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ABSTRACT
Spin defects in silicon carbide (SiC) with mature wafer-scale fabrication and micro/nano-processing
technologies have recently drawn considerable attention. Although room-temperature single-spin
manipulation of colour centres in SiC has been demonstrated, the typically detected contrast is less than 2%,
and the photon count rate is also low. Here, we present the coherent manipulation of single divacancy spins
in 4H-SiC with a high readout contrast (−30%) and a high photon count rate (150 kilo counts per second)
under ambient conditions, which are competitive with the nitrogen-vacancy centres in diamond. Coupling
between a single defect spin and a nearby nuclear spin is also observed. We further provide a theoretical
explanation for the high readout contrast by analysing the defect levels and decay paths. Since the high
readout contrast is of utmost importance in many applications of quantum technologies, this work might
open a new territory for SiC-based quantum devices with many advanced properties of the host material.

Keywords: silicon carbide, single divacancy defects, spin coherent control, high readout contrast, bright
photon emission

INTRODUCTION
Colour centres in silicon carbide (SiC) have re-
cently attracted broad interest as electrically driven,
highly bright single-photon sources and defect spins
with long coherence time [1–12]. The most widely
studied spin defects in SiC are divacancies (miss-
ing a silicon atom and an adjacent carbon atom,
VSiVC) [12–15], silicon vacancies (missing a sili-
con atom, VSi) [11,16–19] and nitrogen-vacancy
centres (consisting of a nitrogen impurity substi-
tuting a carbon atom and a silicon vacancy adja-
cent to it, NCVSi) [20–23], the spin states of which
can be optically polarized and readout. Although
hundreds of SiC polytypes exist, many works fo-
cus on a specific polytype, namely the 4H poly-
type (4H-SiC), due to its high crystal quality. On
the other hand, the VSiVC defects in SiC are near-
infrared photoluminescence (PL) emissions and
have versatile applications, including quantum in-
formation processing [24] andmultifunctional sens-

ing, such as magnetic fields [25], electric fields [26],
strain [27,28] and temperature [29,30]. Moreover,
these defect spins can be flexibly controlled by
microwaves [9,10], electronics [15,31] and acous-
tics [32], which have garnered great interest.

Depending on the location of the vacancies
(hexagonal (h) and quasi-cubic (k)), four identi-
fied types of VSiVC defects exist in 4H-SiC, namely,
hh (PL1), kk (PL2), hk (PL3) and kh (PL4) de-
fects [14,25]. In addition to the four known types
of VSiVC defects, there are also the PL5, PL6 and
PL7 defects [14,25] that have recently been as-
signed to divacancy configurations inside stacking
faults, which act as local quantum wells in 4H-SiC
and make PL5–PL7 colour centres robust against
photo-ionisation [33].Thus,weuseVSiVC to refer to
the PL1–PL7 defects. Although room-temperature
single-spin manipulation of colour centres in SiC
has been previously demonstrated [11,34], the typ-
ical detected contrast is less than 2%, and the
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photon count rate is also low, which limits their
applications.

In this work, we prepare arrays of single VSiVC
defects in 4H-SiC through carbon ion (C+) im-
plantation and annealing. We then investigate the
spin and optical properties of single VSiVC defects
at room temperature. Surprisingly, for single PL6
defects, the single-photon saturated count rate is
up to 150 kcps (kilo counts per second), which is
almost 5 times and 15 times higher than that of
single PL1–PL4 divacancies [9,10] and single VSi
in bulk 4H-SiC [11,35], respectively. Moreover, the
contrasts of the continuous-wave- (CW) optically
detected magnetic resonance (ODMR) spectrum
and the Rabi oscillation are approximately −23%
and −30%, respectively (the negative sign is con-
sistent with the pulsed ODMR contrast discussed
below) at room temperature. These outstand-
ing properties are comparable with those of the
nitrogen-vacancy (NV) centres in diamond [36,37].
The coupling between a single PL6 defect spin and
a nearby nuclear spin (29Si) is further detected. We
also provide a theoretical explanation for the high
readout contrast by analysing the defect levels and
decay paths in the defects.

