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ABSTRACT

Negatively charged silicon vacancy (Vs;") defects in silicon carbide are expected to be used for magnetic sensors under harsh environments,
such as space and underground due to their structural stability and potential for high-fidelity spin manipulation at high temperatures.
To realize Vg~ based magnetic sensors operating at high temperatures, the temperature dependence of optically detected magnetic reso-
nance (ODMR) in the ground states of V;~ defects, which is the basic principle of magnetic sensing, should be systematically understood.
In this work, we demonstrate the potential of V;~ magnetic sensors up to at least 591 K by showing the ODMR spectra with different tem-
peratures. Furthermore, the resonance frequency of the ground level was independent of temperature, indicating the potential for calibra-
tion-free magnetic sensors in temperature-varying environments. We also characterize the concentration of Vg;~ defects formed by electron
irradiation and clarify the relationship of magnetic sensing sensitivity to Vg~ concentration and find that the sensing sensitivity increases
linearly with Vg~ concentration up to at least 6.0 x 10'® cm™. The magnetic sensitivity at a temperature above 549 K was reduced by half as
compared to that at 300 K. The results pave the way for the use of a highly sensitive V; -based magnetic sensor under harsh environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0139801

I. INTRODUCTION

Optically active spin defects in silicon carbide (SiC) have
attracted attention as “quantum sensors” that can detect magnetic
fields and temperatures with a wide-dynamic range, high resolu-
tion, and high sensitivity. A single-negatively charged silicon
vacancy (Vs ) is a promising spin defect in SiC for quantum
sensors and, consequently, magnetic sensing using Vg~ has been
extensively studied.'” Compared to the nitrogen-vacancy (NV)
center in diamond, which is the best-known quantum sensor,*™*
Vi emits luminescence at near-infrared (NIR) wavelengths (800-
1100 nm),”” which reduces scattering losses at interfaces and signal
attenuation in optical fibers. The half-integer spin S=3/2 in Vg~

(Refs. 1, 10, and 11) is controllable and optically detectable on a
single spin level at room temperature with a long spin coherence
time.'” The principle of magnetic sensing with Vg~ is usually
based on optically detected magnetic resonance (ODMR), where
magnetic fields are detected by analyzing the change in the emis-
sion intensity from optically excited defects. The resonance fre-
quencies of the ground states between ms = +1/2 and m; = +3/2
in Vg~ vary with the magnetic field due to the Zeeman effect,
resulting in highly sensitive atomic-scale magnetic sensing.

Unlike NV centers in diamond, SiC quantum sensors can be
realized at a reasonable cost because large-diameter (200 nm) and
high-quality (electronic grade, i.e., high purity and low defect
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density) SiC wafers are commercially available."””'® In addition,

integration of Vg~ quantum sensors with photonic devices and SiC
CMOS integrated circuits can be expected by utilizing mature
nanofabrication and device technologies. Recently, it has been dem-
onstrated that the photon collection efficiency of photon emission
from single Vg~ centers in 4H-SiC was improved by incorporating
them into the scalable array of nanopillars,17 and the Purcell
enhancement of a single V;~ center was achieved by coupling it to
a nano-beam photonic crystal cavity.'"® On the other hand, electron
spin states of Vg~ on 4H-SiC metal-oxide-semiconductor field
effect transistors (MOSFETs) have been detected at room tempera-
ture using electrically detected magnetic resonance (EDMR),"” and
all-electric magnetic sensors based on deep-level defects in 4H-SiC
pn-junction devices have been proposed.”’ We have demonstrated
the successful introduction of electrically controllable Vg~ into SiC
pn-diodes without significant performance degradation,”’ and its
temperature change during diode operation has been detected by
Vs~ quantum sensors.”” These results are an important step
toward the practical implementation of Vg~ quantum sensor
devices, suggesting that further research will accelerate the realiza-
tion of industrial applications.

