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Single photon sources (SPS) are an important building block for realizing quantum technologies
for computing, communication, and sensing. For industrialization, electrically controllable color
centers acting as SPS are required. We have demonstrated the creation of electrically controllable
silicon vacancies (Vg;s) in the SiC pn junction diode fabricated by proton beam writing (PBW).
PBW was successfully used to introduce electrically controllable V; without degradation of the
diode performance. The dependence of the electroluminescence (EL) and photoluminescence (PL)
intensities from Vg; on H' fluence revealed that the emission efficiency of EL is less than that of
PL. For EL, the supply of carriers (electrons and/or holes) was restricted due to the resistive
region around each Vy; introduced by PBW. The results suggest that further improvement in the
Vi; creation process without defects acting as majority carrier removal centers (highly resistive
region) and nonradiative centers by optimization of PBW conditions are key points to realize

highly sensitive quantum sensors using Vg;.

. INTRODUCTION

Quantum technologies have the potential to play a key
role in a wide variety of applications for the next
generation of beyond Si-based technologies. One exam-
ple is quantum computing which is being intensively
developed not only by research institutes but also
commercial companies such as IBM and Google'? due
to an expected increase in processing capacity beyond
existing technology. In addition, there are applications
such as quantum communication and quantum sensors
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which promise to secure networks and new diagnostics
toward such as biology. Quantum manipulations of spins,
initialization, preservation, operation, and readout are
indispensable techniques to actualize quantum-based
applications. For proof-of-concept experiments, single
photon source (SPS) such as laser trapped ions,’ rare-
earth ions embedded in a crystal,* quantum dots,” and
color centers in solids, e.g., negatively charged nitrogen-
vacancy (NV) center in diamond® have been utilized.
Among them, solid-state SPS are advantageous due to
easy integration within existing industrial process flows.

The NV center is an especially promising candidate for
use as a quantum bit (qubit). The quantum state of the
electron spins in a NV center is sensitive to its surround-
ing environments, and its quantum manipulations can be
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performed at room temperature. As a result, the NV
center has great potential to be a nanoscale quantum
sensor with high sensitivity, as well as, high spatial
resolution for biological and medical applications. To
date, quantum error correction,7 detection of electric- and
magnetic-field*® and current flow’ have all been
demonstrated.

In recent years, silicon carbide (SiC) has gathered
much attention because its specific centers such as silicon
vacancy (V)" carbon antisite-vacancy pair
(Csi—Ve),'? divacancy (V—Vg;),">'™* and SiO,/SiC in-
terface defects'>™'” have been proved to act as SPS.
Among them, Vg;, with photoluminescent emission in the
near infrared region,'® is preferred for quantum sensors
aiming for biological or medical applications working at
ambient conditions. Nanoscale rf-driven'*?® or rf-free*!
magnetometers and thermometer®” have also been dem-
onstrated using Vg;.

SiC is well known as a promising material for high-
power and high temperature-resistance devices because
of superior physical properties such as wide band gap and
high breakdown electric field. Unlike diamond, intensive
development for more than a decade has given rise to
commercially available high-quality and wafer-scale (up
to 150 mm) substrates and sophisticated device fabrica-
tion processes (growth, doping, etc.), which is accelerat-
ing the practical use of SiC devices.

Diagnostics for such devices are become increasingly
important from design to product. Si-based power devi-
ces equipped with various functional circuits (overcurrent
and overheat protection, etc.) have been already com-
mercialized. There are other practical techniques to detect
the device state such as optical beam induced resistance
change (OBIRCH) and various scanning probe micros-
copies. These have disadvantages, such as, macroscopic
detection for circuits, failure analyses (a running device is
a nontarget) for OBIRCH, and surface-only sensitivity for
various microscopies. From the viewpoint of diagnostics,
microscopic detection of the internal state of the device,
such as electric-, magnetic-field, and the temperature, of
a “running” device is the most accurate. For these
reasons, SiC devices internally equipped with an SPS-
based quantum sensor where the internal state can be
detected by using emitted photons from SPS are a value-
added product. Electrically controllable SPSs are useful
elements for sensing running devices as the current
needed to operate the device can also be used for exciting
the SPSs. To combine a functional SiC device and a SPS
based on Vg; defect, it is important to establish a defect
creation technique with both position and density (from
single to ensemble) controllability. Crystal growth is
superior in terms of the creation of color centers with
less degradation to the base crystal. However, it is
difficult to control the position and the density. Particle
irradiation is a promising method to satisfy such

controllability. A previous study introduced Vg; into the
light-emitting diode structure by electron irradiation to
investigate the characteristics of electrically driven Vg;.*?
However, the conventional irradiation method is not able
to irradiate particles into a desired area without specific
processes such as implantation masks.

