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ABSTRACT

Silicon carbide (SiC) is an important wide bandgap semiconductor used for diverse applications from heat spreading to high-power electron-
ics. It is readily doped, has high thermal conductivity, and is used for application in mature device fabrication techniques. To improve the
performance of SiC electronic devices, built-in sensors, which should ideally be inexpensive integrated with the device, and not perturb device
operations, are quite useful. Here, we studied the optical properties of the negatively silicon vacancy under simultaneous optical and electrical
excitation to uncover the carrier dynamics, as the luminescence intensity is determined by competition between the two excitation pathways.
We also observe optically detected magnetic resonance (ODMR) and observe that the ODMR contrast is decreased by injected current, which
is consistent with the decrease in the pumping rate of optical excitation in the competitive process. Our studies show that an embedded quan-

tum sensor is possible in practical SiC devices, opening new opportunities for device control and optimization.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0028318

Silicon carbide (SiC) is one of the most commercially important
semiconductor materials and continues to have a growing impact on
global science and technology." As a wide bandgap semiconductor
with mature lithographic and doping techniques, it finds applications
as diverse as high-efficiency electronics, automotive parts, and high-
power electronics.

With the continuous development of SiC devices, it becomes
increasingly important to monitor device properties in real time.”’
This can be important for improving efficiency, failure prediction, and
device simulation. Ideally, one would like low-cost, embedded sensor
solutions, with remote monitoring, capable of operation in the current
and temperature ranges of SiC devices (for reference values, 1-10 A
and 20-200 °C, respectively), which will not perturb device operation.
It is likely that no single sensor solution will meet all the sensor
requirements for all the diverse applications of SiC. Nevertheless,
some of the embedded defects in SiC, including the negatively silicon
vacancy (Vs )" and the neutral divacancy (Vc-Vs;, VV©),>” hold
promise for quantum sensing solutions. Specifically, a Vg; -based
quantum sensor is possible to detect the magnetic field and

temperature with high sensitivity and spatial resolution at room tem-
perature.”” In principle, these quantities can be measured simulta-
neously to realize a single multi-modality sensor.

Quantum sensing using embedded defects uses optically detected
magnetic resonance (ODMR), where physical quantities are sensed by
analyzing the change in emission intensity from optically excited spin
defects. Because we are interested in realistic device performance, we
performed these measurements under various electrical bias and cur-
rent conditions. Although there have been previous studies performed
under electrical bias for charge state control of spin defects”'’ and
Stark-shift tuning of the optical transition frequencies,”'" these studies
did not observe electroluminescence (EL) as they were operated under
reverse bias and the device structure was not designed for EL. Hence,
to date, the change in optical properties of spin defects caused by EL
has not been treated. As mentioned above, practical devices are likely
to be operated under both forward and reverse bias, and under for-
ward bias, EL is not negligible. Although EL of Vg~ has been dis-
cussed,'”'” it is not enough to consider solely the change in optical
properties of V; . It is necessary to understand carrier dynamics of
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Vi under simultaneous optical and electrical excitations to under-
stand how this defect operates as a practical quantum sensor of a
working device.

Here, we show the optical properties of Vg;~ under simultaneous
optical and electrical excitation to understand the carrier dynamics
and the effect of electroexcitation (EE) on photoexcitation (PE). We
fabricated pn junction diodes to limit the current path and created a
three-dimensional array of Vg;  distributed in and out of the current
path.1 > In addition, we show that ODMR measurements of a device
with applied current are possible using adjusted measurement condi-
tions from those used for optimal photoluminescence (PL).

A cross-sectional view of the sample is shown in Fig. 1(a). The
junctions were created on 5.6-um-thick p-type epitaxial layers with a
doping concentration of 1.5 x 10'°cm™> on an n-type substrate (see
supplementary material Sec. 1 for diode characteristics and related
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discussions). For current injection (both electrons and holes) into the
epitaxial layer, the p*- and n*-type regions were independently
formed by aluminum (a concentration of 2 x 10*°cm %) and phos-
phorus (concentration of 5 x 10" cm ) ion implantations, respec-
tively, at 800 °C. Annealing was subsequently performed at 1800 °C
for 5min in an argon atmosphere for dopant activation. Then, alumi-
num was deposited onto the p*- and n"-type regions to form metal
electrodes.

