.4. Sensing performance

In the domain of quantum sensing, critical performance metrics encompass the target
signal frequency, sensitivity, frequency resolution and dynamic range. It is generally
accepted that protocols with a higher target signal frequency offer enhanced sensitivity
yet concomitantly exhibit diminished frequency resolution and dynamic range. There-
fore, it is imperative to select an appropriate sensing protocol based on the target
signal.

The signal whose frequency exceeds the optical transition rate of the NV center
is potentially difficult to detect, but a higher frequency is still detectable by pulsed
sequences. The CW ODMR can detect a DC ∼ kHz signal. The Rabi can detect a
DC ∼ GHz signal because the resonant condition occurs within the range of the ZFS
order. The Ramsey can detect DC ∼ 100 kHz signals because the initialization takes
a few microseconds in each repetition. The spin echo and DD have the capacity to
detect frequencies of an ideal nature that are very high frequency, but in fact, this is
limited to tens of MHz because the π-pulse takes ∼ 100 ns.

The sensitivity, defined in units of T/
√
Hz, is a measure of the minimum detectable

magnetic field within a given time. It depends on noise and the slope of the fluorescence
signal with respect to the magnetic field. The noise is fundamentally limited by the
photon shot noise and the spin projection noise. The slope of the curve depends on
the signal contrast and linewidth. The signal contrast is higher in the pulsed sequence
than in the CW-ODMR. In the CW ODMR spectra, the linewidth is limited by the
coherence time T ∗

2 but usually deteriorates with the MW power [78]. In the fringe of
Ramsey, the linewidth is limited by only T ∗

2 . In the echo sequence, the coherence time is
extended to T2 , resulting in better sensitivity than that of Ramsey [79]. DD sequence
also extends the coherence time to TDD

2 , which gives an even better sensitivity [31,80].
The frequency resolution is converted to the bandwidth of the window functions.

This is expressed in the following form [81] for the window function of the DD sequence
that has equally τ spaced n pulses:

WDD(ω) =
sin

(
ω
2nτ

)
ω
2nτ

tan
(ω
2
τ
)
sin

(ω
2
nτ

)
. (15)

The first sinc term is dominant at the frequency of 1/(2τ) and the peak has a band-
width of 1/(nτ). Although increasing n narrows the bandwidth, the total interrogation
time nτ is bounded by the coherence time TDD

2 , which is ultimately materials limited.
Therefore, improvements in nuclear-spin environment and defect engineering directly
enhance spectral resolution.

Consequently, increasing the pulse number n enables the DD sequence to achieve
enhanced frequency resolution. In practice, however, the total sensing time nτ is fun-
damentally restricted by the coherence time discussed above, which in turn limits the
achievable bandwidth. To circumvent this limitation, correlation spectroscopy probes
the correlations between two DD sequences, allowing the bandwidth to reach 1/T1 [82].
Because T1 is governed by phonon interactions and defect-related relaxation processes,
materials engineering directly determines the achievable resolution. For example, T1
can be extended from several milliseconds to the order of one second by cooling the
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system from room temperature to 77 K [31]. Ultimately, even narrower bandwidths
approaching 1 Hz can be achieved in the CASR scheme [83], in which magnetometry
sequences with spin readouts are synchronized to an external clock. Nevertheless, the
long-term performance of such advanced schemes remains limited by spin-relaxation
processes and materials stability.

The dynamic range of the detectable signal amplitude is subject to an trade-off
with sensitivity. In CW-ODMR, relatively large magnetic fields can be detected di-
rectly. In other pulsed sequences, the oscillating signal fringe possesses a 2π ambiguity,
thereby limiting the detectable range to one period of the fringe. Extending the sensing
time improves sensitivity but reduces dynamic range, whereas shortening the sensing
time increases range at the expense of precision. Since the maximum sensing time is
fundamentally bounded by coherence, this trade-off is ultimately materials limited.

The trade-off between sensitivity and measurement range in the conventional pulsed
sequences can be resolved by combining pulse sequences with different interpulse in-
tervals and optimizing them via a Bayesian algorithm [84]. This approach enabled a
dynamic range of nearly seven orders of magnitude for a single NV center at room
temperature while preserving high sensitivity, which is the largest dynamic range ever
demonstrated for NV centers. [84]. Even in such optimized schemes, the achievable per-
formance remains constrained by coherence time, readout contrast, and spin-relaxation
processes determined by materials quality. Overall, while protocol choice determines
the nominal frequency regime, the achievable sensitivity, frequency resolution, and
dynamic range are fundamentally constrained by materials-dependent parameters in-
cluding T ∗

2 , T2, T1, microwave homogeneity, strain, and defect density.

4. Photoelectrical Readout of Spin Defects

4.1. Photoelectrical Readout

PDMR detects the NV spin states by measuring the changes in the photocurrent
generated under magnetic resonance. Under green laser excitation, electron-hole pairs
are produced as the NV center undergoes charge-state conversion between NV− and
NV0. In contrast to the SCC, the PDMR monitors spin-dependent ionization via pho-
tocurrent [14,85,86]. The overall photoelectrical detection process can be regarded as a
sequence of consecutive steps comprising photoionization, transport and collection of
the generated charge carriers, and electrical readout. At a conceptual level, for a fixed
number of defects and excitation cycles, the number of detected charges Ndetectioncan
be expressed as

Ndetection ∝ Pionization × ηcollection × ηreadout, (16)

where Pionization is the photoionization probability, ηcollection is the efficiency with which
the generated carriers are transported to and collected by the electrodes, and ηreadout
represents the effective electrical readout efficiency, including losses and bandwidth
limitations in the readout circuitry. For PDMR, however, a large total number of
detected charges does not necessarily correspond to a large magnetic-resonance signal.
The spin-dependent component (∆NPDMR) can be described conceptually as

∆NPDMR ∝ Cspin ×Ndetection, (17)
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where Cspin represents the spin-dependent ionization contrast. Thus, even when the
charge-collection efficiency approaches unity under appropriate bias and device con-
ditions, the practical PDMR performance can remain limited by the photoionization
probability and spin-dependent ionization contrast. The signal-to-noise ratio is further
affected by dark current, spin-independent background photocurrent, current-amplifier
noise, laser-intensity noise, charge-state fluctuations, and the local charge environment
near the target defects. To describe these processes in more detail, we first consider
the photocarrier-generation mechanism of the NV center under green-laser excitation,
as illustrated in Fig. 3a. Furthermore, it elucidates the laser excitation and relax-
ation rates (illustrated by the solid and dashed arrows, respectively), as previously
discussed in Ref. [86]. In this process, an electron in the NV− 3A2 state is 3E states
and then to the conduction band (CB). Alternatively, an electron in 1A1 state can be
excited to the CB after relaxation from 3E to 1A1 state. This process of ionization
produces a conduction electron and converts the NV− to the NV0 state. The NV−

state can emit a hole into the valence band and recapturing an electron, thereby cy-
cling back to NV−. This continuous cycle maintains steady photocarrier generation,
enabling direct photoelectrical readout of the spin resonance. Although photoioniza-
tion is accompanied by charge-state conversion during the readout process, the defect
is continuously reinitialized under optical excitation, allowing repeated measurement
cycles and signal accumulation. Consequently, coherent spin manipulation [86–92],
spin-echo measurements [86,90–93], and nuclear-spin-related measurements [91,93,94]
can be performed using PDMR in a manner analogous to ODMR. As outlined in
Sec. 3.1, the NV electron spin can be initialized into the |0⟩ state through the uti-
lization of optical pumping. The occurrence of magnetic resonance results in the spin
population transitioning to the |±1⟩ state, impacting the way photocarriers are gen-
erated by the green laser. If the photoelectrons are predominantly excited from the
3E state, the photocurrent undergoes a decrease under resonance, thereby yielding
a negative contrast. Conversely, when excitation primarily occurs from the compar-
atively slower excitation from the long-lived 1A1 state, the photocurrent increases,
resulting in positive contrast. (Fig. 3b). The predominant pathway is contingent on
factors such as the excitation laser power, which exerts a substantial influence on the
contrast sign [86] (Fig. 3c). As demonstrated by Bourgeois et al. [14], the presence
of acceptor-type defects has been shown to cause an increase in photocurrent during
resonance, or positive contrast. Increasing the excitation power generally enhances the
photoionization probability and the total photocurrent. However, this increase does
not necessarily produce a proportional improvement in the spin-dependent PDMR
signal. If the resonance-on and resonance-off photocurrents increase by the same rela-
tive factor, the PDMR contrast remains unchanged, while the photocurrent difference
between the two conditions increases. Under shot-noise-limited conditions, this can
improve the signal-to-noise ratio. More generally, however, the power dependence of
the PDMR signal-to-noise ratio is determined by the relative power dependences of
the spin-dependent signal, background photocurrent, and noise contributions arising
from photocurrent shot noise, electronic readout noise, and laser-intensity fluctuations.
Laser-intensity noise is not unique to PDMR and can also affect ODMRmeasurements.
Consequently, to optimize PDMR sensitivity, it is imperative to meticulously manip-
ulate the excitation conditions, laser wavelength and impurity or defect concentrations
in the diamond. In comparison with optical techniques, photoelectrical detection rep-
resents a pivotal technology for the integration of quantum sensors, with the potential
to achieve enhanced collection efficiency, thereby circumventing the optical limitations
imposed by the high refractive index of diamond [86,89]. Utilization of PDMR, the de-
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tection of NV electron spin and coupled nuclear spins has been demonstrated [89,93],
as has DC and AC magnetic sensing, which exhibit sensitivities of 100 nT/

√
Hz and

29 nT/
√
Hz, respectively [86,95]. It is noteworthy that Hrubesch et al. [88] estimated

that PDMR-based magnetometers could be approximately three times more sensitive
than conventional ODMR, thereby highlighting the technique’s potential to advance
the performance of NV quantum sensors.