We also strongly anticipate that Vg~ in 4H-SiC can be used
for magnetic sensors operating in harsh environments, such as
space and underground due to its structural stability at high
temperatures.”*’ >’ Magnetic sensors mounted in satellites are sub-
jected to thermal cycling (e.g., —120 to +150 °C) as well as strong
radiation, which prevents long-term stable operation.Z(’ In addition,
tolerance to high temperatures above 450 °C is necessary for the
exploration of the interior planets, such as Venus and Mercury.”’
Therefore, the development of robust sensors that are not by
temperature is essential for future space applications. Vg~ in
4H-SiC is a strong candidate for robust magnetic sensors that allow
temperature-insensitive, long-term, and high-temperature operation
without any measurement calibration, although the magnetic
sensing using Vg~ at high temperatures and the temperature
dependence of magnetic sensitivity have been little been discussed.

High-energy electron irradiation is commonly used to create
Vi~ defects in SiC."'” V™ defects increase and its magnetic sensi-
tivity improves with increasing electron fluence, although unwanted
paramagnetic defects that induce decoherence of V;™ also increase.
There is still a lack of information on the relationship between Vg;~
concentrations and the ODMR properties in SiC irradiated with a
wide range of electron fluence. The method of Vg~ formation to
maximize the sensing performance has not been well studied.

In this work, we experimentally demonstrate that Vg~ mag-
netic sensors can be operated at least up to 591 K by showing the
ODMR spectra at different temperatures and different Vg;~ concen-
trations. We clarify that the resonance frequency of zero-field

TABLE I. Sample information.
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splitting in the ground state of Vg;~ is unchanged by this tempera-
ture, although the ODMR contrast decreases with increasing tem-
perature. We also evaluate the magnetic sensitivity as a function of
temperature and clarify that the magnetic sensitivity can maintain
considerable sensitivity even at temperatures above 549 K as com-
pared to that at 300 K. Furthermore, we investigate the relationship
between Vg~ concentration and magnetic sensitivity over a wide
range.

Il. EXPERIMENTAL

High purity semi-insulating (HPSI) 4H-SiC substrates and
n-type 4H-SiC epi-layers were irradiated with 2 MeV electrons at
ambient temperature to create V;~ defects uniformly over the sub-
strate surface. Epitaxial growth was conducted with a vertical
hot-wall CVD reactor using commercial 4° off 4H-SiC (0001)
Si-face substrates.”® An H,-HCI-SiH,-C;Hg gas system was
employed, and an N, gas was used for N doping. The samples were
mounted on a water-cooled copper (Cu) plate and covered with an
11 um-thick aluminum (Al) foil during irradiation. Fluences
ranging from 1.2 x 10"® to 1.3 x 10" cm™ were chosen to study the
irradiation fluence dependence. After irradiation, some of the
samples were thermally annealed at 600 °C for 30 min in a vacuum
to confirm the high-temperature stability of Vg~ defects. The
sample information is summarized in Table 1.

Electron spin resonance (ESR) measurement at room tempera-
ture without light illumination was performed with an X-band ESR
spectrometer (JES-X330, JEOL Ltd.) to investigate the Vg~ concen-
tration formed by electron irradiation. To quantify the number of
spins, the doubly integrated intensity of a differential ESR spectrum
was compared with that of a deliberately quantified standard of
copper sulfate pentahydrate (CuSO4-5H,0). The Vg~ defect con-
centration was derived from the sample weight and the number of
spins.

In addition to the ESR measurement, deep-level transient
spectroscopy (DLTS) analyses were performed to determine the
concentration of the Vg; defects (S; centers), employing Ni metal
pads of 1 mm diameter as Schottky contacts and an Al thin film as
a backside Ohmic contact. For the measurement, the rate window
of 41 or 410 ms and the pulse width of 50 ms were applied. The
applied voltage was —10 V.