To our knowledge, this is the second solid-state
defect qubit that exhibits such unique properties in
terms of a high readout contrast together with a
high photon count rate at room temperature, but
in a technologically mature material with a wave-
length region that is favourable for biological quan-
tum sensing and quantum communication applica-
tions. Efficiently generated single divacancy defects
in SiC with high-quality room-temperature optical
and spin properties would be suitable for nanoscale
sensing andhelpful for constructing hybrid quantum
devices under ambient conditions.

EXPERIMENTAL RESULTS
The implanted sample was annealed at 900 ◦C
for 30 minutes to prepare the single defects (the
low-temperature photoluminescence spectra can be
found in Section 1 of the online supplementary ma-
terial). The detailed process of sample preparation
can be found in the Methods section. In the exper-
iment, a 920-nm CW laser within the range of opti-
mal excitation wavelengths [38] was used to excite
the colour centres. Figure 1(a) shows a representa-
tive confocal fluorescence image within an area of
32× 32μm2 using home-built confocalmicroscopy
with an oil objective of 1.3NA(see theMethods sec-
tion for more details). The pumping power is set to
1mW. In the image, someof thebright points are still
shown to be single defects. For example, the defect

denoted by the orange circle is a single PL6 defect,
which will be investigated in detail later.

We characterize the optical properties of the
single PL6 defect, denoted by the orange circle
in Fig. 1(a) at room temperature. The second-
order intensity correlation function was measured
at different excitation laser powers (Fig. 1(b)).
The obvious photon-bunching phenomenon in the
Hanbury-Brown and Twiss (HBT) measurement
under the situation of a high exciting laser power
implies the existence of a metastable state [5]. The
background-corrected experimental data are fitted
by the equation g (2)(t) = 1 − (1 + a)e−|t |/τ1 +
de−|t |/τ2 , where a, d, τ 1 and τ 2 are the fitting pa-
rameters [39,40] (the values of g(2)(t) deduced from
the raw data are shown in Section 2 of the online
supplementarymaterial for comparison).The values
of g(2)(0) at different exciting laser powers are all
less than 0.5, indicating a single-photon emitter. We
alsomeasured the time traces of the fluorescence in-
tensity of a single PL6 defect with a sampling time
of 0.1 s at exciting laser powers of 0.2 mW (black),
1 mW (orange), 3 mW (blue) and 9 mW (green),
as shown in Fig. 1(c). The experimental results in-
dicate that the fluorescence emission of the single
PL6defect at different exciting laser powers is photo-
stable.We furthermeasured its saturation behaviour
(Fig. 1(d)). The background-corrected experimen-
tal data (purple rhombuses) are fitted with the func-
tion I(P)= Is · P/(P+ Ps) (solid red line). The sat-
urated exciting power Ps is 0.75± 0.01mW, and the
saturated PL intensity Is is 150.8± 0.7 kcps.We also
measured the saturated PL intensity of several other
randomly selected single PL6 defects. The saturated
PL intensity of these single PL6 defects ranges from
138.9 kcps to 172.4 kcps, with an average value of
155.9 kcps (see Section 2 of the online supplemen-
tary material). We observed spin-selective optical
lifetimes at 13.4 ± 0.3 ns and 8.9 ± 0.1 ns at room
temperature (see Section 3 of the online supplemen-
tary material), which implies a sizable ODMR con-
trast for single PL6 defects at ambient conditions
(see theTheoretical Analysis section below).

We then use a common ODMR method (see
the Methods for more details) to characterize the
spin properties of the single PL6 defect at room
temperature, which is widely used for NV centres
in diamond or divacancies in SiC [14,41]. The CW-
ODMR spectrum in the zero magnetic field excited
with a 50-μW laser is shown in Fig. 2(a). Because
of the spin polarization-dependent emission, a
change is inevitable in the PL readout (�PL) with
and without the resonant microwave (MW). The
oscillation frequency between ms = 0 and ms = ±1
is 1.3514 GHz [14,25], and the ODMR contrast is
deduced to be −23% (see Section 4 of the online
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Figure 1. Characterization of the single VSiVC defect arrays generated by 30 keV car-
bon ion implantation. (a) Representative confocal fluorescence image (32 × 32 μm2)
of the implanted sample. The white scale bar is 4 μm. The bright point in the orange
circle represents the single PL6 defect used in (b)–(d). (b) Second-order intensity cor-
relation function of g(2)(t) for exciting laser powers of 0.2 mW (black), 1 mW (orange),
3 mW (blue) and 9 mW (green). The red lines are the corresponding fittings. (c) Photo-
stability at exciting laser powers of 0.2 mW (black), 1 mW (orange), 3 mW (blue) and
9 mW (green). The sampling time is 0.1 s, and the duration time is 300 s. (d) Saturation
behaviour. The purple rhombuses are the background-corrected experimental data and
the red solid line is the fitting with a function of I(P) = Is · P/(P+ Ps), where P and I(P)
are the exciting laser power and the corresponding count rate, respectively, with Is and
Ps being the saturated count rate and saturated exciting power, respectively.