SiC is a material that has been extensively developed in the field of electronics.
Due to its advanced device technologies, it is regarded as a promising platform for
the sophisticated integration of quantum technologies and electronics. Consequently,
the utilization of spin detection via PDMR in SiC is regarded as a highly promising
technique. In SiC, PDMR has been demonstrated for the V2 electronic spin ensem-
ble [90] and subsequently, the ENDOR-based detection of 29Si nuclear spins located
at the second-nearest neighbor sites of the V2 center has also been reported [91]. Re-
cently, the photoelectrical imaging and the single-spin detection of the single V2 center
have been realized [92], as demonstrated in Fig. 5a-c. The realization of single-defect
PDMR represents an important milestone for photoelectrical spin detection. Single-
defect PDMR detection enables access to various fundamental properties necessary to
optimize PDMR performance, such as signal intensities from a single defect, power-
dependent ionization efficiency, the effects of other defects and background, and se-
quence strategies to reduce signals. This information deepens physical understanding,
which is crucial to designing highly sensitive sensors in the future. Furthermore, single-
defect PDMR can be combined with a scanning-probe sensing technique, and thus the
single-defect PDMR is also important for practical quantum sensing applications. The
mechanism of PDMR of the V2 center, as illustrated in Fig. 4, is analogous to that of
the NV center in diamond. The V2, the negatively charged state, absorbs two photons,
resulting in the emission of a charge carrier into the energy bands. The question of
whether the second photo absorption occurs while the system is in the excited-state
quartet or in the metastable doublet state remains unresolved [90]. However, the obser-
vation of the positive contrast sign for single defects, the same as in ODMR, indicates
that ionization predominantly occurs while the system resides in the quartet ES [92].
The combination of a properly biased back-to-back Schottky contact device (Fig. 5d;
see Sec. 4.3) with laser pulse engineering [88,92] has been demonstrated to achieve
a signal-to-noise ratio approximately 1.7 times higher than that of shot-noise-limited
ODMR for the same defects (Fig. 5e). This improvement arises from efficient charge
collection in the photoelectrical scheme, compared with the limited photon collection
efficiency inherent to ODMR. This enhancement approaches the ODMR enhancement
achieved through the utilization of solid-immersion lenses; nevertheless, the adoption
of more efficient ionization would further augment the SNR in PDMR. The improve-
ment in PDMR sensitivity has enabled the use of coherent detection techniques for
the readout of single defects, such as Ramsey interferometry (Fig. 5f) and Hahn-echo,
thereby evidencing clear nuclear spin coupling. Although the application of PDMR in
SiC has been primarily focused on the detection of silicon vacancies, there is a possi-
bility that its applicability may extend to a broader range of defects. While the optical
technique is inherently limited by the sensitivity of photodetectors, the photoelectrical
method provides a non-optical pathway that may allow for the detection of defects
spanning a broader range of spectral characteristics, as seen in a recent study [92],
revealing an additional unidentified feature in the photocurrent image (X in Fig. 5b)
that was not visible in the fluorescence image (Fig. 5a). For such photocurrent-active
defects, photoluminescence-based characterization can be difficult when the defects
are non-emissive or weakly emissive, emit outside the efficient detection range of avail-
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able photodetectors, or cannot be spectrally isolated due to overlapping emission from
other centers. In such cases, wavelength-dependent photoionization responses can pro-
vide spectroscopic fingerprints that are electrically accessible even down to the single-
defect level [96]. When combined with first-principles calculations, photocurrent spec-
tra may further help narrow down candidate microscopic defect models [97]. Such
characterization may help assess whether these photocurrent-active defects should be
suppressed as background-current sources or explored as potential candidates for elec-
trically detected sensing. Furthermore, wavelength-dependent ionization processes can
provide photoelectrical detection selectivity. For spin-active defects, this wavelength
selectivity can be useful for improving the selectivity of magnetic-resonance signals
toward target defects, even when spectral filtering of photoluminescence is ineffective
in ODMR [96,98,99]. Further, PDMR can provide detection selectivity through the
wavelength dependence of ionization processes [98], which can be useful for improving
signal contrast even when spectral filtering of the photoluminescence is ineffective.
Overall, these results demonstrate the potential for highly sensitive spin detection, as
well as its applicability to a wider variety of defect types. The potential for highly
sensitive spin detection, as well as its applicability to a wider variety of defect types, is
demonstrated. This highlights the prospects of PDMR in SiC as a compelling avenue
for future investigation and development in spin-based quantum technologies.

4.2. Doping & Carrier Transport

For photoelectrical spin detection, the properties of the host semiconductor directly de-
termine the achievable signal-to-noise ratio and therefore the ultimate readout fidelity.
Ideally, the material should exhibit (i) low dark current in the absence of illumination,
(ii) a low background free-carrier density, and (iii) efficient carrier collection. A low
dark current sets the electrical noise floor of the measurement, while a low equilib-
rium carrier density suppresses leakage pathways that reduce photocurrent contrast.
Wide-bandgap semiconductors such as diamond and SiC are therefore particularly
suitable for PDMR. Their large bandgaps strongly suppress thermally excited car-
riers, which minimizes leakage current even at room temperature. In addition, both
materials possess indirect bandgaps that suppress radiative recombination and lead
to comparatively long carrier lifetimes. These long lifetimes enhance charge-collection
efficiency and constitute a key intrinsic materials advantage for photoelectrical spin
readout. To fully exploit these intrinsic benefits, however, careful control of mate-
rial doping is required. Heavy n-type or p-type doping introduces shallow donors or
acceptors that supply free carriers even without optical excitation. These carriers in-
crease the dark current and reduce the relative change in photocurrent induced by
spin-dependent photoionization, thereby degrading the readout contrast [85,93]. Con-
sequently, high-purity or lightly doped materials are generally favored. When doping
is employed, it is primarily used to tune the Fermi level and stabilize the desired
charge state of the color center rather than to increase conductivity, since excessive
conductivity is detrimental to sensitive photocurrent measurements. In practice, this
ideal behavior can further be compromised by recombination centers, extended defects,
and trap states that act as carrier sinks and introduce additional fluctuations. Such
defect-assisted trapping and charge-exchange processes reduce the collected current
and increase low-frequency noise, thereby degrading PDMR contrast and sensitivity,
as directly demonstrated in photoelectric NV readout experiments [14]. Recent studies
by Todenhagen et al. [100] and Le et al. [101] further show that carrier transport and
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device geometry strongly influence the overall detection efficiency.

4.3. Contact Engineering

Forming low-resistance Ohmic contacts on wide-bandgap semiconductors such as dia-
mond and SiC is generally challenging because their large bandgaps and low intrinsic
carrier densities hinder efficient carrier injection. Achieving Ohmic behavior typically
requires specific metallization schemes and post-deposition treatments, for example
Ti/Pt/Au multilayers combined with high-temperature annealing and careful surface
preparation to reduce interface barriers [102,103]. For PDMR measurements, however,
minimizing contact resistance is often less critical than minimizing dark current, as
the dark current directly determines the electrical noise floor and limits the achievable
signal-to-noise ratio. Consequently, photoelectrical spin readout does not necessarily
require fully Ohmic contacts. Instead, Schottky-type contacts can be advantageous
because the Schottky barrier suppresses thermionic leakage and reduces background
current, thereby improving photocurrent contrast. In the low-current regime relevant
to PDMR, carrier extraction rather than carrier injection governs the detection ef-
ficiency. Photogenerated carriers can therefore be efficiently collected by drift in the
depletion region formed by back-to-back Schottky junctions when biased above the
flat-band condition, enabling high charge-collection efficiency even without strictly
Ohmic behavior [92,101].

Practical electrode engineering must also consider material-specific constraints.
Nickel is a material of choice for Ohmic and Schottky contacts in 4H-SiC [104], but its
magnetization can cause inhomogeneous broadening of the PDMR linewidth [90]. The
utilization of non-magnetic materials, such as titanium, has been demonstrated to re-
sult in the attainment of narrower linewidths [91]. Leakage current represents another
key difference between host materials. In high-purity diamond, the extremely high
resistivity (∼ 1015 Ω·cm) allows Ohmic contacts to be used with minimal background
current [85,89]. In contrast, SiC has a narrower bandgap and shallower impurities, lim-
iting its resistivity to 1-104 Ω·cm even in high-purity 4H-SiC, making leakage current
more problematic, especially for single-spin detection [104]. In recent demonstrations,
leakage currents have been suppressed to the femtoampere level using back-to-back
gold Schottky diodes (Fig. 5d), which provide high barrier heights for both elec-
trons and holes. Furthermore, Schottky contacts have been demonstrated to facili-
tate charge-collection efficiencies approaching unity under appropriate bias conditions
[80,89,93], when the carrier transit time is sufficiently shorter than the trapping or re-
combination time constants. Indeed, near 100 % charge-collection efficiency has been
reported in semiconductor radiation detectors of SiC devices [105–107] and a single-
crystal CVD diamond detector [108] and holes in a CVD diamond detector [109]. In
the SiC PDMR device reported in Ref. [92], with an estimated carrier lifetime of about
1 µs and a carrier transit time on the order of nanoseconds, photocurrent saturation
above the designed flat-band condition was reported, supporting the assumption of
near-unity charge-collection efficiency in the device.