The photoluminescence (PL) and ODMR properties of Vg;~
were characterized using a home-built confocal fluorescence micro-
scope (CFM) equipped with a temperature variable stage (80-
600K), the signal generator [Agilent, E4428C (250 kHz-
3.0 GHz)], and the amplifier [Mini-Circuits, LZY-22+ (100 kHz-
200 MHz)]. A schematic diagram of the experimental setup for PL
and ODMR measurements is shown in Fig. 1. A 785 nm CW-laser,

Sample Doping conc. (cm™) 2 MeV-e fluence (cm™?) Postanneal Characterization
HPSI 4H-SiC NA 1.2x10-1.3 x 10" NA ESR, PL, TRPL, ODMR
HPSI 4H-SiC NA 5.8x%10'7-3.4%10"® 600 °C, 30 min ESR, PL,ODMR
n-type 4H-SiC 2x10" 1.2x10"-1.2x 10" 600 °C, 30 min DLTS
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FIG. 1. A schematic of the experimental setup for PL and ODMR. A top view of
the sample stage is also shown on the right.

which is close to the optimal excitation wavelength,” was used with
an objective lens (x50, NA =0.5) for optical excitation. The laser
power was 45mW, and the spot diameter was estimated to be
1.9 um. The emitted photons from Vg;~ were collected by an InGaAs
photodiode or an imaging spectrometer through an optical fiber
after removing other photons with long-pass filters at 808 and
900 nm. For the ODMR measurement, a 40 um wide Cu electrode
was deposited on the sample surface by a sputtering method to
apply a radio-wave frequency (RF). The RF signals in the circuits
were checked with a spectrum analyzer prior to the ODMR measure-
ments. A y-metal plate is placed on the sample stage to minimize
the effect of magnetic noise generated by a heater installed in the
stage. For repeatability, the measurement location was fixed to
20 um laterally from the electrode edge and 20 um deep from the
surface (see the supplementary material for details).

To analyze the temperature dependence of the fluorescence
lifetime of Vg~ defects, time-resolved photoluminescence (TRPL)
was measured using time-correlated single-photon counting
(TCSPC).” In this experiment, a 700 nm pulsed laser was used for
optical excitation, and PL decay was detected by a Si single-photon
avalanche photodiode through an 808 nm long-pass filter.

lll. RESULTS AND DISCUSSIONS

A. Concentration of Vg;~ (k) defects formed by electron
irradiation

We first analyzed the MW power dependence of the ESR
integrated intensity for accurate characterization of Ty,, center
(Vs; defect) concentration, and the MW power of 0.4 yW was used
for all the samples (see the supplementary material for details).
Figure 2 shows the ESR spectrum of electron-irradiated SiC at the
fluence of 5.0 x 10'® cm™. Note that the Vg~ in 4H-SiC has two
different sites (k- and h-site), which show different ESR spectra in
Fig. 2(a). The ESR spectra for Ty, and Ty,, centers have been
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FIG. 2. (a) Typical ESR spectrum of Vg;~ in 4H-SiC for B || c at room tempera-
ture [electron fluence: 5.0 x 10" cm™2, microwave power: 0.4 uW, modulation
field: 0.05 mT, and modulation frequency: 100 kHz]. (b) Magnified ESR spectrum
of the left peak of the Ty, center.

identified as Vg~ at the h-site [Vg(h)] and Vg~ at the k-site
[Vsim(K)], respectively.m’31 Vs~ defects (S =3/2) show three equiva-
lent peaks due to the allowed transition between four spin energy
states (mg = +3/2, +1/2, —1/2, —3/2). Each peak shows small
splits due to the hyperfine structure of >°Si. The ESR spectra of
Vs~ in Fig. 2(a) can basically be explained as the superposition of
Vs (h) and Vg (k) with different splitting widths. Since the reso-
nances at the ground level of Vg (k) are used for magnetic
sensing, we focused only on the concentration of Vg~ (k).””” To
quantify Vg;~ (k) defects, we extracted the left peak of the ESR spec-
trum of Ty,, shown in Fig. 2(b) and calculated the number of
spins of Vg; (k) as three times the number of spins of the left peak.