supplementary material for details on the optimiza-
tion of ODMR contrast). We further demonstrate
the ODMR signals as a function of the magnetic
field, which is arranged to be parallel to the crystal c
axis (Fig. 2(b)).The slope of splitting betweenms =
±1 andms = 0 is±2.80MHz/Gdue to the Zeeman
effect.TheRabi oscillation of the single spin between
the ms = 0 and ms = −1 states in a magnetic field
of 26.4 G is shown in Fig. 2(c), where the readout
contrast is deduced to be approximately −30%.
We also measure the Rabi oscillation contrast of
several other single PL6 defects.TheRabi oscillation
contrast ranges from −23.0% to −31.6% with an
average value of−26.4% (see Section 2 of the online
supplementary material). We then characterize the
coherence properties of the single PL6 defect spin at
room temperature (see the Methods section). The
Ramsey oscillation ismeasured in amagnetic field of
330G,which is shown inFig. 2(d).Theexperimental
data (blue dots) are fitted using a two-cosine expo-
nential decay function (red line), from which the
inhomogeneous spin-dephasing time T∗

2 is deduced
to be 463 ± 35 ns. The Hahn echo is also measured

in a magnetic field of 330 G (Fig. 2(e)), from which
the homogeneous spin coherence time T2 is de-
duced to be 23.2 ± 2.5 μs. The coherence time can
be readily elongated via dynamical decoupling tech-
niques [42]. In this work, Carr-Purcell-Meiboom-
Gill (CPMG) decoupling sequences [43] are used
to prolong the spin coherence time T2 of single
PL6 defects. Taking advantage of the CPMG-2 se-
quences, the coherence time T2 of a selected single
PL6 defect spin is extended from 30.2 ± 5.5 μs to
41.1 ± 3.5 μs. As the number of π pulses in the
CPMG sequence increases, the coherence time of
the electronic spin is extended (see Section 5 of the
online supplementary material for more details).
The longitudinal coherence time T1 is further mea-
sured to be 149.1 ± 12.4 μs in a magnetic field of
220 G, which is shown in Fig. 2(f) (see Section 6 of
the online supplementarymaterial for themeasuring
method). The spin coherence time T2 of the single
PL6 defect is shorter than that in the as-grown high-
purity semi-insulating (HPSI) 4H-SiC [14,30],
presumably because of the high nitrogen doping
level in the used samples (5 × 1015 cm−3) and
material damage from the ion implantations [25].
The coherence time T2 can be dramatically im-
proved by using SiC samples with lower nitrogen
concentrations and isotopic purification [44,45], as
well as by optimizing the conditions of implantation
and annealing, similar to the strategies usually
adopted for NV centres in diamond [46,47].

In this work, we determined the single emitter
bymeasuring the second-order intensity correlation
function (g(2)(t)) for the isolated bright spots gen-
erated by C+ ion implantation and annealing. The
values of g(2)(0) deduced from the raw data and the
background-corrected results are both far less than
0.5, indicating a single defect (see the online supple-
mentary material for more detailed information). In
addition, we identified the types of single defects by
measuring the ODMR spectra at room temperature
or detecting the corresponding fluorescence spectra
at a cryogenic temperature of 8 K (see Section 1
of the online supplementary material). Figure 3
demonstrates the spin properties of a single PL5
defect at room temperature, and Fig. 3(a) shows
the zero-field CW-ODMR spectrum of a single PL5
defect with 50-μW laser pumping. The oscillation
frequencies are 1.3757 GHz and 1.3437 GHz,
respectively [14,25]. It is worth noting that the
CW-ODMR contrast of the single PL5 defect spin
can approach −18%. We focus on the right branch
to investigate coherent manipulation. The Rabi
oscillation of the single PL5 defect spin with a zero
magnetic field is demonstrated in Fig. 3(b), where
the readout contrast of the Rabi oscillation is
approximately −25%. We also measured the Rabi
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Figure 2. Spin properties of a single PL6 defect at room temperature. The magnetic field is arranged to be parallel to the crystal c axis. (a) CW-ODMR
spectra in the zero magnetic field. The blue dots are the experimental raw data, and the orange line is the corresponding Lorentzian fitting centred
at 1.3514 GHz. (b) The CW-ODMR spectra as a function of the magnetic field intensities. (c) Rabi oscillation measured in a magnetic field of 26.4 G.
(d) Ramsey oscillation measured in a magnetic field of 330 G. From the fitting, the inhomogeneous spin-dephasing time T ∗