The ability to operate efficiently without strictly Ohmic contacts offers additional
advantages for defect and device engineering. Forming Ohmic contacts in SiC typically
requires high-dose ion implantation and high-temperature annealing [104], processes
that can introduce damage and degrade spin coherence. Schottky-based architectures
therefore provide a practical and low-damage alternative for photoelectrically detected
spin readout, offering both reduced leakage and improved compatibility with sensitive
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quantum defects.

4.4. Charge State Stability

Photoelectrical readout in PDMR is generally based on spin-dependent photoioniza-
tion processes that involve charge-state conversion of the defect under optical illumi-
nation. The generated photocurrent originates from these photoinduced capture and
emission events. Therefore, controlled charge-state conversion dynamics are essential
for producing a photoelectrical signal [100]. This requirement differs from ODMR,
where a stable defect charge state is typically desired because ionization reduces flu-
orescence contrast and degrades the readout fidelity [12,46]. In PDMR, by contrast,
the charge-state transition itself forms the signal mechanism. Nevertheless, complete
charge instability is also detrimental, since excessive ionization suppresses the avail-
able spin-active population and reduces the photocurrent contrast. Consequently, both
modalities require an optimal balance between charge stability and controllable con-
version dynamics. Although the readout process occurs under nonequilibrium optical
excitation, the equilibrium charge-state distribution is influenced by the Fermi level po-
sition, which is governed by impurity doping and surface termination. The Fermi level
determines the initial population of spin-active defects and the availability of carriers,
thereby affecting both fluorescence and photocurrent generation. These considerations
apply broadly to different material platforms, including NV center in diamond and
VSi in SiC, although the optimal doping and surface conditions depend on the specific
defect levels in each host. Thus, charge-state engineering is a central design parameter
for both diamond- and SiC-based quantum sensors, albeit with different optimization
criteria for optical and photoelectrical detection.

5. Quantum Scanning Probe Implementations

5.1. Tip Fabrication

The fabrication of monolithic diamond scanning probes typically relies on plasma-
based etching processes, such as reactive ion etching (RIE) or inductively coupled
plasma (ICP) etching, to define high-aspect-ratio nanopillars and sharp tips [110–
113]. While these techniques enable precise nanostructuring, plasma exposure can in-
troduce sub-surface damage, including vacancy complexes, amorphized layers, surface
graphitization, and charge traps near the diamond surface [114–117]. Such defects are
particularly detrimental for shallow NV centers, whose spin properties are strongly
influenced by the near-surface environment [118]. Experimental studies have demon-
strated that oxygen plasma treatment can substantially modify the structural and
electronic environment of shallow NV centers [119]. In particular, plasma exposure
has been reported to cause the disappearance or modification of pre-existing shal-
low NVs, indicating significant alteration of the near-surface defect landscape [115].
Such observations are consistent with plasma-induced displacement damage and re-
structuring of vacancy-related complexes in the sub-surface region. Oxygen plasma
processing can introduce or activate electrically active defects and charge traps near
the diamond surface [115,116]. Because shallow NV centers reside within the region
most strongly affected by surface modification, ion-induced defect formation can per-
turb their local electrostatic and magnetic environment. Near-surface defect states
and charge traps can modify the local band bending and influence the occupation of
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the NV charge-transition level (NV0/−), thereby affecting the stability of the NV−

charge state [118,119]. Moreover, increased densities of surface and sub-surface de-
fects are known to contribute to electric-field noise and magnetic noise that couple
to shallow NV spins [120–122]. Because the strength of surface-induced decoherence
scales strongly with NV depth , plasma-induced near-surface damage can reduce spin
coherence times (T2), broaden ODMR linewidths, and degrade magnetic sensitivity
[121,123,124]. Importantly, the extent of these effects depends strongly on plasma
parameters, and carefully optimized low-damage ICP processes have been shown to
mitigate such degradation [116]. Therefore, from a materials engineering perspective,
controlling plasma-induced structural and electronic modifications of the near-surface
region is essential for achieving reproducible shallow NV coherence. Optimization re-
quires balancing nanostructuring fidelity with minimization of displacement damage,
defect complex formation, and charge-trap density in the surface regime.

5.2. Surface Termination

Shallow NV are essential for nanoscale magnetic imaging in scanning NV microscopy
where spatial resolution scales with the sensor-sample distance. However, at such
shallow depths, NV properties become strongly influenced by surface states. Surface
termination plays a critical role in determining charge stability, spin coherence, and
electric-field noise, thereby directly impacting magnetic sensitivity and measurement
reliability. The charge state of the NV is governed by the local band structure near
the diamond surface [118,125]. Surface termination modifies the electron affinity (EA)
and induces band bending through surface dipoles and charge transfer, thereby shifting
the Fermi level relative to the NV charge-transition level (NV0/−). These effects can
stabilize or destabilize NV− state required for quantum sensing [2]. Oxygen termina-
tion typically yields a positive electron affinity (PEA) and moderate downward band
bending at the surface [126]. In this configuration, the near-surface conduction band
edge is lowered relative to vacuum, and the Fermi level remains sufficiently high within
the band gap to favor occupation of the NV− state. As a result, oxygen-terminated
diamond generally supports stable NV− under ambient conditions and has become the
standard surface preparation for shallow-NV experiments [119]. In contrast, hydrogen
termination produces negative electron affinity (NEA) and typically induces upward
band bending, often accompanied by a surface transfer-doping mechanism that forms
a two-dimensional hole accumulation layer (2DHG) [125]. The upward band bending
shifts the near-surface Fermi level toward the valence band maximum, reducing elec-
tron availability at shallow depths. Consequently, shallow NV− can become unstable,
favoring conversion to NV0, which leads to reduced ODMR contrast and charge-state
instability [127]. Fluorine termination introduces strong surface dipoles due to the
high electronegativity of fluorine, resulting in enhanced positive electron affinity and
can induce strong downward band bending depending on surface chemistry [128,129].
Importantly, band bending not only determines the equilibrium charge state but also
modulates the occupation of surface trap states and fluctuating charge centers. The
resulting noise sources scale strongly with NV depth and become dominant for shallow
NV centers [120,122]. Therefore, surface termination engineering is central to control-
ling both NV− charge stability and noise suppression in shallow NV-based magnetom-
etry.
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5.3. Limitations of Quantum Scanning Probe

Scanning NV probe microscopy has enabled quantitative imaging of magnetic and
electric fields with nanoscale spatial resolution under ambient conditions and has be-
come one of the most powerful solid-state quantum sensing platforms. In most current
implementations, a single NV center located near the apex of a diamond tip is op-
tically initialized and read out using confocal microscopy, while microwave fields are
applied for coherent spin control. This configuration has demonstrated high sensi-
tivity and has been widely used for nanoscale magnetometry and current imaging.
Nevertheless, several practical constraints arise in scanning-probe implementations.
First, ODMR requires both optical excitation for spin initialization and microwave
irradiation for spin manipulation. More importantly, the readout signal relies on fluo-
rescence detection. Because the sensing signal is carried by photons, efficient detection
requires high-numerical-aperture objectives, optical filters, and photon-counting de-
tectors. These free-space optical components typically dominate the system size and
complexity, making miniaturization or on-chip integration challenging. In addition,
the high refractive indices of diamond and SiC lead to strong total internal reflection,
which fundamentally limits photon extraction efficiency even with optimized optical
designs. As a result, only a small fraction of the emitted photons contributes to the
detected signal. These photon-collection constraints complicate probe integration and
scalability. Consequently, while ODMR-based scanning probes are mature and highly
effective, their scalability and device integration are often limited by practical optical
considerations rather than by the intrinsic spin physics alone.

Photoelectrical readout based on PDMR replaces fluorescence collection with cur-
rent detection. Although optical excitation and microwave control are still required,
the sensing signal is carried by charge and can be extracted directly through electrodes
and processed using integrated electronics. Consequently, bulky photon-collection op-
tics are no longer required, enabling more compact device architectures and improved
compatibility with microfabricated probes [130,131]. In contrast, PDMR performance
is instead limited by carrier transport properties and electronic noise, highlighting
a different set of engineering trade-offs. Therefore, ODMR and PDMR should be
regarded as complementary techniques rather than mutually exclusive alternatives.
ODMR offers mature, often shot-noise-limited optical detection, whereas PDMR pro-
vides advantages in electrical integration and potential miniaturization. These comple-
mentary characteristics are particularly relevant for next-generation scanning quantum
probes, where compactness and device-level integration are critical. These limitations
motivate the exploration of alternative readout strategies that reduce the dependence
on fluorescence collection, such as photoelectrical detection based on PDMR.