Proton beam writing (PBW), a direct lithographic
particle irradiation method, is an effective technique to
control the position and the density of the color centers.
Using this method, it is possible to create irradiation
defects at the desired location. The proton (H") beam
used in this study can be focused as small as 1 pm in
diameter and with a position resolution of 15 nm. This is
sufficient for SiC devices that are pm-size in dimension
as needed to manage large electric power. It has been
previously reported that PBW can create position-
controlled optically excitable Vg; without photolithogra-
phy.>** While it is difficult to avoid crystalline damage
by particle irradiation including PBW, the effect of
crystalline damage on optical properties of Vg; has not
yet been identified.

In this study, we introduced Vg; into the SiC pn
junction diode using PBW to investigate the optical
properties of Vg;, including comparison of the depen-
dence of the electroluminescence (EL) and photolumi-
nescence (PL) intensities on H™ fluence, and the effect of
crystalline damage on the optical properties of Vg;.

Il. EXPERIMENTAL SECTION
A. Sample preparation
1. Fabrication of the pn junction diode

In-plane pn junction diodes fabricated by photolithog-
raphy and ion implantation processes were used in this
study. A sample structure is schematically shown in
Fig. 1. A p-type epitaxial 4H-SiC layer with a thickness
of 5.6 um and a doping concentration of 1.5 x 10'® cm™>
grown on a 4H-SiC substrate (n-type, 4° off, Si-face) by

p-layer

SiC sub.

FIG. 1. A sample structure of Vg; embedded within an in-plane pn
junction diode. Vg; was introduced on the vicinity of the n*-type
region and p-layer junction by PBW. Its depth was estimated to be
4 pm from the sample surface by SRIM simulations.
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AIST was utilized as a starting material. The p*- and n*-
type regions were independently formed by aluminum
(acceleration energy of 50, 75, and 110 keV, concentra-
tion of 2 x 10?° cm™>) and phosphorus (acceleration
energy of 80, 140, and 200 keV, concentration of 5 X
10" cm73) ion implantations, respectively, at 800 °C,
using a photo-resist and SiO, stacked mask. The sample
was subsequently annealed at 1800 °C for 5 min in Ar
atmosphere for dopant activation. Finally, an Al electrode
was deposited onto the p*- and n™-type regions by a lift-
off process.

2. Creation of Vg; acting as SPS

The Vg; was introduced in the pn diode by PBW. A 0.5
MeV focused H" beam was irradiated in the vicinity of
the n"-type region and p-layer junction as shown in
Fig. 1. The pattern used for PBW consists of three rows
of 11 dots on a 10 um pitch. Each row was also separated
by 10 um. The fluence was varied from 3 x 10% to 3 x
10" H*/dot by changing the dwell time. The defect depth
was estimated to be ~4 pm from the sample surface
using SRIM simulations.”® No pre- and post-irradiation
treatment was performed. It is noted that no significant
difference in the current—voltage (/-V) characteristics was
observed after the PBW process even at the highest
fluence of 3 x 10" H*/dot (Fig. 2).

B. Electrical and optical characterization

EL and PL measurements were conducted using
a home-built confocal microscope (CFM). Details about
the CFM can be found in Ref. 27. The sample was
forward biased to obtain EL spectra and the confocal
fluorescence mapping under constant current conditions
of either 200 or 500 pA. The device was biased from 5 to
8 V, which showed essentially no H" fluence depen-
dence. For PL measurements, a cw laser was illuminated
on a dot to excite the Vg; without bias. Laser power was
varied between 0.1 and 2 mW range. The long-pass filter
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FIG. 2. -V characteristics measured before and after PBW with 3 x
107 H" of fluence. No significant change was observed.

(LPF) and laser wavelength were carefully selected as Vy;
shows fluorescence emission in the region of 800-
1000 nm."® All measurements were performed at room
temperature.

lll. RESULTS AND DISCUSSION

Fluorescence mappings of EL (/ = 500 pA) and PL
(P = 1 mW) recorded on the same sample with 1 X 10’
H"/dot fluence are shown in Figs. 3(a) and 3(b), re-
spectively. An array of luminescent spots was clearly
detected in both mappings. In EL and PL spectra taken
from the same dot with 3 x 10° H" fluence as shown in
Fig. 4, the emission peak with the same shape for both
cases was observed between 800 and 1000 nm. As the
peak was in accordance with previously reported
results,'® we conclude that Vsis were created by PBW.
These results suggest that Vg; can be excited by photons
as well as injected current (electrons and/or holes). It
should be mentioned that no Vg;-related EL and PL peaks
were confirmed from the unirradiated areas. A pro-
nounced luminescence was observed along the p-n™
junction for EL, which was assigned as emission from
D, defects.”® The distribution of luminescence was pre-
sumably associated with the geometry of p*- and n™ -type
layers and electrodes.”