The Vg (k) concentration as a function of irradiation fluence
from 1.1x107 to 13x10”cm™2 is shown in Fig. 3(a). The
Vs~ (k) concentration increased linearly with increasing irradiation
fluence with a slope of 1.01 £0.11 and no saturation behavior
appeared up to 1.3 x 10'” cm™?, indicating that higher Vg~ (k) con-
centration is achievable by further electron irradiation. It should be
noted that the total concentration of Vg~ defects [sum of Vg (k)
and Vg; (h)] is expected to be doubled because their concentrations
are assumed to be comparable. Below 1.1 x 10'7 cm™ of irradiation
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FIG. 3. (a) Vs (k) concentration as a function of irradiation fluence from
11x10" to 1.3x10'®cm™ Closed symbols are experimental data for
as-irradiated samples. The dashed line is the least-squares fit to [V~ (k)] =
Ce* with o.=1.01+0.11. (b) Normalized PL intensity as a function of irradiation
fluence at room temperature from 1.1 x 10" to 1.3 x 10"® cm~2 The PL intensity
is normalized by the value at 1.3 x 10'® cm™2. The least-squares fit to the exper-
imental data is shown as a dashed line with a slope of 1.02 £ 0.07.
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fluence, the Vg (k) concentration could not be calculated accu-
rately because the signal-to-noise (S/N) ratio was too low. However,
it is possible to estimate the V;” (k) concentration at the low irradi-
ation fluence by the PL intensity. Figure 3(b) shows the normalized
integrated PL intensity (integral range: 800-1100 nm) at room tem-
perature as a function of irradiation fluence from 1.1x10" to
1.3 x 10" cm™. We assume that the PL intensity ratio of Vg;” (k) to
Vg (h) defects was constant with the electron irradiation. Similar
to the quantification of Vg; (k) concentration by ESR spectra, the
PL intensity increased linearly with increasing irradiation fluence
with a slope of 1.02 + 0.07. This indicates that the Vg;” (k) concen-
trations below the irradiation fluence of 1.1x 10" cm™ can be
estimated by the relative change of the PL intensity. Some data
fluctuations in the PL intensities can be seen in Fig. 3, and we
estimate that this is due mainly to the error of the electron irradi-
ation fluence (roughly 10%).

In addition to ESR and PL measurements, DLTS measurements
were employed to further analyze the concentration of created Vg;
defects and their dominant charge states (see the supplementary
material for the detail of the DLTS measurements). Figure 4 shows a
comparison of the Vg; concentrations determined by DLTS and ESR
for the samples annealed at 600 °C. In DLTS measurements, all V;
defects are detected as the S; center regardless of their dominant
charge state in equilibrium.””** Since the signal from the S, center
(Vs; defects) overlaps with that from other centers, such as EH, (E;)
centers and M centers [originating from inter-lattice carbon
defects (C;)], which disappear or change to other defects upon
low-temperature annealing (200-400°C),”™*" we performed
600 °C annealing before the DLTS measurements to properly
characterize the S; centers. The results showed that the S1
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& 4017l 11917 E
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Fluence (cm'2)

FIG. 4. Comparison of the Vs concentrations (600 °C annealed samples)
derived from DLTS and ESR measurements. Closed blue symbols denote the
results obtained by DLTS signals (S centers). The doping concentrations are
2x10" cm™3. Closed red symbols are the results obtained by ESR signals
(Tyoa centers). Note that the right ordinate is twice the value of the Ty,
[Vsi~ (k)] concentration. The least-squares fit to the experimental data is shown
as a dashed line with a slope of 1.01 £ 0.12.
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concentration increased linearly with increasing electron fluence,
as shown by the blue symbols in Fig. 4. Then, four of the
electron-irradiated HPSI 4H-SiC samples were annealed at
600 °C, and their Vg~ concentrations (i.e., twice the concentra-
tion of Ty,, centers) were identified by the ESR measurement.
After annealing at 600°C for 30min, the Vg~ defects were
reduced to about 70% of the non-annealed samples. The obtained
values (twice the concentration of Ty,, centers) are plotted as
closed red symbols in Fig. 4, being on the straight line extrapo-
lated from the DLTS data. The least-squares fit to the experimen-
tal data are drawn as a dashed line with a slope of 1.01 +0.12.
This fit line is 1.4 (=2 x 0.7) times higher than the fit line shown
in Fig. 3(a), which is consistent with the results from unannealed
samples. This fact indicates that most of the Vg; defects formed in
electron-irradiated HPSI 4H-SiCs are single negatively charged."’
The results also indicate that the initial impurity doping did not
affect the number of Vg; defects formed by electron irradiation
and that the same amounts of Vg;(k) and Vg;(h) were formed.