The single-defect PDMR may in principle be combined with a scanning-probe sens-
ing technique; however, such an implementation remains an open technical challenge.
Scanning-probe ODMR sensors based on near-surface NV centers in diamond nanopil-
lars have been widely developed [110,111], and the preservation of spin properties
after optimized nanofabrication has been demonstrated [132]. In addition, photocur-
rent detection using metal/diamond electrode structures (e.g., Ti/Au contacts) has
been reported in planar PDMR devices [85,89,130]. These results indicate that the
individual technological components required for scanning PDMR probes have been
established. Nevertheless, their simultaneous integration into a scanning-probe ge-
ometry has not yet been achieved. Nanopillar fabrication processes such as etching,
focused ion beam processing, or nanostructuring can introduce crystal damage and
near-surface defects, leading to reduced spin coherence and charge-state instability
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[118]. Furthermore, implementing nanoscale electrodes on submicron-scale pillars is
nontrivial. Metallic electrodes placed within tens to hundreds of nanometers of the
spin defect may affect the local electrostatic environment, induce band bending, in-
crease background current, and enhance spin relaxation through magnetic Johnson
noise [120]. These effects are particularly relevant for pillars with diameters on the
order of ∼ 200 nm, where the defect–metal distance can be ∼ 100 nm or less. While
nanoscale metallization of sharp probe structures has been demonstrated in other
systems, such as SQUID-on-tip devices [133,134], these approaches involve different
materials and do not require preservation of spin-defect properties. Therefore, they
provide only a limited structural reference and do not directly establish the feasibil-
ity of scanning PDMR probes. Taken together, although the key elements of scanning
PDMR probes have been demonstrated individually, their integration remains a signif-
icant technical challenge. Thus, scanning-probe PDMR should be regarded as a future
research direction requiring further advances in nanofabrication, surface engineering,
and electrode integration.

5.4. PDMR & Scanning Probe

A key consideration for integrating spin-defect sensors into scanning-probe and de-
vice architectures is the local electromagnetic and material environment in which the
sensor operates. In many nanoscale measurement scenarios, such as probing local cur-
rent distributions or electronic transport, the sensing element must be positioned in
close proximity to metallic electrodes, conductive layers, or nanostructured devices. In
such environments, fluorescence-based ODMR readout can be significantly affected by
optical quenching mechanisms, including nonradiative decay channels and plasmonic
interactions near metal surfaces [111,135–137]. These effects can reduce the detectable
fluorescence signal and degrade readout reliability, particularly for near-surface de-
fects or scanning-probe configurations, although plasmonic enhancement is typically
restricted to carefully engineered configurations [138] and is not generally applicable
to practical sensing environments. In contrast, PDMR employs spin-dependent pho-
toionization processes in which optical excitation generates charge carriers that are
detected electrically as a photocurrent. Because the readout signal is electrical rather
than optical, PDMR is less directly dependent on efficient fluorescence collection and
photon-collection limitations. Although optical excitation remains necessary, electrical
readout may provide an alternative pathway for accessing spin information through
electrically contacted device structures. Such an approach may be particularly relevant
in extreme near-field sensing geometries where conductive materials are intentionally
placed in close proximity to spin defects and fluorescence-based readout becomes in-
creasingly challenging due to quenching effects. Importantly, this does not imply that
PDMR universally outperforms ODMR. Rather, PDMR may offer distinct advantages
in specific scenarios, particularly in electrically integrated architectures and scanning-
probe geometries where optical readout is compromised. Nevertheless, the relative ad-
vantages and limitations of ODMR and PDMR in such environments remain an active
topic of investigation, and the superiority of either approach has not yet been estab-
lished. Realizing scanning-probe PDMR devices remains technically challenging. While
individual components―such as ODMR-based scanning probes [110,111], photocur-
rent detection in planar PDMR devices [14], and nanoscale metallization techniques―
have been demonstrated, their integration into a single platform is still an open prob-
lem. Fabrication processes can introduce surface damage and defects that degrade spin
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coherence and charge stability [118], and the presence of nearby metallic electrodes
may influence the local electrostatic environment and induce additional noise sources
[120]. In addition, conductive structures may modify the local electrostatic landscape
through surface band bending, charge trapping, and Fermi-level shifts, potentially
affecting defect charge-state stability and spin-dependent photoionization processes.
Increased background photocurrent, leakage current, and low-frequency electrical noise
may further reduce the achievable spin-readout contrast and sensitivity. We therefore
emphasize that scanning-probe PDMR should be regarded as a promising but techni-
cally demanding direction, rather than a fully established technique. Future progress
will require coordinated advances in defect engineering, electrode design, and noise
mitigation strategies.

6. Comparison of Optical and Photoelectrical Readout

6.1. Technical Features and Device Requirements

Optical readout of solid-state spin defects is most commonly implemented using a con-
focal microscope configuration, which also forms the basis of scanning-probe NV mag-
netometry. In confocal detection, a tightly focused laser excites a diffraction-limited
volume and the emitted fluorescence is collected through the same objective lens and
detected using single-photon detectors such as avalanche photodiodes (APDs). Spatial
filtering with a pinhole suppresses out-of-focus background light, enabling high signal
contrast and near shot-noise-limited photon counting [139]. This configuration provides
several key advantages that are particularly important for scanning-probe sensing:
high spatial resolution, efficient background rejection, and compatibility with single-
defect measurements at the tip apex. Consequently, confocal detection has become
the standard platform for single-NV magnetometry and nanoscale imaging, where
precise optical addressing and low technical noise are essential. For ensemble sensing,
wide-field approaches are often adopted to increase the detected photon rate. These
may use camera-based imaging for parallel, spatially resolved readout or integrating
photodiodes that collect the total fluorescence intensity [50,83,140,141]. In the latter
case, the analog signal is amplified using a transimpedance amplifier and frequently
processed using differential or lock-in detection to suppress laser intensity noise. Al-
though these electronics introduce additional technical noise, the dominant limitation
typically remains photon shot noise, and the sensitivity scales favorably with the num-
ber of emitters. Electrical detection provides an alternative approach in which spin-
dependent processes are converted into measurable electrical signals. Such techniques
include EDMR and PDMR. In PDMR, optical excitation is used to generate carri-
ers through photoionization while the resulting signal is detected electrically through
device electrodes (Fig. 1c), effectively replacing photon counting with photocurrent
measurement. Because the signal is an photoelectrical current rather than discrete
photon events, low-noise amplification electronics are inherently required. The pho-
tocurrent is commonly amplified using a transimpedance amplifier and detected using
lock-in [85,89], DC [88], or digitizer-based schemes [93] depending on the protocol. In
addition to intrinsic carrier shot noise, the measurement can be affected by amplifier
noise, contact resistance fluctuations, carrier recombination losses, and low-frequency
transport (1/f) noise. These device- and electronics-dependent contributions often
determine the practical noise floor and can exceed the fundamental shot noise. From
an integration perspective, the two modalities also differ substantially. Optical detec-
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tion typically relies on optical components such as objective lenses, filters, and photon
detectors. While parts of the optical path can be fiber-coupled or integrated using com-
pact photonic components, optical addressing of the defect generally requires optical
access near the sensing region, which can contribute to system-level integration con-
straints depending on the device geometry. In contrast, PDMR detects spin-dependent
photoionization as a photocurrent at the device electrodes, which can, in principle, be
interfaced with on-chip electrodes and compact electronics [131], although practical im-
plementation requires careful device engineering and low-noise electronic design. This
compatibility with semiconductor processing suggests potential for more compact or
integrated sensor architectures, although significant technical challenges remain. Nev-
ertheless, it is important to emphasize that PDMR still requires optical excitation for
spin initialization and photoionization, and therefore does not eliminate the need for
optical access, but rather replaces only the fluorescence detection pathway. Overall,
confocal ODMR provides robust, near shot-noise-limited performance and remains the
dominant technique for nanoscale and scanning-probe sensing, whereas PDMR-based
photocurrent detection offers potential advantages in device-level signal collection and
integration, but its performance remains sensitive to materials quality and electronic
noise. Continued advances in materials quality, contacts, and low-noise electronics are
therefore essential to fully exploit the potential of PDMR-based spin readout.

