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ABSTRACT

Color centers in silicon carbide (4H-SiC) are potentially usable as spin defects for quantum sensing and quantum information technology. In
particular, neutral divacancies (the P6/P7centers, Vg; V) and a certain type of silicon vacancies (the Ty,, center, Vg at the k site) are
promising for addressing and manipulating single spins. Although the Ty, spin is readable at room temperature, the readout techniques
have been limited to luminescence-based ones (e.g., optically detected magnetic resonance). In this study, we demonstrated electrical detec-
tion of Ty,,-type silicon vacancies at room temperature by using electrically detected magnetic resonance on 4H-SiC metal-oxide-semicon-
ductor field effect transistors (MOSFETSs). Ty,, spin defects were embedded in the channel region of well-defined 4H-SiC MOSFETS via
controlled proton irradiation. The number of detected Ty, spins was estimated to be ~10°. We also found that the charge state of the Ty,
spin defect can be controlled by varying the gate voltage applied to the MOSFET.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0078189

Color centers in wide-bandgap semiconductors are potentially
usable as spin defects or spin qubits for quantum sensing," quantum
communication,” and quantum computing,” The negatively charged
nitrogen-vacancy center (the NV center, electron spin S=1) in dia-
mond is the most widely studied spin qubit, because it shows not only
extremely strong luminescence but also its spin states that can be
manipulated and readout at room temperature.* Another promising
host platform for spin defects is silicon carbide (4H-SiC).” 4H-SiC
shows great potential for integration of various electronic devices [pn
diodes, bipolar transistors, junction- and metal-oxide-semiconductor
field effect transistors (JFETs and MOSFETSs) and complementary-
MOS (CMOS) circuits.” In particular, 4H-SiC is regarded as a suitable
integration platform for electronic and quantum devices. So far,
single-spin addressing and single-spin manipulation have been already
demonstrated using spin defects in 4H-SiC.”'* 4H-SiC has two prom-
ising spin defects: a negatively charged silicon vacancy formed at the k
site (the Ty, center, k-site Vg, S=23/2)"" and neutral divacancies
(the P6/P7 centers, VVe®, S=1)."'"" The Vg~ center is the most
widely studied, because its optically detected magnetic resonance
(ODMR) is detectable at room temperature.”* Furthermore, creation
of Vg by versatile means such as proton beam writing'' makes it

possible to design hybrid electronic and quantum devices. However,
the Vi~ center has a much weaker ODMR contrast than that of NV ™.
To develop other readout techniques as well as all-electrical quantum
devices, electrical detection of the V; ™ spin is desirable. Actually, elec-
trical detection of NV centers in diamond has recently been demon-
strated.'” In 4H-SiC, electrically detected magnetic resonance (EDMR)
was used to detect the Vg;~ signal in the device currents of 4H-SiC pn
diodes'’ and 4H-SiC MOSFETs."* In MOSFETSs, Vs~ centers were
generated as MOS interfacial defects,” while in pn diodes, they were
intentionally created by irradiation."” In the latter case, a strong electri-
cal signal was observed and utilized for high-sensitivity magnetic
sensing."* Namely, the Vg~ spin is most probably highly active to elec-
trical currents. However, the detected Vg center is not the Ty, cen-
ter [V (k)], which is realized the single spin manipulation at room
temperature, but rather only another Vi;~ center [negatively charged
silicon vacancy formed at the h site, Vg (h)]. So far, the Ty,-type
spin defect has not been detected electrically.

In this Letter, we demonstrate electrical detection of the Ty,
spin defect by using the EDMR technique on a proton-irradiated
4H-SiC(0001) MOSFET. The Ty, centers were carefully created in
the channel region of the MOSFET via proton irradiation. The 4H-SiC
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MOSFETs could generate a high channel current as well as had few
EDMR signals from MOS interface defects. These features led to their
having higher sensitivity to the spin defect and less interference from
interface signals. In a previous EDMR study, we characterized the
interface defects in the relevant MOSFET and determined their spin
density.” By using a coexisting EDMR signal from the interface
defects, we could estimate the number of electrically detected Ty,
spins.

In addition, by taking advantage of the MOSFET, we could elec-
trically control the charge state for the Ty,, spin defect. Here, it is
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indispensable to tune its charge state properly for detecting its electron
spin. For example, the loss of an electron from the NV center in
diamond causes severe degradation in luminescence and the ODMR
signal.' In the present study, we used the gate bias of the MOSFET to
tune the charge state of V;.

