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ABSTRACT

We characterized the excited state (ES) and the ground state (GS) of negatively charged silicon vacancy (V�Si) centers in hexagonal silicon
carbide (4H-SiC) using optically detected magnetic resonance (ODMR) to realize thermometric quantum sensors. We report the observation
of inverted contrast between ODMR signals of the ES and the GS and clarify the effect of energy sublevels of spin states in 4H-SiC. We con-
firm that ES ODMR signals of V�Si centers are dependent on the temperature with a thermal shift of 2MHz/K on zero-field splitting (ZFS).
Thus, we fabricated microscale dots of V�Si centers in a 4H-SiC p–n diode using proton beam writing and demonstrated the operation of ther-
mometric quantum sensors by measuring the temperature change induced by an injected current. Our demonstration paves the way for the
development of atomic-size thermometers inside SiC power devices for future applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0027603

Silicon carbide (SiC) is one of the most promising materials for
high-power and high-temperature electronic devices owning proper-
ties such as high thermal conductivity and high breakdown field.1,2 In
recent years, SiC has emerged as an ideal solid-state host of color cen-
ters, which act as efficient single photon emitters and are desirable for
quantum applications.3,4 Similar to well-studied nitrogen vacancy
(NV�) centers in diamond,5,6 negatively charged silicon vacancy (V�Si )
centers in 4H-SiC are sensitive to the magnetic field,7,8 electric field,9

and temperature.10,11 This implies that V�Si centers can be used as a
quantum thermometric sensor to directly monitor the temperature
variation of SiC devices, which is required for the improvement of the
performance and reliability of these devices. To date, only a few
studies10,11 have discussed the temperature sensing aspect of V�Si
centers and the underlying physics is yet to be understood.

In this study, we showed the properties of the optically detected
magnetic resonance (ODMR) signals of the ground state (GS) and the
excited state (ES) of V�Si centers in 4H-SiC. Then, we demonstrated
thermometric quantum sensors that can be used to measure

temperatures inside the operating SiC devices. We formed a spatially
local pattern of V�Si centers in a SiC device (p–n diode) using proton
beam writing (PBW)12–14 and measured the temperature change
resulting from the forward current injection. In our experiments, we
found that the ODMR signals of V�Si centers have unique characteris-
tics caused by the spin–orbit coupling and spin–spin interaction
resulting from the crystal structure of 4H-SiC.15

V�Si centers were created in a 4H-SiC bulk sample and a 4H-SiC
device. For the bulk sample, the semi-insulating 4H-SiC substrate
(Si-face) was irradiated with 2MeV electron beams (EB)16 with a dose
of 1018 cm�2 at room temperature. During irradiation, the sample was
placed on a water-cooled Cu plate to avoid heating. To remove unnec-
essary defects, the sample was thermally annealed at 800 �C in vacuum
for 90min. For the device, a planar SiC p–n diode was fabricated on a
p-type epitaxial layer of 4H-SiC grown on an n-type 4H-SiC substrate
(4� off, Si-face) by chemical vapor deposition. The aluminum acceptor
concentration in the epitaxial layer was approximately 1.45
� 1016 cm�3. The pþ-type and nþ-type contact regions were created
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by implanting phosphorus and aluminum at 800 �C with densities of
5� 1019 cm�3 and 2� 1020 cm�3, respectively. Postimplantation
annealing was performed at 1800 �C for 10min. Aluminum electrodes
were formed in these contact regions. We created three rows of dots of
V�Si centers in the p–n junction of the diode using the PBW technique.
Each dot had a diameter of 1lm and was generated by a 0.5MeV pro-
ton beam at a fluence of 3� 107 Hþ. We have confirmed that proton
irradiation at a fluence of 3� 107 Hþ does not affect the electrical
characteristics of SiC pn diodes.14 All the dots were separated by a
distance of 10lm. Finally, the device was thermally annealed at
400 �C in vacuum for 30min to remove unnecessary defects. Details
of the device fabrication process and the creation of V�Si centers using
PBW are described in Ref. 14.

We recorded the photoluminescence spectrum of the bulk
4H-SiC sample at room temperature using a home-built confocal
microscope. In the spectrum, we observed maximum intensity at
approximately 900nm corresponding to the signatures of V�Si centers
in 4H-SiC.17–19 ODMR measurements were performed at room tem-
perature for sensing the magnetic field and temperature. The ODMR
experimental setup is illustrated in Fig. 1. Continuous wave (CW)
lasers with wavelengths of 532 and 671nm were used for optical
pumping to confirm the effects of the excitation energy on the ODMR
signals of V�Si centers. The transitions between the spin sublevels of the
GS and ES were controlled by the application of radio frequency (RF)
signals through a 30 lm diameter copper wire spanned across the
sample.