6.2. Readout Fidelity

In the quantum sensing community, spin-readout performance is commonly character-
ized using the readout-noise factor, σR, introduced by Barry et al. [2]. In this work,
we refer to its inverse of read-out factor of σ−1

R as the readout fidelity. This quan-
tity characterizes the excess noise associated with spin-state readout relative to the
spin-projection-noise limit and is distinct from quantum-state-overlap fidelity. Since
the readout-noise factor is satisfied the condition of σR ≥ 1, the readout fidelity sat-
isfies 0 < σ−1

R ≤ 1. To evaluate the same readout metric in the presence of arbitrary
experimental noise, we consider two spin-dependent mean signals, S0 and S1, with cor-
responding conditional variances σ20 and σ21. At the maximum-slope operating point,
the inverse readout-noise factor is expressed as

σ−1
R =

[
1 +

2(σ20 + σ21)

(S0 − S1)2

]−1/2

. (18)

This generalized expression permits σ−1
R to be evaluated using experimentally mea-

sured noise, including technical and electronic noise. By contrast, when the detection
is assumed to be limited under shot-noise-limited detection conditions, σ2i = Si. Under
this shot-noise-limited assumption, σ−1

R reduces to

σ−1
R =

[
1 +

1

C2S̄

]−1/2

, (19)

where C = |S0−S1|
S0+S1

is the symmetric readout contrast and S̄ = S0+S1

2 is the mean num-
ber of detected photons or carriers per readout cycle. In the low-readout-fidelity limit,

C2S̄ ≪ 1, this expression becomes σ−1
R ≃ C

√
S̄. When a detection rate R is reported,

the detected number per readout cycle is obtained as S̄ = Rtro, where tro is the read-
out duration. Based on this common definition, Table 3 summarizes values of σ−1

R for
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optical and photoelectrical readout of NV centers in diamond and VSi centers in SiC.
The tabulated values were obtained by taking the reciprocal of a reported σR, recalcu-
lating σ−1

R from reported contrast and detection parameters, or converting a reported
or experimentally measured SNR to a per-readout-cycle quantity using the generalized
expression above. The evaluation procedure used for each entry is explicitly indicated
in the table. It should be noted that Table 3 is intended to provide a quantitative
comparison of reported readout metrics under a unified definition and does not imply
that PDMR currently outperforms ODMR. Table 3 shows that the reported inverse
readout-noise factors vary substantially among both single-defect and ensemble mea-
surements. The ensemble values should not be interpreted as exhibiting a universal

√
N

enhancement of σ−1
R . In the sensitivity formalism, the number of sensing spins, N , and

the readout-noise factor, σR, represent distinct contributions. Although the total mea-
surement SNR may improve approximately as

√
N , the per-readout-cycle fidelity also

depends on the collection or carrier-detection efficiency, readout contrast, background
signal, readout duration, and technical noise. For optical detection, many of the tab-
ulated values were obtained under a photon-shot-noise-limited assumption. Practical
ODMR measurements may nevertheless also be affected by laser-intensity fluctuations,
microwave instability, detector noise, and background fluorescence. Similarly, practical
PDMR measurements can be influenced by carrier-transport and recombination pro-
cesses, contact resistance, interface instabilities, transimpedance-amplifier noise, lock-
in-amplifier noise, and low-frequency electrical fluctuations. The spread of the reported
values therefore reflects not only differences between optical and electrical detection,
but also differences in readout protocols, measurement durations, device structures,
experimental conditions, and estimation procedures. These considerations are particu-
larly important for PDMR because its readout performance depends strongly on mate-
rials engineering, carrier transport, electrical-contact design, and readout electronics.
These considerations are particularly important for PDMR because its readout perfor-
mance depends strongly on materials engineering, carrier transport, electrical-contact
design, and readout electronics. Theoretical analyses have suggested that photoelectri-
cal readout may achieve competitive magnetic-field sensitivity under optimized noise
and device conditions [88]. However, current experimental implementations remain af-
fected by excess noise associated with carrier transport, interfaces and contacts, and
readout electronics [86,88,142]. Further device and electronic optimization is there-
fore required to establish whether the predicted sensitivity advantages can be realized
experimentally. Accordingly, Table 3 should be interpreted as a summary of protocol-
specific reported readout metrics rather than as a direct ranking of ODMR and PDMR
or as evidence that photoelectrical readout presently provides superior overall sensing
performance.

6.3. Sensitivity

A fair comparison of magnetic-field sensitivity between PDMR and ODMR is inher-
ently complex. As discussed in Secs. 6.1 and 6.2, ODMR measurements frequently
approach the photon shot-noise limit, which originates from the Poisson statistics of
detected photons, whereas PDMR relies on electrical detection of photocurrent and
its sensitivity in practical experiments is often constrained by additional noise sources
arising from carrier transport within the host diamond and from the detection elec-
tronics. These noise sources frequently dominate over the intrinsic current shot noise
and therefore prevent the measurement from reaching the current shot-noise limit.
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Consequently, the two modalities are not always directly comparable under identical
experimental conditions. Nevertheless, several recent studies have performed direct
side-by-side comparisons using identical excitation conditions and the same diamond
samples while varying only the detection method. Zheng et al. [95] demonstrated
microwave-free magnetometry at the ground-state level anticrossing (∼102.4 mT).
They reported that the noise floor of PDMR was approximately four times higher
than that of ODMR. However, the sensitivity normalized to the excitation volume
was reported to be higher for PDMR, which is attributable to its more localized
effective detection volume [130,142]. In fluorescence-based confocal ODMR, the effec-
tive detection volume is determined not only by the excitation profile but also by the
fluorescence collection process, including the finite pinhole size and the emission point-
spread function. For color centers such as NV and VSi, the Stokes shift further broadens
the effective detection volume because the fluorescence wavelength is longer than the
excitation wavelength. In contrast, PDMR directly detects photocurrent generated at
the excitation site and is therefore not affected by fluorescence collection broadening.
Consequently, PDMR approaches the spatial resolution expected for an ideal nonlin-
ear optical microscopy technique and can provide a smaller effective sensing volume
than confocal ODMR under comparable excitation conditions. Recent work by one
of the authors directly compared the spatial resolution of photoelectric and confocal
optical readout using a single NV center and reported a narrower image full width
at half maximum for photoelectric detection under identical excitation conditions,
supporting this interpretation[130]. This quantity should not, however, be interpreted
as evidence that PDMR intrinsically generates a larger magnetic-field signal from an
identical sensing volume. Rather, it reflects the ability to achieve comparable sens-
ing performance while probing a smaller effective sensing volume. Similarly, Hruby et
al. [142] performed simultaneous continuous-wave measurements using both PDMR
and ODMR on the same sample. By employing a yellow-green laser (561 nm) for
PDMR to suppress background photoexcitation from other defects such as P1 centers,
they reported that, under certain experimental conditions, photoelectric readout can
achieve a shot-noise-limited magnetic-field sensitivity that is improved compared with
ODMR. These results indicate that PDMR-based photoelectrical readout should be
regarded as a complementary approach for quantum sensing rather than a universally
superior alternative to ODMR. Both ODMR and PDMR require optical excitation;
however, PDMR-based photoelectric detection may simplify certain chip-scale imple-
mentations by removing the need for fluorescence collection optics, while introducing
additional design constraints such as electrode structures and routing. In addition,
spatially confined carrier generation may be advantageous in localized probing, spa-
tially selective sensing, or integrated sensing architectures where the effective sensing
volume must remain small. In such situations, sensitivity normalized to sensing vol-
ume provides a useful complementary figure of merit because absolute magnetic-field
sensitivity alone does not allow a fair comparison between sensing platforms operating
with substantially different sensing volumes or numbers of addressed color centers.

6.4. Scalability and Sensitivity Enhancement

A primary route to improving sensitivity in solid-state quantum sensors is to increase
the number of active color centers participating in the measurement. In ensemble-
based quantum sensing using color centers, the detected signal generally scales ap-
proximately linearly with the number of emitters N , while the fundamental shot noise
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scales as
√
N . In ODMR, for example, the detected fluorescence rate follows this scal-

ing behavior. In ODMR, the detected fluorescence rate scales approximately linearly
with the number of emitters N , while photon shot noise scales as

√
N . Consequently,

the readout efficiency follows the well-known scaling σ−1
R ∝ C

√
R ∝

√
N , enabling

straightforward sensitivity enhancement through ensemble measurements [2,59]. This
favorable statistical scaling has motivated the widespread use of wide-field or bulk
optical detection, where large sensing volumes containing many defects can be in-
terrogated simultaneously. In practice, however, ensemble scaling in ODMR is not
purely statistical. Increasing the defect density can introduce additional dephasing
mechanisms such as dipolar spin-spin interactions, strain inhomogeneity, and optical
power broadening, which shorten coherence times and reduce contrast [62,143,144].
Therefore, an optimal balance between emitter number and material quality is re-
quired to fully benefit from the ideal

√
N scaling. As discussed in Sec. 3.3, sensitivity

enhancement is not limited to increasing the number of emitters. Pulse-sequence en-
gineering can extend the effective T2, thereby improving sensitivity through longer
phase accumulation. Correlation-based approaches such as Qdyne further enable fre-
quency estimation beyond the conventional T2 limit by coherently combining repeated
measurements. Moreover, the use of correlated or entangled spin states provides a
route beyond the standard quantum limit. Techniques including spin squeezing and
entanglement-assisted sensing have recently demonstrated experimentally improved
sensitivity or enhanced spatial resolution in solid-state ensembles, approaching scaling
beyond the conventional 1/

√
N behavior toward the Heisenberg limit (1/N) [145,146].

These results indicate that sensitivity gains can arise not only from statistical averag-
ing but also from quantum control and many-body correlations.