Figure 1(a) shows the setup for electrical detection of V; ™ centers
in a 4H-SiC MOSFET. In the experiment, we used n-channel lateral
Si-face 4H-SiC MOSFETs'” that include Vg; centers in the vicinity of
the MOS interface. This setup is based on bipolar-amplification-effect
(BAE) EDMR spectroscopy, which is highly and selectively sensitive to
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FIG. 1. (a) Electrical detection of Vs;~ spin defects embedded in 4H-SiC MOSFETs. We used BAE-EDMR detection. (b) Optical image of 4H-SiC MOSFETs used in the
EDMR study. The MOSFET had 5-um gate length and 150-um gate width. (c) Simulated depth profiles of implanted protons (lower figure) and silicon-atom monovacancies
(upper figure). Depth “0” is defined at the surface of the top passivation SiO, layer. TRIM simulations were for a florescence of 1 x 10" H*/cm =2 (d) l4-Vy characteristic of
4H-SiC MOSFETSs before and after proton irradiation. Voltage was swept from -5 to 15V and back again. (€) Schematic diagram of the formation energy of Vs; in 4H-SiC. The
charge state of Vg; is determined by the Fermi level (E) position from the valence band edge (Ey). The Fermi level can be controlled by the gate voltage (V) of MOSFETS,
and top of diagram shows V; applied during EDMR measurement. The region highlighted in orange is the range of the Fermi level that Vs;~ is detectable by EDMR.
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interface defects.'”'® The MOSFETs used in this study had a gate
length of 5 um [Fig. 1(b)], which is the best for BAE-EDMR measure-
ments. The MOSFETSs have 50-nm-thick gate thermal oxide and were
subjected to standard post oxidation annealing in NO gas at 1250 °C
for 60min, which improved their field-effect mobility to
30cm®>V~'s~". The EDMR signal from the interface defects was dra-
matically reduced by 1/40."

To create Vg; defects inside the channel region, we carried out
proton irradiation with a fluence of 1 x 10" cm™ > over the whole of
the MOSFET. It is known that proton irradiation can create Vg; defects
around the ion-stop region in SiC crystals."” Figure 1(c) shows simu-
lated depth profiles of protons and silicon-atom monovacancies in a
gate-stack structure, which were obtained by the Monte Carlo simula-
tion code, TRIM.”” The top SiO, layer is a protective passivation layer
(150 nm). The acceleration energy can be used to control the forma-
tion of Vg; defects precisely. We chose 80 keV, at which a sharp distri-
bution (peak width ~30 nm) of Si monovacancies may be obtained, as
shown in Fig. 1(c). This distribution fully covers the thickness of the
channel layer (7-8 nm) of the present MOSFET.

Before irradiation, the MOSFETs were characterized using
EDMR"” and various other techniques.”' Their drain current (Iy)-gate
voltage (V) characteristics are shown in Fig. 1(d). The drain current
after irradiation decreased compared with the value before irradiation,
as a result of implantation damage. The field-effect mobility fell to
10cm®V's™, and hysteresis increased slightly. Despite that the pro-
ton irradiation degraded the electrical characteristics the MOSFET in
these ways, it was still usable for the BAE-EDMR measurements
reported below. The charge state of Vg; is determined by the Fermi
level [Fig. 1(e)]. The range of the Fermi level that the charge state of
Vg is singly negative is 1.3-2.66 eV from the valence band edge.”” In
order to detect Vs; by EDMR, the gate voltage of the MOSFET must
be applied so that the Fermi level is within this range. We discuss this
later in Fig. 3.

BAE-EDMR measurements were carried out at room tempera-
ture under microwave excitation (9.462GHz and 200 mW) and
magnetic-field modulation at 1.562kHz and 0.5-mT width. We intro-
duced constant current (I3) from the drain electrode and monitored
the source current (Igpmr). Using a lock-in amplifier synchronized
with the magnetic-field modulation, electron-spin-resonance (ESR)-
induced current changes in Igpyr Were recorded as a function of the
static magnetic field. The magnetic field was rotated in the (1100)
plane. Figure 2(a) shows the angular dependence of the EDMR spectra
for the MOSFETs before and after irradiation. The blue spectra
obtained before irradiation reveal higher signal intensities; their inten-
sities are, thus, normalized to those of the red spectra obtained after
irradiation. In other words, proton irradiation degraded the EDMR
detection. This may have been caused by the drain-current degrada-
tion [cf. Fig. 1(d)], although the exact reason is still unclear. A strong
central signal [indicated by the black arrow in Fig. 2(a)] was detected
from both the irradiated MOSFET and non-irradiated one: it origi-
nates from nitrogen-related interface defects of nitrided 4H-SiC(0001)
MOS interfaces.”” After irradiation, a new doublet signal with zero-
field splitting appeared (the red arrows in the figure). Figure 2(b) plots
the position of the new signal as a function of the magnetic-field angle.
The observed angular dependence is consistent with that of the Ty,
spin defect that was calculated from the spin-Hamiltonian of Ty, (g
value, g = 2.0029, and fine-splitting parameters, D = 35 MHz, E = 0).”

scitation.org/journal/apl

This result indicates we demonstrated to detect the Ty, spin defect
[the Vi;™ (k) center] electrically.