2 is deduced to be 463 ±
35 ns. (e) Hahn echo coherence time measured in a magnetic field of 330 G. From the fitting, the homogeneous spin coherence time T2 is 23.2± 2.5μs.
(f) A representative measurement of T1 with a magnetic field of 220 G. The purple dots are the experimental data, which are fitted by a single-exponential
decay function.

oscillation of several other single PL5 defects. The
Rabi oscillation contrast ranges from −23.6%
to −28.5%, with an average value of −26% (see
Section 7 of the online supplementary material).
The Ramsey and Hahn echo measurements of
the single PL5 defect spin are demonstrated in
Fig. 3(c) and (d), respectively. From the fitting, the
inhomogeneous spin-dephasing time T∗

2 and the
Hahn echo coherence time T2 of the single PL5
defect without amagnetic field at room temperature
are deduced to be 1.66± 0.19μs and 24.0± 2.4μs,
respectively. More optical and spin properties of the
single PL5 defect can be found in Section 7 of the
online supplementary material.

We also investigated the spin properties of sin-
gle PL1 and PL7 defects at room temperature (see
Section8of the online supplementarymaterial).The
contrasts of Rabi oscillation of single PL1 and PL7
are approximately −6.6% and −10%, respectively,
which are both lower than thoseofPL5andPL6.The
properties of PL1-7 are summarized in Table S1 of
the online supplementary material. We further mea-
sured the generation ratio of single PL5, PL6 and

PL7 defects in a 10 × 10 array of implanted sites,
which are obtained to be 7%, 1% and 6%, respec-
tively (see Section 9 of the online supplementary
material).

For theSiC samplewithnatural abundance, there
are 4.7% 29Si with nuclear spin ISi = 1/2 and 1.1%
13C with nuclear spin IC = 1/2. In the implanted
sample, it is easy to find a single defect spin strongly
coupled with a nearby nuclear spin, even at room
temperature. The ODMR spectra of a single PL6
defect spin coupled with a nearby 29Si nuclear spin
(SiIIb lattice site) [24,48] are measured in a c-axis
magnetic field of 28.6G, which is shown in Fig. 4(a).
The splitting of two sets of dips results from the
Zeeman effect, and the splitting of adjacent dipswith
9.7 MHz derives from the hyperfine interaction.
Figure 4(b) shows the Rabi oscillation between the
|0e ↓n〉 and |−1e ↓n〉 states in which (|0e〉 and
|−1e〉 represent the electron spin states of ms = 0
and ms = −1, respectively, and |↓n〉 represents the
nuclear state of mI = −1/2). The blue dots denote
the experimental data and they are fitted by a two-
cosine exponential decay function (red solid line).
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Figure 3. Spin properties of a single PL5 defect spin at room temperature measured
in a zero magnetic field. (a) CW-ODMR spectra. The blue dots are the experimental
raw data and the red line represents the corresponding Lorentzian-shaped multipeak
fitting. (b) Rabi oscillations. The blue dots are the experimental raw data and the red line
corresponds to the decaying cosine fittings. (c) Ramsey oscillation. From the fitting, the
inhomogeneous spin-dephasing time T ∗

2 is deduced to be 1.66 ± 0.19 μs. (d) Hahn
echo coherence time. From the fitting, the homogeneous spin coherence time T2 is
24.0 ± 2.4 μs.