For PDMR, a similar
√
N scaling is expected in principle because the photocurrent

increases proportionally with the number of photoionization events and thus with the
number of defects. In practice, however, the signal is an analog current that must be
transported through the host semiconductor before reaching the external detection
electronics. During this transport process, carriers may recombine, become trapped
at defects, or be lost due to finite carrier lifetime, reducing the collection efficiency
and introducing additional fluctuations. Consequently, the achievable signal is strongly
influenced by host-material properties such as carrier lifetime, mobility, and trap den-
sity. In addition, photoelectrical readout requires amplification using transimpedance
amplifiers and other circuitry, which introduces further electronic noise as discussed
in Sec. 6.1. As a result, both carrier-transport losses inside the material and electronic
noise in the measurement chain can exceed the intrinsic shot noise. These effects often
prevent ideal

√
N scaling and make the achievable sensitivity dependent not only on

defect number but also on material quality, device structure, and readout electronics.
Therefore, improving PDMR sensitivity relies on both increasing the number of color
centers and optimizing the host material and device design, including longer carrier
lifetimes, reduced trap densities, efficient carrier extraction, stable contacts, and low-
noise amplification electronics. With appropriate materials optimization and device
engineering, ensemble PDMR may approach similar statistical scaling behavior. How-
ever, the realization of such scaling remains strongly dependent on carrier transport
efficiency, defect density control, and low-noise electronics.
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6.5. Inherent Limitations and Practical Considerations

Although photoelectrical readout replaces photon detection with current measure-
ment, it does not eliminate the need for optical excitation. PDMR still relies on laser
illumination to initialize the spin state and to induce spin-dependent photoionization
and charge-state conversion. Consequently, optical access remains necessary in both
modalities, and detection substitutes only the fluorescence readout pathway rather
than the entire optical infrastructure. The two approaches also differ fundamentally in
their detection physics. ODMR detects discrete fluorescence photons immediately after
emission, and the signal is therefore governed primarily by photon collection efficiency
and photon shot noise. In contrast, PDMR measures an analog photocurrent generated
by charge carriers that must be transported through the host semiconductor before
reaching the electrodes. As a result, the readout becomes sensitive to carrier recombi-
nation, trapping, finite carrier lifetime, and background photocurrents, in addition to
noise introduced by the amplification electronics. These transport- and device-related
processes can reduce collection efficiency and introduce excess fluctuations beyond the
intrinsic shot noise. From a practical standpoint, ODMR typically provides stable,
near shot-noise-limited performance with mature and well-established optical hard-
ware. Photoelectrical detection, while offering potential advantages in certain device
architectures, remains strongly dependent on host-material quality, device engineer-
ing, and low-noise electronics. The realization of fully optimized PDMR-based sensors
therefore continues to require significant advances in materials control and electronic
design.

7. Demonstrations of the Quantum Sensor

7.1. Diamond NV quantum sensor

The basis of the magnetometry using scanning NV-center microscopy was reported in
2008 [5,8,59], which enables the characterization of the stray magnetic field with high
sensitivity and atomic-size spatial resolution, without any back-reaction on the sample.
The technique has been demonstrated to be operational under ambient conditions, as
well as at cryogenic temperatures [147]. The merits of this technique are twofold, in
comparison to both traditional magnetic force microscopy and magnetic resonance mi-
croscopy, and it has been demonstrated to engender significant advances in understand-
ing the various magnetic natures of materials and nanostructures. In 2012, the first
documented instance of stray field imaging in magnetic storage media was reported
[11,111]. Subsequently, the magnetic imaging of living cells, i.e. magnetotactic bacte-
ria, was achieved using a single electron spin [148]. While Faraday- and Kerr-based
magneto-optical techniques can visualize magnetization patterns in thin films, they
probe magnetization indirectly through material-dependent optical responses. In con-
trast, solid-state quantum sensors such as NV centers measure the stray magnetic field
itself through Zeeman shifts of the spin resonance frequency, enabling direct and quan-
titative magnetic field imaging with nanoscale spatial resolution [149]. This distinction
is particularly important when quantitative reconstruction of stray-field distributions
is required. Scanning NV microscopy is now commercially available, with integrated
systems offered by several companies. Nevertheless, its widespread adoption remains
limited at the current stage. This is primarily due to the relatively high system cost,
the limited robustness and lifetime of NV probes, and the comparatively low imaging
throughput inherent to point-by-point scanning and ODMR acquisition. Furthermore,
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the requirement of microwave excitation, precise optical alignment, and advanced data
analysis increases experimental complexity [7,150]. Consequently, although scanning
NV microscopy represents a powerful platform for quantitative nanoscale magnetic
field imaging, it is presently more suited to specialized investigations than to routine
magnetic characterization.

To date, stray-field imaging techniques have been applied to a wide range of mag-
netic systems, including bulk materials, thin films and patterned structures with fer-
romagnetic, ferrimagnetic and antiferromagnetic metals, oxides and 2D materials. As
demonstrated in seminal studies, the imaging of vortex cores in patterned Ni-Fe alloys
with in-plane magnetization [151] and domain walls in perpendicularly magnetized
Ta/CoFeB/MgO films [152] was a significant milestone in the field. The technique has
also been employed to reveal the internal structures of the domain walls in insulating
ferrimagnetic Tm3Fe5O12 films [153] and is now widely used to characterize stray field
patterns in devices [154,155]. In non-collinear magnets, the local dynamics of topolog-
ical defects were mapped in bulk FeGe [156] and stray fields were reported for BiFeO3

films [157]. The existing body of research on collinear antiferromagnets encompasses
the following studies: first, the domain wall imaging of synthetic and bulk Cr2O3 [158]
and second, the investigation of topological spin textures in Fe2O3 [159]. The technique
has recently become popular for imaging stray fields in patterned antiferromagnetic
structures [160–162] and in 2D van der Waals (vdW) magnets [163]. The technique
has been demonstrated to be a highly effective state-of-the-art magnetometry for the
investigation of emergent magnetism in moiré magnetic superlattices [164,165].

7.2. SiC quantum sensor

For VSi-based sensors, the measurable physical quantities demonstrated to date us-
ing ODMR-based techniques include magnetic field, temperature, and electric field.
Reported sensitivities include an ensemble DC sensitivity of 4 nT/

√
Hz [41], a single-

defect AC sensitivity of 358 µT/
√
Hz [166], and an ensemble AC sensitivity of 1.4

µT/
√
Hz [167]. Proof-of-principle stray-field measurements of magnons using V2 de-

fects [168] have been reported; however, systematic sensitivity benchmarking for these
implementations has not yet been fully established. Experimental demonstrations fur-
ther support the feasibility of direct sensing within SiC device structures. This is
achieved by VSi quantum sensors formed at specific locations within the device after
device fabrication process. Since VSi formation will degrade device performance, min-
imizing device degradation is critical for accurate sensing. Therefore, there is a need
for VSi selective formation techniques such as particle beam writing [169,170] or fem-
tosecond laser irradiation [171], and for controlling the amount of VSi to a minimum
although this reduces sensor sensitivity. In this respect, this measurement method
is not non-invasive. Furthermore, in power devices, it is necessary to maintain the
intended structure to prevent device failure caused by high electric field concentra-
tion. For example, it is not possible to introduce a SIL structure to improve photon-
collection efficiency. Therefore, improvements of sensor sensitivity achieved through
quantum operations become even more important [172]. For ODMR, florescence from
spin defects is used for sensing. For this reason, measurements cannot be taken under
electrodes, which limits the areas that can be measured. As a device structure becomes
more complex, for example, in trench-type or super-junction-type devices, structural
factors may further limit the measurable region. On the other hand, PDMR may en-
able sensing under the electrode if quantum sensors can be selectively formed in such
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regions, which is achievable by adjusting the ion energy. There are no physical con-
straints on excitation methods as strict as those on detection methods. It is possible
to choose a method where excitation light is incident from the side of the device, as
was demonstrated with NV center-based quantum sensor [173]. This eliminates the
difficulty of optically exciting defects located directly beneath the electrode. However,
since PDMR detects current as a signal, it becomes difficult to identify the origin of
the signal if there are other current sources (noise) contributing to the detected signal.
To improve the spatial resolution in PDMR, it is necessary to reduce noise sources
as much as possible and separate noise from the signal. Despite these limitations, the
direct sensing techniques using ODMR and PDMR can still be usable because it covers
some of the areas that are critical for power devices.

Temperature monitoring has been achieved in a planar-type SiC pn diode, where the
temperature rise induced by current flow was detected using VSi defects via an ODMR-
based technique [174]. More recently, electric-field detection has been demonstrated in
a vertical pn diode configuration, also based on ODMR readout [175]. These results
indicate that both thermal and electric field quantities can be accessed within function-
ing SiC device structures, providing experimental evidence supporting the feasibility
of in-device sensing using VSi defects. In these papers, ODMR was used. Overall, many
SiC-based sensing demonstrations remain at the proof-of-principle stage, and system-
atic quantitative performance optimization is an important direction for future work.