B. Optical properties and spin manipulations

The photoluminescence properties of Vg~ defects were investi-
gated at elevated temperatures. Figure 5 shows the PL spectra measured
at temperatures ranging from 300 to 591 K. The electron irradiation
fluence was 7.0 x 10'® cm™ ([Vg (k)] = 3.3 x 10'° cm~?), and no
annealing was performed after irradiation. Broad emission centered
at around 900 nm appeared at temperatures above 300 K. This is
attributed to the phonon sidebands (PSBs), and zero phonon lines
(ZPLs) were not observable at these temperatures.” The ZPLs
originating from Vg (h) and Vg (k) defects (V1 and V2 peaks,
respectively) were found at 80 K (see the supplementary material).
The PL intensity around 820-870nm increased with increasing
temperature due to the broadening of the PSBs. Interestingly, the
integrated PL intensity slightly increased by a factor of 1.05+0.01
at 591 K compared to the intensity at 300 K. A similar trend was

5 T T T T T
Fluence: 7.0x10"8 cm™

PL intensity (a.u.)

0
800 900
Wavelength (nm)

LN
1000 1100

FIG. 5. PL spectra at different temperatures from 300 to 591 K.
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found in the other samples with different Vg;”(k) concentrations
(see the supplementary material for details).

A representative PL decay curve for Vg;~ with the concentra-
tion of 1.7 x 10" cm™ after pulsed excitation at 300 K is shown in
Fig. 6(a). Note that the photon emission decay for both Vg; (h)
and Vg (k) defects was characterized in this measurement since
the wavelength above 808 nm was collected. The experimental data
are fitted with a mono-exponential decay function in the form of
a+ b x exp(—t/7). The PL lifetime, t, was determined from the fit
to be 6.3 ns, which agrees well with the previous report (6.1 ns).””
Figure 6(b) shows the PL lifetime Vg~ as a function of temperature.
The PL lifetime slightly increased with increasing temperature up
to 400 K and slightly decreased above it. A similar trend was found
in the other samples with different Vg;~ concentrations.

The Mott-Seitz model can explain the temperature depen-
dence of the lifetime of color centers, including Vg, ~.%" In this
model, the nonradiative transition rate (kygr) increases with
increasing temperature, and the measured lifetime (7) is short-
ened; 1/t = 1/7raq + knr, Where raq is the radiative transition
lifetime. However, the Mott-Seitz model cannot explain the measured
lifetimes below 300 K, which decrease with decreasing temperature, as
shown in Fig. 6(b). Zy/, centers (carbon vacancies, V") are known to
be the dominant limiting factor for carrier recombination lifetimes in
electron-irradiated SiC, and thus, the lifetime of Vg~ centers could
also be affected by the surrounding Z,,, centers. Charge transfer
between Vg~ and V' (ie, Vg + Vet 2 Vg + V), resulting in
the change in a lifetime, may be possible since the dominant charge
state of Vi in HPSI 4H-SiC is +1."" Another possibility is that the life-
time of Vg;~ centers can be affected by an interaction with free carriers
(electrons in the conduction band and holes in the valence band) in
the SiC host. It has been reported that the recombination lifetime of
free carriers in SiC increases with increasing temperature up to 300-

1 05 T T T T
4 T =300K, [Vg (k)] = 3.1x10" cm™®
10 Laser power: 0.96 pW N

10° .
10? .

400K and then decreases at higher temperatures.”*> This trend is
opposite to the measured lifetime of Vg;~ centers and may be related
to the interaction between Vg~ centers and free carriers. Assuming
the existence of carrier transfer from an SiC host to Vg~ centers and
of the photo-excited carriers generated via defect levels (e.g, V¢
centers) during 700 nm laser irradiation,” the lifetime of Vg~ centers
could be short due to the carrier transfer to an SiC host when the
recombination lifetime of free carriers is long. Further investigation is
needed to clarify the origin of the lifetime variation with temperature.