THEORETICAL ANALYSIS
The room-temperature readout contrast of the PL5
and PL6 centres in 4H-SiC is strikingly high, which
requires a theoretical interpretation. The ODMR
contrast of divacancy defects in 4H-SiC can be anal-
ysed based on the theory of the ODMR contrast of
theNVcentre in diamondbecause they are isovalent
centres [10,13]. The so-called c-axis divacancy de-
fects, in which the neighbouring carbon and silicon
vacancies are situated along the c axis of the crystal,
possess C3v symmetry similar to the diamond NV
centre.The basal divacancy defects exhibit C1h sym-
metry in4H-SiC, but it has recentlybeen shown[49]
that these configurations can be considered as C3v
defects with a spin quantization axis pointing along
the connecting line of the vacancies with a perturba-
tion of strain induced by the crystal field. By consid-
ering the strain as a relatively small perturbation, one
can focus on the C3v symmetry solution as obtained
for the diamond NV centre.

The analysis of the ODMR contrasts is based
on the known levels and states of the defect (see
Fig. 5(a), [50,51] and the references therein) that
are labelled according to the C3v point group. The
levels are enumerated for the sake of simplicity. The
ODMR contrast depends on the relation between

the intersystem crossing (ISC) rates (green arrows)
and the direct recombination rates (red arrows) as
the electron decays from the excited-state manifold
(states 4 and 3) to the ground-state manifold (states
1 and2) via themetastable states (states 6 and5) and
directly, respectively.The strength of the transitions
is governed by selection rules and electron-phonon
coupling, where the latter results in the vibronic
singlet states labelled by a tilde in Fig. 5(a) (see
Section 10 of the online supplementary material for
details).

The observed ODMR readout contrast depends
on a number of factors. To consider the trends, we
simplify this complex problem to an expression with
parameters that are intrinsic to the defects. In this
case, the pulsed off-resonant ODMR readout con-
trast C can be expressed as

C = τ±1 − τ0

τ0
= r0 − r±1

r±1
, (1)

where r0 = rD + r36 and r±1 = rD + r46 are the cor-
responding rates with rD direct recombination rate,
rD = r42 = r31, and the respective τ 0 and τ±1 are the
optical lifetimes (inverse of the rates). The rates r36
and r46 are the corresponding ISC rates, where r36 is
extremelyweak and canbe ignored (see [50] and the
references therein).As a consequence, the signof the
ODMR contrast will be negative, as r±1 > r0 applies
in this condition. Equation (1) rests upon four ba-
sic assumptions: (i) perfect optical spin polarization
of state 1 (ms = 0 ground state) upon long illumi-
nation before the readout protocol starts, i.e. perfect
initialisation; (ii) photo-excitation of state 1will pre-
serve thems = 0 state, i.e. r36 is negligible so the ref-
erence fluorescence intensity is the fluorescence of
thems = 0 state (state 3); (iii) perfect spin flip upon
applying amicrowaveπ pulse in state 1 to rotate it to
state 2, so the change in fluorescence intensity is as-
sociatedwith emission from thems =±1 state (state
4); (iv) the change of fluorescence intensity can be
perfectly measured, i.e. it is associated with the op-
tical lifetime of thems = ±1 state (state 4). We dis-
cuss in Section 10 of the online supplementary ma-
terial how conditions (i)–(iii) are fulfilled from the
theoretical point of view. In practice, the measure-
ments are not perfect. In particular, they often fail
to satisfy condition (iv). As a consequence, the ob-
servedODMRreadout contrasts areweaker than the
theoretical limit that is an upper bound for the abso-
lute value of the pulsedODMRreadout contrast.We
also emphasize that the deviation from the theoreti-
cal limit may strongly vary depending on the applied
parameters and technicalities in the actual measure-
ments, even for the same type of divacancy defect.
This makes the direct comparison between studies
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Figure 4. A single PL6 electron spin coupled to a nearby 29Si nuclear spin at room
temperature. (a) ODMR spectra in a magnetic field of 28.6 G. (b) Rabi oscillation of the
defect spin.

with different readout parameters or experimental
setups ambiguous. Thus, our theory is used to inter-
pret the trends in theobservedODMRcontrasts, but
is not intended to fully complywith the experimental
data.