Beyond sensing performance, the materials platform itself offers distinctive advan-
tages. As shown in Table 2, 8-inch SiC wafers are commercially available, and research
scale demonstrations have extended wafer diameters to 12 inches. Furthermore, we can
utilize a matured device fabrication technique. In electrically detected sensing methods
such as PDMR and EDMR, these technologies can be directly leveraged. Specifically,
lithography enables patterned electrode formation, metal deposition is used for electri-
cal contacts, doping and epitaxial growth allow carrier transport control, and thermal
processing is used to form low-resistance ohmic contacts. These processes are essen-
tial for controlling device characteristics and play a key role in determining sensor
performance and reproducibility. In contrast, ODMR-based sensing relies on optical
excitation and fluorescence detection and therefore does not require semiconductor
device fabrication processes such as electrode formation or junction engineering. Its
implementation is largely independent of device processing, except for material prepa-
ration steps such as the defect formation of VSi [171]. Currently, for ODMR, VSi-based
quantum sensors exhibit lower sensitivity compared to NV-based quantum sensors due
to intrinsic properties such as lower contrast. However, SiC has advantages in applica-
tions that exploit the unique properties of VSi (for example, their small ZFS enables
level anticrossing at low magnetic fields, allowing all-optical magnetic sensing [38],
which is being considered for planetary exploration [22]), as well as in sensing meth-
ods that require electrical circuits such as EDMR and PDMR, where device fabrication
strongly influences sensor performance. From an industrial perspective, compatibility
with semiconductor fabrication processes enables integration with electronic circuits,
device miniaturization, and wafer-level manufacturing for large-scale production.

8. Conclusions and Future Directions

In this review, we have surveyed solid-state spin defects as versatile quantum sen-
sors and scanning probe with PDMR-based photocurrent readout techniques. We dis-
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cussed three representative material platforms—NV centers in diamond, VSi in SiC,
and VB centers in hBN—and compared their respective advantages. NV centers in
diamond currently provide the most mature and well-balanced performance for room-
temperature sensing, while SiC offers wafer-scale fabrication and partial compatibility
with conventional semiconductor processing. Meanwhile, hBN represents an emerging
two-dimensional platform that enables close proximity between the sensor and target
systems, opening opportunities for ultrathin and surface-sensitive quantum probes. To-
gether, these hosts provide a broad materials foundation for scalable solid-state quan-
tum sensing platforms based on ensembles or reproducible defect fabrication. Scanning
implementations based on these defects enable local measurements with nanometer-
scale spatial resolution and have established quantum probes as powerful tools for
condensed-matter physics. Despite these advances, however, the sensitivity of prac-
tical scanning probes remains significantly below the intrinsic limits predicted from
spin coherence and photon statistics. In particular, commercially available NV-based
probes typically operate at sensitivities on the order of µT/

√
Hz, whereas isolated

defects in optimized bulk materials can reach the nT/
√
Hz regime. This performance

gap originates from two closely connected challenges. First, bringing defects close to
surfaces—an essential requirement for high spatial resolution—often degrades spin co-
herence and charge-state stability due to surface damage, paramagnetic impurities, and
electric-field noise. Second, and equally important, conventional fluorescence-based op-
tical readout is often limited by photon-collection efficiency, as only a small fraction of
emitted photons can be collected due to limited numerical aperture, optical losses, and
refraction at the high-refractive-index interfaces of host materials such as diamond and
SiC. Optical engineering approaches such as solid-immersion lenses (SILs), nanopil-
lars, and other nanophotonic structures can significantly improve photon-collection
efficiency [176–180]. For example, SIL-based optical structures have demonstrated sub-
stantial fluorescence enhancement in defect-based quantum systems [176,179]. How-
ever, such approaches typically require nanofabrication in the immediate vicinity of the
defect to achieve efficient optical coupling. This can introduce surface damage, strain,
and charge noise that may affect the spin and charge properties of near-surface de-
fects, which are particularly critical for sensing applications. In addition, fluorescence-
based readout fundamentally relies on photon collection through optical systems, and
therefore remains subject to practical constraints such as numerical aperture, optical
alignment, and system complexity. In this context, PDMR provides a complementary
readout strategy by converting spin-dependent photoionization directly into an elec-
trical signal without relying on photon collection optics. Recent experiments in SiC
have demonstrated that photocurrent signals obtained through PDMR can exhibit
signal amplification comparable to that achieved using solid-immersion lenses in op-
tical detection schemes [92]. To address this readout bottleneck, we have highlighted
PDMR based on spin-dependent photoionization. By converting spin-dependent pho-
toionization processes directly into a photocurrent detected through device electrodes,
PDMR provides an alternative readout pathway that reduces the reliance on bulky
optical fluorescence collection optics and enables signal readout via electrically con-
tacted device structures. Such configurations include planar semiconductor devices
incorporating spin defects within photoconductive or diode-like structures, as well as
scanning-probe geometries in which the sensing element is integrated with nanoscale
electrodes. In these device architectures, metallic or conductive components are often
present in close proximity to the defects, which can significantly suppress fluores-
cence signals due to optical quenching mechanisms. As a result, fluorescence-based
ODMR can be strongly limited in such environments, although plasmonic enhance-
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ment is typically restricted to carefully engineered configurations and is not generally
applicable to practical sensing environments [138]. In contrast, PDMR enables direct
electrical readout that remains operable even in the presence of nearby conductive or
metallic structures, where optical readout may become inefficient or impractical. This
photocurrent-based detection therefore offers several potential advantages in electri-
cally integrated platforms, including high carrier-collection efficiency under optimized
conditions, simplified optical requirements, compact device architectures, and possible
integration with scalable semiconductor fabrication [88,92,93,181]

Looking forward, the integration of PDMR-based photocurrent detection schemes
with scanning-probe geometries represents a promising direction for next-generation
quantum sensors, although practical implementation remains technically challenging.
In such architectures, PDMR may offer opportunities for closer local integration of
sensing and readout components, potentially supporting compact probe implementa-
tions. Realizing this vision will require coordinated advances in several areas, including
the creation of high-quality near-surface defects with long coherence times and stable
charge states, low-noise electrical amplification, optimized electrode geometries, and
microwave delivery schemes compatible with scanning operation. In parallel, improved
sensing protocols that balance contrast, bandwidth, and excitation power will be es-
sential for maximizing performance. With continued progress in these areas, scanning
probes employing PDMR-based photocurrent detection based on solid-state spin de-
fects may provide a viable pathway toward miniaturized and scalable quantum sensors.
In particular, PDMR may offer opportunities for sensing near conductive or metallic
interfaces, where fluorescence-based ODMR can be strongly limited by optical quench-
ing at graphene or metal surfaces [111,135–137], although plasmonic enhancement is
typically restricted to carefully engineered configurations and is not generally appli-
cable to sensing environments [138]. Such capabilities may broaden opportunities for
quantum sensing in condensed-matter systems, conductive heterostructures, and re-
lated device platforms.
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[187] Castelletto S, Johnson BC, Ivády V, et al. A silicon carbide room-temperature single-
photon source. Nat Mater. 2014;13(2):151–156.

[188] Karsthof R, Bathen ME, Galeckas A, et al. Conversion pathways of primary defects by
annealing in proton-irradiated n-type 4H-SiC. Phys Rev B. 2020;102:184111.

[189] Suzuki T, Yamazaki Y, Taniguchi T, et al. Spin property improvement of boron va-
cancy defect in hexagonal boron nitride by thermal treatment. Appl Phys Express. 2023;
16(3):032006.

[190] Schreck M, Gsell S, Brescia R, et al. Ion bombardment induced buried lateral growth:
the key mechanism for the synthesis of single crystal diamond wafers. Sci Rep. 2017;7.

[191] Tallaire A, Collins A, Charles D, et al. Characterisation of high-quality thick single-
crystal diamond grown by CVD with a low nitrogen addition. Dia Rel Mater. 2006;
15(10):1700.

[192] Coherent C. SILICONCARBIDE(SIC)SUBSTRATES ; 2023. Available from:
https://www.coherent.com/resources/datasheet/materials/sic-substrates-ds.pdf.

[193] Omote K. Crystal defects in SiC wafers and a new X-ray topography system; 2013.
Available from: https://api.semanticscholar.org/CorpusID:30917668.

40



[194] Li J, Yang G, Liu X, et al. Dislocations in 4h silicon carbide. J Phys D: Appl Phys. 2022;
55(46):463001.

[195] Kranert C, Wimmer P, Drouin A, et al. Comparative study of methods for counting of
dislocations in 4H-SiC. Mater Sci Semicond Process. 2024;170:107948.

[196] Singh H, Hollberg MA, Ghezellou M, et al. Characterization of single shallow silicon-
vacancy centers in 4H−SiC. Phys Rev B. 2023;107:134117.

[197] Gu H, Nakamura Y, Sasaki K, et al. Multi-frequency composite pulse sequences for
sensitivity enhancement in hexagonal boron nitride quantum sensor. Appl Phys Express.
2023;16(5):055003.

[198] Zhou F, Jiang Z, Liang H, et al. Dc magnetic field sensitivity optimization of spin defects
in hexagonal boron nitride. Nano Lett. 2023;23(13):6209–6215. PMID: 37364230.

[199] Patrickson CJ, Baber S, Gaál BB, et al. High frequency magnetometry with an ensemble
of spin qubits in hexagonal boron nitride. npj Quantum Inf. 2024;10:5.

[200] Shields BJ, Unterreithmeier QP, de Leon NP, et al. Efficient readout of a single spin
state in diamond via spin-to-charge conversion. Phys Rev Lett. 2015;114:136402.