Figure 7(a) shows the ODMR spectra of Vs; (k) defects mea-
sured at different temperatures (from 80K to 591 K) under a zero
magnetic field. Since only the spin state of the V2 center [Vg; (k)
defects], whose ZPL is 916 nm, can be manipulated by applying
RE’> ODMR measurements were performed through a 900 nm
LPF. The electronic ground state of the Vg~ defects is a quartet
manifold, S = 3/2, and the Hamiltonian is

H = D[S} — S(S+ 1)/3] + gupBSy, (1)

where 2D=70MHz is the zero-field splitting (ZFS) parameter
between mg = +3/2 and mg = +1/2, g=2.0032 is the electron g-
factor,”” up is the Bohr magnetron, and B is the applied axial static
magnetic field. The spin states degenerate under zero magnetic
field. A resonance peak due to ZFS (=2D) of the ground level was
seen at around 70 MHz at room temperature (300 K), which was in
good agreement with the previous works.'”***® Resonance peaks
were clearly observed even up to at least 591K, indicating that
Vs; (k) spins can be manipulated even at high temperatures. The
resonance frequency was unchanged by temperature, with an
average resonance frequency of 69.5+ 0.2 MHz. The ODMR con-
trast, which is calculated as the RF-induced PL change (APL)
divided by the PL intensity, i.e., APL/PL, decreased with increasing
temperature as shown in Fig. 7(b). The decrease in the ODMR con-
trast is presumably due to the decrease in the spin polarization rate
with increasing temperature as well as the thermally activated non-
radiative processes, which would diminish the fluorescence-based
spin readout.>*’ Figure 7(c) shows the full width at half maximum
(FWHM) of the ODMR spectra as a function of temperature.
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FIG. 6. (a) A representative PL decay curve of Vg~ defects. The mono-
exponential decay fit with a characteristic lifetime t=6.3ns is shown as the
solid line. (b) The PL lifetime as a function of temperature.
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FIG. 7. Temperature dependence of the ODMR spectra. (a) ODMR spectra of
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Solid curves represent fits with the Lorentzian function. (b) Contrast (%) and (c)
FWHM (MHz) extracted from the ODMR spectra, respectively. The uncertainties
of the ODMR contrast (+0.08) and FWHM (+2.3 MHz) are shown as error bars.
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The FWHM is independent of temperature, suggesting that the
coherent properties of Vg (k) defects are maintained at high
temperatures.

According to Eq. (1), when an external magnetic field is
applied for Bl|c, the spin sublevels split due to the Zeeman split-
ting. Two resonance transitions, mg = —1/2 < mg = —3/2 and
mg = +1/2 & mg = +3/2 whose corresponding resonance fre-
quencies are vl =|2D —gupB| and v2 = 2D + gugB, mainly
appear.” Figures 8(a) and 8(b) show the ODMR spectra of Vg; (k)
defects measured without and with external magnetic fields (B=0
and 1 mT) for B||c at 300 and 591 K. The resonance frequencies of
the ODMR signal as a function of the magnetic field for B||c from
0 to 5mT are shown in Fig. 8(c). The experimental results are in
good agreement with the theoretical calculation values at both tem-
peratures.””*® This fact indicates that Vg, -based quantum sensors
are capable of magnetic sensing over a wide temperature range
without temperature calibration. Unlike the other promising candi-
dates for quantum sensors, such as NV centers in diamond,”*
divacancy (VgV¢?) defects in SiC,”” and a negatively charged
boron vacancy (V~) in hexagonal boron nitride (h-BN),” no fre-
quency adjustment for measurement calibration is required for
Vs (k) magnetic sensors when operated under temperature vari-
able conditions.

We also investigated the effects of y-ray irradiation on the PL
and ODMR properties to demonstrate the radiation resistance of
Vsi (k) magnetic sensors (see the supplementary material for
details). As a result, no significant change was found in the PL
and ODMR properties of Vg;” (k) defects at least up to 119 kGy
(H,0), and this fact strongly indicates that Vg (k) magnetic
sensors can be used in a radiation environment without any
deterioration.

