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S1. Characterization of Vsi'(k) concentration

In ESR measurements, the signal intensity saturates at high microwave (MW) power
because the relaxation process does not recover to the equilibrium state, resulting in an
underestimation of the spin number in the sample. We first analyzed the MW power dependence of
the integrated ESR intensity to accurately characterize the Tv2. center (Vs defect) concentration.
Figure S1 (a) and (b) show the ESR spectra of Tv2. center at different MW powers (electron fluence:
5.0x10"® cm2) and the MW power dependence of the integrated ESR intensity. The signal intensity
showed a saturation trend at the power above 1 uW. Therefore, the MW power at 0.4 pW was used

for all the samples to quantify the Vs; (k) concentration.
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Fig. S1. (a) ESR spectra of Tv2a centers with different MW powers (0.01 — 0.4 puW) for B || ¢ at room
temperature [electron fluence: 5.0x10'® cm™2, modulation field: 0.05 mT, modulation frequency: 100

kHz]. (b) The integrated Tv2. signal intensity as a function of the square root of the MW power.

Figure S2 (a) shows DLTS spectra of n-type 4H-SiC Schottky diodes with a doping
concentration of 2x10'7 cm™. Two types of samples with different initial nitrogen doping
concentrations were measured to characterize the Si and Z1, centers (open symbols: 4x10'5 cm™3,
closed symbols: 2x10'7 cm™3). A peak related to the S; center, which was the transition of Vi; defects
from —3 to —2 charge states (=Vsi (—2|—3)), was observed at 200 K, and also, a peak related to the Zi,»
defects, which was the transition of the h-site (Z:) and k-site (Z>) carbon vacancies (=V¢) from —1 to
0 charge states (=Vc (—1|0)), was observed at 300 K [1-5]. Fig. S2 (b) shows the change in Zi»
concentration as a function of electron fluence, which was derived from the peak intensities. The Zi.»

concentration was slightly reduced after annealing at 600 °C.
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Fig. S2. (a) DLTS spectra of n-type 4H-SiC Schottky diodes (doping concentration: 2x10'7 cm) after
electron irradiation at the fluence of 1.1x10'¢ cm™ (black), 3.4x10'® cm™ (red), and 1.1x10'7 ¢cm™
(blue). (b) The Zi» concentrations as a function of electron irradiation fluence from 1.1x10'% to
1.1x10'7 cm™2. Black and red symbols are the experimental data for as-irradiated and 600 °C annealed
samples, respectively. Open and closed symbols denote the data obtained from the diodes with doping

concentrations of 4x10'5 cm™ and 2x10'7 cm™, respectively.



S2. Distance and Depth Dependence of ODMR Spectra

Since ODMR contrast is highly dependent on RF power applied to Vs; (k), we first measured
the distance and depth dependence of the ODMR signal to obtain repeatability. Figure S3 (a) shows a
confocal XY mapping (XxY=100x100 um?) of the sample surface. The PL emission was clearly
observed throughout the entire region except for the Cu electrode. The depth dependence of the ODMR
contrast from the sample surface is shown in Fig. S3 (b). The ODMR contrast decreased with
increasing the distance from the Cu electrode. On the other hand, the ODMR contrast was almost
independent of the depth from the surface as shown in Fig.S3 (c). Based on these results, we set

(distance, depth) = (20 um, 20 um) for ODMR measurements for repeatability.
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Fig. S3. (a) A confocal microscopy image of Vsi (k) defects on the surface of a 4H-SiC sample with
an excitation laser power of 45 mW (100 x 100 pm?). (b) ODMR contrast as a function of the distance
from the electrode edge on the sample. (c) ODMR contrast as a function of depth from the surface of

the 4H-SiC sample. The ODMR measurements were conducted at room temperature.



S3. Sample Variations on Temperature Dependence of PL Intensities

Low-temperature PL measurements were performed to confirm the formation of Vi~ defects.
Figure S4 shows the PL spectra after electron irradiation at 3.4x10'"® cm™ at low (80 K) and room
(300 K) temperatures. At low temperatures, two characteristic peaks appeared at 859.8 nm and 916.3
nm which are attributed to the zero phonon lines (ZPLs) of two non-equivalent lattice sites; h-site (V1
center) and k-site (V2 center) [6-8]. Figure S4 (b)—(d) shows PL spectra at temperatures from 300 K
to 591 K for different samples. No significant change in PL spectra due to annealing at 600 °C was
found. Also, no significant change in PL spectra due to irradiation fluence was found. The change in
relative PL intensity of Vs;~ defects as a function of temperature for different samples is shown in Fig.
S4 (e). The PL intensity was normalized by the value at 300 K. Unlike the other samples, the PL
intensity of the 1.3x10'” cm™2 irradiated sample slightly decreased at high temperatures (closed circles
in (e)). This is presumably because the sample temperatures during irradiation were slightly different
for each sample and other defects that could cause quenching of V;~ defects at high temperatures were

formed on a certain condition. Further investigation is necessary to clarify this.
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Fig. S4. (a) PL spectra of Vi~ in 4H-SiC at low (80 K) and room (300 K) temperatures. (b)—(d) Sample
variations of PL spectra with different temperatures. The irradiation fluence is (b) 3.4x10'8 cm™2 with
600 °C annealed, (c) 3.4x10'® cm™2 as-irradiated, (d) 1.3x10' cm™? as-irradiated and (e) normalized

PL intensity as a function of temperature. The PL intensity was normalized by the value at 300 K.