Difference of intensity depending on position (n*-, p-
type regions) was observed in the case of EL. No
emission was confirmed on lower left and right of the
dot patterns. Since the intensity is related to an amount of
current injected into Vg;, the difference may reflect the
distribution of current density. This suggests a possibility
of current distribution imaging in the device using
intensity of luminescence from Vg;. Further studies are
needed to confirm the point. In comparison, PL. showed
uniform intensity across the array because all Vg;s were
equally excited by photons.

The dependence of the EL and PL intensities from Vg;
on H" fluence were investigated to reveal if there is
a difference of emission efficiency between electrical and
optical excitation.

Figure 5(a) shows EL intensity dependence under
different conditions (200 and 500 pA). For 500 pA, the
intensity increased with fluence until saturation at 1 x
10° H"/dot. The change of intensity for 200 pA follows
the same trend in spite of lack of data at 3 x 10* H"/dot
due to the detection limit. The trend was unexpected as
the emission intensity from Vg; is thought to be
proportional to H” fluence, shown as a dashed line in
Fig. 5(a). According to a previous study,* Vg; creation
yield, which is defined as the number of Vg; divided by
the number of incident protons (H" fluence), was
estimated to be constant. Since the emission intensity is
proportional to the number of Vg;, the difference between
our results and the dashed line shown as the fill area in
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FIG. 3. Fluorescence mappings of (a) EL (/ = 500 pA) and (b) PL (P = 1 mW) recorded on the same sample with 1 x 107 H" of fluence. Bright
spots were clearly observed at the irradiated area for both images. A 808 nm LPF (for EL and PL) and a 671 nm laser (for PL) were used. The dotted
and broken lines represent boundary of n*- or p-type region/electrode and n"- or p-type region/p-type layer, respectively.

Normalized Intensity (a.u.)

800 850 900 950

Wavelength (nm)

FIG. 4. EL and PL spectra taken from the same dot marked with the
white circle in the inset. Similar shape of the spectra indicates that
emission originated from the same type defect (Vg;). A 594 nm LPF (for
EL and PL) and a 532 nm laser (for PL) were selected.

Fig. 5(a) above 1 x 10° H'/dot implies a degradation
in emission efficiency. This abrupt drop of emission
efficiency was observed at 3 x 10’ H'/dot.

There are two possible factors that degrade the
emission efficiency. One is a balance of the number of
injected carriers (electrons and/or holes) per unit time
(denoted by A) and the emission rate (number of emitted
photons per unit time) of Vg; (denoted by B). If the ratio
of A/B is more than 1, there is an excess current, then we
are recombination limited, which results in the same EL
intensity regardless of current. In the case of A/B < 1,
a linear increase would be observed. Since the saturation
behavior was confirmed under both current conditions,
the balance of A and B is excluded as a factor to degrade
emission efficiency.

Another factor is a variation in the amount of current
injected into the Vg;. To verify this, we checked for an
effect of PBW on sample resistance. A framed rectangle
with thick line (5 pm in width) surrounding over the
electrode for n*-type layer, as shown in the inset of
Fig. 6, was drawn on the p-type layer by PBW with H"
fluence ranging from 3 X 10* to 3 x 10" H*/line, instead
of a dot pattern. This line acts as a shield wall against
current flow. Figure 6 shows the ratio of resistance after
PBW with respect to that before PBW as a function of
H™ fluence. The ratio is almost one up to a fluence of 3 x
10° H*, indicating no change of resistance. Then, it
increased with increasing H* fluence. These results are in
good accordance with the change of EL intensity in-
cluding saturation behavior. However, this change was
small compared with the degradation of emission effi-
ciency. The shield wall was located at 4 pm below the
sample surface (comparable to the Vg; depth), which
means that current flowing near the surface is not
hindered. In addition, with increasing H* fluence, the
current tends to flow more preferentially in unirradiated
areas with lower resistance. In this case, a large amount
of current flows in the unirradiated area because the ratio
in width of the unirradiated and the irradiated areas is 9. It
is notable that measurements were conducted under
constant current conditions. Considering these geometric
aspects, the resistance of p-layer around Vg; was esti-
mated to be quite large after PBW. Therefore, we
conclude that the decrease of emission efficiency was
mainly caused by a decrease in the amount of injected
current into Vg; due to defects acting as majority carrier
removal centers (highly resistive region) introduced by
PBW.

