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Quantum sensors using silicon vacancy (Vs;) in silicon carbide (SiC) are expected to be capable of
directly measuring inside SiC devices. It is a serious problem that we have to employ the excited state
(ES) of Vs; with very low temperature sensitivity for quantum sensing due to there being no temperature
sensitivity for the ground state (GS). Here, we propose a temperature measurement protocol, simultane-
ously resonated optically detected magnetic resonance (SRODMR), based on the modulation of the GS
ODMR response resulting from simultaneous resonance of both GS and ES. This protocol diverts part of
the GS ODMR contrast to temperature measurement, and in principle, temperature can be measured at
an equivalent signal intensity to that of GS ODMR. SRODMR improves signal intensity by 1 order of
magnitude compared with the conventional method (ES ODMR), leading to temperature measurements

with a smaller error.
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Quantum sensing using optically addressable defects in
wide-band-gap materials, i.e., spin defects, is a promis-
ing technique because it can measure magnetic and elec-
tric fields and temperature with highly sensitive and high
spatial resolution. A negatively charged nitrogen-vacancy
composite defect (N-J~ center) in diamond [1] is the spin
defect that shows the highest sensor performance at this
time and has been studied in a wide range of applica-
tions [2—6]. In silicon carbide (SiC), several spin defects
acting as quantum sensors have been found, such as a
negatively charged silicon vacancy (Vs; ™) [7-9], a neutral
divacancy (Vc Vs, V1) [10,11], and a negatively charged
pair of Vg and nitrogen atom (N) on an adjacent car-
bon (C) site (NcVsi™) [12,13]. For Vs;~, magnetic field
and temperature sensing have already been demonstrated
[7,14,15]. SiC is well known as a material for power semi-
conductors [16], and the latest commercial products have
blocking voltage of more than 1000 V. Higher-blocking-
voltage power devices are expected to apply to application
fields such as a battery management system of electric
vehicles and power converters for high-voltage direct cur-
rent power transmission systems, and contribute to further
system miniaturization and energy savings. To develop
devices, detailed data of internal states in SiC devices in
operation should be helpful because the data enable us to
carry out precise simulation and design more sophisticated
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device layout. In this regard, a Vg;-based quantum sensor
operating at and above room temperature is a unique tool
to observe the inside of SiC devices directly with highly
sensitive and high spatial resolution. We have proved that
optically detected magnetic resonance (ODMR), which is
a measurement principle of quantum sensors, is possible
even under current flow [17]. This is an important step for
realizing direct quantum sensing in a device in operation.
As electrically detected magnetic resonance [18-20] can
detect magnetic fields using device current instead of opti-
cal access, it is suitable for direct measurements. However,
temperature detection has not been demonstrated yet.

In general, the ground state (GS) of spin defects is
employed for ODMR because GS ODMR gives rise to
a larger ODMR contrast (higher sensitivity) than that of
the excited state (ES). For thermometry, a Vs;-based quan-
tum sensor has the disadvantage that GS ODMR shows
no temperature sensitivity [14], which forces us to select
ES ODMR for temperature sensing, at much lower con-
trast [21]. This makes temperature measurement very dif-
ficult. Although simultaneous measurement of magnetic
field and temperature is desirable from the viewpoint of
time efficiency, temperature measurement is currently an
obstacle. Therefore, highly sensitive temperature measure-
ment methods are strongly required.

In this work, we propose a temperature sensing method,
simultaneously resonated ODMR (SRODMR), which can
measure temperature with higher signal intensity than the
conventional ES ODMR. The method is based on the
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phenomenon that the GS ODMR contrast is modified
under simultaneous resonance of GS and ES. It enables
us to measure temperature with, in principle, leveraging
of the equivalent sensitivity of GS ODMR. We demon-
strate that SRODMR improves signal intensity by 1 order
of magnitude compared with ES ODMR, which leads to
higher-precision temperature measurements.

Samples used in this study are a 5.6-pum-thick p-
type SiC epitaxial layer with a doping concentration of
1.5 x 10" ¢m™3, grown on n-type SiC substrate. Dot
patterns consisting of Vs; ensemble (5 x 5 pm? in size,
30 um in pitch) were created in the samples by parti-
cle beam writing [22] using a focused (¢ ~1 pum) He
beam. The ion energy and fluence were 0.5 MeV and
3 x 103 He*/spot, respectively. The depth of Vs;~ was esti-
mated to be approximately 1 um by stopping and range of
ions in matter simulation [23]. Samples were then annealed
at 600 °C to improve the optical and spin properties of
Vsi~ [24]. ODMR measurements were performed on one
of the dot patterns (Vs;~ ensemble) by a home-built confo-
cal microscope. A 785-nm laser was chosen to maximize
excitation efficiency of Vs~ [25]. The laser power was
set to 0.5 mW (spot size ~4 um) for all experiments. For
ODMR measurements, to resonate GS (30—110 MHz) and
ES (200500 MHz) simultaneously, a radio frequency (rf)
field was applied to a sample through a copper wire fol-
lowed by combining two rf’s from two signal generators
(SG1 and SG2) and amplification as shown in Fig. 1(a).
The rf for GS was amplitude modulated to detect a signal
using our software lock-in system. A 900-nm long-pass
filter was used to remove background luminescence. The
sample was heated to around 400 K in air by a resistive
heater.