As an example, we apply this theory to the room-
temperature data of single PL6 and PL1 centres;
see Fig. S5 of the online supplementary material.
By taking the average lifetime data, one obtains
−33.6% and−10.0% ODMR readout contrasts, re-
spectively, that are also close to the observed room-
temperature ODMR readout contrasts (their aver-
age values are −26.4% and −6.6%, respectively).
We note that the observed lifetimes show non-
negligible uncertainties that affect the results on the
derived ODMR readout contrasts. Nevertheless, it
may be concluded that the theoretical upper bound
limit is indeed manifested. We note that observa-
tions on single PL6 centres approach the theoreti-
cal limit (31.6%) for one PL6 defect in our study
(see Fig. S4B). These results also imply that Equa-
tion (1) can be applied to understand the trends in
the ODMR contrasts either in terms of various diva-
cancy configurations or temperature dependence of
a given divacancy configuration in 4H-SiC. The dis-
similarities between thediamondNVcentre andSiC
divacancies are quantitative and not qualitative.

TheODMRcontrast is primarily governed by the
rate r46. The rate r46 ∝ λ2

⊥FA(�) depends on the
strength of the spin-orbit coupling (perpendicular
component, λ⊥) and the spectral phonon overlap
function FA with the A1 phonons that connect the
geometries of |1˜A1〉 and |3E〉 that are originally sep-
arated by �Q (see Fig. 5(b)). The spin-orbit cou-
pling parameters are of the same order of magnitude
for the diamond NV centre and the divacancy de-
fects in SiC (see [10,50] and the references therein);
nevertheless, the λ⊥ values may differ somewhat for
the diamond NV centre and the divacancy configu-
rations, which can contribute to quantitative differ-
ences in the final values of r46. On the other hand,
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Figure 5. Theoretical model. (a) Defect levels and decay
paths in divacancy defects. This simplified diagram is valid at
room temperature in the 3E excited state and at zero strain
and magnetic fields. The radiative decays are depicted by
the red arrows, whereas the non-radiative processes are
shown by the green arrows. Radiative and non-radiative de-
cays compete between the 1

˜A1 and 1
˜E singlet states (see

the box in the middle of the figure), as depicted by an orange
arrow. The very weak transitions are depicted by thin dotted
arrows. The tilde represents vibronic states, in which strong
electron-phonon coupling mixes the three singlet states, as
shown in the box on the right-hand side of the figure. The ˜A1

state (orange dashed level) is the first excited vibronic state
over the 1

˜E ground state, which plays a role in the tem-
perature dependence of intersystem crossing towards the
ground-state manifold. The defect states are enumerated.
The corresponding energy gaps are labelled with Greek let-
ters. The energy gaps between thems =±1 andms = 0 spin
levels are magnified by 6 orders of magnitude for the sake of
clarity. (b) Levels crossing between the bright and dark ex-
cited states. Schematic energy (E) versus configuration co-
ordinate (Q) diagram for the divacancy defects. At cryogenic
temperatures, the energy gap is � between the bright 3E
and dark 1

˜A1 states. The barrier energy for the 3E state isW
in order to reach the crossing point between the two levels.

the λ⊥ values should be very similar for each diva-
cancy configuration because of the common chemi-
cal composition. It is likely that the quantitative dif-
ferences between the r46 rates and the corresponding
ODMR readout contrasts of the defects dominantly
come from the strongly varying FA values.

The FA values are sensitive to the low-
temperature energy gap between the excited-state
triplet and the nearby singlet (� in Fig. 5(b); see
the discussion in Section 10 of the online supple-
mentary material). The FA value rapidly increases
by closing the gap �, which ultimately results in a
larger ODMR readout contrast. Since the electronic
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states are confined for PL5 and PL6 in the stacking
faults (see Section 10 of the online supplementary
material), � is expected to be smaller for the PL5
and PL6 defects than for the PL1-4 defects, which
explains the trends in the low-temperature ODMR
contrasts of divacancy configurations in 4H-SiC.
However, yielding the room-temperature ODMR
contrast requires understanding the temperature
dependence of the ODMR contrast, which depends
on the temperature dependence of τ 0 and τ±1. In
a seminal work, it has been found that, for a single
diamond NV centre [52], τ±1 was almost constant
over a wide range of temperatures (300–680 K);
however, τ 0 radically decreased for temperatures
above 550 K. This can be interpreted such that r36,
the non-radiative decay from the triplet |0〉, was
significantly enhanced at elevated temperatures.
Authors of the seminal work provided a phe-
nomenological model to explain this phenomenon,
the Mott-Seitz formula, which was developed for
multiphonon non-radiative processes. Figure 5(b)
shows that the bright and dark levels can cross by the
dynamicmotionof ions.Theenergy barrierW jumps
into this crossing point from the lowest energy of
the bright state, which can be reached at an elevated
temperature T with the thermal energy kBT, where
kB is the Boltzmann constant. In this case, the
lifetime of state 3, τ 0(T), can be expressed as