The three-dimensional array of V;~ was introduced in close prox-
imity to the two electrodes by particle beam writing (PBW)'" using a
focused (~1 um) He beam and a dot pattern with a pitch of 10 um in
which the electrodes are used as landmarks, with a fluence of 1 x 10°
He ™ /spot. Note that annealing at more than 700 °C leads to the disap-
pearance of Vg;, which is why the PBW step is performed after diode
fabrication.” We used ion energies of 0.5, 1.5, and 3 MeV to vary the
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FIG. 1. A cross-sectional view of the sample (a) and luminescence intensity mappings of the sample irradiated with 1 x 10° (0.5, 1.5, and 3 MeV) upon (b) PE (100 W), (c)
EE (3 mA), and (d) simultaneous excitation (100 xW + 3 mA). The color bar in (d) is common for (b)-(d). A cluster of three different luminescent spots is boxed with a white
square in (b). The boundaries of electrodes and implantation regions are depicted by white dotted lines in (b) and (c). The asymmetry between the electrode and the implanta-

tion region shown in (c) was caused by the misalignment during photolithography.
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depth of Vg;~, which gives depths of ~1, 4, and 8 um, respectively, as
estimated using SRIM."” To easily distinguish these depths optically, the
sample position was slightly shifted between irradiations. Samples were
then annealed at 400 °C to improve the optical properties of Vg, and
avoid degradation of the Al electrodes although 600 °C is the best tem-
perature for improving the optical properties of Vg; ."

A home-built confocal microscope (CEM) was used to investigate
optical properties. A 671 nm laser and a forward current of the pn junc-
tion were utilized for PE and EE, respectively. For ODMR measure-
ments, the RF excitation excited the sample via a copper coil (33 dBm)
positioned just behind the backside of the sample. 830 nm and 900 nm
long-pass filters were used to remove background luminescence.

Figures 1(b)-1(d) show the luminescence intensity mappings upon
(b) PE (100 W), (c) EE (3 mA), and (d) simultaneous excitation. Under
PE, the luminescent dot array showing the three different implantation
energies is clearly observed throughout the area except under the two
electrodes. We can confirm the implantation depth by changing the focal
point of the CFM and find the top-left, top-right, and bottom spots
located deepest (~8 um), shallowest (~1 um), and middle (~4 um),
respectively. For EE, luminescent spots were observed only in the vicinity
of two electrodes. Broadly distributed luminescence between two electro-
des shown in Fig. 1(c) is attributed to other defects introduced by PBW.
A similar luminescence was observed in the case of EE."""*

To investigate luminescence intensity under simultaneous excita-
tion in more detail, the excitation intensity dependence of luminescence
intensity was studied. Figure 2 shows luminescence intensity as a func-
tion of injected current into the p-type epitaxial layer upon various laser
powers from the (a) middle and (b) deepest spots, positioned at the cen-
ter of the electrode and the closest to the electrode for the n™ region
[boxed with a white square in Fig. 1(a)]. The intensity was decreased by
small current injection for all laser power conditions. Upon further
increasing the current, it became almost constant for higher laser powers
(>100 W), whereas it increased for lower laser powers. In contrast, no
significant change was observed in the case of the deepest spot. It is
noted that current was not injected into the deepest spot due to a
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depletion region at the interface between the epitaxial layer and the sub-
strate. A comparison of these results suggests that the current is responsi-
ble for the change in the intensity observed for the middle spot.