Firstly, we explain the evolution of GS ODMR spec-
tra on which SRODMR is based. Figures 1(b) and 1(c)
show the GS ODMR spectra measured on and off ES res-
onance, respectively. For on-resonance, ODMR contrast

decreased with increasing rf power for ES (RFgs). On the
other hand, no significant change in contrast was observed
for off-resonance. The results indicate that the change
of contrast in GS ODMR is expected to occur only at
simultaneous resonance of GS and ES. Hence, the fol-
lowing temperature measurement protocol, SRODMR, is
proposed. We observe the changing ODMR contrast by
sweeping the rf frequency for ES while keeping GS on-
resonance. The rf for ES leading to changes of GS ODMR
contrast signifies the rf resonance of ES. We can now
determine the temperature from the frequency: The signal
intensity of SRODMR should correspond to the decrease
in GS ODMR contrast, and therefore its sign should be
negative. Since this protocol diverts part of the GS ODMR
contrast to the signal intensity of SRODMR, in principle,
SRODMR can measure temperature leveraging the equiv-
alent signal intensity of the ground state if 100% diversion
is realized by higher RFgg.

We verified the proposed protocol as follows. Figure 2
shows a comparison of SRODMR and ES ODMR spectra.
The SRODMR signal showed a negative sign as expected,
and a positive sign for ES ODMR due to our software
lock-in system. SRODMR improved signal intensity by
1 order of magnitude compared with ES ODMR upon
RFgg of 40 dBm. In addition, the signal was observable
even at smaller RFgg for SRODMR. All spectra showed
a change in amplitude at around 400 MHz, which cor-
responds with the resonance frequency for ES at room
temperature [14,21]. A slight shift of resonance frequency
for SRODMR upon RFgg =30-40 dBm was attributed to
a slight temperature rise due to higher RFgg [26]. On the
other hand, there is no shift in resonance frequency due
to temperature changes caused by RFgs because RFgg
is considerably less power than RFgg during SRODMR
measurements (data not shown). The intensity change
observed around 380 MHz was presumed to be originated
not from Vg; but from the measurement system because no
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(a) An rf-based setup for SRODMR. Evolution of GS ODMR spectra (b) under on-resonance in ES (410 MHz) and (c) under

off-resonance in ES (300 MHz). RFgs is amplitude modulated. For on-resonance, increasing RFgg leads to a decrease of GS ODMR

contrast. No significant change occurs for off-resonance.
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FIG. 2. Comparison of SRODMR [RFgs (70 MHz) modu-
lated] and ES ODMR (RFgg modulated) spectra. The dotted lines
show the result of fitting by Lorenz function for SRODMR,
where the central frequencies are 434 MHz (RFgs =30 dBm),
421 MHz (37 dBm), and 415 MHz (40 dBm).

temperature dependence was confirmed for the intensity
change on temperature measurements described below.
Significant improvement in signal intensity resulted in a
shorting of measurement time by more than 1 order of
magnitude as shown in Figs. 3(a) and 3(b). These results
clearly show that SRODMR is capable of measuring tem-
perature with higher sensitivity owing to higher signal
intensity as well as shorter measurement time [27]. In addi-
tion, we confirmed the similar evolutions of GS ODMR
spectra under external magnetic fields (B//c). This indi-
cates that SRODMR is also applicable to simultaneous
measurement of magnetic field and temperature.

Here, we discuss the mechanism of SRODMR using the
experimental results and spin polarization processes for GS
and ES. The RFgs and RFgs dependence of SRODMR sig-
nal intensity was investigated as shown in Fig. 4(a). The
signal intensity increased with increasing RFgs at each
RFgs. The larger the RFgg, the greater the rate of increase
in amplitude is observed. This experimental result can
be attributed to following mechanism [Figs. 4(b)}-4(d)].
Initially, there is almost no spin polarization among each
spin sublevel in GS due to thermal equilibrium. Increase
of RFgg results in increasing spin polarization in GS.
This leads to RFgs dependence as shown in the inset of
Fig. 4(a). Similar rf power dependence of GS ODMR con-
trast has been reported [28]. In the same manner, spin
polarization in ES increases with increasing RFgg although
the effect in ES is smaller than that in GS due to very short
lifetime as short as 6 ns in ES [25]. As the spin polarization
process for SRODMR with off-resonance in ES is equiva-
lent to that for GS ODMR [Fig. 4(b)], no significant change