To discuss the central spectral region where another type of Vg;~
[the Vi (h) center] exhibits a single-peak signal without zero-field
splitting, we performed an analysis by subtracting the EDMR spec-
trum before irradiation from that after irradiation. Figure 2(c) shows
two typical results where the Vg; (k) and Vs;™ (h) signals either overlap
or do not overlap. A single-peak signal seems to appear near the inter-
face signal. Moreover, this signal seems to be isotropic [cf. Fig. 2(b)]
and is consistent with the Vg; (k) signal. However, its position does
not exactly match the theoretical positions of Vg; (h). We deduce that
this inconsistency may be due to distortion from the interface EDMR
signal. This signal consists of two components: a signal from the inter-
facial K center (Si=N;) and one from the incomplete K center
(Si=C,N)."” Therefore, the proton irradiation may have modified
these interface defects by knocking out nitrogen atom(s). As a result,
the interface EDMR signal may have become distorted after irradia-
tion, resulting in a constant shift of the subtracted signal.

Here, let us estimate the number of detected Ty, spins by refer-
ring to the coexisting interface signal. It was reported that the interface
signal corresponds to a spin density of 2.6 x 10" cm ™ (the total den-
sity of K centers and incomplete K centers estimated for the “NO60”
specimen).”” Since the gate area of the present MOSFET is 1 x 10>
cm? (200 x 5 um?), the number of interface “spins” is estimated to be
2.6 x 10°. We assume that the area of the integrated EDMR signal
(absorption EDMR signal) is proportional to the number of detected
spins. Comparing the area of the Ty, signal with that of the interface
signal, we deduce the number of observed Ty, centers to be 1 x 10°
spins for our experimental setup.

Next, we measured the EDMR spectra for various gate voltages
and plotted the signal intensities of Ty, (peak-to-peak signal heights)
and the relevant detection currents (Igpmr) as a function of Vj [Fig.
3(a)]. The Ty, signal was only detectable at around V=0V (-2 to
+1V), implying that the Vg; center was singly negatively charged in
this V, range. In other words, its charge state changed from —1 to —2
above V=2V and from —1 to zero below V,=—3V. To examine
the gate-bias dependence of the charge states of Vg;, we carried out
capacitance-voltage (C-V) measurements and determined the Fermi
level (Eg) for each V. For this purpose, we used a p-type MOS capaci-
tor that imitated the gate-stack structure of the present n-channel
MOSFET. The MOS capacitor and the MOSFETSs were from the same
test-element-group SiC chip, meaning that they had been subjected to
the same fabrication process as well as the same irradiation. Figure
3(b) shows the C-V curves of the MOS capacitor, where V, was swept
from —20 to 20V and then back again. In the figure, the constant-
capacitance region in the downward sweep is caused by the pinning
effect due to interface defects. Using the above C(V,) data, we esti-
mated Ey at the MOS interface by using equation (1) of Ref. 24. In Fig.
3(b), the calculated Eg values are shown with respect to the valence
band top (Ey). As noted earlier, the Ey pinning occurred in the range
between —10 and 0 V. Above 0V, Eg. rose rapidly toward the conduc-
tion band bottom (Ec). This behavior matched that of the detected
current in Fig. 3(a), which rapidly increased through the formation of
the inversion layer.

Figure 3(c) draws the Ep position for each V, together with the
theoretical (0/—), (—/2—) and (2—/3—) levels of Vg;(k) and Vg;(h).”>*
The Vy; centers can change their charge states from 0 to —3 depending
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FIG. 2. (a) EDMR spectra of proton irradiated 4H-SiC MOSFETs measured at room temperature and with different magnetic fields. Each spectrum after irradiation (red line)
was measured under /epyr =600nA and V= 0V. Spectra before irradiation (blue lines) were measured under lepyr =500 nA and Vy= —5V. The blue spectra obtained
before irradiation reveal higher signal intensities; their intensities are, thus, normalized to those of the red spectra obtained after irradiation. The black arrow indicates the
EDMR signal from the interface defects.'® Red arrows correspond to a spin defect of Vg (k) (Tv2a center) with a zero-field splitting of 70 MHz. (b) Angular map of EDMR sig-
nals. Solid lines are theoretical values calculated for Vg; (k) (Tv2a, S=3/2) and Vg (h) (S =3/2, without zero-field splitting). (c) Difference between EDMR spectra before
and after irradiation, showing the possible presence of a single-peak signal [probably due to Vs; ™ (h)] close to the interface signal.