C. Magnetic sensitivity

The magnetic sensitivity of the ODMR magnetometer is typi-
cally limited by the shot-noise sensitivity that is related to the
minimum detectable magnetic field.” The shot-noise-limited DC
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(@)B=1mT [Vg(k)=3.3x10" cm™ 2001 (¢ . 300K I I 7
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FIG. 8. ODMR spectra at 300 and 591K for (a) B=0mT and (b) B=1mT (B||
c). (c) The resonance frequency of the Vs;~ ground states as a function of mag-
netic field for B || c. Green and red symbols are the experimental data at 300
and 591K, respectively. The theoretical values, whose slopes are 28 MHz/mT,
are represented by solid lines. The uncertainties of the resonance frequency
(+0.6 MHz) and the magnetic fields (+3%) are shown as error bars.
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magnetic field sensitivity, n, is represented by

n— 4h y Av
3\/§geﬂ3 CVR

(T/\/ITz), @

where /i is PlancK’s constant, g, is Landé’s g-factor, up is Bohr’s
magnetron, R is the photon-detection rate, Av is the FWHM of the
ODMR signal, and C is the contrast of the ODMR signal.
The FWHM is inversely proportional to the spin dephasing time of
the defect, T,*. C and R depend on many terms, such as the Rabi
frequency (RF power), the transition rate, defect brightness, and
optical collection efficiency. R was calculated from the intensity of
the detector (InGaAs PD) and its spectral response. Figure 9(a)
shows the normalized shot-noise-limited sensitivity as a function of
Vs~ (k) concentration at room temperature. The shot-noise-limited
sensitivity was normalized to the value of Vg;” (k) concentration of
2.3 x 10" cm™. The magnetic sensitivity was linearly reduced with
the increase in Vg;~ (k) concentration with a slope of —0.50 + 0.11.
The maximum shot-noise-limited sensitivity obtained in our study
was estimated to be 125nT/ \/ Hz at the Vg (k) concentration of
6.0x 10" cm™ (electron irradiation fluence of 1.3 x 10'° cm™2).
The number of measured Vg; (k) defects was roughly estimated to
be 4.3x10° from the net laser spot size and the concentration.
In addition, no significant change was found in the magnetic sensi-
tivity after thermal annealing at 600 °C for 30 min in a vacuum,
indicating the high-temperature stability of V5~ magnetic sensors.
After thermal annealing at 600 °C for 30 min in a vacuum, the
Vsi (k) concentration decreased by 70% (Fig. 4) and the
photon-detection rate decreased accordingly, resulting in the sensi-
tivity degradation. The data for annealed samples, shown as red
closed triangles in Fig. 9(a), also follow the linear fit. However, a
significant decrease in the PL intensity at temperatures above
700 °C has been reported in previous reports.”*>** The Vg; defects
are annihilated or transformed into complex defects at tempera-
tures above 700 °C, although a part of them is retained. Figure 9(b)
shows the change in shot-noise-limited sensitivity as a function
of temperature (300-591K) at the Vg (k) concentration of
3.3x 10" cm™. The shot-noise-limited sensitivity was normalized
to the value of 300 K. The magnetic sensitivity deteriorated by a
factor of 2 at temperatures above 549 K. The relative sensitivity
change with temperature can be compared to other spin defects,
such as NV centers in diamond, although the magnetic sensitivity
at high temperature has not been reported. According to Ref. 8, the
ODMR contrast and the PL intensity of NV centers decrease with
increasing temperature, and the decrease ratio of 550 to 300 K
is 50% and 30%, respectively. On the other hand, the spin coher-
ence time (7,*) is not affected by temperature, indicating that
the FWHM of the ODMR signal is constant. From these data, the
shot-noise-limited magnetic sensitivity is estimated to be reduced
by about 30% at 550 K as compared to that at 300 K, which is
lower than that of Vg (k) defects (about half). Considering this
fact and the temperature independent resonance frequency, the
magnetic sensing of Vg;~ defects may be more advantageous than
NV centers in high temperature and thermal cycling conditions,
such as space environments.
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Although the best sensitivity obtained in this study was
125 nT/ \/ Hz, the magnetic sensitivity can be further enhanced by
improving the photon collection efficiency and by increasing the
Vs concentration. Simin et al. have suggested that the Vg~ mag-