τ0(T) = τ0(T ≈ 0K)
1 + s exp [−W/(kBT)]

, (2)

where s is a dimensionless quantity, interpreted as
the fraction of the non-radiative and radiative rates
at the crossing point. The energy W ≈ 0.5 eV is
relatively large for the diamond NV centre [51,52];
therefore, the strong temperature dependence on
the ODMR readout contrast is only visible from T
≈ 550 K. However, the energy gaps for divacancy
defects in 4H-SiC are much smaller. For instance,
W ≈ 0.1 eV is calculated for the PL1 defect [51].
This result implies that the threshold temperature
is much lower for divacancy defects than for the
diamond NV centre.

No reported quantitative data is available in the
literature about the temperature dependence of the
pulsed ODMR readout contrast of divacancy de-
fects in SiC, and our paper focuses on the room-
temperature properties. On the other hand, low-
temperature off-resonant ODMR contrast data are
available on ensemble defects bymeasuring only the
zero-phonon lines [27]. Because of the very different
conditions of measurements, the raw CW-ODMR
contrast data (e.g. ≈−10% for the PL1 defects)
in [27] should be scaled up by a factor (≈1.444)
that we estimated from our data by comparing the

CW-ODMR contrast and the pulsed ODMR con-
trast at room temperature (see the details given in
Section 10 of the online supplementary material).
The estimated pulsed ODMR contrast data with the
experimental conditions in our setup and protocol
correspond to −14.5%, which reduces to ≈−6.6%
at room temperature (see Section 8 of the online
supplementary material). Thus, the ODMR con-
trast of the divacancy defect significantly weakens
at elevated temperatures. By using the same pro-
cedure with data from [27], the deduced pulsed
ODMR contrasts of PL5 and PL6 defects associ-
ated with our experimental setup and protocol are
≈−34.7% and ≈−31.8%, respectively. The reduc-
tion in the contrasts is not insignificant up to room
temperature, but the absolute values of the con-
trasts still remain relatively high for single PL5 and
PL6 defects (≈−26% and ≈−26.4%, respectively,
average values in this work), and may approach
zero above 650 K [30]. Indeed, our theory can
excellently account for the temperature-dependent
ODMR readout contrast of PL5 defects observed
within a wide temperature range, resulting in W =
0.076± 0.003 eV from the fit to data extracted from
experiments (see Section 10 of the online supple-
mentarymaterial).The value ofW for the PL5 defect
is indeed smaller than the calculatedW= 0.1 eV for
the PL1 defect, which is consistent with our quan-
tum confinement theory on the defect levels of diva-
cancy defects in the stacking fault (see Section 10 of
the online supplementary material).

CONCLUSION
In conclusion, we presented a scalable method for
the creation of single divacancy spin defects in 4H-
SiC using carbon ion implantation and combining
electron beam lithography and post-annealing tech-
niques. We characterized the spin properties and
demonstrated the coherentmanipulation of individ-
ual spin defects, including PL1, PL5, PL6 and PL7
defects, at room temperature. Surprisingly, single
PL6 spin defects have some outstanding properties
compared with several previously reported spin de-
fects in SiC [9–11,14,19]. The saturated count rate
of a single PL6 centre is up to 150 kcps, and its CW-
ODMR and Rabi oscillation contrasts can reach as
high as −23% and −30%, respectively, which are
comparable with those of single-NV colour centres
in diamond. By analysing the defect levels and decay
paths, we provided a theoreticalmodel to explain the
observed high ODMR contrast, which can also be
applied to understand the trends in theODMR con-
trasts of different divacancy configuration and their
temperature-dependent properties in 4H-SiC.
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The divacancy qubits reported in this work
have near-infrared excitation and emission in a
wavelength region that is themost transparent to liv-
ing cells; this is in stark contrast to theNV centres in
diamond that require green illumination for efficient
photo-excitation, causing high auto-fluorescence of
living cells. Besides, the longer laser wavelength re-
quired for ODMR measurements of colour centres
in SiC is advantageous in biological applications,
compared with the NV centres in diamond, regard-
ing the photo-toxicity. This makes divacancy colour
centres highly prospective for preclinical and human
diagnostic applications and therapy as similar diva-
cancy defects have been engineered into water sol-
uble SiC nanocrystals [53]. Integrating spin defects
with ahigh readout contrast and ahighphoton count
rate into high-performance SiC electron devices and
recently developed integrated optical chips based
on SiC [54] may also provide considerable oppor-
tunities for the next generation of hybrid quantum
devices.