By contrast, for PL as shown in Fig. 5(b), the intensity
linearly increased up to 1 X 10° H*/dot for all tested
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FIG. 6. The ratio of resistance after PBW with respect to that before
PBW at a forward bias of 7 V as a function of H* fluence. The trend of
resistance change is in good accordance with the EL result [Fig. 5(a)]
including saturation behavior. The inset shows that a framed rectangle
with a 5 pm width thick line used to verify an effect of PBW on
resistance of the p-layer. A thick line consisted of 0.5 um pitch dot
pattern designed to irradiate a whole line area by H beam with 1 um
diameter, which surrounded over the electrode for the n*-type layer to
act as shielding current flow between electrodes.

laser powers (0.1, 0.6, and 2.0 mW). Deviation from
linearity, shown as dashed lines was observed for only
fluence above 3 x 10° H'/dot. However, the deviation
from a linear increase is smaller than that for EL. As
discussed in the case of EL, the balance of A and B was
not a main reason for the results. Since the irradiation
region was directly excited by photons, the highly
resistive region had little influence on emission efficiency
in contrast to EL. In the heavy irradiation region (above
3 x 10° H*/dot), residual defects which act as non-
radiative centers introduced by PBW can potentially
explain the behavior observed in the PL. measurements.
Such defects existing in close vicinity to Vg; dissipate

electrons excited by photons, instead of Vg;, leading to
less intensity of luminescence from the irradiated area.
The amount of dissipation is expected to be proportional
to the concentration of nonradiative centers. The shorter
the distance between the nonradiative center and the Vy;
corresponds to a higher concentration of nonradiative
centers leading to an increase of dissipation in non-
radiative centers. This is likely the cause of the degrada-
tion in the emission efficiency.

As discussed above, the emission efficiency of EL is
much different from that of PL. This is attributed to
a difference of the Vjg; excitation mechanism. Figure 7
summarizes the factors that degrade the emission effi-
ciency of EL and PL with respect to H* fluence. For low
fluence (<10° H*/dot), no degradation by the highly
resistive regions and nonradiative centers occurs in the
case of either EL or PL. For EL, the degradation of
emission efficiency can be observed at middle fluence
(10°-10%) by the restriction of the amounts of electrons
and/or holes to be supplied to Vg; caused by the highly
resistive region since the highly resistive regions have an
influence on the entire current pathway [a narrowing
width of arrows indicates the restriction (process 1')]. By
contrast, no degradation was observed for PL. For high
fluence (>10° H*/dot), more degradation by the highly
resistive region occurred for EL (process 1'). In addition,
degradation by nonradiative centers emerges (process 3
and 4). At this fluence, the PL emission efficiency is
degraded by nonradiative centers (process 3). This
suggests that the current pathway should be taken care
of, in addition to the creation of Vg;. In this regard, PBW
is a favorable method compared with conventional
methods such as broad beam and whole area irradiation
in which defects acting as majority carrier removal
centers (highly resistive region) and nonradiative centers
are created at undesired locations.
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The findings obtained in this study are necessary
fundamental information needed to realize quantum
sensors using Vg;. The highly resistive region is harmful
for not only to the excitation of the Vg; but also normally
working devices. The former results in less sensitivity of
sensors. The latter causes an inaccurate sensing even
though a quantum sensor using Vg; operates normally.
Although the effect of nonradiative centers for EL is not
detectable due to the highly resistive region in this study
(process 4 for EL at higher fluence in Fig. 7), a decrease
of nonradiative centers is also a problem, which needs to
be solved if the introduction of the highly resistive region
can be avoided. Therefore, further improvements of the
process to introduce Vg; without the highly resistive
region and nonradiative centers is required.

IV. CONCLUSIONS

We investigated the optical properties of electrically
excited Vg; fabricated in the SiC pn junction diode by
PBW. Characterizations suggest that PBW successfully
introduced electrically controllable Vg; into the device
with no significant degradation of diode performance.
The dependence of the EL and PL intensities from Vg; on
H™ fluence revealed that the emission efficiency of EL is
less than that of PL. Saturation of emission intensity for
EL was observed above 1 x 10° H*/dot, but was not
observed for PL. This is caused by a difference of Vg;
excitation mechanism because supply of carriers (elec-
trons and/or holes) was restricted for EL due to the highly
resistive region introduced around Vg; by PBW. By
contrast, electrons are directly excited by photons,

leading to higher efficient emission for PL compared
with EL. These results suggest that further improvements
of the process to introduce Vg; without the highly
resistive region and nonradiative centers by optimization
of PBW conditions are key points to realize highly
sensitive quantum sensors using Vg;.
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