netic sensitivity can reach below 100 fT/y/Hz when the collection

efficiency is improved and the Vg~  concentration is
4x10" cm™.>” It has also been reported that the sensitivity can be
improved by optimizing the annealing parameters” and isotropic
purification of SiC.”>"" Here, we discuss how much the Vg (k)
concentration can be increased without any significant decoherence
of the Vg;” (k) spins to further improve the magnetic sensitivity. In
this study, we have clarified that the Vg (k) concentration can be
increased to 6.0 x 10'° cm™ without any significant decoherence.
On the other hand, Lekavicius et al. have reported that no signifi-
cant decoherence of Vg~ spins occurs at the fluence of
3% 10" cm™2 in the case of naturally abundant SiC, whereas the
coherence time of Vg~ spins in isotopically purified SiC after irra-
diation at 3 x 10'® cm™2, which was several times higher than that
in naturally abundant SiC, was reduced with increasing electron
irradiation fluence due to the accumulation of paramagnetic
defects.” This indicates that the effects of paramagnetic defects
induced by electron irradiation are less significant compared to

ARTICLE scitation.org/journalljap

naturally abundant 13C (1.07%, nuclear spin number I=1/2) and
*Si (4.67%, 1=1/2) isotopes. From the above facts, we roughly
estimate that the Vg~ (k) concentration that can be increased in
naturally abundant SiC without significant coherence degradation
(i.e., loss of magnetic sensitivity) is ~2 X 107 cm™ (2 MeV elec-
tron irradiation fluence of ~5 x 10 cm™).

In the case of 2 MeV electron irradiation into SiC, the fluence
of 1.3 x 10" cm™? (the highest fluence in this study) is converted to
54x107* dpa (displacement per atom) (see the supplementary
material for detailed calculations). The mass density of 3.21 g/cm’
and the displacement threshold energies of 25 eV for Si and 21 eV
for C were used for the calculation,” although slightly different
values have also been reported.”” >’ This value means that 0.054%
of the lattice atoms are displaced once by electron bombardment.
Considering that the critical dose for amorphization is 0.2 dpa,”*”’
this value is still low to cause defect clustering and amorphization.
In other words, there is still room to increase the Vg;” (k) concen-
tration, and thus, the concentration above 2 x 10'” cm™ is achiev-
able while maintaining the crystallinity in the SiC lattice by
electron irradiation.

IV. SUMMARY

We demonstrated the high-temperature operation of
Vs -based magnetic sensors at least above 591 K by analyzing the
effects of temperature on the ODMR spectra of Vg~ defects in
4H-SiC created by high-energy electron irradiation. Although the
Vs~ concentration decreased by about 70% after annealing at
600 °C, the magnetic sensitivity was retained to a considerable
extent. This suggests that the V5~ magnetic sensors can be used in
high-temperature environments, such as interior planetary explora-
tion, where the sensors are exposed to about 450 °C. In addition,
we successfully characterized the Vg~ concentration by room tem-
perature ESR measurements and found that Vg~ defects were
created in proportion to the electron fluence up to the concentra-
tion of 6.0x 10 cm™>. Stable photon emission from Vg; (k)
defects by optical pumping and spin manipulation by RF applica-
tion were possible at high temperatures, although the ODMR con-
trast decreased with increasing temperature. We also found that the
change in the ODMR spectrum due to the Zeeman splitting was
temperature-independent at least up to 591 K. This unique property
is advantageous for magnetic sensors operating at thermal cycling
conditions, such as space, since no measurement temperature cali-
bration by resonance frequency adjustment is required. Our results
pave the way for practical applications of Vg -based magnetic
sensors operating under harsh environments, such as space and
underground.

SUPPLEMENTARY MATERIAL

See the supplementary material for (1) characterization of
Vsi (k) concentration, (2) distance and depth dependence of
ODMR spectra, (3) sample variations on the temperature depen-
dence of PL intensities, (4) ODMR spectra of the maximum
fluence in this study, (5) radiation resistance of ODMR properties
of Vg7, and (6) detailed calculation of the displacement per atom
(dpa).
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