The fundamental processes of PE and EE at V; can be considered
as follows. In the PE process, an electron in Vg; [ground state (GS)] can
be excited to Vg~ [excited state (ES)]. On the other hand, previous
reports suggest that the EE process for electron excitation of Vg;  is via a
hole and subsequent electron capture via a neutral state of Vg (V' "'"?).
Finally, PL and EL are emitted via direct transition from the ES to the GS
for PE and EE, respectively, which is supported by the experimental result
that the EL spectrum was similar to that of PL."”'® Electrons in Vg~ (ES)
show a nonradiative transition via a shelving state rather than direct tran-
sition with a certain probability. The fundamental processes of PE and EE
and all transitions under simultaneous excitation are summarized in
Figs. 3(a)-3(c), respectively, where |1) ~ |4) denote Vg;~ (GS), Vs~ (ES),
shelving state, and V", respectively, and the corresponding pumping and
transition rates are denoted by k;. This figure indicates that PE and EE
processes are in competition under simultaneous excitation.

We analyzed the change in luminescence intensity under simulta-
neous excitation quantitatively using rate equations to reveal how this
competition affects the intensity, especially PL. The values of ki, and k4
cannot be used for the analysis of the results under simultaneous excita-
tion due to competitive processes. In this case, these should be adjusted
on a weighted average. Using weighted average pumping rates (k*;, and
k*4) obtained from a conversion formula, k*;; = kijZ/ (k12 + ki4), the rate
equations under simultaneous excitation are expressed as follows:

p
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FIG. 2. Luminescence intensity as a function of injected current at various laser powers from the (a) middle and (b) deepest spots. A different trend was obtained between (no)

current injected in the middle (deepest) spots.
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FIG. 3. The fundamental processes of (a) PE and (b) EE and (c) all transitions under simultaneous excitation for Vs;—. The states [1) ~ |4) denote Vs~ (GS), Vs~ (ES),
shelving state, and V5. The corresponding pumping and transition rates are also denoted by k.

where p;-p, are the population of states |1) ~ |4). k;, and k4 can be
determined by analyzing the experimental results of PE [PL for 0 mA
in Fig. 2(a)] and EE [EL in Fig. 2(a)] using the rate equations for k4
= 0 or k;, = 0, respectively. Figure 4 shows calculated k;, and k;4 as a
function of laser power and current, respectively (see supplementary
material Sec. 2 for the results in the case of other fluences in PBW). A
set of k14 in the range of 0.01-0.1 mA was determined from the extrap-
olation of the dotted lines. Following Hain et al.,' the transition rate
ks, was set to be 1/6ns™'. In the T, measurement using Vs, the
laser pulse width was set to 400 ns, which means that a transition time
via the shelving state (1/ky3 + 1/k3;) is estimated to be at least 400 ns
or less. Therefore, k,; and ks, were assumed to be 1/100ns ' in this
work, respectively. Average excitation times, 1/k*,, and 1/k*,,, were
much longer than 100 ns. We confirmed that increasing or decreasing
1/ky3 and 1/ks; by one order of magnitude from the order of 100 ns
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FIG. 4. Calculated k1, (closed symbol) and k14 (open symbol) under PE and EE,
respectively, for the shallowest and middle spots. When analyzing ki4, k4o Was set
to be 300 x ki4 (the calculation method is described in the text). The solid lines for
k1, are the result of linear fitting. The dotted lines for k1, are extrapolated lines.

did not change our conclusion. Although kj; is also required for the
analysis, we could not determine it experimentally in this work. From
the fundamental processes of EE, it is found that k;, and ky, are
roughly proportional to the number of holes and electrons, and kg,
> ki, is expected from doping concentrations. We varied the ratio
between k*;, and k*,, until we obtained the best fit for the data
obtained under simultaneous excitation. Such fitting leads us to con-
clude that k*4, = 300 X k*;4. This value is larger than the doping con-
centration difference, and we speculate that k* ;4 may be enhanced by
the Coulomb force between Vg, and h™.”"