of GS ODMR contrast is observable as shown in Fig 1(c).
For on-resonance [Fig. 4(d)], the electrons with a large spin
polarization are photoexcited to ES and then are resonated
once again by RFgs. Since the amount of rf absorption
is proportional to the spin polarization, a large change in
polarization can be obtained even for very short lifetime in
ES compared with single-resonance ES ODMR [Fig. 4(c)].
The resultant GS ODMR contrast will be smaller due to a
smaller spin polarization. As a result, we can observe this
behavior shown in Fig. 1(b). Increasing GS ODMR con-
trast by larger RFgg results in a larger SRODMR signal
intensity at the same RFgg. Thus, the RFgs dependence
of SRODMR signal intensity is similar to that of GS
ODMR. With increasing RFgg, although spin polarization
is the same for each RFgs, the change in polarization
increases. This makes the increase rate of SRODMR sig-
nal intensity large. As described above, SRODMR signal
intensity can be explained by the change of spin polariza-
tion modulated by both RFgs and RFgs. The reason for
a large signal intensity compared with ES ODMR is that
SRODMR causes the resonance in ES under a large spin
polarization generated by the resonance in GS. In contrast,
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FIG. 3. Comparison of measurement time. (a) SRODMR spec-

trum for duration of 30 min and (b) ES ODMR spectrum for
duration of 5 h. SRODMR signal can be detected for 30 min. In
contrast, ES ODMR signal is not observed even for a 5-h mea-
surement. These results indicate that SRODMR can also shorten
the measurement time, resulting in higher sensitivity.
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intensity. Inset shows RFgs dependence of GS ODMR signal
intensity. Spin polarization processes for (b) GS ODMR, (c) ES
ODMR, and (d) SRODMR with on-resonance in ES. The size of
blue circles qualitatively indicates spin population. Unlike con-
ventional ODMR, two resonances occur in both GS and ES for
SRODMR, resulting in a large change in spin polarization. This
leads to a larger signal intensity compared with ES ODMR.

for ES ODMR, only a small amount of polarization is real-
ized even with high RFgg, resulting in a very small ODMR
contrast.

Finally, temperature measurement using SRODMR is
demonstrated. The results are shown in Fig. 5. A sim-
ilar temperature dependence of resonance frequency as
in a previous study [14] was obtained, corroborating that
SRODMR is a viable temperature measurement technique.
The thermal shift was calculated to be 1.3 MHz/K in
this temperature range, a value that is smaller than that
obtained in the previous study. This may be caused by a
nonlinear thermal shift observed over a wide temperature
range, especially low temperature, for other spin defects
[29-31]. The maximum temperature we measured in this
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FIG. 5. Temperature measurement by SRODMR. Blue circles
and black solid squares are data obtained in this work and a
previous study [11], respectively. Red line represents the result
of linear fitting, conducting a thermal shift of 1.3 MHz/K. To
account for temperature rise caused by rf exposure, a resonance
frequency for RFgs =30 dBm is plotted at 300 K.

demonstration was 395 K, a limitation due to our setup
hardware. It does not constitute an intrinsic limit of the
material or method, as proven by significant residual signal
intensity at 395 K.

In summary, we propose a temperature sensing protocol,
SRODMR, for a Vgi-based quantum sensor. The protocol
is based on the phenomenon that simultaneous resonance
of GS and ES leads to a decrease of GS ODMR con-
trast. SRODMR not only improves signal intensity by 1
order of magnitude, but also contributes to much shorter
measurement time. We succeed in measuring temperature
up to 395 K (122°C). This demonstrates the effective-
ness of SRODMR as a highly sensitive temperature mea-
surement method. Recently, improvement of GS ODMR
contrast has been reported [28,32]. Since the improve-
ment is directly related to the increase in SRODMR signal
intensity, further sensitivity improvements in temperature
measurements can be expected by combining the reported
findings with SRODMR. We do not evaluate sensitiv-
ity at this time, because we focus on dynamic range for
application as a direct in situ measurement inside operat-
ing SiC devices. However, it is estimated that sensitivity
would also be improved by using SRODMR due to both
higher signal intensity and much shorter measurement
time. Some spin defects, such as Vg; in SiC, may cause ES
to have a larger change in resonant frequency with respect
to temperature, pressure, and electric field measurements
compared with GS. In such cases, SRODMR must be use-
ful because both the large signal intensity and a large shift
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lead to highly sensitive quantum sensing. From this per-
spective, SRODMR is a promising measurement protocol
that expands the possibilities of quantum sensing.
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