on Eg. Looking at this diagram, the Ty, spin defect is only detectable
at Vy=1V, which is consistent with the experimental result.
However, it is likely that the Ty,, signal was still observable under
some negative V,, biases, where V& should be stable, an apparent dis-
crepancy. We suggest that the reason for this discrepancy may be the
distribution of Vg;~ defects, which formed not only at the MOS inter-
face but also at deeper positions. EDMR measures the whole of Vg™ in
the channel layer. On the contrary, the above Ep estimation is valid
just at the MOS interface. Accordingly, the EDMR result is affected by
deeper Vg;~ defects that feel a weaker V, dependence as compared to
those at the interface. As a result, we can expect there to be a mismatch
of the gate-bias dependences.

Although electrical detection of the Ty, spin defect was demon-
strated, its sensitivity was extremely low. For instance, the accumula-
tion time for recording an EDMR spectrum such as the one shown in
Fig. 2 was as long as 12 hours. However, we should note that another
type of Vi spin [V (h)] was used to make an electric-circuit-based
magnetic sensor with ultra-high sensitivity,”” implying that the Ty,

spin [Vs; (k)] also acts as a highly electrically-active color center, and
this would enable us to electrically access its spin state with high sensi-
tivity. Thus, in principle, it should be possible for the sensitivity to be
dramatically improved by making a number of optimizations. The first
would be to further increase the detection current. As mentioned
above, proton irradiation substantially degraded the detection current
as well as the EDMR signals. By optimizing the formation process of
Vs, the EDMR sensitivity could be dramatically increased.
For instance, the proton beam writing (PBW) technique is useful to
create Vg selectively.'' Proton irradiation in this study degraded
the MOSFETs since irradiation was performed on whole of the
MOSFETs. PBW can create Vg with fewer degradation of the
MOSFETs than this study. After irradiation, some amounts of residual
defects can be removed by relatively-low temperature annealing with-
out Vg; disassociation.”® In addition, the device design could be opti-
mized: e.g, a comb-shaped gate pattern would vastly increase the
channel current (i.e., the detection current). Other improvements can
be made by lowering the detection temperature and by illuminating
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FIG. 3. (a) Gate-bias (V;) dependence of the EDMR signal intensity of Ty, spin defects and detection current (lepwr) for EDMR. The Ty, spin defect was clearly observed
within a limited V; range (—2 to 1V). Noise levels of EDMR detection are also shown. (b) Estimation of the Fermi level (Er) vs V; from MOS C-V measurements. The left axis
indicates C-V curves measured for the p-MOS capacitor, from which we calculated Er at the MOS interface shown in the right axis. (c) Energy-band diagram of 4H-SiC and
charge states of the Vs; center determined by first-principles calculation.””** The region highlighted in orange is the ideal detectable range for the Vs spin defect. Red triangles

indicate Er positions vs V; determined from (b).

the light (by causing photo-induced spin polarization), which both
enhance the populational difference between the spin levels as well as
the resultant ESR signal. In fact, the ESR signal of Ty, was strongly
enhanced under such conditions.”” Combining these methods will
make it possible for quantum technologies to detect the Ty, spin
defect electrically.

In summary, we introduced Vg; spin defects [the Ty, center or
Vsi (k), S=3/2, zero-field splitting = 70 MHz] into the channel region
of 4H-SiC MOSFET' by using optimized proton irradiation. By taking
advantage of the BAE-EDMR technique, which is highly sensitive to
interface defects, we demonstrated electrical detection of the Ty,

EDMR signal at room temperature. This center had already been
established to be an optically detectable spin qubit, and our experiment
shows that it is also electrically detectable. We also showed that the
charge state of the Ty, spin defect could be controlled by varying the
gate bias of the MOSFET. Furthermore, this MOSFET platform
enabled us to estimate the number of detected Ty, spins, because its
MOS interface provides a reference EDMR signal whose spin density
is known. The number of electrically detected Ty, spins was roughly
estimated to be 1 x 10°. At the present stage, the sensitivity of electrical
detection is extremely low. However, much higher sensitivity is
believed to be possible, and we discussed various ways of improving it.
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