Using these pumping and transition rates and initial conditions,
p1=1and p, = p; = py = 0 at t =0, we analyzed luminescence inten-
sity under simultaneous excitation. Luminescence intensity is calcu-
lated from 1 x 10° x ky; % P2 X Nys; (counts per second), where Nys;
is the number of Vg;  in a spot. From the reported Vg;  creation yield
~0.1 per H™'* and the result of SRIM simulation that He " ions gener-
ate eight times more vacancies than H' ions in SiC,"” we estimate that
Nysi = 8 X 105/spot for a fluence of 1x 10° (see supplementary
material Sec. 3 for the detailed discussions). Experimental and
simulated luminescence intensities are shown in Fig. 5. The inset
schematically represents the value of k;, and k;4 by the thickness of
the arrows for (i) high and (ii) low laser powers. The simulated intensi-
ties were in good agreement with the experimental ones. The lumines-
cence intensity decreases for all laser power conditions for small
current because the pumping rate for PE decreases by current injection
(k1 to k*1,). A similar ratio of k;; to k4 leads to no remarkable change
in luminescence intensity upon further increasing the current at high
laser powers. In contrast, at low laser powers, since EE is more domi-
nant, the luminescence intensity shows a decreasing to increasing
trend with increasing current, which is attributed to the increase in EL.

Finally, we checked the effect of EE against ODMR contrast
under simultaneous excitation (100 and 500 uW, 0-3 mA) using the
shallowest spot. The ODMR contrast is given by APL/(PL + EL)
under simultaneous optical and electrical excitation, where APL is the
increase in PL intensity in resonance. In EE, it is assumed that there is
no spin polarization, resulting in AEL=0. Only electrons absorbing
electromagnetic waves (resonance) (process 1) followed by PE (process
2) can contribute to the APL. Competition between PE and EE occurs
in each process of 1 and 2, which means that the numerator is
decreased by a factor of ¢ [c = kyy/(kiy + ky2)]. On the other hand,
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k12 and k14 by the thickness of the arrows for (i) high and (i) low laser powers.

the denominator decreases by a factor of c. Therefore, the contrast is
roughly reduced by a factor of ¢ (the denominator EL is negligible if
PL > EL). Figure 6 shows normalized k* 1, (= ¢) and ODMR contrast
as a function of current. The ODMR contrast abruptly decreased in
the low current region and then gradually decreased. The normalized
k* 1, was found to decrease in a similar manner. Based on these results,
the ODMR contrast under simultaneous excitation can be explained
by a decrease in the pumping rate of PE.
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FIG. 6. Normalized k*1, and ODMR contrast as a function of current for 100 and
500 pW for the shallowest spot.
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In summary, we investigated optical properties of Vg~ under
simultaneous optical and electrical excitation to elucidate carrier
dynamics and explore the possibility of ODMR sensing of a working
device under forward bias. The PE and EE pathways compete under
simultaneous excitation, which modifies the effective pumping rates
that are observed. This combination leads to either an increase or
decrease in luminescence intensity with increasing current depending
on a laser power. The ODMR contrast decreased with increasing cur-
rent, which was caused by the decrease in the pumping rate of PE. A
numerical simulation based on the rate equations using weighted aver-
age pumping rates was in good agreement with experimental data
under simultaneous excitation. The carrier dynamics of Vg~ revealed
in this work clearly shows that the inside of the SiC device during
operation can be observed using a Vg; -based quantum sensor with
appropriate conditions, leading to a minimal amount of PL to obtain
the ODMR spectrum even if a large amount of current is applied. In
addition, a sensitive change in luminescence intensity caused by a bal-
ance of pumping rates of PE and EE is applicable to a simplified cur-
rent monitor to obtain current distribution. The analysis method used
in this study will provide insight into both the energy-level diagram
and the carrier dynamics for other spin defects.

See the supplementary material for (1) diode characteristics and
the influence of applied voltages on the optical properties of Vs; , (2)
pumping rates of PE and EE as a function of fluence in PBW, and (3)
estimation of the number of Vg;".
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