S4. ODMR Spectra of the Maximum Fluence in This Study

Figure S5 shows the ODMR spectra at room temperature for the Vsi (k) concentration of
6.0x10'® ¢m™3, which was the maximum electron irradiation fluence (1.3x10' cm™) in this study.
The resonance peak at 70.3 MHz was observed under zero magnetic field and was split into two by

the Zeeman splitting (resonance frequency of v1=40.5 MHz and v2=99.2 MHz) when 1 mT external

magnetic field was applied.
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Fig. S5. The ODMR spectra at room temperature at Vs; (k) concentration of 6.0x10'® cm™ with

external magnetic fields for B || ¢ (1 mT) and without external magnetic field.



S5. Radiation Resistance of Vi~

To demonstrate the radiation resistance of Vs;~ spin properties, we performed y-ray
irradiation on a Vs;~ formed HPSI 4H-SiC and investigated the PL and ODMR properties. Fig. S6 (a)
shows the PL spectra of Vs;~ defects before and after y-ray irradiation at 19 kGy (H2O) and 119  kGy
(H20). The samples were irradiated with 2 MeV electrons at the fluence of 2.5x10'® cm™ before y-ray
irradiation. Note that 10 kGy is roughly equivalent to an absorption dose for 10 years in the
geostationary orbit (GEO) in space. As a result, no significant change in PL spectrum and intensity
was observed after y-ray irradiation, indicating that Vs~ defects show stable luminescence under
radiation environments. The ODMR spectra under zero magnetic field and 1 mT for B || ¢ after y-ray
irradiations are shown in Fig. S6 (b)—(d). The ODMR contrast (%), resonance frequency (MHz), and
FWHM (MHz) extracted by fitting the Lorentz function are listed in Table S1. In these measurements,
the RF radiation was directed to a thin copper wire terminated with a 50 ohm impedance. The
resonance peak around 70 MHz due to the zero-field splitting of the Vsi (k) ground states and its
Zeeman splitting due to the external magnetic field were observed in all the samples. No significant
change in the ODMR spectra was observed at any y-ray dose. These results strongly suggest that Vs~
magnetic sensors can be used in a radiation environment without any deterioration.
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Fig. S6. (a) PL spectra at room temperature before and after y-ray irradiation. (b), (c) and (d) show the
ODMR spectra at room temperature after y-ray irradiations at 119 kGy(H»0), 19 kGy(H20), and 0
kGy(H-0), respectively.

Table S1. Parameters extracted from the Lorentzian fit.

0 mT ImT vin2
Contrast Freq. FWHM Contrast Freq. FWHM
v (kGy) (%) MHz) | vHz) | Y &G (%) (MHz) | (MHz)
0 0.60 70.9 10.4 0 0.29/0.26 | 39.2/100.2 | 8.6/10.3
19 0.50 70.3 11.4 19 0.31/0.32 | 39.7/100.2 | 9.0/8.8
119 0.61 70.1 10.7 119 0.30/0.26 | 38.9/102.2 | 7.0/8.1




S6. Calculation of Displacement per Atom (dpa)
The displacement per atom, Cq is defined by the following equation [9]:

Ci=— = t(pf leaxv(E )ﬂ dE (S1),
N Eq P dEP P

where N, Ny, t, ¢, Eq, Ep, Epmax, and op are the atomic density of the target material, the number of
displacements per volume, the electron irradiation time, the electron beam flux, the displacement
energy, the energy of primary knock-on atom (PKA), the maximum PKA energy, and the total cross

section for atomic displacement. In the case of relativistic electron irradiation, oy is represented as

follows:
b2 E E \Y? E E
do (E,E))=—|1-82—+ 7ax ( p) S (S2),
p( p) 4 [ '8 Epmax ‘8{ Epmax Epmax Ep2 P

Z,e? Z,
= = S3 )
hc  137.04 (S3)
= |1 moc?_\’ (S4)
b= moc? + E '
b' =by1—p2 (S5),

27, e>
= 2 (S6),

mOCZﬁZ

where b is the distance of the closest approach and b is the relativistically corrected b. Z», e, #, ¢, E,
and my are the charge number of the target nucleus, the elementary charge, the Plank constant, the
speed of light, and the acceleration energy of electrons.

The displacement damage function, v(Ep) in Eq. (S1) represents how many displacements occur
from one PKA. In the Kinchin-Peace model, which is one of the most widely used and the simplest

models, V(Ep) is represented as follows:

0 (0 <E, <Ey)
v(E,) =4 1 (Eq < E, < 2Ey) (S7).
E,/2Eq (2Eq < By < Eymax)

Epmax of PKA formed by relativistic electrons is not so high that the energy loss of PKA through
ionizations and electronic excitations is almost negligible. For instance, when carbon (C) is irradiated
with 2 MeV electrons, Epmax is calculated to be:

Epmax = 2E (—E J;WZZZ"CZ) = 1,081 (eV) » 2E, (s8),
where M, is the atomic mass of the target material. Thus, the PKA energy is mainly lost by elastic

collisions. Eq. (S1) can be rewritten using Eq. (S7):



Ca=t { f A f By 4% g } (9)
a=tg — TR ,
g, AE, P )y 2Eq dE, P

and this can be solved analytically:

t(pT[b’z X X X X 1 S10
: { (l ' ]) 32( +ln2—])+ﬂaﬁ(_ 2x2 + 1 IHZ)} ( );
E
pmax
X = —d (S11).

Since the composition ratio of SiC is Si:C =1:1, the value of dpa, Casic can be simply calculated as the

sum of Cgsi and Cyc (Bragg’s additive law):
1
Casic =75 (CasitCac) (S12).

When E =2 MeV and 9 = 1.3x10" ¢cm™ (electron fluence), Casic is calculated to be 5.4x107* dpa
from the Eq. (S12) with Eq =25 eV for Si and 21 eV for C [10].
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