As shown in Fig. 2, we observed the ODMR signal of V�Si centers
in the bulk 4H-SiC sample with a wide range of RF frequencies rang-
ing from 50MHz to 1GHz. The ODMR spectrum has a peak with
positive contrast at a resonance frequency of 70MHz corresponding
to the zero-field splitting (ZFS) of V�Si centers in the GS,13,20,21 whereas
a dip with negative contrast was observed at a higher resonance fre-
quency of 440MHz, plausibly corresponding to the ZFS of V�Si centers
in the ES.10 The observed result is anomalous because the spin
conserving optical pumping between the GS and the ES usually leads
to the same peak or dip shape of the GS and ES ODMR signals. The
mechanism of this behavior will be discussed based on the energy

levels of spin states later in this report. In addition, under lower RF
powers (below 25dBm), the ODMR dip cannot be observed due to the
limited lifetime in the ES of V�Si centers, as shown in Fig. 2. Therefore,
in this study, we used the RF powers of 20 and 37 dBm for ODMR
experiments in the GS and the ES, respectively.

Now, we discuss the magnetic field-dependent properties of V�Si
centers in the GS and the ES. When a magnetic field is applied parallel
to the c-axis of the 4H-SiC crystal, two spin sublevels of the GS are
further split into four sublevels due to the Zeeman effect.22 Thus, we
can observe the splitting of an ODMR peak into two peaks, and these
peaks shift linearly as the magnetic field strength increases.23 Figure 3
shows the obtained GS ODMR signals of V�Si centers in different mag-
netic fields. In zero field, we observed an ODMR peak at the resonance
frequency of 70MHz, consistent with the results shown in Fig. 2. This
peak is further split into two peaks when an external magnetic field is
applied parallel to the c-axis of the 4H-SiC crystal. These two peaks
shift linearly depending on the magnetic field strengths of 1.1mT and

FIG. 1. Simple diagram of the ODMR experimental setup.

FIG. 2. GS and ES ODMR spectra of V�Si centers in the 4H-SiC bulk sample in the
absence of an external magnetic field. The blue and green solid curves represent
the Lorentzian fitting of the spectrum at RF powers of 25 dBm and 37 dBm,
respectively.

FIG. 3. GS ODMR spectra of V�Si centers in the 4H-SiC bulk sample using 532 nm
excitation at magnetic field strengths of 0, 1.1, and 4.1 mT. The data were fitted
using a Lorentzian function.
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4.1mT. The obtained results are consistent with demonstrations of the
GS ODMR signals of V�Si centers reported in a previous work.11

Next, the magnetic field dependence of the ES ODMR signals of
V�Si centers was measured with two different excitation lasers, as
shown in Fig. 4(a). The ES ODMR signals measured with excitation
wavelengths of 532 and 671nm are shown in green and red, respec-
tively. The excitation laser powers in the two cases are different due to
limitations of experimental equipment. In particular, the laser powers
before the objective lens are 3 and 0.1 mW for excitation wavelengths
of 532 and 671nm, respectively. In zero field, both signals show a dip
shape at the resonance frequency of approximately 440MHz, which is
nearly the same as the ES ZFS of V�Si centers in a previous report.10 By
applying a magnetic field, the dip of each ES ODMR signal splits into
two dips, and these dips shift linearly depending on the strengths of
the magnetic field. The magnetic field-dependent splitting of these ES
ODMR signals is in agreement with the previous work.10 We should
also mention that the shape of the ES ODMR signals is not dependent
on the excitation wavelength.

Here, we discuss the shape of the GS and ES ODMR signals using
the theoretical model proposed by Soykal et al.15 According to this
model, the energy level of the spin sublevel of ms¼63/2 is lower than
that of ms¼61/2 in the GS due to the spin–orbit coupling and spin–
spin interaction. However, this order inverts in the ES, as illustrated in
Fig. 4(b). In addition, this model suggests that the fluorescence inten-
sity is higher when ms¼61/2 is populated because ms¼63/2 has a
faster nonradiative transition via the metastable state (MS). Thus, when
we apply the RF (e.g., 70MHz at B¼ 0mT) corresponding to the GS
ZFS of V�Si centers, the population of the spin sublevel of ms¼61/2 in
the GS increases, while that of ms¼63/2 decreases, as illustrated in
Fig. 4(c). By optical pumping, the population of the spin sublevel of
ms¼61/2 in the ES becomes higher than that of ms¼63/2.
Subsequently, most of the electrons in the ES with ms¼61/2 directly
return to the GS, while electrons with ms¼63/2 mainly return to the
GS through the MS without emitting fluorescence. As a result, we

observe an increase in the fluorescence intensity, which results in a
peak in the GS ODMR signals. In contrast, when we apply the RF (e.g.,
440MHz at B¼ 0mT) corresponding to the ES ZFS of V�Si centers, the
population of the spin sublevel of ms¼63/2 in the ES increases, while
that of ms¼61/2 decreases. Therefore, electrons in the ES with
ms¼63/2 returning to the GS through the MS increase, as illustrated
in Fig. 4(d). As a result, we can observe a decrease in the fluorescence
intensity, which results in a dip in the ES ODMR signals. Our experi-
mental results are in agreement with this mechanism.