METHODS
Sample preparation
In our work, a 12.5-μm-thick epitaxial layer of
single-crystal 4H-SiC with a nitrogen doping den-
sity of 5× 1015 cm−3 grown on a 4◦ off-axis 4H-SiC
substrate was used [22,35]. A layer of positive elec-
tron beam photoresist PMMA A4 with a thickness
of approximately 200 nm was spin coated onto the
surface of the SiC sample. Through electron beam
lithography (EBL, JEOL, JBX 6300FS), an array of
apertures with a pitch of 2 μm and a diameter of
50 ± 10 nm was fabricated on the surface of the
sample as a mask. Then, the sample was implanted
with 30-keV C+ ions at a dose of 1.02× 1012 cm−2.
There were approximately 20 implanted carbon ions
per aperture in the sample. The mask was then re-
moved using an ultrasonic bath of acetone solution.
The sample was annealed in a tube furnace at 900 ◦C
for 30minutes in a vacuum environment of approxi-
mately 1× 10−4 Pa. Finally, the sample was cleaned
in a 3 : 1 mixture of concentrated sulfuric acid and
hydrogen peroxide and heated to 95 ◦C for 5 hours,
which dramatically reduced the background fluores-
cence. Single-spin defects could then be optically
addressed.

Optical measurements
A home-built scanning confocal microscope with an
infrared oil objective with an NA of 1.3 (Nikon,
CFI Plan Fluor 100X Oil) was used in our ex-
periments. In all of the optical measurements, a

920-nmCWlaser, filteredby a shortpass filter (Thor-
labs, FESH950),was used to excite those colour cen-
tres. A dichroic beamsplitter (Semrock, Di02-R980-
25×36) was then used to separate the laser and
fluorescence signals. For various measurements at
room temperature, the SiC samples were mounted
on a closed cycle three-axis piezoelectric stage (PI,
E-727.3SD). The fluorescence signals filtered by
a 1000-nm longpass filter (Thorlabs, FELH1000)
were coupled to a single-mode fibre and then guided
to a superconducting nanowire single-photon de-
tector (SNSPD, Scontel & Photon Technology)
with an approximately 80% quantum efficiency.The
number of photons was recorded by a counter (NI,
USB-6341). For the HBT measurements, the fluo-
rescence signals were divided by a fibre beam splitter
and detected using a two-channel SNSPD. The co-
incidence correlation with variable delay time t was
measured using a time-to-digital converter (IDQ,
ID800-TDC).

Spin coherent manipulation
The same home-built scanning confocal microscope
was used to polarize and readout the optical sig-
nals depending on the spin states of the isolated de-
fects. For the ODMR, Rabi, Ramsey and spin echo
measurements, the microwave sequences were gen-
erated using a synthesized signal generator (Mini-
Circuits, SSG-6000 RC) and then gated by a switch
(Mini-Circuits, ZASWA-2-50DR+). After amplifi-
cation (Mini-Circuits, ZHL-25W-272+), the mi-
crowave signals were fed to a 50-μm-wide copper
wire above the surface of the 4H-SiC sample. The
exciting 920-nm CW laser was modulated using an
acousto-optic modulator. The timing sequence of
the electrical signals for manipulating and synchro-
nizing the laser, microwave and counter was gen-
erated using a pulse generator (SpinCore, PBESR-
PRO500).

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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39. Castelletto S, Johnson BC and Ivády V et al.A silicon carbide room-temperature
single-photon source. Nat Mater 2014; 13: 151–6.

40. Wang J, Zhou Y and Wang Z et al. Bright room temperature single photon
source at telecom range in cubic silicon carbide. Nat Commun 2018; 9: 4106.

41. Rondin L, Tetienne JP and Hingant T et al.Magnetometrywith nitrogen-vacancy
defects in diamond. Rep Prog Phys 2014; 77: 056503.
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