[201] Lovchinsky I, Sushkov AO, Urbach E, et al. Nuclear magnetic resonance detection and
spectroscopy of single proteins using quantum logic. Science. 2016;351(6275):836–841.

[202] Fang K, Acosta VM, Santori C, et al. High-sensitivity magnetometry based on quantum
beats in diamond nitrogen-vacancy centers. Phys Rev Lett. 2013;110:130802.

[203] Hopper DA, Grote RR, Exarhos AL, et al. Near-infrared-assisted charge control and
spin readout of the nitrogen-vacancy center in diamond. Phys Rev B. 2016;94:241201.

[204] Jaskula JC, Shields B, Bauch E, et al. Improved quantum sensing with a single solid-state
spin via spin-to-charge conversion. Phys Rev Appl. 2019;11:064003.

[205] Neumann P, Beck J, Steiner M, et al. Single-shot readout of a single nuclear spin. Science.
2010;329(5991):542–544.

41



1) Initialization 2) Sensing 3) Readout
0 or 1 with
the probability; 

or 

Laser AOM

APD

Piezo stage 

Voltage 
source

Transimpedance
Amp.

Lock-in Amp.

Pin hole
~50 µm

・Diamond
・SiC
・ hBN

Dicroic 
Mirror

Mirror

Optical detection

Electrical Deteciton

I/V

b

c

Initializaiton
・Laser

Coherent Manipulation
・Magentic field

ali itt

nt Maniipuullaattiioonn

alizaaiittonalizaaitonalizzaaitooonnn
eerr Defect

in Spin

a
Readout

・Photon

Objective lens 
50x NA 0.7
Spot size ~ 0.5 µm

Electrodes and MW antenna

200 µm

Figure 1. a Operation of a solid-state quantum sensor, encompassing the initialization of the spin, coherent

manipulation and the readout of a defect spin. b Typical quantum sensing protocol. c Schematic illustrations
of confocal laser microscopy and scanning photocurrent microscopy, demonstrating quantum sensing using

optical and photoelectrical detection, respectively. The upper-right panel shows a photograph of the U-shaped
microwave antenna for spin manipulation and two opposing electrodes for photoelectrical detection, separated

by a gap of ∼ 10 µm. Scale bar: 200 µm.

Table 1. Comparison of detection methods of ODMR, EDMR, and PDMR for quantum spin in solid.

Method Spin-dependent pro-
cess

Typical excitation Key features Practical constraints

ODMR Optical contrast Optical + MW Optical observables (e.g., photo-
luminescence, absorption, polar-
ization)

Optical access and signal col-
lection required

EDMR Electrical responses Electrical and/or
optical + MW

Electrical observables (e.g., cur-
rent, photocurrent, capacitance,
noise)

Observable and implementa-
tion depend on material plat-
form and device structure

PDMR Photoionization Optical + MW Photocurrent-based electrical
readout

Requires optical excitation and
charge collection structures
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Figure 2. a Transition diagram of NV−in diamond with transition rates. The solid and dashed down arrows

represent the radiative and non-radiative transitions, respectively (see Ref. [4]). b (Top) The transition diagram
of VSi (V2) with lifetimes (transition rates) measured at 5.5 K. (Bottom) the lifetime of (γ′

3’and (γ′
4’ as a

function of the resonant excitation power (details are discussed in Ref. [43]). Figure and Table were adapted

and modified from Ref. [43], CC BY 4.0 [https://creativecommons.org/licenses/by/4.0/)].
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Figure 3. a Laser excitation and relaxation rates under the 532-nm laser illumination with the charge-state

transition between NV−and NV0. b PDMR spectrum of the NV center exhibits a positive contrast with the
pulse sequence at the top. c PDMR contrast as a function of the laser power density with six different integration

times under laser illumination. a, b, and c Adapted with permission and modified from: Reprinted figure with

permission from [H. Morishita , N. Morioka, T. Nishikawa, H. Yao, S. Onoda, H. Abe, T. Ohshima, and N.
Mizuochi. Spin-dependent dynamics of photocarrier generation in electrically detected nitrogen-vacancy-based

quantum sensing. Phys. Rev. Appl. 19, 034061 (2023).] Copyright (2023) by the American Physical Society.
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Figure 4. PDMR mechanism of the negatively-charged silicon vacancy.

Figure 5. Photoelectrical detection of single silicon vacancies [92]. a Fluorescence and b photocurrent scan-

ning images of the same area in a 4H-SiC PDMR device. Defect A is identified as a single V2 center and defect
B is assumed to be a single V1 center. Spot X is an unidentified defect only observable using photoelectrical

imaging. c Magnetic-field sweep PDMR spectra of a V2 center at a fixed RF frequency of 199 MHz. The inset

bar represents a signal contrast of 1 %. d Schematic representation of a back-to-back Schottky diode under
flat-band bias, facilitating concurrent efficient leakage blocking and photocurrent collection. e Comparison of

the SNR between ODMR and PDMR for Defect A. The dashed black line indicates the shot-noise-limited
SNR for ODMR. f PDMR-based Ramsey interferometry of defect A, demonstrating hyperfine coupling to two

fourth-nearest-neighbor 29Si nuclear spins (upper panel: simulation, lower panel: experimental data). All panels

were adapted from Ref. [92] under CC BY 4.0 [https://creativecommons.org/licenses/by/4.0/]; panels c and e
were replotted for this review.
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Table 2. Comparison of various material properties of color center in diamond, SiC, and hBN.

Materials NV center in Diamond VSi in SiC VB in hBN

Zero-Phonon Line fraction
(Debye-Waller factor) (%)

at low temperature ∼ 3 [39] 6 - 9 [182,183]

Fluorescence
count rate (kcps) ∼ 250 [12] ∼ 10 [40]

T2 at room temperature
Single in Natural Abundance (µs) ∼ 650 [60] > 200 [40]

Single in isotope pure (ms) ≈ 2.4 [12]
Ensemble in natural abundance (µs) ≈ 700 [62] ∼ 50 [66] 2 [184]

Ensemble in isotope pure (µs) ≈ 700 [62] ∼ 100 [42] 0.1 - 0.2 [185]

Thermal Stability of defects (◦C) ∼ 1130 [186] ∼ 600 [42,187,188] ∼ 500 [189]

Maturity of crystal growth
8 inch (commercialized)

Wafer size 92 mm diameter [190] 12 inch (development)
Dislocation Density (cm−2) 103 - 105 [190,191] 103 − 104 [192–195]

10
Rocking Curve FWHM (arcsec) 5 - 300 [190] Reaching the theoretical limit [193]

2 - 6
Rabi Contrast (%) ∼ 37 [12] (including ODMR Contrast) [40,92,196] 0.5 - 3 [184,197]

Shot-noise limited sensitivity

Single DC (T/
√
Hz) ∼ 6 × 10−9 [12]

Ensemble DC (T/
√
Hz) 460 × 10−15 [13] 4 × 10−9 [41] 2.87 ×10−6 [198]

Single AC (T/
√
Hz) ∼ 9.1 × 10−9 [12] 358 × 10−6 [166]

Ensemble AC (T/
√
Hz) 210 × 10−15 [13] (16 - 25) × 10−9 [41] 1 ×10−6 [199]

Table 3. Comparison of optical and electrical detection methods of NV centers in diamond and VSi in SiC. Readout-fidelity values

(σ−1
R ) are presented following the formalism of Barry et al. [2]. The column“Evaluation Basis” indicates whether each value was

obtained from reported σ−1
R or derived from experimentally measured SNRs (σ−1

REx).

Material Detection
Method

Readout Protocol Single/Ensemble σ−1
R σ−1

REx Evaluation
Basis

Reference

NV center Optical detec-
tion

ODMR Single 9.4 ×10−2 Reported
σR = 10.6

[200]

NV center Optical detec-
tion

Spin-to-charge con-
version

Single 3.6 ×10−1 Reported
σR = 2.76

[200]

NV center Optical detec-
tion

ODMR Single 2.9 ×10−2 Reported
σR = 35

[201]

NV center Optical detec-
tion

ODMR Single 1.3 ×10−2 Reported
σR = 80

[202]

NV center Optical detec-
tion

ODMR Single 2.1 ×10−2 Reported
σR = 48

[203]

NV center Optical detec-
tion

ODMR Single 1.9 ×10−2 Reported
σR = 54

[204]

NV center Optical detec-
tion

Ancilla-assisted
repetitive readout

Single 9.1 ×10−1 Reported
σR = 1.1

[205]

NV center Optical detec-
tion

ODMR Ensemble 1 ×10−3 Reported
σR ∼1000

[141]

NV center Photoelectrical
detection

PDMR Ensemble 1.3 ×10−4 Contrast +
detection
rate

[85]

NV center Photoelectrical
detection

PDMR Ensemble 2 ×10−2 Contrast +
detection
rate

[86]

NV center Optical detec-
tion

ODMR Single 1.6 ×10−3 Measured
SNR

[130]

NV center Photoelectrical
detection

PDMR Single 1.5 ×10−3 Measured
SNR

[130]

VSi Optical detec-
tion

ODMR Single 8.0 ×10−4 Measured
SNR

[92]

VSi Photoelectrical
detection

PDMR Single 1.3 ×10−3 Measured
SNR

[92]
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