Next, we measured the temperature dependence of the ES ZFS of
V�Si centers, as shown in Fig. 5. The ES ODMR dips shift toward lower
resonance frequencies when the temperature is increased, as shown in
Figs. 5(a) and 5(b). By plotting the positions of the ES ODMR dips as
a function of temperature, we obtained a thermal shift of 2MHz/K, as
shown in the inset of Fig. 5(c). This thermal shift is consistent with the
result from a previous report,24 and is not dependent on the excitation
wavelength.

This high temperature resolution can provide a very effective use
for power devices whose thermal information is important for device
reliability. To demonstrate the application of V�Si centers, we measured
the local temperature of the operating SiC p–n diode. We used PBW
to create microsized dots of V�Si centers in the device. We confirmed
that there are no differences in the signals of V�Si centers between the
bulk sample and the device sample. A confocal microscope image of
the diode was obtained to confirm the formation of dots of V�Si centers,
as shown in Fig. 6(a). The I–V characteristics of the diode are shown
in Fig. 6(b). Typical forward characteristics of a p–n diode are
observed. Thus, the current increases with increasing voltage, and at a
voltage of 30V, current flowing through the channel width of 50 lm
is 8.3mA and the corresponding current density is 0.166mA/lm.
This current results in a self-heating effect in the channel, as described
below.

The local temperature distribution in the channel was controlled
by the current flowing through the p–n junction. Figure 6(c) shows

FIG. 4. (a) Magnetic field-dependent ES ODMR spectra of V�Si centers in the 4H-SiC bulk sample at different excitation wavelengths of 532 nm (green curves) and 671 nm (red
curves). (b) Spin polarization processes of V�Si centers during off resonance. The size of green circles indicates the spin population. The population of the spin sublevel of
ms¼63/2 and ms¼61/2 in the GS and the ES is equally polarized. (c) When the RF is applied to the GS, the spin sublevel of ms¼61/2 is preferentially populated. (d) An
application of the RF to the ES results in an increase in the population of the spin sublevel of ms¼63/2. The thick dashed pink and blue lines indicate a higher intensity of
fluorescence and a faster rate of nonradiative decay via the metastable state (MS), respectively.
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the ES ODMR signals of V�Si centers that were measured at the marked
position [light green circle in Fig. 6(a)]. At 0mA, we observed the ES
ODMR dip at the resonance frequency of 440MHz. When the current
was increased, this dip shifted to lower resonance frequencies. Based
on the relationship between the temperature and positions of the ES
ODMR dips obtained from Fig. 5, we monitored the temperature val-
ues of 299, 313, and 321K at the marked position, corresponding to
currents of 0, 6, and 9mA, respectively, as shown in Fig. 6(d). The
temperature linearly increases with increasing current. This result indi-
cates that quantum sensing with V�Si centers can give us the thermal
information of local areas in SiC devices under operation.

In conclusion, we investigated the properties of V�Si centers in
4H-SiC as a function of the magnetic field and temperature using

ODMR. We reported an inverted contrast between the GS and ES
ODMR signals and explained it based on the theoretical mechanism of
the energy levels of the spin states. We confirmed that the ES ZFS of
V�Si centers depends on the temperature with a thermal shift of
2MHz/K in the bulk 4H-SiC sample. Finally, the ES ZFS of the V�Si
centers was measured inside the 4H-SiC p–n diode to observe the tem-
perature change induced by the injected current. The demonstration
of monitoring the local temperature in the diode indicates that V�Si
centers can be utilized as atomic-sized sensors for thermal imaging of
SiC power devices.

The authors would like to thank Professor Y. Matsushita of
Tokyo Institute of Technology and Dr. G. Astakhov of the Institute

FIG. 5. Temperature-dependent ES ODMR spectra of V�Si centers in the 4H-SiC bulk sample at different excitation wavelengths of 532 nm (a) and 671 nm (b). The solid, dotted,
and dashed lines are Lorentzian fitting curves. The data for the temperatures of 300 K and 298 K are represented. (c) Position of ES ODMR dips as a function of temperature
for excitation at 531 nm (green symbols) and 671 nm (red symbols).

FIG. 6. (a) Confocal microscope image of the planar 4H-SiC p–n diode. Inset: schematic drawing of the equivalent circuit and the diode with dots of V�Si centers (red symbols)
localized at the p–n junction. (b) I–V characteristic of the planar 4H-SiC p–n diode. (c) ES ODMR signals at the target position [marked with a light green circle in (a)] in the
diode at different currents of 0, 6, and 9 mA. The solid, dotted, and dashed lines are Lorentzian fitting curves. The data for the current of 0 mA are shown in multiplication signs.
(d) Local temperature of the target position as a function of current.
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